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Preface

The first edition of the book is now over 10 years old, and the book was quali-
fied as a “long seller” by the publisher, which means that the interest of readers
remains high. As time passes, the techniques and the knowledge especially in the
field of process safety continue to develop. As a senior consultant at TÜV SÜD
Schweiz – Process Safety, I have observed a number of trends and changes in
the needs of customers in the fine chemicals and pharmaceutical industries. In
the last years, besides the traditional fields such as process risk analyses, assess-
ment of thermal risks, more technical aspects like designing and sizing protection
systems gained in interest. For this reason it was time to account for these evolu-
tions in the book, which gave rise to modify its structure and add new chapters
on physical unit operations, sizing emergency relief systems, and assessment of
the reliability of safety measures. Following the wishes of some of the readers,
new case studies were added, and typical solutions are provided for all exercises
at the end of the book.

Often, chemical incidents are due to loss of control, resulting in runaway reac-
tions. Many of these incidents can be foreseen and avoided if an appropriate
analysis of thermal process data is performed in the proper way and in due time.
Chemical process safety is seldom part of university curricula, and many profes-
sionals do not have the appropriate knowledge to interpret thermal data in terms
of risks. As a result, even though responsible for the safety of the process, they
do not have easy access to the knowledge. Process safety is often considered a
specialist matter; thus most large companies employ specialists in their safety
departments. However, this safety knowledge is also required at the front, where
processes are developed or performed, that is in process development depart-
ments and production. To achieve this objective of providing professionals with
the required knowledge on the thermal aspects of their processes, the meth-
ods must be made accessible to nonspecialists. Such systematic and easy-to-use
methods represent the backbone of this book, in which the methods used for the
assessment of thermal risks are presented in a logical and understandable way,
with a strong link to industrial practice.

The present book is rooted in a lecture on chemical process safety at graduate
level (Masters) at the Swiss Federal Institute of Technology in Lausanne. It is also
based on experience gained in numerous training courses for professionals held at
the Swiss Safety Institute (Swissi), later at TÜV SÜD Schweiz AG – Process Safety,
as well as in a number of major chemical and pharmaceutical companies. Thus it
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has the character of a textbook and not only addresses students but also addresses
professional chemists, chemical engineers, or engineers in process development
and production of fine chemicals and pharmaceutical industries, as support for
their practice of process safety.

The objective of the book is not to turn the reader into a specialist in ther-
mal safety. It is to guide those who perform risk analysis of chemical processes,
develop new processes, or are responsible for chemical production, to understand
the thermal aspects of processes, and to perform a scientifically founded – but
practically oriented – assessment of chemical process safety. This assessment may
serve as a basis for the optimization or the development of thermally safe pro-
cesses. The methods presented are based on the author’s long years of experience
in the practice of safety assessment in industry and teaching students and profes-
sionals in this matter. It is also intended to develop a common and understandable
language between specialists and nonspecialists.

The book is structured in four parts:
Part I gives a general introduction and presents the theoretical, methodologi-

cal, and experimental aspects of thermal risk assessment. Chapter 1 gives a
general introduction on the risks linked to the industrial practice of chemical
reactions. Chapter 2 reviews the theoretical background required for a funda-
mental understanding of runaway reactions and reviews the thermodynamic
and kinetic aspects of chemical reactions. An important part of Chapter 2 is
dedicated to the heat balance of reactors. In Chapter 3, a systematic evaluation
procedure developed for the evaluation of thermal risks is presented. Since
such evaluations are based on data, Chapter 4 is devoted to the most common
calorimetric methods used in safety laboratories, and Chapter 5 presents the
determination of energy potential in terms of thermal and pressure effects.

Part II is dedicated to desired reactions and techniques allowing reactions to be
mastered on an industrial scale. Chapter 6 introduces the dynamic stability
of chemical reactors and criteria commonly used for the assessment of such
stability. The behavior of reactors under normal operating conditions is a pre-
requisite for safe operation, but is not sufficient by itself. Therefore the different
reactor types are reviewed with their specific safety problems, particularly in
the case of deviations from normal operating conditions. This requires a spe-
cific approach for each reactor type, including a study of the heat balance,
which is the basis of safe temperature control, and also includes a study of
the behavior in cases where the temperature control system fails. The analy-
sis of the different reactor types and the general principles used in their design
and optimization is presented in Chapters 7–9. Chapter 7 presents the safety
aspects of batch reactors with a strong emphasis on the temperature control
strategies allowing safe processes. In Chapter 8, the semi-batch reactor is ana-
lyzed not only with the different temperature control strategies but also with
the feed control strategies reducing the accumulation of non-converted reac-
tants. In Chapter 9, the use of continuous reactors as tubular reactors, contin-
uous stirred tank reactors, and their combinations for mastering exothermal
reactions is introduced.
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Part III deals with secondary reactions, their characterization, and techniques
to avoid triggering them. Chapter 10 reviews secondary reactions, especially
the assessment of the probability of triggering them and the definition of
a safe temperature. Chapter 11 is dedicated to the important category of
self-accelerating reactions, their characteristics, and techniques allowing their
control. The problem of heat accumulation situations where heat transfer is
reduced is studied in Chapter 12. The different industrial situations where heat
confinement may occur are reviewed, and a systematic procedure for their
assessment is presented together with techniques that may be used for the
design of safe processes. Chapter 13 is devoted to the physical unit operations,
presenting specific testing procedures together with the interpretation of the
results in terms of safety, on some examples.

Part IV presents the technical aspects of thermal process safety. The temperature
control requires technical means that may strongly influence operation safety.
Consequently Chapter 14 is dedicated to the technical aspects of heat transfer
and the estimation of heat transfer coefficients. Since risk reducing measures
are often required to maintain safe operation, such as in the failure of the pro-
cess control system, Chapter 15 is specifically dedicated to the evaluation of
the control of a runaway reaction and the definition and design of appropriate
risk reducing measures. Chapter 16 deals with the sizing of emergency relief
systems including two-phase flow. Since planning risk reducing measures also
requires to ensure their reliability, Chapter 17 is devoted to the assessment
of reliability. The book concludes with Chapter 18 presenting some thoughts
about integrated process development.

Each chapter begins with a case history illustrating the topic of the chapter
and presenting lessons learned from the incident. Within the chapters, numer-
ous examples stemming from industrial practice are analyzed. At the end of each
chapter, a series of exercises or case studies are proposed, allowing the reader to
check their understanding of the subject matter. Typical solutions are given at the
end of the book.

Francis StoesselIllzach (France)
29 September 2019
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Introduction to Risk Analysis of Fine Chemical Processes

Case History

A multipurpose reactor was protected against overpressure by a rupture disk,
which lead directly to the outside through the roof of the plant. During a mainte-
nance operation, it was discovered that this disk was corroded. Although it was
decided to replace it, there was no spare part available. Since the next task to be
carried out was a sulfonation reaction, it was decided to leave the relief pipe open
without the rupture disk in place. In fact, a sulfonation reaction is unlikely to lead
to overpressure (sulfuric acid only starts to boil above 300 ∘C), so such a protection
device should not be required. During the first batch a plug of sublimate formed
in the relief line. This went unnoticed, and production continued. After heavy
rain, water entered the relief tube and accumulated above the sublimate plug.
As the next batch began, the plug heated and suddenly ruptured, allowing the
accumulated water to enter the reactor. This led to an abrupt exothermal effect,
due to the dilution of concentrated sulfuric acid. The increase in temperature
triggered sudden decomposition of the reaction mass, causing the reactor to
burst, resulting in huge damage.

Lessons Drawn

This type of incident is difficult to predict. Nevertheless, by using a systematic
approach to hazard identification, it should become clear that any water entering
the reactor could lead to an explosion. Therefore when changing some parts of
the equipment, even if they are not directly involved in a given process, especially
in multipurpose plants, one should at least consider possible consequences on
the safety parameters of the process.

Introduction

Systematic searches for hazard, assessment of risk, and identification of possible
remediation are the basic steps of risk analysis methods reviewed in this chapter.
After an introduction that considers the place of chemical industry in society, the
basic concepts related to risk analysis are presented. Section 1.2 reviews the steps

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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of the risk analysis of chemical processes discussed. Safety data are presented in
Section 1.3 and the methods of hazard identification in Section 1.4. The chapter
closes with a section devoted to the practice of risk analysis.

1.1 Chemical Industry and Safety

The chemical industry, more than any other industry, is perceived as a threat to
humans, society, and the environment. Nevertheless, the benefits resulting from
this activity cannot be negated: health, crop protection, new material, colors, tex-
tiles, and so on. This negative perception is more enhanced after major accidents,
such as those at Seveso and Bhopal. Even though such catastrophic incidents
are rare, they are spectacular and retain public attention. Thus, a fundamental
question is raised: “What risk does society accept regarding the benefits of an
activity, of a product?” Such a question assumes that the corresponding risk can
be assessed a priori.

In the present chapter, we focus on the methods of risk analysis as they are
performed in the chemical industry and especially in fine chemicals and phar-
maceutical industries.

1.1.1 Chemical Industry and Society

The aim of the chemical industry is to provide industry and people in general
with functional products, which have a precise use in different activities such as
pharmaceuticals, mechanics, electricity, electronics, textile, food, and so on.

Thus, on one hand, safety in the chemical industry is concerned with product
safety, that is, the risks linked with the use of a product. On the other hand, it
is concerned with process safety, that is, the risks linked with manufacturing the
product. In this book, the focus is on process safety.

1.1.1.1 Product Safety
Every product between its discovery and its elimination passes through many
different steps throughout its history: conception, design, feasibility studies, mar-
ket studies, manufacturing, distribution, use, and elimination, the ultimate step,
where from functional product, it becomes a waste product [1].

During these steps, risks exist linked to handling or using the product. This
enters the negative side of the balance between benefits and adverse effects of the
product. Even if the public is essentially concerned with the product risks during
its use, risks are also present during other stages, that is, manufacture, transporta-
tion, and storage. For pharmaceutical products, the major issues are secondary
effects. For other products, adverse effects are toxicity for people and/or for the
environment, as well as fire and explosion. Whatever its form, once a product is
no longer functional, it becomes a waste product and thus represents a potential
source of harm.

Therefore, during product design, important decisions have to be made in order
to maximize the benefits that are expected from the product and to minimize the
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negative effects that it may induce. These decisions are crucial and often taken
after a systematic evaluation of the risks. Commercialization is strictly regulated
by law, and each new product must be registered with the appropriate authorities.
The aim of the registration is to ensure that the manufacturer knows of any prop-
erties of its product that may endanger people or the environment and is familiar
with the conditions allowing its safe handling and use, and finally safe disposal
at the end of the product’s life. Thus products are accompanied by a material
safety data sheet (MSDS) that summarizes the essential safety information such
as product identity, properties (toxicity, ecotoxicity, chemical, and physical prop-
erties), information concerning its life cycle (use, technology, exposure), specific
risks, protection measures, classification (handling, storage, transportation), and
labeling.

1.1.1.2 Process Safety
The chemical industry uses numerous and often complex equipment and pro-
cesses. In the fine chemical industries (including pharmaceuticals), the plants
often have a multipurpose character, that is, a given plant may be used for dif-
ferent products. Inversely a given process may be performed in different plant
units, leading to a great number of possible combinations. Moreover, when we
consider a chemical process, we must do it in an extensive way, including not only
the synthesis itself but also the workup by physical unit operations and finally also
storage and transportation. This comprises not only the product but also the raw
material.

Risks linked with chemical processes are diverse. As already mentioned, prod-
uct risks include not only toxicity, flammability, explosion, and corrosion but
also additional risks due to chemical reactivity. A process often uses conditions
(temperature, pressure) that by themselves may present a risk and may lead to
deviations, which can generate critical effects. The plant equipment, including its
control equipment, may also fail. Finally, since fine chemical processes are work
intensive, they may be subject to human error. Therefore, all of these elements,
that is, chemistry, energy, equipment, and operators and their interactions, con-
stitute the object of process safety.

1.1.1.3 Accidents and Risk Perception in Chemical Industry
Despite some incidents, the chemical industry presents good accident statistics.
A statistical survey of work accidents shows that chemistry is positioned at the
end of the list, classified by order of decreasing lost work days [2] (Table 1.1).
Further, only a minor part of these accidents is due to chemical accidents, the
greatest part consisting of common accidents such as falls, cuts, and so on that
can happen in any other activity.

Another instructive comparison can be made by comparing fatalities in dif-
ferent activities. Here we use the fatal accident rate (FAR) index that gives the
number of fatalities for 108 h of exposure to the hazard [3, 4]. Some activities
are compared in Table 1.2. This shows that even with better statistics in terms
of work accidents and fatalities, industrial activities are perceived as presenting
higher risks. This may essentially be due to the risk perception. The difference in
perception is that for traveling or sporting activities, the person has the choice
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Table 1.1 Accidents at work in different activities in Switzerland,
from the statistics of the Swiss National Accident Insurance (2016).

Activity
Work accidents for
1000 insured

Construction 155
Agriculture 138
Metallurgy 112
Wood 107
Terrestrial transport 81
Rubber, plastics 78
Restaurants 75
Food 67
Machinery 56
Energy 51
Offices, administration 43
Textile 41
Electrical equipment 34
Chemistry 31

Table 1.2 Some values of the FAR index for different activities.

Industrial activities FAR Non industrial activities FAR

Coal mining 7.3 Alpinism 4000
Construction 5 Canoe 1000
Agriculture 3.7 Motor bike 660
Chemistry 1.2 Travel by air 240
Vehicle manufacturing 0.6 Travel by car 57
Clothing manufacturing 0.05 Travel by railway 5

whether to be exposed or not, whereas for industrial activities, exposure to risk
may be imposed. Industrial risks may also impinge on people who are not directly
concerned with the activity. The pressure wave or toxic release may impact peo-
ple living in the vicinity of a chemical plant. The lack of information on what goes
on in an industrial site or the lack of technical knowledge induces a fear from the
unknown and biases the risk perception [5].

1.1.2 Responsibility

In industrial countries, employers are responsible for the safety of their employ-
ees. On the other hand, legal texts often force the employees to apply the
safety rules prepared by employers. In this sense, the responsibility is shared.
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Environment protection is also regulated by law. Authorities publish threshold
limits for pollutants and impose penalties in cases these limits are surpassed.
In the European Union, the Seveso directive regulates the prevention of major
accidents: if dangerous substances are used in amounts above prescribed limits,
industries have to perform a risk analysis describing quantitatively the possible
emissions and their effect on the neighboring population. They also have to
provide emergency plans in order to protect that population.

In what concerns process safety, the responsibility is shared within the company
by the management at different levels. The health safety and environment staff
plays an essential role in this frame; thus during process design, safety should
have priority (see Chapter 18).

1.1.3 Definitions and Concepts

1.1.3.1 Hazard
Hazard is defined by the European Federation of Chemical Engineering (EFCE)
[6] as:

A situation that has the potential to cause harm to human, environment
and property.

Thus, hazard is the antonym of safety. For the chemical industry, the hazard
results from the simultaneous presence of three elements:

1. A threat stemming from the properties of processed substances, chemical
reactions, uncontrolled energy release, or from equipment.

2. A failure that may be of technical origin or stem from human error, either dur-
ing the operation or during process design. External events, such as weather
conditions or natural catastrophe, may also be at the origin of a failure.

3. An undetected failure in a system as non-identified hazards during risk analy-
sis, or if insufficient measures are taken, or if an initially well-designed process
gradually deviates from its design due to changes or lack of maintenance.

1.1.3.2 Risk
The EFCE defines risk as a measure of loss potential and damage to the environ-
ment or persons in terms of probability and severity. An often-used definition is
that risk is the product of severity time probability:

Risk = Severity × Probability (1.1)

In fact, considering risk as the product is somewhat restrictive: it is more gen-
eral to consider it as a combination of the terms severity and probability. Thus
the risk is linked to a defined incident scenario that must first be identified and
described with the required accuracy, in order to be evaluated in terms of sever-
ity and probability of occurrence. The severity is measured on the effects, that is,
consequences and impact of a potential accident on people, environment, assets,
business continuity, and company image. The probability of occurrence is often
replaced by the frequency expressed as one incident in a given time.
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1.1.3.3 Safety
Safety is a quiet situation resulting from the real absence of any hazard [7].

Absolute safety (or zero risk) does not exist for several reasons: first, it is pos-
sible that several protection measures or safety elements can fail simultaneously;
second, the human factor is a source of error, and a person can misjudge a situ-
ation or have a wrong perception of warning signs, or may even make an error
due to a moment’s inattention.

1.1.3.4 Security
In common language, security is a synonym of safety. In the context of this book,
security is devoted to the field of property protection against theft or incursion.

1.1.3.5 Accepted Risk
The accepted risk is a risk inferior to a level defined in advance either by law,
technical, economical, or ethical considerations. The risk analysis, as it will be
described in the following Sections 1.2–1.4, has essentially a technical orienta-
tion. The minimal requirement is that the process fulfills requirements by the
local laws and that the risk analysis is carried out by an experienced team using
recognized methods and risk-reducing measures that conform to the state of
the art. It is obvious that nontechnical aspects may also be involved in the risk
acceptation criteria. These aspects should also cover societal aspects, that is, a
risk–benefit analysis should be performed.

1.2 Steps of Risk Analysis

A risk analysis is not an objective by itself, but is one of the elements allowing
the design of a technically and economically efficient chemical process [1]. In
fact, risk analysis reveals the process inherent weaknesses and provides means to
correct them. Thus, risk analysis should not be considered as a “police action,” in
the sense that, at the last minute, one wants to ensure that the process will work
as intended. Risk analysis rather plays an important role during process design.
Therefore, it is a key element in process development, especially in the definition
of process control strategies to be implemented. A well-driven risk analysis leads
not only to a safe process but also to an economic process, since the process will
be more reliable and give rise to less productivity loss.

There are many risk analysis methods, but all have three steps in common:

1. Hazard identification.
2. Risk assessment.
3. Definition of risk-reducing measures.

If these three steps are at the heart of the risk analysis, it is also true that per-
forming these steps requires preliminary work and other steps that should not be
bypassed [1, 8].

By systematically studying past incidents in the chemical industry, several
causes can be identified. These are summarized in Table 1.3.
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Table 1.3 Causes of incidents and their remediation.

Causes Remediation

Lack of knowledge concerning the
properties of material and equipment, the
reactivity, the thermal data, etc.

Collection and evaluation of process data,
physical properties, safety data, thermal
data. Definition of safe process conditions
and critical limits

Non-identified deviation or failure Systematic search for deviations from
normal operating conditions

Wrong risk assessment (misjudgment) Interpretation of data, clearly defined
assessment criteria, professional experience

No adequate measures provided Process improvement, technical measures
Measures neglected Plant management, management of change

Thus, the risk analysis must be well prepared, meaning that the scope of the
analysis must be clearly defined; data must be available and evaluated to define the
safe process conditions and the critical limits. Then, and only then, the systematic
identification of process deviations from the safe conditions can be started. The
identified deviations lead to the definition of scenarios, which can be assessed in
terms of severity and probability of occurrence. This work can advantageously
be summarized in a risk profile, or risk matrix, enhancing the major risks that
are beyond the accepted limits. For these risks, reduction measures can then be
defined. The residual risk, that is, the risk remaining after implementation of the
measures, can be assessed as before and documented in a residual risk profile
showing the progress of the analysis and the risk improvement. These steps are
reviewed in the next Sections 1.2.1 through 1.2.8.

1.2.1 Scope of Analysis

The scope of the analysis aims to identify the process under consideration in its
frame: the plant it will take place in, and the chemicals with which it will be
performed. The chemical reactions and unit operations must be clearly charac-
terized, and the technological environment must be defined: utilities, peripheral
equipment like waste treatment, personnel and its skills, automation, and also
regulatory requirements [9].

In this step, it is also important to check for interface problems with other plant
units. As an example, when considering raw material delivery, it can be assumed
that the correct raw material of the intended quantity and quality is delivered
from a tank farm. Thus, it can be referred to the tank farm risk analysis, or the tank
farm is to be included in the scope of the analysis. Similar considerations can be
made for utilities, to ensure that the appropriate utility is delivered. Nevertheless,
loss of utility must be considered in the analysis, but it will be assumed that if, as
an example, nitrogen is required, nitrogen will be delivered. This allows checking
for non-analyzed items in a whole plant, completing the analysis.
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At this stage, the depth of the analysis, meaning the degree of details must
also be defined. The required depth often depends on the stage of the process
in its development: for new processes at early development stages, a preliminary
hazard analysis is often sufficient: here only global risks as fire, explosion, and
exposure to toxic material are considered. Later on, once the process and the
plant are defined or in the design stage, a detailed analysis can be performed.

1.2.2 Safety Data Collection

The required data must be collected prior to the risk analysis. This can be done
gradually during process development as the knowledge on the process increases.
The data can be summarized on data sheets devoted to different aspects of the
process. They typically should encompass the following:

• Involved chemical compounds
• Chemical reactions
• Technical equipment
• Utilities
• Operators (shift organization and skills)

The required data are reviewed in detail in Section 1.4. In order to be economic
and efficient, the data collection is accompanied by their interpretation in terms
of risks. This allows adapting the amount and accuracy of the data to the risk.
This procedure is illustrated with the example of thermal data collected following
a cooling failure scenario (see Section 3.2.1).

1.2.3 Safe Conditions and Critical Limits

Once the safety data have been collected and documented, they must be eval-
uated with regard to the process conditions in terms of their significance for
process safety. With the interpretation of the safety data, the process conditions
that provide safe operation and the limits that should not be surpassed become
clear. This defines the critical limits of the process, which are at the root of the
search for deviations in the next step of the risk analysis.

This task should be performed by professionals having the required skills. Prac-
tice has shown that it is advantageous to perform, or at least to review, the inter-
pretation with the risk analysis team. This ensures that the whole team has the
same degree of knowledge and understanding of the process features.

1.2.4 Identification of Deviations

During this step, the process is considered in its future technological environ-
ment, that is, the plant equipment, the control systems including the operators,
and the delivery of raw material. The utilities are included in the critical exami-
nation of deviations from normal operating conditions. Here the following fields
may be distinguished:

• Deviations from operating mode, which are a central part in batch processes.
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• Technical failures of equipment, such as valves, pumps, control elements, and
so on, which represent the central part of the equipment-oriented risk analysis.

• Deviations due to external causes, such as climatic impacts (frost, flooding,
storms).

• Failure of utilities, especially electrical power or cooling water.
With continuous processes, different stages must be considered: steady state,

start up and shut down, emergency stops, and so on.
The methods for search of hazards can be classified into three categories

[8, 10, 11]:
1. Intuitive methods, such as brainstorming.
2. Inductive methods, such as checklists, failure mode and effect analysis

(FMEA), event trees, decision tables, and analysis of potential problems
(APP). These methods proceed from an initial cause of the deviation and
construct a scenario ending with the final event. They are based on questions
of the type: “What if?”

3. Deductive methods, such as the fault tree analysis (FTA) that proceeds by
starting from the top event and looking for failures that may cause it to happen.
These methods are based on questions of the type: “How can it happen?”

Some examples of those methods, commonly used for hazard search in chem-
ical processes, are presented in Section 1.5.

The triggering mechanism to make a real threat out of a potential threat is
called the cause. Each potential threat can have several potential causes, which
should preferably be handled in different scenarios. The possible consequences
of a triggered event are referred to as the effects. This description of hazard
causes and effects build an event scenario. Here it is important to clearly
structure the scenario: each scenario has an initiating event and may require one
or several enabling events to achieve the final consequences. As an example, a
leakage must not result in a fire, for this the leak may be the initiating event but
requires enabling events as the presence of an ignition source to cause a fire.

It must be ensured that the scenario is developed until its final causes. As an
example a loss of containment cannot represent the final consequence: a loss of
containment may result in exposure of the personnel to toxic material or may
result in a fire or on an explosion that may have the potential for injuries or even
fatalities.

The listing of the scenarios in a table with an identifier, a short description of
possible causes and the consequences, makes up the hazard catalog. The table
may also contain risk assessment, a description of risk-reducing measures, assess-
ment of residual risk, and who is responsible for the action decided on. This is of
great help for the follow-up of the project. An example of such a hazard catalog
is presented in Figure 1.1.

1.2.5 Risk Assessment

The deviation scenarios found in the previous step of the risk analysis must be
assessed in terms of risk, which consists of assigning a level of severity and prob-
ability of occurrence to each scenario. Before starting the assessment, the team
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Id Hazard Trigger Effects

Risk 1

Measures Status Responsible

Risk 2

S P S P

Figure 1.1 Example of hazards catalog with deviation causes effects and actions decided by
the team as well as their status.

must clearly define at which state the scenario is assessed. In principle there are
three possible states:

• The first possibility is the so-called raw risk, which means that the scenario is
assessed without any risk-reducing measure. This has the advantage to show
the real risk potential of the scenario.

• The second possibility is to assess the scenario taking into account the mea-
sures already in place. This type of assessment only reveals the remaining risks
if no additional safeguards are applied.

• The third possibility is to assess the scenario with all measures in place, the
already implemented and the additional measures required to reduce the
risk to the acceptable or at least tolerable level. An assessment performed in
this state in fact analyzes the residual risk or the goal to be met after the risk
analysis.

It is advisable to report the raw risk in the cells “Risk 1” in Figure 1.1 and residual
risk in the cells “Risk 2” in Figure 1.1.

This assessment is qualitative or semiquantitative, but rarely quantitative, since
a quantitative assessment requires a statistical database on failure frequency,
which is difficult to obtain for the fine chemicals industry with such a huge
diversity of processes. The severity is clearly linked to the consequences of the
scenario or to the extent of possible damage. It may be assessed using different
points of view, such as the impact on humans, the environment, property, the
business continuity, or the company’s reputation. Table 1.4 gives an example of
such a set of criteria. In order to allow for a correct assessment, it is essential
to describe the scenarios with all their consequences. This is often a demanding
task for the team, which must interpret the available data in order to work out
the consequences of a scenario, together with its chain of events.

The probability of occurrence (P) is linked to the causes of the deviations. It is
often expressed as frequency (f ), referring to an observation period (T) often of
1 year:

P = f ⋅ T ⇒ f = P
T

(1.2)
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Table 1.4 Example of assessment criteria for the severity.

Category 1. Negligible 2. Marginal 3. Critical 4. Catastrophic

Life/health in
company

Injury without
lost workdays

Injury with lost
work days

Injury with
irreversible
effects

One or more
Fatalities

Life/health
outside
company

Complaints
about bad smell

First aid cases Severe injuries Fatality

Environment Only short-term
on-site effects

Effect on water
treatment plant

Spill outside site,
recovery within
1 month

Long-term
pollution of
water, soil

Property Cleaning up Production line
to be repaired

Loss of
production line

Loss of plant

Business
continuity

Short-term
repair without
production loss

Production
stopped over
1 week

Delivery
interrupted
several weeks

Business
interruption
more than
6 months

Image No report
outside
company

Report in local
media

Report in
national media

Impinge the
company
survival

In this case, a probability of 0.01 is equivalent to an occurrence of one incident
in 100 years. An example of evaluation criteria for the probability is given in
Table 1.5. There are two approaches for the assessment of probability: one is the
qualitative approach, based on experience and using analogies to similar situa-
tions. The other is the quantitative approach, based on statistical data obtained
from equipment failure databases [4]. These data were mainly gathered from the
petrochemicals industry and bulk chemical industry, working essentially with
dedicated plant units. For the fine chemicals and pharmaceutical industries,
where the processes are carried out in multipurpose plants, this approach is
more difficult to use. This is because the equipment may work under very
different conditions from process to process, which obviously has an impact
on its reliability. An efficient strategy is to use a frequency to characterize the
initiating event and to multiply by the probability of consecutive events. This
strategy is developed in Chapter 17.

The quantitative analysis must be based on a method, to allow for the iden-
tification of the interactions between different failures. Such a method, such as
the FTA, is presented in Section 1.4.6. To get a better idea of the probability, a
semiquantitative approach consists of listing the logical relationships between
the different causes. This allows identifying if the simultaneous failure of several
elements is required to obtain the deviation and gives access to a semiquantitative
assessment.

The criteria mentioned in Tables 1.4 and 1.5 are given as an example of a pos-
sible practice, but as a part of the company’s risk policy, they must be defined
for each company with respect to its actual situation. Severity and frequency of
occurrence of an event form the two coordinates of the risk profile.
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Table 1.5 Example of qualitative assessment criteria for the frequency.

Category
Qualitative
description Frequency

Definition/examples for
initiating events

A Frequent Happens frequently,
often experienced

>1/10a Loss of utilities (without
backup), control loop with
complex sensor, exposure
during handling of liquid or
solid chemicals, corrosion
hole on flexible hose

B Moderate Happened or was
experienced several
times

≤1/10a
>1/100a

Failure on demand of control
loop with simple sensor, of
valve, pump, single
mechanical seal, nonreturn
valve fails open

C Occasional Happened or was
experienced once

≤1/100a
>1/1000a

Failure of redundant control
loop, of double mechanical
seal with alarm, check valve
internal leak

D Remote May happen or be
experienced

≤1/1000a
>1/10 000a

Leakage at reactor or tank
jacket, valve minor leak, pipe
leak

E Unlikely Cannot be excluded
but never happened yet

≤1/10 000a
>1/100 000a

Valve: major leak, pipe rupture

F Almost
impossible

It is very unlikely that
this will be experienced

≤1/100 000a Heavy earthquake, aircraft
impact

1.2.6 Risk Matrixes

Risk assessment is not an objective by itself, but represents the required step for
the risk evaluation. This is the step whereby it is decided if a risk is acceptable, or if
it should be reduced by appropriate measures. This is usually done by comparing
the risk to acceptance criteria defined in advance. This can be done graphically by
using a risk diagram or risk matrix, as the example presented in Figure 1.2. The
identifiers characterizing the different scenarios can be placed into the matrix,
thus allowing a visual risk evaluation. Such a risk diagram should comprise at
least three zones corresponding to the clearly negligible or acceptable risk (white
in Figure 1.2), unacceptable risk (dark gray in Figure 1.2), a third zone (light gray
in Figure 1.2) is also used [12, 13]. This third zone corresponds to undesirable
risk that is tolerable only if risk reduction is impracticable or the costs are grossly
disproportionate to the improvement gained. This practice corresponds to the
as low as reasonably practicable (ALARP) principle [14–16]. The borderline sep-
arating the white zone from the others is called the protection level: this is the
limit of accepted risks and represents an important decision for the risk policy of
a company.

The risk matrix presented in Figure 1.2 is based on Tables 1.4 and 1.5 and
defines a 4× 6 matrix. Experience has shown that choosing too narrow a matrix,
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Frequent

Moderate

Occasional

Remote

Unlikely

Almost
impossible

Negligible Marginal Critical Catastrophic

Figure 1.2 Example risk diagram with unacceptable risk in dark gray, undesirable risk in light
gray, and accepted risk in white.

for example, a 3× 3 matrix, with the levels low, medium, and high, has the draw-
back of being too rough. It is unable to show the improvement of a risk situation
especially with high severities, since such a situation often remains with high
severity and low probability, even if additional measures are defined. On the other
hand, too precise a matrix is not useful for risk evaluation and may lead to tedious
discussions during its assessment [17].

The 4× 6 matrix presents some advantages:

• Six frequency categories allow for an accurate representation of risk reduction
with steps by one order of magnitude between successive categories, each step
representing a risk reduction factor of 10.

• The low frequency category f ≤ 1/100 000 a corresponds to common tolerance
criteria for fatalities. Several fatalities occurring in 10 000 years would not be
tolerated.

• The high frequency categories allow for discriminating between events occur-
ring often (every several years) like power failure and typical technical failures
occurring every 10 years or less.

1.2.7 Risk-Reducing Measures

If the risk linked to a scenario falls into the unacceptable field, it must be reduced
by appropriate risk-reducing measures. These are usually classified following two
viewpoints, the action level and the action mode. The action level can be elim-
ination of the hazard, risk prevention, or mitigation of the consequences. For
the action mode, different means can be used: technical measures that do not
require any human intervention or organizational measures that require human
intervention and are accompanied by procedural measures defining the operating
mode of the measure. Some examples are given in Table 1.6.

Eliminating measures are the most powerful since they avoid the risk, mean-
ing that the incident can simply not occur or at least they strongly reduce the
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Table 1.6 Example of measures classified following their action level and their action mode.

Elimination Prevention Mitigation

Technical Alternative
synthesis route

Alarm system with
automatic interlock

Emergency pressure
relief system

Organizational No operator in
hazardous field

Control by operators Emergency services

Procedural Access control Instruction for
behavior in abnormal
situations

Instruction for
emergency response

severity of the consequences of an eventual incident. This type of measures was
especially promoted by Trevor Kletz in the frame of the development of inher-
ently safer processes [18–20]. For a chemical process, eliminating the risks can
mean that the synthesis route must be changed avoiding instable intermediates,
strongly exothermal reactions, or highly toxic material. The choice of the solvent
may also be important in this frame, the objective being to avoid flammable, toxic,
or environmentally critical solvents. Concerning runaway risks, an eliminating
measure aims to reduce the energy potential in such a way that no runaway can
take place.

Preventive measures provide conditions where the incident is unlikely to hap-
pen, but its occurrence cannot be totally excluded. In this category, we find mea-
sures such as inventory reduction for critical substances, the choice of continuous
rather than batch process leading to smaller reactor volumes, and a semi-batch
rather than a full batch process providing additional means of reaction control.
Process automation, safety maintenance plans, etc. are also preventative mea-
sures. The aim of these measures is to avoid triggering the incident and thus
reducing its frequency of occurrence. In the frame of runaway risks, a runaway
remains theoretically possible, but due to process control, its severity is limited
and the probability of occurrence reduced, such that it can be controlled before
it leads to a critical situation.

Mitigation measures have no effect on triggering the incident, but avoid it lead-
ing to severe consequences. Examples of such measures are emergency plans,
organization of emergency response, and explosion suppression. In what con-
cerns runaway reactions, they may be triggered, but their impact remains limited,
for example, by a blow down system that avoids toxic or flammable material
escaping to the environment.

Technical measures are designed in such a way that they require no human
intervention, nor need to be triggered or executed. They are designed to avoid
human error (in their action, but not in their design!). Technical measures are
often built as automated control systems, such as interlocks or safety trips. In
certain instances, they must be able to work under any circumstances, even in
the case of utility failure. Therefore, great care is required in their design, which
should be simple and robust. Here the simplification principle of inherent safety,
the Keep It Simple and Safe (KISS) principle, should be followed. Depending on
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the risk level, they must also present a certified high degree of reliability. This is
described in the international standard IEC 61511 [15] that advises on the differ-
ent safety integrity levels (SILs) with the required reliability as a function of the
risk (see Chapter 17).

Organizational measures are based on human action for their performance. In
the fine chemicals and pharmaceutical industries, reactor-charging operations
are often manual operations, and the product identification relies on the opera-
tor. In this context, quality systems act as support to safety, since they require a
high degree of traceability and reliability. Examples of such measures are labeling,
double visual checks, response to acoustic or optical alarms, in process control,
and so on. The efficiency of these measures is entirely based on the discipline and
instruction of the operators. Therefore, they must be accompanied by programs
of instructions, where the adequate procedures are learned in training.

During the risk analysis, the measures must be accurately described to establish
terms of reference, but no detailed engineering must be done during the analysis.
It is also advisable to define a responsible person for the design and establishment
of these measures.

1.2.8 Residual Risk

This is the last step of risk analysis. After having completed the risk analysis and
defined the measures to reduce risks, a further risk assessment must be carried
out to ensure risks are reduced to an accepted level. However the risks cannot be
completely eliminated: risk zero does not exist; thus a residual risk remains. This
is also because only identified risks were reduced by the planned measures. Thus,
the residual risk has three components:
1. The consciously accepted risk.
2. The identified, but misjudged risk.
3. The unidentified risk.

Thus, a rigorous and consciously performed risk analysis should reduce both of
the last components. This is the responsibility of the risk analysis team. Hence, it
becomes obvious that risk analysis is a creative task that must anticipate events,
which may occur in the future and has the objective of defining means for their
avoidance. This may also be seen in difference to laws that react on events from
the past. Therefore, it is a demanding task oriented to the future, which requires
excellent engineering skills.

At this stage, a second risk diagram can be constructed, in a similar way to
that shown in Section 1.3.6. This allows the identification of the risks that are
now strongly reduced, and thus the measures, which require special care in their
design, should perhaps be submitted to a reliability analysis, as described in
Chapter 17.

1.3 Safety Data

In this section, a safety dataset, resulting from over 30 years of practical expe-
rience with risk analysis of chemical processes, is presented. These data build
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the base of risk analysis in the fine chemicals and pharmaceutical industries,
essentially in multipurpose plants. Therefore, the dataset introduces plant con-
siderations only at its end. This allows exchanging them without any need for
recollecting the whole dataset, in cases where the process is transferred from one
plant unit to another. Moreover, this dataset may be used in the frame of different
risk analysis methods.

There are many different sources for safety data, such as MSDS, databases
[21–23], company databases, and reports. Great care is required, when using
MSDS, since experience has shown that they are not always reliable.

The safety data used in risk analysis can be grouped into different categories,
described in the following Sections 1.3.1 through 1.3.6. The data should be pro-
vided for raw material, intermediates, and products, as well as for reaction mix-
tures or wastes as they are to be handled in the process. Missing data, important
in risk analysis, may be marked with a letter “I” in the appropriate field of the
table to indicate that this information is missing or as a default by a letter “C” if
its value is unknown but judged to be critical.

1.3.1 Physical Properties

Physical properties such as melting point, boiling point, and vapor pressure, as
well as densities and solubility in water, are especially important in the case of
a release, as well as giving important restrictions to the process conditions. For
instance, the melting point may indicate that the contents of a stirred vessel solid-
ify below this temperature. This gives a lower limit to the heating or cooling
system temperature, which would forbid using an emergency cooling system. In
a similar way, the vapor pressure may define an upper temperature limit if a cer-
tain pressure level is not to be surpassed. Densities may also indicate what the
upper and lower phase in a mixture is. Solubility in water is important in case of
spillage.

1.3.2 Chemical Properties

The chemical properties allow summarizing observations or experiences made
during process development or previous production campaigns. The following
characteristic chemical properties should be identified during the risk analysis:
acidity, autoignition temperature, pyrophoric properties, reaction with water,
light sensitivity, air sensitivity, and storage stability. Further, impurities in the
product may affect the toxic and ecotoxic properties of substances or mixtures.

1.3.3 Toxicity

The odor limit compared with other limits may indicate an early warning of a
leak, but this practice is not recommended since odor perception is individual
and consequently varies for different people. Therefore more reliable and repro-
ducible limits are used in the industrial practice.

The maximum allowed workplace concentration (MAC) is the maximum
allowed average concentration expressed in mg m−3 of a gas, vapor, or dust
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in air in a workplace, which has no adverse effects on health for an exposure
of 8 h d−1 or 42 h wk−1 for the majority of a population [24]. Since it is an
average, maintaining the concentration below this value does not guarantee
no effects, since the sensitivity may differ within a population. On the other
hand, a short-term exposure to a concentration above MAC does not imply
consequences on health.

A distinction should be made between acute toxicity and chronic toxicity. For
acute toxicity, the following indicators may be used:

• Lethal dose LD50: Gives the amount of a toxin that caused 50% of fatalities
within five days in an animal population exposed once to the amount. It may
be an oral or dermal exposure and is expressed in mg kg−1 of organism with a
specification of the test animal used.

• Lethal concentration LC50: Is the concentration in air that caused 50% of fatal-
ities within five days in a test in an animal population exposed to this concen-
tration. It is through inhalation and is expressed in mg kg−1 of organism with
a specification of the test animal used.

The lethal dose (LD50) and threshold concentration (TC50) for humans would
be more directly applicable but, for obvious reasons, only very sparse data are
available:

• The toxic dose lowest (TDL0 oral) is the lowest dose that induced diseases in
humans by oral absorption.

• The toxic concentration lowest (TCL0 oral) is the lowest concentration in the
air that induced diseases in humans by inhalation.

More qualitative indicators are also useful: absorption through healthy skin,
irritation to skin, eyes, and respiratory system, together with sensitization with
the following indicators: carcinogenic, mutagenic, teratogenic, reprotoxic, and so
on. These properties can be summarized by indication of a toxicity class.

To judge the effect of short-term exposure, such as during a spillage, the
short-term exposure limit (e.g. IDLH, immediately dangerous to life and health)
can be used. The different levels given by the Acute Exposure Guideline Levels
(AEGLs), issued by the US Environmental Protection Agency, may also be used
in this frame. The data are not given as a single value, but as a table with different
severity levels and exposure durations. An example is given in Table 1.7. The
severity levels are defined as follows [22, 23, 25]:

AEGL 1 is the airborne concentration (expressed as parts per million or mil-
ligrams per cubic meter [ppm or mg m−3]) of a substance above which it
is predicted that the general population, including susceptible individuals,
could experience notable discomfort, irritation, or certain asymptomatic,
nonsensory effects. However, the effects are not disabling and are transient
and reversible upon cessation of exposure.

AEGL 2 is the airborne concentration (expressed as ppm or mg m−3 of a sub-
stance) above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects or an impaired ability to escape.
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Table 1.7 AEGL data for acetone, concentrations in ppm.

Severity level 10 min 30 min 60 min 4 h 8 h

AEGL 1 200 200 200 200 200
AEGL 2 9 300 4 900 3 000 1 400 950
AEGL 3 16 000 8 600 5 700 2 500 1 700

AEGL 3 is the airborne concentration (expressed as ppm or mg m−3) of a sub-
stance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening health effects or death.

The use of carcinogenic material should be avoided as far as possible, by
replacement with nontoxic or at least less toxic substances. If their use cannot
be avoided, appropriate technical and medicinal measures should be applied
in order to protect the workers from their effects. Among such measures, the
reduction of the exposure in terms of concentration and duration as well as a
medical follow-up may be required. The exposure can be limited by using closed
systems, avoiding any direct contact with the substance, or personal protection
equipment. Moreover, the number of exposed operators should be limited.

1.3.4 Ecotoxicity

In instances of spillage or release, not only humans may be concerned, but also
the damage may also affect the environment. In order to assess these risks, the
following data are required:

• Biological degradability
• Bacteria toxicity (IC50)
• Algae toxicity (EC50)
• Daphnia toxicity (EC50)
• Fish toxicity (LC50)

The Po/w, that is, the distribution coefficient between octanol and water, indi-
cates a possible accumulation in fat. Malodorous or odor intense compounds
should also be indicated.

The symbol LC50 means lethal concentration for 50% of a test population. The
symbol EC50 means efficiency concentration for mobility suppression of 50% of
a test population. The symbol IC50 means inhibition concentration for 50% of a
population in a test for respiratory suppression.

1.3.5 Fire and Explosion Data

The most common property in the assessment of fire hazards is the flashpoint
that is applicable to liquids or melts and is the lowest temperature at which the
vapor above the substance may be ignited and continue to burn. The reference
pressure for the flashpoint is 1013 mbar.

The combustion index is applicable to solids and gives a qualitative indica-
tion about combustibility, ranging from one to six. Index 1 corresponds to no
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combustion and Index 6 to a violent combustion with fast propagation. From
Index 4, the combustion propagates through to the solid.

Electrostatic discharging may provide an ignition source for the explosion of
a gas, vapor, or dust cloud. Electrostatic charging can occur only if a separation
process is involved. Since this is a frequent phenomenon as soon as a product
is in motion, separation processes are common in chemical processes, during
pumping, agitation, pneumatic transport, and so on. Charge accumulation occurs
when the conductivity is too low to allow charge relaxation. This may lead to
an electrostatic discharge that may ignite an explosive atmosphere if present at
the same time. For this to occur, the concentration of combustible must be in a
given range, and oxygen must be present. In order to assess such situations, the
explosion characteristics are required.

Explosion limits indicate in which concentration range a mixture of com-
bustible substance can be ignited. For the combustible substance, there are
two limits, the lower explosion limit (LEL), below which the concentration is
too low to produce an explosion, and the upper explosion limit (UEL), above
which the oxygen is in default and no explosion occurs. Concerning the oxygen,
the limiting oxygen concentration (LOC) is useful for designing an inerting
procedure. Further, the explosion is characterized by the maximum explosion
pressure and its violence by the maximum pressure increase rate. In order to
decide if an explosion can be ignited, the minimum ignition energy (MIE) is
required. For dust explosions, temperature limits are defined as the hot surface
ignition temperature of a dust layer (LIT, layer ignition temperature) and the
minimum ignition temperature (MIT) of a dust cloud.

The self-sustaining decomposition (also called deflagration) is a phenomenon
whereby the decomposition is initiated by a hot spot and then propagates through
the solid with a velocity of some millimeters to centimeters per second. In differ-
ence to combustion, the decomposition does not require oxygen, so it cannot be
avoided by using an inert atmosphere (see Section 13.2.7).

The shock and friction sensitivity of a solid is also an important parameter,
especially when it is to be submitted to mechanical stress during processing.

1.3.6 Interactions

The reactivity of chemicals used in a process must be assessed, since these chem-
icals may become in contact in a desired way or accidentally during the process.
These interactions are usually analyzed in a triangular matrix where the desired
and undesired reactions are marked at the intersection of each row and column.
Beside chemicals or mixtures, the different fluids (i.e. heat carrier), waste streams,
and construction materials must also be considered. An example of such a matrix,
summarizing the safety data and the interactions, is represented in Figure 1.3.

1.4 Systematic Identification of Hazards

In this section, a selection of commonly used hazard identification tech-
niques is presented. These techniques can be used in the fine chemicals
and pharmaceutical industries. The methods presented here are designed to
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Figure 1.3 Interaction matrix, also called hazard matrix, summarizing the safety data of
chemicals involved in a process.

provide a systematic search for hazards with the final objective of providing a
comprehensive analysis.

1.4.1 Checklist Method

The checklist method is based on past experience. The process description, the
operating mode, is screened using a list of possible failures or deviations from
this particular operating mode. Thus, it is obvious that the quality and com-
prehensiveness of the checklist directly govern its efficiency. Indeed, the expe-
rience of the authors confirms that the checklist is essential [26]. This method
is well adapted to discontinuous processes as practiced in the fine chemicals and
pharmaceutical industries, where processes are often performed in multipurpose
plants. The basic document for the hazard identification is the process descrip-
tion, also called operating mode. For an efficient analysis, it is advisable to group
several process steps into sequences in order to avoid getting lost in useless detail.
As an example, the preparation of a reactor may comprise a sequence grouping
steps, such as the check for cleanness, proper connections, valve positions, inert-
ing, heating to a given temperature, and so on. Each sequence is then analyzed
with the checklist.

The checklist presented here is constructed as a matrix with a row for each
keyword of the checklist and a column for each sequence of process steps. The
list itself is in two parts: The first (Figure 1.4) is devoted to the utilities and the
corresponding question is: “May the failure of the considered utility lead to a
hazard in a given sequence of process steps?” In the second part (Figure 1.5), the
operating mode is analyzed using the checklist, by questioning if a deviation from
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Deviation Step sequence: A B C D E F G H

1 Electrical power 

2 Water 

3 Steam

4 Brine

5 Nitrogen

6 Compressed air

7 Vacuum

8 Ventilation

9 Absorption

Figure 1.4 Checklist for utilities. Question: “May the failure of a utility lead to a hazard?”

Deviation   Step sequence: A B C D E F G H

10 Cleaning

11 Equipment check

12 Emptying

13 Equipment ventilation

14 Charging, feeding

15 Amount, flow rate

16 Feed rate 

17 Order of charging

18 Mixup of chemicals

19 Electrostatic hazards

20 Temperature

21 Pressure

22 pH

23 Heating/cooling

24 Agitation

25 Reaction with heat carrier

26 Catalyst, inhibitor

27 Impurities

28 Separation, settling

29 Connections

30 Pumping

31 Waste elimination

32 Process interruption

33 Sampling

Figure 1.5 Checklist for the operating mode. Question: “May a deviation from these
conditions lead to a hazard?”

these conditions may lead to a hazard. This also allows checking the thoroughness
of the process description, to see if the process conditions are given with sufficient
precision and to avoid any misunderstandings.

The checklist presents some intended redundancies in order to ensure the com-
prehensiveness of the analysis. For the documentation, if a critical situation is
identified, the corresponding box is marked with a cross, and the correspond-
ing hazard identified by the coordinates of the box (e.g. F6: referring to the effect
of failure of compressed air in sequence F), as described in the hazard catalog
(Figure 1.1) in terms of possible causes, effects, risk assessment, measures, and
residual risk.
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1.4.2 Failure Mode and Effect Analysis

The FMEA is based on the systematic analysis of failure modes for each element of
a system, by defining the failure mode and the consequences of this failure on the
integrity of that system. It was first used in the 1960s in the field of aeronautics
for the analysis of the safety of aircraft [10]. It is required by regulations in the
United States and France for aircraft safety. It allows assessing the effects of each
failure mode of a system’s components and identifying the failure modes that may
have a critical impact on the operability safety and maintenance of the system. It
proceeds in four steps:
1. The system is to be defined with the function of each of its components.
2. The failure modes of the components and their causes are established.
3. The effects of the failure are studied.
4. Conclusions and recommendations are derived.

One important point in this type of analysis is to define clearly the different
states of the working system, to ensure that it is in normal operation, in a waiting
state, in emergency operation, in testing, in maintenance, and so on. The depth
of decomposition of the system into its components is crucial for the efficiency
of the analysis.

In order to illustrate the method, we can take the example of a pump as a com-
ponent. It may fail to start or to stop when requested, provide too low a flow
rate or too low a pressure, or present an external leak. The internal causes for
pump failure may be mechanical blockage, mechanical damage, or vibrations.
The external causes may be power failure, human error, cavitation, or too high
a head loss. Then the effect on the operation of the system and external systems
must be identified. It is also useful to describe the ways for detecting the fail-
ure. This allows establishing the corrective actions and the desired frequency of
checks and maintenance operations.

As it can be seen from this example, the FMEA may rapidly become very work
intensive and tedious. Therefore, a special adaptation has been made for the
chemical process industry: the Hazard and Operability Study (HAZOP).

1.4.3 Hazard and Operability Study

The HAZOP was developed in the early 1970s by ICI [27], after the Flixborough
incident [28]. It is derived from the FMEA, but specially adapted for the process
industry in general, and in the chemical industry in particular. It is essentially ori-
ented toward the identification of risks stemming from the process equipment.
It is particularly well suited for the analysis of continuous processes in the steady
state but can also be used for batch processes. The first steps of the risk anal-
ysis – of scope definition, data collection, and safe conditions definition – are
the same as for other methods. Using the process and instruments design (PID)
and the process flow diagram (PFD) as basic documents, the plant is divided into
nodes and lines. For each of these divisions, a design intention is written that pre-
cisely summarizes its function. For example, a feed line could be defined as “the
line A129 is designed to feed 100 kg h−1 of product A from Tank B101 to reactor
R205.”
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Table 1.8 HAZOP guidewords with definitions and examples.

Guideword Definition Example

No/not Negation of the design intention. No part of
the design intention is realized

No flow, no pressure, no
agitation

Less Quantitative decrease, deviation from the
specified value toward lower value. This
may refer to state variables as temperature
and quantities, as well as to actions such as
heating

Flow rate too low,
temperature too low, reaction
time too short

More Quantitative increase: deviation from the
specified value toward higher value. This
may refer to state variables as temperature
and quantities, as well as to actions such as
heating

Flow rate too high,
temperature too high, too
much product

Part of Qualitative decrease: only part of the design
intention is realized

Charging only a part of a
predefined amount, omission
of a compound at charging,
reactor partly emptied

As well as Qualitative increase: the design intention is
realized, but at the same time something
else happens

Heating and feeding at the
same time, raw material
contaminated by impurity
with catalytic effect

Reverse The design intention is reversed, logical
opposite of design intention

Reversed flow, back flow,
heating instead of cooling

Other/else Total substitution: The design intention is
not realized, but something else happens
instead

Heating instead of dosing,
charging A instead of B,
mix-up of chemicals

Then in a kind of guided brainstorming approach, using predefined guidewords
applied to different parameters of the design intention, the process is systemati-
cally analyzed. These guidewords are listed in Table 1.8, together with examples.
In cases where batch processes are to be analyzed by the HAZOP technique, addi-
tional guidewords concerning time and sequencing – for example, too early, too
late, too often, too few, too long, or too short – may also be added. It is then ver-
ified that the deviation generated by applying the guideword to a parameter is
meaningful. For example, “reverse flow” may be meaningful, but it would hardly
be the case for “reverse temperature.” If the generated deviation has no sense, it is
skipped and the next deviation is generated with the next guideword. For trace-
ability of the thoroughness of the analysis, it may be marked as not applicable,
“n.a.”

For the meaningful deviations identified by the procedure described above, the
possible causes for triggering the deviation are systematically searched. As an
example, possible causes for “no flow” may be an empty feed tank, a closed valve,
an inadvertently open valve to another direction, a pump failure, a leak, and so
on. In this context, it may be useful to indicate the logical relationship between
the causes, such as where simultaneous failure of several elements is required
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in order to trigger the deviation. This is of great help for the assessment of the
probability of occurrence.

The effects are searched in order to allow the assessment of the severity. These
results are documented together with the risk evaluation and, where required,
with risk-reducing measures in a hazard catalog, as presented in Figure 1.1.

The analysis is performed on the totality of the nodes and lines defined by the
division of the plant. This allows checking the comprehensiveness of the analysis.
The HAZOP technique, as its name indicates, is devoted not only to the identifi-
cation of hazards but also to the identification of operability issues. In this frame,
the hazard catalog also provides a list of possible symptoms for the early identifi-
cation of abnormal situations and remediation. Then it becomes an efficient tool
for process design, especially for the design of automation systems and interlocks.

1.4.4 Decision Table

The decision table method consists of logically combining all possible states of
each element of a system and outlining the consequences on the entire system. It
can be applied to a part of a system or to an operating mode. The combinations
are analyzed by Boole’s algebra that gives the analysis a strong logical backbone.
A part of such a decision table is shown by the example of the collision of a car
with a deer (Figure 1.6). It is the most powerful method for analyzing combi-
nations of failures, exhaustive in this respect. Nevertheless, the combinations
rapidly become so numerous that it is difficult to retain an overview of the system
by this method. Thus, it has a more academic character.

1.4.5 Event Tree Analysis

The event tree analysis (ETA) is an inductive method that starts from an ini-
tial event and searches for the different possible effects. It is especially useful for
studying the scenario of what may happen after the initial event when develop-
ing emergency plans. Starting from the initial event, one searches for consecutive
events, until the system reaches a final state. These different generations of events
are represented as a tree. An example, again based on the collision of a car with a
deer, is represented in Figure 1.7. The vertical lines leading from one event to the
next are related in a logical “AND” relationship and the corresponding probabili-
ties must be multiplied. Horizontal lines indicate a logical “OR” relationship and

Deer on the road? No Yes Yes Yes Yes Yes Yes ...

Driver sees it in time? No No No No No No No ...

Brakes in time? No No No No No Yes Yes ...

Brake fails? No No No Yes Yes No No ...

Deer stays on road? No No Yes No Yes No Yes ...

Collision? No No Yes No Yes No No ...

Figure 1.6 Decision table for the collision of a car with a deer. Source: Schmalz 1996 [8].
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Figure 1.7 Event tree for the
collision of a car with a deer.
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the corresponding probabilities must be added. Thus, the tree can be quantified
for the probability of entering one or the other branch after an event is known.
Hence, it allows assessing quantitatively the effects of different possible chains of
events and focuses the measures on the avoidance of the most critical chains.

1.4.6 Fault Tree Analysis

The FTA is a deductive method, whereby the top event is given and the analysis
focuses on the search of the causes that may trigger it [11]. The principle is to
start from the top event and identify the immediate causes or failures. Then each
of these failures is again considered as an event and is analyzed to identify the next
generation of causes or failures. In this way, a hierarchy of the causes is built up,
where each cause stems from parent causes as in a generation tree (Figure 1.8).
Such a tree may be developed to infinity; nevertheless, the depth of the analysis
can easily be adjusted to function as the objectives of the analysis. In most cases,
the depth of the analysis is adjusted to allow the design of risk-reducing mea-
sures. For example, in the analysis of a chemical process, when a pump failure is
found, it is not useful to find out what caused the pump failure. For the process
safety, it may be more appropriate to provide a backup pump or to increase the
maintenance frequency of the pump. Thus, in general, the analysis is stopped at
the failure of elementary devices such as valves, pumps, control instruments, and
so on.

A special feature of the FTA is that different events are linked by logical rela-
tionships. One possibility is the logical “AND,” meaning that two parent events
must be realized simultaneously in order to generate the child event. The other
possibility is the logical “OR” meaning, whereby only the realization of one parent
event is sufficient to generate the child event. It becomes clear that the realiza-
tion of an event behind an “AND” gate is less likely to occur than events behind an
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Figure 1.8 Example fault tree analysis for the collision of a car with an elk.

“OR” gate. This allows for a quantification of the fault, and using Boolean algebra,
it is often possible to simplify the logic relationships of a complex tree leading to
a cut set, which is easier to handle for the quantification.

The probability of occurrence of an event C depending on the simultaneous
realization of two events A and B, that is, behind a logical gate “AND,” is the
conditional probability of A and B:

PC = PA ⋅ PB (1.3)

Since probabilities are comprised between zero and one and should be low
figures, the conditional probability usually becomes significantly smaller. In
other terms, an “AND” gate strongly reduces the probability of the occurrence
of an event, and it is advisable to design a safety system in order to provide such
“AND” relationships before the top event.

The probability of occurrence of an event C, where only the realization of one
parent event from A or B is required (behind an “OR” gate), is the sum of proba-
bilities of all parent events:

PC = PA + PB − PA ⋅ PB (1.4)

In this expression, the subtraction of the product of probabilities takes into
account the fact that the simultaneous realization of both events is still taken
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into account in the realization of individual events. This correction is usually
very small, since individual probabilities are small.

In this way, the fault tree can be quantified, which makes this technique very
powerful for the reliability analysis of protection systems. The prerequisite is the
availability of statistical reliability data of the different devices and instruments
that is often difficult to obtain for multipurpose plants, where devices can be
exposed to very different conditions when changing from one process to another.
Nevertheless, if the objective is to compare different designs, semiquantitative
data are sufficient.

Both methods, the event tree and the fault tree, are often used together as
the so-called “bow tie” method. The top event, often a loss of containment, is
at the center of the bow tie. At its left, the fault tree analyzes the causes leading
of the top event, and at its right, the event tree analyzes the success or failure of
the different safeguards, allowing a quantification of the resulting situations.

1.4.7 Brainstorming

Brainstorming is an intuitive method based on the creativity of the participants.
It is organized in two steps. In the first step, participants are invited to explain
spontaneously what can go wrong in the analyzed process. It is important that in
this step, ideas, even “bad ideas,” are no criticized. The principle is that the feeling
of the participants contains some truth. The team must feel free to explain what
they have in mind. The ideas expressed during this step are carefully documented
by the secretary. In the second step, the ideas are systematically analyzed and
classified as relevant or not.

Since there is no systematics in this method, it is not possible to ensure the
comprehensiveness of the analysis. Hence it cannot be used as the only analy-
sis technique in a process risk analysis. Nevertheless it is sometimes useful to
allow the participants to spontaneously express their ideas about a process or an
equipment and to become familiar with the object of the analysis.

1.5 The Practice of Risk Analysis

The quality of a risk analysis depends essentially on three factors:

1. The systematic and comprehensive hazard identification.
2. The experience of the risk analysis team members.
3. The quality and comprehensiveness of the data used during the analysis.

In Sections 1.5.1–1.5.4, some hints about the key factors of success for the risk
analysis are reviewed.

1.5.1 Preparing the Risk Analysis

Performing a risk analysis requires important resources since it is essentially a
team work that must be performed as far as possible in an efficient way. This
means that an important preparation work must be done prior to the risk analy-
sis sessions in the team. As described in Section 1.3, the very first step of a process
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risk analysis is to define its scope, which must be done together with the definition
of its purpose and objective. This is essential in order to choose the most appro-
priate method and the required resources [9]. At this stage, the process data and
documentation must be collected and prepared and the risk analysis team must
be defined.

1.5.2 The Risk Analysis Team

A risk analysis must be performed in a team for several reasons: risk analysis is
a creative task that requires knowledge of professionals in different specialties,
and one person cannot cover all required knowledge fields. Complex problems
are often solved in discussions resulting in original solutions, which require team
work. Obviously, the composition of the risk analysis team is of primary impor-
tance for the quality of the work. Here the professional experience of the partici-
pants plays a key role, since the objective of the analysis is to identify events that
have not yet occurred. It is a creative task not only to identify the hazards but also
to define risk-reducing measures. Thus, besides the risk owner who is in general
a plant manager, different professions must be represented in the team, including
chemists, chemical engineers, mechanical engineers, and automation engineers.
It is highly advisable that an operator or a shift leader who has a good knowledge
of the plant situation is also present. Depending on the nature of the process,
safety experts in explosion protection, toxicology, and so on may also take part in
some sessions. Each member of the risk analysis team bares the responsibility of
his own field of knowledge. When a new process is to be analyzed, the experience
gained during process development should be available to the team; hence mem-
bers of the process development team must be represented in the risk analysis.
The plant manager, who is the risk owner, takes a determining part in the analysis.

1.5.3 The Team Leader

The team leader or moderator is responsible for the quality of the analysis, caring
for its thoroughness, for discipline in the team, and for the time management.
As such he should preferably be independent from the project organization. In
the choice of risk-reducing measures, the moderator drives the group toward
efficient solutions. The moderator must be a systematic well-organized, and
open-minded person. More generally, the group dynamics is important, so the
participants should also be creative and open-minded. The moderator ensures
that all opinions can be expressed, leading the team toward consensual solutions.
It is advantageous that the moderator has a sound industrial experience and,
if possible, some experience in dealing with risks or in incident analysis. The
team leader must also compensate for the weaknesses inherent to the analysis
method [29].

The preparation work mentioned above is an important part of the team leader
task. In order to be efficient, the analysis must be organized in advance. As an
example, when the HAZOP method is used, the installation can be structured in
lines and nodes. With the checklist method, the grouping of process steps into
sequences must also be prepared in advance. This greatly facilitates the analysis
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and allows an easy check of the systematics and consequently comprehensiveness
of the work.

During the analysis sessions, the team leader must ensure that every opinion
can be freely discussed and that all members participate in the elaboration of
the scenarios and risk assessment. He also avoids tedious discussions and detail
engineering but ensures that the safeguards or risk-reducing measures are clearly
defined in order to facilitate the task of the engineers who will design and work
it out.

1.5.4 Finalizing the Risk Analysis

The hazard identification methods presented in Sections 1.4.1–1.4.7 are all based
on strongly systematic procedures. In the checklist method, the systematic is pro-
vided by the checklist itself. The comprehensiveness can be verified in the matrix
(see Figures 1.4 and 1.5). With the FMEA, the systematic is provided by the divi-
sion of the system into elements and the failure modes considered. In the HAZOP
study, the systematic stems from the division of the plant into nodes and lines and
then the systematic application of the keywords. With the decision table method,
the systematic is inherent to the table. For the FTA and ETA, the systematic is
given by the tree and the logical ports. Nevertheless, the work of the team must
be traceable, even by persons who did not participate to the analysis. Thus, it is
recommended to also document the hazards that were not considered as critical.

The risk analysis represents an important part of the process know-how, and
therefore the hazards catalog (see Figure 1.1) cannot be a static document, but a
part of the process documentation at the same level as the operating mode and
mass balances. It may be useful to describe the risk-reducing measures together
with the status, such as new, accepted, rejected, implemented, and so on. The
hazard catalog then becomes a management tool and a living document, which
must regularly be updated and accompany the process throughout its life. The list
of measures is a significant part of the documentation, since it also describes the
function of all safety relevant elements.

1.6 Exercises

1.1 Risk and Hazard
1. What is the definition of risk, and how does it differentiate from hazard?
2. What are the severity categories?
3. Quote four aspects used in the evaluation of the severity

1.2 Risk Reduction
During a risk analysis, two deviations from the operating conditions were
identified and the corresponding risks assessed as follows:

(1) High severity and low probability
(2) Low severity and high probability
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Question
1. Which of the risks should have the first priority in risk reduction (1, 2,

both are equivalent)?

1.3 Risk Reduction Measures
When planning for risk reduction measures, different types of measures
may be considered. Classify the following types of measures by decreasing
priority (first priority first):
Write the ranking numbers into the boxes:

◽ Preventive measures
◽ Eliminating measures
◽ Emergency measures

Give an example for each category in the frame of a runaway scenario.

1.4 Hazard Identification Techniques
The different risk analysis methods differ in the approaches for searching
and identifying process deviations.
Questions
1. Describe three different techniques, one in each category (inductive,

deductive, and intuitive).
2. Comment on the advantages and draw backs of each technique.

1.5 Checklist and HAZOPs
Two hazard identification techniques the checklist and the HAZOP were
presented in detail in this chapter.
Questions
1. Give the main application fields of these techniques.
2. What is the required basic documentation in each case?
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2

Fundamentals of Thermal Process Safety

Case History “Storage During the Weekend”

After the synthesis in batches of 2600 kg, an intermediate was obtained in the
form of a melt. This product was kept in an unstirred storage vessel at 90 ∘C. The
vessel was heated by hot water circulation; the heating system being open at
ambient pressure, the temperature is physically limited to 100 ∘C. Under normal
circumstances, the melt was immediately flacked and transferred to smaller
containers. On a Friday evening, this transfer operation could not be carried
out for technical reasons, so the melt was left in the vessel over the weekend.
Since it was known that the product was prone to decomposition, the plant
manager studied the available information on the stability of the product. Quality
tests indicated that the melt would degrade at a rate of 1% per day, if left at
90 ∘C. Having no other choice under the circumstances, this quality loss would
have been tolerated by the plant management. Additional information was a
DSC thermogram showing an exothermal decomposition with an energy of
800 kJ kg−1, detected from a temperature of 200 ∘C. Considering that during three
days the decomposition would be 3%, he estimated that the energy released
by the decomposition would be 24 kJ kg−1, corresponding to an approximate
temperature rise of 12 ∘C. Thus, he decided to maintain this reactive mass in the
vessel during the weekend. During Sunday night to Monday morning, the storage
vessel exploded, causing significant material damage.

A correct assessment of the situation would have predicted the explosion. The
main error was considering the storage isothermal. In fact, such large vessels, when
they are not agitated, behave quasi-adiabatically. The correct estimation of the
initial heat release rate allows calculation of the temperature increase rate under
adiabatic conditions. By taking into account the acceleration of the reaction with
increasing temperature, the approximate time of the explosion would have been
predictable. This is left as an exercise for the reader (see Worked Example 2.1).

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Lessons Drawn

Runaway reactions may have serious consequences.
The correct assessment of thermal phenomena requires a special knowledge.
Rigorous methods are required for the thermodynamic analysis of such situa-

tions.

Worked Example 2.1 Storage During the Weekend

Taking the data of the previous case history, explain the error made by the plant
management and derive the correct analysis of the situation.

Data

• Mass 2600 kg.
• A quality tests show a degradation rate of 1% per day at 90 ∘C.
• A DSC thermogram measured in a closed pressure-resistant crucible at a scan-

ning rate of 4 K min−1 of the intermediate shows an exothermal peak starting
from 200 ∘C with energy of 800 kJ kg−1.

The Plant Manager’s Error

The plant manager implicitly assumed that the decomposition observed at 200 ∘C
in the DSC thermogram and the loss of quality measured at 90 ∘C were due to the
same reaction. In fact, this is a worst-case assumption and is true. The loss of qual-
ity is due to the decomposition and is 1% per day at 90 ∘C, that is, 3% during a
weekend. Thus the energy released during the storage is

800 kJ kg−1 × 0.03 = 24 kJ kg−1

corresponding with a specific heat capacity of 2 kJ kg−1 K−1 to an adiabatic tem-
perature rise of

ΔTad =
24 kJ kg−1

2 kJ kg−1 K−1
= 12 K

This conclusion is wrong because it implicitly assumes that the temperature
remains constant at 90 ∘C, which is not true for an unstirred mass of 2600 kg close
to the melting point.

The Correct Solution of the Problem

At such a scale and without stirring, the heat transfer with the surroundings, that is,
the jacket with hot water at 90 ∘C, is very poor. Thus, adiabatic conditions should be
assumed as a worst-case approach. Under these circumstances, the heat released
in the reaction mass serves to increase its temperature. Thus, we have to calculate
the heat release rate. For a conversion of 1% per day, the heat release rate is

q′ = Q′

t
=

800 000 J kg−1 × 0.01

24 h × 3600 s h−1
= 0.1 J s−1 kg−1 = 100 mW kg−1
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This power may be converted to adiabatic temperature increase rate:

dT
dt

=
q′

c′P
=

0.1 W kg−1

2000 J kg−1 K−1
= 5 × 10−5 K s−1 = 0.18 ∘C h−1 ≈ 0.2 ∘C h−1

Applying van’t Hoff rule, whereby the reaction rate doubles for a temperature
increase of 10 K, the rate would be 0.4 ∘C h−1 at 100 ∘C. Assuming an average rate
of 0.3 ∘C h−1 in the temperature range from 90 to 100 ∘C, the time required to reach
100 ∘C is 33 hours, that is, about 32 hours. The next 10 K increase to 110 ∘C would
take 16 hours, then 8 hours to 120 ∘C, and so on. This is a geometric progression,
and the sum of its terms is 2× 32 hours = 64 hours. Thus, an explosion during the
weekend is predictable.

The right decision is to transfer the melt into a stirred vessel, where the temper-
ature can be actively controlled and monitored. A heat release rate of 0.1 W kg−1

can easily be removed from such a vessel.

Introduction

The introduction of the specific knowledge on thermal process safety and a
presentation of these methods are the objective of this book. In the present
chapter, the essential theoretical aspects of thermal process safety are reviewed.
Often-used fundamental concepts of thermodynamics are presented in
Section 2.1 with a strong focus on process safety. In Section 2.2, important
aspects of chemical kinetics are briefly reviewed. Section 2.3 is devoted to the
heat balance, which also governs chemical reactors, physical unit operations
and also calorimetric measurement techniques. In Section 2.4, a theoretical
background on runaway reactions is given.

2.1 Energy Potential

2.1.1 Thermal Energy

2.1.1.1 Heat of Reaction
Most of the chemical reactions performed in the fine chemicals industry are
exothermal, meaning that thermal energy is released during the reaction, which
may lead to severe consequences if the energy release is not properly mastered.
The unit of energy, the Joule (J) is related to other units as follows:

• 1 J = 1 N m = 1 W s = 1 kg m2 s−2

• 1 J = 0.239 cal or 1 cal = 4.18 J

The units used for heat of reaction are as follows:

Molar enthalpy of reaction: ΔrH (kJ mol−1)
Specific heat of reaction: Q′

r (kJ kg−1)

The latter, the specific heat of reaction, is practical for safety purposes, because
most of the calorimeters directly deliver the specific heat of reaction in J g−1 or
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kJ kg−1. Further, since it is a specific entity, it can easily be scaled to the intended
process conditions. Both heat of reaction and molar enthalpy are related by

Q′
r = 𝜌

−1C(−ΔrH) (2.1)
Obviously, the heat of the reaction depends on the concentration of reactant (C).
By convention, exothermal reactions have negative enthalpies, whereas endother-
mic reactions have positive enthalpies.

Pro memoria in this book, in opposition to the thermodynamic convention, we con-
sider all effects, which increase the temperature of the system as positive. Thus, the
(negative) molar enthalpy has a minus sign to become positive.

2.1.1.2 Heat of Decomposition
A large part of the compounds used in the chemical industry is in a so-called
metastable state. The consequence is that an additional energy input, for example,
a temperature increase, may bring the compound into a more energetic and insta-
ble intermediate state that relaxes to a more stable state, releasing energy, which
may be difficult to control. Such a reaction path is shown in Figure 2.1. Along
the reaction path, the energy first increases and then decreases to a lower level.
The energy of decomposition (ΔdH) is released along the reaction path. It is often
higher than common reaction energies, but remains well below combustion ener-
gies. The decomposition products are often unknown or not well defined. This
means the estimation of decomposition energies by standard enthalpies of forma-
tion is difficult. CHETAH uses Benson groups [1, 2] to estimate the enthalpies of
formation and predicts the most probable decomposition products or those with
lower enthalpy of formation [3]. Decomposition energies are treated in detail in
Chapter 5 and their triggering conditions in Chapter 10.

Reaction path

Free
energy

Metastable

Stable

∆dH

Activation energy

Figure 2.1 Variation of the free energy along a reaction path.
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2.1.1.3 Heat Capacity
By definition, the heat capacity of a system is the amount of energy required to
raise its temperature by 1 K. The unit is J K−1. To allow calculations and compar-
isons, the specific heat capacity is more commonly used:

• Heat capacity: cp (J K−1)
• Specific heat capacity: c′p (kJ kg−1 K−1)

Water has a relatively high specific heat capacity of approximately
4.2 kJ kg−1 K−1, whereas inorganic compounds have lower heat capacities
in the range of 1–1.3 kJ kg−1 K−1. Organic compounds are in the medium range
at around 1.7–2 kJ kg−1 K−1. Some typical values are given in Table 2.1 [4].
Remark: Chlorinated compounds present rather a low heat capacity.

The specific heat capacity of a mixture can be estimated from the specific heat
capacities of the different compounds by a mixing rule:

c′P =

∑
i

mic′Pi∑
i

mi
(2.2)

The heat capacity increases with temperature, for example, for liquid
water at 20 ∘C the specific heat capacity is 4.182 kJ kg−1 K−1 and at 100 ∘C is
4.216 kJ kg−1 K−1 [5]. Its variation is frequently described by the polynomial

Table 2.1 Typical values of specific heat capacities at room
temperature.

Compound c′
P
(kJ kg−1 K−1)

Water 4.2
Methanol 2.55
Ethanol 2.45
2-Propanol 2.58
Acetone 2.18
Aniline 2.08
Acetic acid 2.00
n-Hexane 2.26
Benzene 1.74
Toluene 1.69
p-Xylene 1.72
Chlorobenzene 1.3
Dichloromethane 1.16
Tetrachloromethane 0.86
Chloroform 0.97
Sulfuric acid 100% 1.4
NaCl 4.0
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expression (virial equation) [2]:

c′P(T) = c′P0[1 + aT + bT2 + · · ·] (2.3)

In order to obtain accurate results, this function should be accounted for when
the temperature of a reaction mass tends to vary over a wider range. However,
in the condensed phase, the variation of heat capacity with temperature is small.
Moreover, in case of doubt and for the assessment of severities, the specific heat
capacity should be approximated by lower values. Thus, the effect of temperature
can be ignored, and generally the heat capacity determined at a (lower) process
temperature is used for the calculation of the adiabatic temperature rise.

About cP and cV :

• cP is the heat capacity at constant pressure (isobaric).
• cV is the heat capacity at constant volume (isochoric).

In safety analysis, in general, cP is used. This is because the system is considered
isobaric. The difference between cP and cV corresponds to the work due to expansion.
Since the compressibility of the condensed phase is small, the difference is generally
small for solids or liquids.

2.1.1.4 Adiabatic Temperature Rise
The energy of a reaction or of decomposition is directly linked with the severity,
that is, the destruction potential of a runaway. Where a reactive system cannot
exchange energy with its surroundings, adiabatic conditions prevail. In such a
case, the whole energy released by the reaction is used to increase the system’s
temperature. Thus, the temperature rise is proportional to the energy released.
For most people, the order of magnitude of energies is often difficult to value.
Thus, the adiabatic temperature rise is a more convenient way, and therefore more
commonly used criterion, to assess the severity of a runaway reaction. It can be
calculated by dividing the energy of reaction by the specific heat capacity:

ΔTad =
(−ΔrH)CA0

𝜌 ⋅ c′P
=

Q′
r

c′P
(2.4)

The central term in Eq. (2.4) enhances the fact that the adiabatic temperature rise
is a function of reactant concentration and molar enthalpy. Therefore, it is depen-
dent on the process conditions, especially on feed and charge concentrations. The
right-hand term in Eq. (2.4), showing the specific heat of reaction, is especially
useful in the interpretation of calorimetric results, which are often expressed in
terms of the specific heat of the reaction. Thus, the interpretation of calorimet-
ric results must always be performed in connection with the process conditions,
especially concentrations. This must be accounted for when results of calorimet-
ric experiments are used for assessing different process conditions.

The higher the adiabatic temperature rise, the higher the final temperature will
be if the cooling system fails. This criterion is static in the sense that it gives only
an indication of the excursion potential of a reaction, but no information about
the dynamics of the runaway.
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2.1.2 Pressure Effects

The destructive effect of a runaway reaction is mainly due to pressure. Besides
the temperature increase, secondary decomposition reactions often result in the
production of small molecules (fragments), which can be gaseous or present a
high vapor pressure and thus cause a pressure increase. As high energies are
often involved in decomposition reactions, the temperature increase results in
pyrolysis of the reaction mixture. In such cases, the thermal runaway is always
accompanied by a pressure increase, and no specific study of the pressure effect
is required. Nevertheless, in the first stages of a runaway, the pressure increase
may cause the rupture of the reactor before the runaway starts to show significant
acceleration. In such cases, a study of the pressure effects may be required. If the
temperature increase occurs in a reaction mixture with volatile compounds, their
vapor pressure may also cause a pressure increase. These effects are described in
Section 5.2.

2.2 Effect of Temperature on Reaction Rate

When considering thermal process safety, the key of mastering the reaction
course lays in governing the reaction rate, which is the driving force of a runaway
reaction. This is because the heat release rate of a reaction is proportional to the
reaction rate. Thus, reaction kinetics plays a fundamental role in the thermal
behavior of a reacting system. In the present section, some specific considera-
tions on reaction kinetics with regard to process safety help in understanding
the dynamic aspects of reactions.

2.2.1 Single Reaction

For a single reaction A → P following an nth-order kinetic law, the reaction rate
is given by

−rA =
−dCA

dt
kCn

A0(1 − XA)n (2.5)

which shows, since n is positive, that the reaction rate decreases as conversion
progresses. By following Arrhenius model, the rate constant k is an exponential
function of temperature:

k = k0e−E∕RT (2.6)
In this equation, k0 is the frequency factor, also called the pre-exponential
factor, and E the activation energy of the reaction in J mol−1. Since the reaction
rate is always expressed in mol volume−1 time−1, the rate constant and the
pre-exponential factor have dimensions depending on the order of the reaction
volume(n−1) mol−(n−1) time−1. The universal gas constant used in this equation is
8.314 J mol−1 K−1. The van’t Hoff rule can be used as a rough approximation of
the temperature effect on reaction rate.

Reaction rate doubles for a temperature increase of 10 K.
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The activation energy, an important factor in reaction kinetics, may be
interpreted in two ways: The first is an energy barrier to be overcome by the
reaction, such as that depicted in Figure 2.1. The second is the sensitivity of the
reaction rate toward temperature changes. For synthesis reactions, the activation
energy usually varies between 50 and 100 kJ mol−1. In decomposition reactions,
it may reach 160 kJ mol−1. For values above these, an autocatalytic behavior
should be suspected. Low activation energy (<40 kJ mol−1) may indicate a mass
transfer-controlled reaction. Higher activation energies give a higher sensitivity
toward temperature. A very slow reaction at low temperatures may become fast
and therefore uncontrollable at higher temperatures.

2.2.2 Multiple Reactions

Reaction mixtures encountered in industrial practice often show complex behav-
ior, and the overall reaction rate comprises several individual reactions, forming
a multiple reaction scheme. There are two basic reaction schemes allowing the
construction of more complex ones [6]. The consecutive reactions are also called
reaction in series:

A
k1−−→P

k2−−→ S with

⎧⎪⎪⎪⎨⎪⎪⎪⎩

rA =
dCA

dt
= −k1CA

rP =
dCP

dt
= k1CA − k2CP

rS =
dCS

dt
= k2CP

(2.7)

The second basic reaction scheme is competitive reactions, also called reaction
in parallel:⎧⎪⎪⎪⎨⎪⎪⎪⎩

A
k1−−→P

A
k2−−→ S

with

⎧⎪⎪⎪⎨⎪⎪⎪⎩

rA =
dCA

dt
= −(k1 + k2)CA

rP =
dCP

dt
= k1CA

rS =
dCS

dt
= k2CA

(2.8)

In Eqs. (2.7) and (2.8), the reactions are supposed to be first order in each
compound, but different reaction orders may be encountered. With multiple
reactions, the activation energies of the different steps are generally different;
thus various reactions show different sensitivity toward temperature changes.
The consequence is that depending on the temperature, one or the other reac-
tions (or reaction mechanisms) become dominant; thus one must be extremely
careful when kinetic data is extrapolated over a large temperature range. In the
left-hand example in Figure 2.2, if calorimetric measurements are performed at
a higher temperature, for example, in order to obtain a measurable signal, the
activation energy will be E1, and the extrapolation toward a lower temperature
will predict too low reaction rates: this is unsafe. In the right-hand example,
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Figure 2.2 With multiple reactions, the apparent activation energy may vary with
temperature, depending on which reaction is dominant.

the measured activation energy is E2, and the extrapolation toward a lower
temperature is too conservative. For this reason, it is helpful to measure the
thermal behavior close to the operating or storage temperature. Highly sensitive
calorimeters, such as the Thermal Activity Monitor (TA Instruments), are very
useful for this purpose (see Section 4.3.3).

2.3 Heat Balance

Understanding the heat balance is essential when considering thermal process
safety. This also applies to the industrial scale for reactors or storage units, as well
as at laboratory scale for understanding the results of calorimetric experiments
(see Chapter 4). In fact, the same heat balance terms will serve in both situations.
For this reason, we first present the different terms of the heat balance of a reactor
with a reacting system. This is followed by a simplified heat balance, and finally
we study how reaction rate is affected by adiabatic conditions.

2.3.1 Terms of the Heat Balance

In chemical thermodynamics, the convention is that exothermal effects are
negative and endothermal positive. Here, since we consider the heat balance for
practical and safety reasons, all effects that increase the temperature, such as
exothermal reactions, are positive. The different most common terms used in
the heat balance are the following.

2.3.1.1 Heat Production
The heat production corresponds to the heat release rate of a reaction. Therefore,
it is proportional to the reaction enthalpy and to the reaction rate:

qrx = (−rA)V (−ΔrH) (2.9)

This term is of primary importance with respect to reactor safety: mastering the
heat released by the reaction is the key of reactor safety. For a single nth-order
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reaction, the reaction rate can be expressed as

−rA = k0 ⋅ e−E∕RT ⋅ Cn
A0 ⋅ (1 − X)n (2.10)

This expression enhances the fact that the heat release rate is a function of the
conversion and will therefore vary with time in discontinuous reactors or during
storage. In a batch reaction, there is no steady state. It is constant in the contin-
uous stirred tank reactor (CSTR) and is a function of the location in the tubular
reactor (see Chapter 9). The heat release rate is

qrx = k0 ⋅ e−E∕RT ⋅ Cn
A0 ⋅ (1 − X)n ⋅ V ⋅ (−ΔrH) (2.11)

Two features of this expression are important for safety purposes. First, the heat
release rate of a reaction is an exponential function of temperature, and second,
since it is proportional to the volume, it will vary with the cube of the linear
dimension of the vessel (L3) containing the reacting mass.

2.3.1.2 Heat Removal
There are several possible mechanisms for the heat exchange between a reacting
medium and a heat carrier: radiation, conduction, and forced or natural convec-
tion. Here we shall consider convection only. Other mechanisms are considered
in the chapter on heat accumulation (Chapter 12). The heat exchanged with a
heat carrier (qex) across the reactor wall by forced convection is proportional to
the heat exchange area (A) and to the driving force, that is, the temperature dif-
ference between the reaction medium and the heat carrier. The proportionality
coefficient is the overall heat transfer coefficient (U):

qex = U ⋅ A ⋅ (Tc − Tr) (2.12)

In case of significant change of the physical and chemical properties of the
reaction mixture, the overall heat exchange coefficient (U) will also be a function
of time. The heat transfer properties are usually a function of temperature,
where changes in the viscosity of the reaction mass play a dominant role (see
Section 14.2).

With respect to safety, two important features must be considered here. The
heat removal is a linear function of temperature, and since it is proportional to
the heat exchange area, it varies as the square of the linear dimension of the equip-
ment (L2). This means that when the dimensions of a reactor have to be changed,
as for scale-up, the heat removal capacity increases more slowly (L2) than the heat
production rate (L3). Therefore, the heat balance becomes more critical for larger
reactors. Some typical dimensions are shown in Table 2.2. The heat exchange area
varies within certain limits by design of the vessel geometry, but for stirred tank
reactors these limits represent hard constraints. The cylindrical geometry with a
height to diameter ratio of approximately 1 : 1 is imposed.

Thus, the specific cooling capacity of reaction vessels varies by approximately
two orders of magnitude when scaling up from laboratory scale to production
scale. This has a great practical importance, because if an exothermal effect is not
detected at laboratory scale, this does not mean that the reaction is safe at a larger
scale. At laboratory scale, the cooling capacity may be as high as 1000 W kg−1,
whereas at plant scale it is only on the order of 20–50 W kg−1 (Table 2.3). This also
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Table 2.2 Specific heat exchange areas for different reactor scales.a)

Scale
Reactor
volume (m3)

Heat exchange
area (m2)

Specific
area A/V (m−1)

Research lab 0.0001 0.01 100
Bench scale 0.001 0.05 50
Pilot plant 0.1 1 10
Production 1 3 3
Production 10 13.5 1.35

a) The geometry is assumed cylindrical with an aspect ratio h/d = 1 for
research lab and bench scale. For pilot plant and production reactors,
the geometry is taken from standard stainless steel reactors [7].

Table 2.3 Typical specific cooling capacitya)for different reactor scales.

Scale
Reactor volume
(m3)

Specific cooling
capacity (W kg−1 K−1)

Typical cooling
capacity (W kg−1)

Research lab 0.0001 30 1500
Bench scale 0.001 9 450
Pilot plant 0.1 3 150
Production 1 0.9 45
Production 10 0.4 20

a) The specific cooling capacity has been calculated for the vessel filled to its
nominal volume with an overall heat transfer coefficient of 300 W m−2 K−1,
a density of 1000 kg m−3, and a temperature difference of 50 K between the
reactor contents and the cooling medium.

means that the heat of reaction can be measured only in calorimetric devices and
cannot be deduced from the measurement of a temperature difference between
the reaction medium and the coolant (see Case History in Chapter 4).

In Eq. (2.12), the heat transfer coefficient U is a key parameter, nevertheless
often unknown. Therefore, some methods to estimate or even to measure this
coefficient are presented in the chapter on heating and cooling industrial reac-
tors (Section 14.2). For a given composition of the reactor contents, the physical
properties as well as the type and shape of the stirrer and its revolution velocity
strongly influence the heat transfer coefficient. These interactions can be sum-
marized using a dimensionless criterion or number: the Reynolds number.

The temperature gradient across the reactor wall, the driving force of heat
exchange, must sometimes be limited as, for example, to protect glass-lined
reactors or to avoid crystallization or fouling of the reactor wall. This can be
achieved by limiting the minimum heat carrier temperature above the melting
point of the reaction mass. In other cases, it can be that the limitation is due to a
constraint on the temperature or on the flow rate of the cooling medium.
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2.3.1.3 Heat Accumulation
Heat accumulation represents the variation of the energy contents of a system
with its temperature:

qac =
d
∑

i
(mi ⋅ c′Pi

⋅ Ti)

dt
=
∑

i

(dmi

dt
⋅ c′Pi

⋅ Ti

)
+
∑

i

(
mi ⋅ c′Pi

⋅
dTi

dt

)
(2.13)

The sum is calculated by taking into account every system component, that is,
the reaction mass and the equipment. Hence, the heat capacity of the reactor or of
the vessel – at least the parts directly in contact with the reacting system – must
be considered. For a discontinuous reactor, the heat accumulation can be written
with mass or volume units:

qac = mrc′P
dTr

dt
= 𝜌Vc′P

dTr

dt
(2.14)

Since heat accumulation is the consequence of the difference between heat pro-
duction rate and cooling rate, it results in a variation of the temperature of the
reactor contents. Hence, if the heat exchange does not compensate exactly the
heat release rate of the reaction, the temperature will vary as

dTr

dt
=

qrx − qex∑
i

mi ⋅ c′Pi

(2.15)

In Eq. (2.15), the index i refers to all compounds of the reaction mass and to the
reactor itself. However, in practice, for stirred tank reactors, the heat capacity of
the reactor is often negligible compared with that of the reaction mass. In order to
simplify the expressions, the heat capacity of the equipment can be ignored. This
is justified by the following example. For a 10 m3 reactor filled with an organic
compound, the heat capacity of the reaction mass is typically on the order of
magnitude of 20 000 kJ K−1, whereas the metal mass in contact with the reac-
tion medium is about 1000 kg, representing a heat capacity of about 500 kJ K−1,
that is, c. 2.5% of the overall heat capacity. Further, the error leads to a more
critical assessment of the situation, which is a good practice in matters of safety
assessment. Nevertheless, in certain specific applications, it will be introduced as
required as, for example, in continuous reactors and especially tubular reactors,
where the heat capacity of the reactor itself may intentionally be used to increase
the overall heat capacity and therefore the reactor safety by design. This point will
be examined in detail in Chapter 9.

2.3.1.4 Convective Heat Exchange Due to Mass Flow
In continuous systems, the feed stream is not always at the same temperature as
the reactor outlet. This temperature difference between the reactor feed (T0) and
exit streams (Tf ) results in a convective heat exchange with the surroundings.
The heat flow is proportional to the heat capacity and the volume flow rate (v̇):

qcx = 𝜌 ⋅ v̇ ⋅ c′P ⋅ ΔT = 𝜌 ⋅ v̇ ⋅ c′P ⋅ (Tf − T0) (2.16)
This is an overall heat balance of a continuous reactor: more detailed heat bal-
ances are introduced in Chapter 9.
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2.3.1.5 Sensible Heat Due to Feed
If a feed stream to a reactor is at a different temperature (Tfd) than the reactor’s
contents (Tr), the thermal effect of the feed stream must be accounted for in the
heat balance. This effect is also called “sensible heat”:

qfd = ṁfd ⋅ c′Pfd
⋅ (Tfd − Tr) (2.17)

This effect is especially important in the semi-batch reactor. If the temperature
difference between reactor and feed is important and/or the feed rate is high,
this term may play a dominant role, the sensible heat significantly contributing to
reactor cooling (or heating if the reactor is operated at sub-ambient temperature).
In such cases, when the feed is stopped, it may result in an abrupt increase of the
reactor temperature. This term is also important in calorimetric measurements,
where the appropriate correction must be performed.

2.3.1.6 Stirrer
The mechanical energy dissipated by the agitator is converted into viscous fric-
tion energy and finally altered into thermal energy. In most cases, this may be
negligible when compared to the heat released by a chemical reaction. However,
with viscous reaction masses, for example, polymerization reactions, this term
must be integrated into the heat balance. The energy dissipated by the stirrer may
also play an important role when holding a reaction mass in a stirred tank. It can
be estimated from

qs = Ne ⋅ 𝜌 ⋅ n3 ⋅ d5
s (2.18)

The computation of the thermal energy dissipated by a stirrer requires knowledge
of the power number or Newton number (Ne) and of the geometry of the stirrer
[8, 9]. Some examples of power numbers for common stirrers, operated in the
turbulent regime (Re> 105), are given in Table 2.4 [10–12].

2.3.1.7 Heat Losses
Industrial reactors are thermally insulated for safety reasons (hot surfaces) and
for economic reasons (heat losses). Nevertheless, at higher temperatures, heat
losses may become important. Their calculation may become tedious, since heat

Table 2.4 Newton number and stirrer geometric characteristics of some common stirrer types.

Stirrer type Turbulent Ne Flow type

Propeller 0.35 Axial
Impeller 0.20 Radial with axial component at the bottom
Anchor 0.35 Tangential close to the wall
Flat blade disk turbine 2.6–5.0 Radial with high shear effect
Pitched blade turbine 0.6–2.0 Radial and axial
Mig 0.22 Complex with axial, radial, and tangential flows
Mig with baffles 0.65 Complex with radial component and high

turbulence at wall
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Table 2.5 Typical heat losses from industrial vessels and laboratory equipment.

Vessel volume
Specific heat
loss (W kg K−1) t1/2 (h)

2.5 m3 reactor 0.054 14.7
5 m3 reactor 0.027 30.1
12.7 m3 reactor 0.020 40.8
25 m3 reactor 0.005 161.2
10 ml test tube 5.91 0.117
100 ml glass beaker 3.68 0.188
DSC-DTA 0.5–5 —
1 l glass Dewar flask 0.018 43.3

losses are often due to a combination of losses by radiation and by natural con-
vection. If an estimation is required, a simplified expression using a global overall
heat transfer coefficient (𝛼) may be useful:

qloss = 𝛼 ⋅ (Tamb − Tr) (2.19)
Some values of the heat loss coefficient, 𝛼, are given in Table 2.5, which also
compares them with laboratory equipment [13]. These values were measured by
applying natural cooling to the vessel and determining the half-life of the cool-
ing (Newtonian cooling; see Section 14.1.4). The heat losses may change by 2
orders of magnitude between industrial reactors and laboratory equipment. This
explains why an exothermal reaction may remain undetected in small-scale tests,
whereas it may become critical in large-scale equipment. A 1 l glass Dewar flask
has heat losses equivalent to those of a 10 m3 industrial reactor. The simplest way
of estimating this overall heat transfer coefficient is by direct measurement at
plant scale.

2.3.2 Simplified Expression of the Heat Balance

A heat balance, taking into account all the terms explained above, can be estab-
lished:

qac = qr + qex + qfd + qs + qloss (2.20)
However, in most cases, a simplified heat balance, which comprises the two first
terms on the right-hand side of Eq. (2.20), is sufficient for safety purposes. Let us
consider a simplified heat balance, neglecting terms such as the heat input by the
stirrer or heat losses. Then, the heat balance for a batch reactor can be written as

qac = qr − qex ⇔ 𝜌Vc′P
dTr

dt
= (−rA)V (−ΔrH) − UA(Tr − Tc) (2.21)

For a reaction of order n rearranged to enhance the variation of temperature
with time,

dTr

dt
=

−rA

CA0
ΔTad −

UA
𝜌Vc′P

(Tr − Tc) (2.22)
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where the adiabatic temperature rise is defined as

ΔTad =
(−ΔrH)CA0

𝜌c′P
(2.23)

The term UA
𝜌Vc′P

is the inverse of the thermal time constant of a reactor (Section
14.1.4).

2.3.3 Reaction Rate Under Adiabatic Conditions

Running an exothermal reaction under adiabatic conditions leads to a tempera-
ture increase and therefore to acceleration of the reaction, but at the same time,
the reactant depletion leads to a decreasing reaction rate toward the end of the
reaction. Hence, these two effects act in opposite way: the temperature increase
leads to an exponential increase of the rate constant and therefore of the reaction
rate. The reactant depletion slows down the reaction. The resultant effect of these
two antagonist variations depends on the relative importance of both terms.

For a first-order reaction performed under adiabatic conditions, the rate varies
with temperature and conversion (XA) as

−rA = k0 e−E∕RT

⏟⏟⏟

↗

CA0(1 − XA)
⏟⏞⏟⏞⏟

↘

(2.24)

Under adiabatic conditions, there is a linear relationship between temperature
and conversion following

T = T0 + XAΔTad (2.25)

Hence depending on the heat of reaction, the temperature increase produced
for a given conversion may or may not dominate the balance. In order to illustrate
this effect, the rate was calculated as a function of temperature for two reactions:
the first is a weakly exothermal reaction with an adiabatic temperature increase
of only 20 K, whereas the second is a more exothermal reaction with an adiabatic
temperature increase of 200 K. We assume first-order reaction with a rate con-
stant of 1 s−1 at 100 ∘C and an activation energy of 80 kJ mol−1 for both reactions.
The results are presented in Table 2.6. For the first reaction, with a low adiabatic
temperature rise of 20 K, the reaction rate only slowly increases during the first
8∘. Afterward, the reactant depletion dominates and the reaction rate decreases.
This cannot be considered a thermal explosion, being a self-heating phenomenon.

Table 2.6 Reaction rate under adiabatic conditions with different reaction enthalpies,
corresponding to an adiabatic temperature increase of 20 and 200 K.

Temperature (∘C) 100 104 108 112 116 120 200 250 298 300

Rate constant (s−1) 1 1.23 1.50 1.83 2.22 2.68 60 257 820 857
Rate ΔTad = 20 K 1 1.05 1.03 0.89 0.58 0 0 0 0 0
Rate ΔTad = 200 K 1 1.29 1.65 2.10 2.66 3.35 117 409 77 0
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Figure 2.3 Adiabatic temperature course as a function of time for reactions with different
energies. The S shape is only visible for lower energies.

In the case of the second reaction, with an adiabatic temperature rise of 200 K,
the reaction rate increases sharply over a large temperature range. The reactant
depletion becomes visible only at higher temperatures shortly before the reaction
completion.

This type of behavior is called thermal explosion. In Figure 2.3, the evolution
of temperature under adiabatic conditions is showed for a series of reactions
with different reaction energies, but with the same initial heat release rate
(0.66 W kg−1 at 100 ∘C) and activation energy (100 kJ mol−1). For the lower
energies, that is, ΔTad < 200 K, the reactant depletion leads to an S-shaped
curve, and the curve does not present the character of a thermal explosion, but
rather that of a self-heating. This effect disappears with the more exothermal
reactions, meaning that the reactant depletion has practically no influence on
the reaction rate. In fact, the rate decrease only appears at very high conversion.
For a total energy corresponding to an adiabatic temperature rise above 200 K,
even a conversion of about 5% leads to a temperature increase of 10 K and more.
Thus, the acceleration due to temperature increase dominates far over the effect
of reactant depletion. This is equivalent to considering a zero-order reaction
for which the reaction rate is independent of conversion. For this reason, in
the frame of thermal explosions, the kinetics are often simplified to zero order.
This also represents a conservative approximation: zero-order reaction results
in shorter time to explosion than higher reaction orders.

2.4 Runaway Reactions

2.4.1 Thermal Explosions

If the power of the cooling system is lower than the heat production rate of a
reaction, the temperature increases. The higher temperature results in a higher
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reaction rate, which in turn causes a further increase in heat production rate.
Because the heat production of the reaction can increase exponentially, while the
cooling capacity of the reactor increases only linearly with the temperature, the
cooling capacity becomes insufficient and the temperature increases. A runaway
reaction or thermal explosion develops.

2.4.2 Semenov Diagram

Let us consider a simplified heat balance involving an exothermal reaction with
zero-order kinetics. The heat release rate of the reaction qrx = f (T) varies as an
exponential function of temperature. The second term of the heat balance, the
heat removal by a cooling system qex = f (T), with Newtonian cooling (Eq. 2.12),
varies linearly with temperature. The slope of this straight line is U⋅A, and the
intersection with the abscissa is the temperature of the cooling system Tc. This
heat balance can be represented in a diagram called the Semenov diagram [14]
(Figure 2.4). The heat balance is in equilibrium when the heat production is equal
to heat removal (qrx = qex). This happens at the two intersections of the exponen-
tial heat release rate curve qrx with the straight line of the heat removal curve qex
in the Semenov diagram. The intersection at lower temperature (S) corresponds
to a stable equilibrium point.

When the temperature deviates from S to a higher value, the heat removal
dominates and the temperature decreases until production and removal become
equal. The system recovers its stable equilibrium. Inversely, for a deviation to
lower temperatures, the heat production dominates, resulting in a temperature
increase until equilibrium is reached again. Therefore, the intersection at lower
temperature corresponds to a stable operating point. The same consideration
for the intersection at higher temperature (I) shows that the system becomes

q

T

qrx
qex1

Tc Tc,crit

qex2 qex3

I

S

C

Figure 2.4 Semenov diagram: the intersections S and I between the heat release rate of a
reaction and the heat removal by a cooling system represent an equilibrated heat balance.
Intersection S is a stable operating point, whereas I represents an instable operating point.
Point C corresponds to the critical heat balance.
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instable. For a small deviation to a lower temperature, cooling dominates and
the temperature decreases until point (S) is reached again, whereas a small devi-
ation to a higher temperature results in excess heat production; thus a runaway
condition develops.

The intersection of the cooling line qex1 (solid line) with the temperature axis
represents the temperature of the cooling system, Tc. Thus, for a higher cooling
system temperature, the straight line corresponding to the power of the cool-
ing system is shifted to the right parallel to itself (dashed line in Figure 2.4).
Both intersection points become closer to each other until they merge at one
point. This point corresponds to a tangent and is an instable operating point. The
corresponding temperature of the cooling system is called the critical tempera-
ture (Tc,crit). For a cooling medium temperature above Tc,crit , the cooling line qex3
(dash-dot line) has no intersection with the heat release curve qrx, meaning that
the heat balance equation has no solution and runaway is inevitable.

2.4.3 Parametric Sensitivity

When a reactor is operated with a critical cooling medium temperature, an
infinitely small increase of the cooling medium temperature leads to a runaway
situation. This is an example of parametric sensitivity, which is a small change in
one of the operating parameters leading from a controlled situation to runaway
[15]. Moreover, a similar effect can be observed if, instead of changing the
temperature of the cooling system, the heat transfer coefficient is changed.
Since the slope of the heat removal line is equal to UA (Eq. 2.12), a decrease
of the overall heat transfer coefficient (U) results in a decrease in the slope
of qex, from qex1 to qex3, which may also lead to a critical situation (point C in
Figure 2.5). This may happen when fouling occurs in the heat exchange system
or when crusts or solid deposits form on the inner reactor wall of a reactor.
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Figure 2.5 Semenov diagram: effect of a change in the heat transfer characteristics of the
reactor UA. Intersection S is a stable operating point, whereas I represents an instable
operating point. Point C corresponds to the critical heat balance.
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The same effect is observed for a change in the heat transfer area (A), as during
scale-up. This “switch” from a stable to an instable situation may occur even
with very small changes in the operating parameters, such as U , A, and Tc. The
consequence is a potentially high sensitivity of the reactor stability toward these
parameters, rendering the control of the reactor difficult in practice. Therefore,
the assessment of the stability of a chemical reactor requires knowledge of its
heat balance. The concept of critical temperature is useful in this purpose.

2.4.4 Critical Temperature

As stated above, if a reactor is operated with a cooling medium temperature
close to the critical cooling medium temperature, a small variation of the coolant
temperature may result in an overcritical heat balance, and a runaway situation
develops. Thus, in order to assess the stability of the operating conditions, it is
important to know if the reactor is operated far away from or close to the crit-
ical temperature.1 This situation can be assessed using the Semenov diagram
(Figure 2.6). We consider a zero-order reaction with a heat release rate expressed
as a function of temperature as

qr = k0 ⋅ e−E∕RTcrit ⋅ Qr (2.26)

where the heat of reaction is in absolute units (J). If we consider the critical situ-
ation, the heat release rate of the reaction is equal to the cooling capacity of the
reactor:

qr = qex ⇔ k0 ⋅ e−E∕RTcrit ⋅ Qr = UA(Tcrit − T0) (2.27)

qrx

qex

qcrit

q

T0

q0

Tcrit T

Figure 2.6 Semenov diagram: calculation of the critical temperature.

1 The critical temperature used in this context has nothing to do with the thermodynamic critical
temperature.
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Since at this point both lines are at a tangent to each other, their derivatives are
also equal:

dqr

dT
=

dqex

dT
⇔ k0 ⋅ e

−E
RTcrit ⋅ Qr ⋅

E
RT2

crit
= UA (2.28)

Both Eqs. (2.27) and (2.28) are verified simultaneously for the critical temperature
difference:

ΔTcrit = Tcrit − T0 =
RT2

crit

E
(2.29)

The critical temperature (Tcrit) can be evaluated from

Tcrit =
E

2R

(
1 ±

√
1 −

4RT0

E

)
(2.30)

or

ΔTcrit =
R(T0 + ΔTcrit)2

E
=

RT2
0

(
1 + ΔTcrit

T0

)2

E
(2.31)

which can be written as

ΔTcrit =
RT2

0

E

(
1 +

2ΔTcrit

T0
+

ΔT2
crit

T0

)
(2.32)

This means that for a given reaction characterized by its thermokinetic
constants (k0, E, Qr) processed in a given reactor and characterized by its heat
exchange parameters (U, A, T0), there is a minimum temperature difference
required for stable performance of the reactor:

ΔTcrit = Tcrit − T0 ≥
RT2

crit

E
(2.33)

Above the critical temperature the reaction power varies faster than the cooling
power, and below the critical temperature the opposite is true: cooling power
varies faster than reaction power. Therefore, by building the ratio of both
members of Eq. 2.28, we obtain a criterion allowing for discriminating critical
situations from safe ones. This ratio is the Semenov criterion (or Semenov
dimensionless number) expressed for the temperature Tcrit :

Se =
k0 ⋅ e

−E
RTcrit QrE

UART2
crit

=
qcritE

UART2
crit

(2.34)

At the critical temperature we have Se = 1, and Se> 1 depicts a critical situation.
The criterion may also be expressed for the cooling medium temperature, and
then the stability criterion becomes

Se =
q0E

UART2
0
<

1
e
≃ 0.368 (2.35)

Hence, the assessment of the situation requires both the thermokinetic param-
eter of the reaction and the heat exchange parameter of the cooling system of
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the reactor. The same principle can be applied to a storage situation with the
thermokinetic parameter of the decomposition reaction and the heat exchange
characteristics of the storage vessel (Chapter 12).

2.4.5 Sensitivity Toward Variation of the Coolant Temperature

The simplified heat balance of a batch reactor at the maximum temperature Tm
can be written as

qrx = qex ⇔ k0e
−E

RTm Qr = UA(Tm − Tc) (2.36)

The sensitivity (Sm) of the maximum reaction temperature toward the coolant
temperature (Tc) is obtained by the differential expression

Sm =
dTm

dTc
(2.37)

which rends
E

RT2
m

k0e
−E

RTm QrSm = UA(Sm − 1) (2.38)

Solving this expression to get Sm,

Sm =

[
1 − E

RT2
m

k0e
−E

RTm Qr

UA

]−1

(2.39)

Introducing the Semenov criterion (equation (2.34)), we obtain the simplified
expression of the sensitivity as

Sm = 1
1 − Se(Tm)

(2.40)

The previous considerations assume zero-order kinetics for the reaction. This is
equivalent to say that the reactant conversion has no effect on the reaction rate.
In fact for nth-order reactions, as seen in Section 2.3.3, the reactant depletion
decreases the reaction rate as the conversion increases. Hugo extended the con-
siderations on the critical temperature to such reactions [16]. The heat balance at
the maximum temperature then becomes

E
RT2

m
k0e

−E
RTm QrSm f (X) = UA(Sm − 1) (2.41)

and the coolant temperature can be calculated as a function of the maximum
temperature and conversion:

Tc = Tm −
RT2

m

E
Se(Tm)f (X) (2.42)

For nth-order reactions with f (X) = (1−X)n, this expression rends a higher tol-
erable coolant temperature but requires the knowledge of the conversion term of
the rate equation f (X).
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2.4.6 Time Frame of a Thermal Explosion, the tmrad Concept

Another important characteristic of a runaway reaction is the time a thermal
explosion takes to develop under adiabatic conditions, or time to maximum rate
under adiabatic conditions (tmrad). To calculate this time, we consider the heat
balance under adiabatic conditions for a zero-order reaction:

dT
dt

=
q
cP

(2.43)

with

q = q0 exp
[

E
R

(
1

T0
− 1

T

)]
(2.44)

Here T0 is the initial temperature from which the thermal explosion develops. If
Tc is close to T0, that is, (T0 + 5 K)≤ Tcrit ≤ (T0 + 30 K), an approximation can
be made, T0 ⋅ T ≈ T2

0 . Then

1
T0

− 1
T

=
T − T0

T0T
≈

T − T0

T2
0

(2.45)

and

T0 − T = ΔT
RT2

crit

E
= ΔTcrit

⎫⎪⎬⎪⎭ ⇒ q = q0eΔT∕ΔTcrit (2.46)

The variables are changed in
ΔT
ΔTcrit

= 𝜃 ⇒ Ṫ = ΔTcrit ⋅ �̇� (2.47)

and Eq. (2.46) becomes

�̇� = �̇�0e𝜃 (2.48)

d𝜃
dt

= �̇�0e𝜃 ⇒
∫

t

0
dt = 1

�̇�0 ∫

1

0
e−𝜃 d𝜃 (2.49)

By integration, the time required to reach the temperature Tcrit starting from T0,
meaning that 𝜃 ranges from 𝜃 = 0 to 𝜃 = 1, is

t = 1
�̇�0 ∫

1

0
e−𝜃 d𝜃 =

[
−1
�̇�0

e−𝜃
]1

0
= 1
�̇�0
(1 − e−1) (2.50)

t = (1 − e−1)ΔT
T0

= 0.632
cpRTcrit

2

q0E
≈ 0.632

cpRT2
0

q0E
(2.51)

This time is also called the time of no return (tnor): after this time has elapsed
under adiabatic conditions and even if the cooling system has been recovered, it
is impossible to cool the reactor, since its heat balance becomes overcritical:

tnor = 0.632
cpRT2

0

q0E
(2.52)
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The tnor is an important feature if an emergency cooling system has to cope with
an imminent runaway reaction: it must become efficient, actively cooling, in a
time shorter than tnor.

A further time of interest is the time required by a thermal explosion to run
to completion. To calculate this, the integration is performed between T0 and
T0 +ΔTad, meaning that 𝜃 ranges from 0 to infinity:

t = 1
�̇�0 ∫

∞

0
e−𝜃 d𝜃 =

[
1
�̇�0

e−𝜃
]∞

0
= 1
�̇�0

(2.53)

t = ΔT
Ṫ0

=
cpRT2

crit

q0E
≈

cpRT2
0

q0E
(2.54)

The time to maximum rate under adiabatic conditions is

tmrad =
cpRT2

0

q0E
(2.55)

The tmrad is a function of the reaction kinetics. It can be evaluated based on the
heat release rate of the reaction q0 at the initial conditions T0 by knowing the
specific heat capacity of the reaction mass c′P and the activation energy of the
reaction E. Since q0 is an exponential function of temperature, tmrad decreases
exponentially with temperature and decreases with increasing activation energy.
The following expression calculates the tmrad at T0, knowing a reference heat
release rate (qref ) at Tref :

tmradT0 =
cpRT2

0

qref e

⎡⎢⎢⎣
−E
R

[
1

T0
− 1

Tref

]⎤⎥⎥⎦E
(2.56)

This concept of tmrad was initially developed by Semenov [14] and was
reintroduced by Townsend and Tou [17] as they developed the accelerating
rate calorimeter (see Section 4.5.4). It is used to characterize decomposition
reactions, as described in Chapters 3 and 10.

2.5 Exercises

2.1 Concentration Change
A reaction A + B → P was initially performed with a concentration
CA = 1 mol l−1 and its energy was measured in a reaction calorimeter:
130 kJ kg−1 of total reaction mass. The reactant B is in large excess
(M = CB/CA = 3/1). Presently it is intended to increase the concentration
of A.
The initial charge is:
• 200 kg of reactant A, c′p = 3.2 kJ kg−1 K−1

• 400 kg of reactant B and solvent, c′p = 1.8 kJ kg−1 K−1

The new charge will be:
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• 400 kg of reactant A
• 400 kg of reactant B and solvent
The density of the reaction mass is 860 kg m−3 and does not change with the
concentration increase.
Questions
1. Calculate the adiabatic temperature rise for the initial process.
2. Calculate the adiabatic temperature rise for the new process.
3. What must be verified in order to rely on the calculated value?

2.2 Power of an Agitator
A stirred tank reactor is equipped with an agitator of 0.8 m diameter. This
agitator dissipates a power of 0.7 kW at 90 rpm. When no exothermal or
endothermal phenomenon takes place in the vessel, the temperature of the
reactor contents stabilize at 27 ∘C, the ambient temperature being 20 ∘C.
This agitator was found to be too small to provide adequate mixing in a
vessel with an internal diameter of 2 m. Thus it was decided to replace it
with an agitator of the same type, but with larger agitator blades: diameter
1 m and revolution speed 100 rpm.
The viscosity of the reaction mass is 5 mPa s at process temperature and the
density is 1000 kg m−3.
Questions
1. What is the power dissipated by the new agitator?
2. What temperature will the reactor contents be reach at thermal equilib-

rium without thermal other phenomena?
3. What other phenomenon could limit the temperature?

Hint: When operated in the turbulent region (Re > 105), the Newton
number is constant.

2.3 Runaway
An intermediate for a dyestuff is prepared by sulfonation and nitration of
an aromatic compound at 40 ∘C. The intermediate product has to be pre-
cipitated by dilution of the sulfuric acid with water to a final concentration
of 60%. This dilution is performed under adiabatic conditions (no cooling)
and the final temperature is 80 ∘C. This temperature of 80 ∘C is important
for the crystallization and for the following filtration. After the tempera-
ture has reached 80 ∘C, the mixture is immediately cooled down to 20 ∘C by
applying the full cooling capacity of the reactor.
The thermal study of the reaction mixture shows a heat release rate of
10 W kg−1 at 80 ∘C and a total heat of decomposition of 800 kJ kg−1. The
specific heat is 2 kJ kg−1 K−1.
Questions
1. Assess the severity linked to this operation in case of a cooling failure.
2. How much time is left to organize emergency measures?
3. Assess the probability of the incident.
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Hint: The induction time of the thermal explosion can be estimated using
the van’t Hoff rule: the reaction rate doubles when the temperature is
increased by 10 K. The temperature increase rate can be approximated by

ΔT
Δt

≈ dT
dt

=
q′
(T)

c′P
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3

Assessment of Thermal Risks

Case History “Sulfonation”

2-Chloro-5-nitrobenzene sulfonic acid is synthesized by addition of p-chloronitro-
benzene as a melt to 20% oleum (20% SO3 in H2SO4) at 100 ∘C [1]. The melt is
added over 20 minutes to oleum heated at 50 ∘C. The temperature then rises to
120–125 ∘C due to the heat of reaction. The conversion is achieved by maintain-
ing this temperature during several hours with 2 bar of steam in the jacket of the
reactor.

This operation was performed as usual, but a further temperature increase above
125 ∘C went unnoticed. This led to an explosion, in which the reactor disintegrated,
its lid crashing through the roof of the building. In fact, the abnormally high tem-
perature triggered a secondary decomposition reaction, which caused the heavy
damage. No heat exchange can take place with the steam in the jacket once the
reactor temperature is above the condensation temperature of the steam (120 ∘C
at 2 bar). Thus, it was not possible to control the temperature at this stage.

Lessons Learned

Before the incident, neither the reaction and decomposition energy potentials nor
the triggering conditions of the decomposition were known. Thus, a potentially
severe process was entirely under manual control, without provision for an alarm
system and emergency measures. A correct assessment of the energies and
triggering conditions of the decomposition predicts such an incident, giving the
opportunity to design a process that will avoid such incidents.

Introduction

In this chapter, after introducing some definitions, a systematic assessment pro-
cedure, based on the cooling failure scenario, is outlined. This scenario formulates
six key questions that comprise the database for the assessment. Relying on the
characteristic temperature levels arising from the scenario, criticality classes are
defined. They provide a guidance for the selection of the required risk-reducing

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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measures. The chapter is closed with a practical assessment procedure, which
represents the thread followed throughout this book.

3.1 Thermal Process Safety

3.1.1 Thermal Risks

Traditionally, “risk” is defined as a combination (usually the product) of the sever-
ity of a potential incident and its probability of occurrence. Hence, risk assess-
ment requires the evaluation of both the severity and the probability. Obviously,
the results of such an analysis aid in designing measures for the reduction of the
risk (Figure 3.1). The question that arises now is: “What do severity and probabil-
ity mean in the context of thermal risks inherent to a particular chemical reaction
or process?”

The thermal risk linked to a chemical reaction is the risk of loss of control of
the reaction and associated consequences (e.g. triggering a runaway reaction).
Therefore, it is necessary to understand how a reaction can “switch” from its nor-
mal course to a runaway condition. In order to make this assessment, the theory
of thermal explosion (see Chapter 2) needs to be understood, along with the con-
cepts of risk assessment. This implies that an incident scenario was identified and
described, with its triggering conditions and the resulting consequences, in order
to assess the severity and probability of occurrence. For thermal risks, the worst
case will be to lose the cooling of a reactor or in general to consider that the reac-
tion mass or the substance to be assessed is submitted to adiabatic conditions.
Hence, we consider a cooling failure scenario.

3.1.2 Processes Concerned by Thermal Risks

Thermal risks are present in a great number of operations. In the present chapter
we focus on processes involving chemical reactions since the complexity of such

Severity

Probability

High risk

Low risk

M
easu

re
s

Figure 3.1 Risk diagram.
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systems allows for developing the totality of the methodology. The great majority
of chemical reactions in the fine chemicals industry are exothermal and as such
may present thermal risks. But we will also see that endothermal reactions may
also present thermal risks. With chemical reaction processes we face the problem
of mastering the desired reaction and avoiding triggering secondary reactions.
The methodology developed in the present chapter allows for a separate study of
both types of reaction, which greatly simplifies the assessment of thermal risks.

Physical unit operations are also subject to thermal risks since often the pro-
cessed substances are submitted to thermal stress. This is the case for operations
like distillation, or drying, where the processed substance is intentionally heated,
which may trigger unwanted secondary reactions that, in turn, may lead to a
runaway situation. These operations are discussed in detail in Chapter 13. Even
in processes without heating, thermal risks must be considered – this is espe-
cially the case when heat accumulation conditions may occur: storage of large
quantities, storage in thermally insulated containers, transportation in hot envi-
ronment, etc. The problems of heat accumulation are discussed in Chapter 12.

3.2 Thermal Risk Assessment Criteria

3.2.1 Cooling Failure Scenario

The behavior of a chemical system during a runaway will be demonstrated by
using the example of an exothermal batch reaction. A classical procedure is as
follows: reactants are charged into the reactor at room temperature and heated
under stirring to the reaction temperature. They are then held at this tempera-
ture, for which cycle time and yield are optimized. After reaction completion, the
reactor is cooled and emptied (dashed line in Figure 3.2).

The scenario presented here was developed by R. Gygax [1, 2]. Let us assume
that, while the reactor is at the reaction temperature (Tp), a cooling failure occurs
(point 4 in Figure 3.2). The scenario consists of the description of the temperature
evolution after the cooling failure. If, at the instant of failure, unconverted mate-
rial is still present in the reactor, the temperature increases due to the completion
of the reaction. This temperature increase depends on the amount of non-reacted
material, thus on the process conditions. It reaches a level called the maximum
temperature of the synthesis reaction (MTSR).

The MTSR is the temperature reached if the synthesis reaction is suddenly left under
adiabatic conditions. Solely the energy of the synthesis reaction, or desired reaction,
is considered for the calculation of the MTSR.

If MTSR is below ambient temperature (reaction at low temperature), it is recom-
mended to take the ambient temperature as MTSR. The reason is that in case of failure,
the reactor will slowly heat to reach the ambient temperature.

Since MTSR is above the intended process temperature, a secondary decom-
position reaction may be initiated. The heat produced by this reaction may lead
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T

t

1

2

4

3

Normal
process

Cooling
failure

MTSR

Tf

Tp

5

6

Desired
reaction

Secondary
reaction

∆Tad

tmrad
∆Tad

Figure 3.2 Cooling failure scenario: after a cooling failure, the temperature rises from process
temperature to the maximum temperature of synthesis reaction. At this temperature, a
secondary decomposition reaction may be triggered. The left-hand part of the scheme is
devoted to the desired reaction and the temperature increase to the MTSR in case of a failure.
In the right-hand part, the temperature increase due to a secondary exothermal reaction is
shown, with its characteristic time to maximum rate. The numbers represent the six key
questions.

to a further increase in temperature (period 6 in Figure 3.2), reaching the final
temperature (Tf ).

Here we see that by losing control of the desired reaction (or synthesis reac-
tion), we may trigger a secondary reaction. This distinction between main and
secondary reactions simplifies the assessment, since both reactions are virtually
separated, allowing them to be studied separately, but may still be connected by
the temperature level MTSR.

The following questions represent six key points that help to develop the run-
away scenario and provide guidance for the determination of data required for
the risk assessment.

Key Question 1: Can the process temperature be controlled by the cooling system?
During normal operation, it is essential to ensure sufficient cooling in order to

control the temperature of the reactor, hence to control the reaction course. This
typical question should be addressed during process development. To ensure the
thermal control of the reaction, the power of the cooling system must be sufficient
to remove the heat released in the reactor. Special attention must be devoted to
possible changes in the viscosity of the reaction mass as for polymerizations and
to possible fouling at the reactor wall (see Chapter 14). An additional condition,
which must be fulfilled, is that the reactor is operated in the dynamic stability
region, as described in Chapter 6.
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The required data are the heat release rate of the reaction (qrx) and the
cooling capacity of the reactor (qex). These can best be obtained from reaction
calorimetry.

Key Question 2: What temperature can be attained after runaway of the desired
reaction?

If after the cooling failure unconverted reactants are still present in the reaction
mixture, they will react in an uncontrolled way and lead to an adiabatic temper-
ature increase. The remaining unconverted reactants are referred to as accumu-
lated reactants. The available energy is proportional to the accumulated fraction.
Thus, the answer to this question requires to study the reactant conversion as
a function of time, in order to determine the degree of accumulation of uncon-
verted reactants (Xac). The concept of MTSR was developed for this purpose:

MTSR = Tp + Xac ⋅ ΔTad,rx (3.1)

These data can be obtained from reaction calorimetry, which delivers the heat
of reaction required for the determination of the adiabatic temperature rise
(ΔTad,rx). The integration of the heat release rate can be used to determine the
thermal conversion and the thermal accumulation (Xac). The accumulation may
also be obtained from analytical data.

Key Question 3: What temperature can be attained after runaway of the secondary
reaction?

Since the temperature MTSR is higher than the intended process temperature,
secondary reactions may be triggered. This will lead to a further temperature
increase due to the uncontrolled secondary reaction, which may be a decom-
position. The thermal data of the secondary reaction allows us to calculate the
adiabatic temperature rise (ΔTad,d) and determine the final temperature starting
from the temperature level MTSR:

Tf = MTSR + ΔTad,d (3.2)

This temperature (Tf ) gives an indication of the possible consequences of a run-
away, as will be shown below.

The data may be obtained from calorimetric methods usually employed for
the study of secondary reaction and thermal stability as differential scanning
calorimetry (DSC), Calvet calorimetry, and adiabatic calorimetry.

Key Question 4: At which moment does the cooling failure have the worst conse-
quences?

Since the time of the cooling failure is unknown, it must be assumed that it
occurs at the worse instant, that is, at the time where the accumulation is at a
maximum and/or the thermal stability of the reaction mixture is critical. The
amount of unconverted reactants and the thermal stability of the reaction mass
may vary with time. Thus, it is important to know at which instant the accumula-
tion, and therefore the thermal potential, is highest. The thermal stability of the
reaction mass may also vary with time. This is often the case when a reaction pro-
ceeds over intermediate steps. Hence, both the synthesis reaction and secondary
reactions must be known in order to answer this question. The combination of a
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maximum accumulation with the “minimum” thermal stability defines the worst
case. Obviously, the safety measures have to account for it.

The data required to answer this question may be obtained from reaction
calorimetry for the accumulation in combination with DSC, Calvet calorimetry,
or adiabatic calorimetry for the thermal stability.

Key Question 5: How fast is the runaway of the desired reaction?
Starting from the process temperature, reaching the MTSR will take some

time. However, industrial reactors are usually operated at temperatures where
the desired reaction is fast. Hence, a temperature increase above the normal pro-
cess temperature will cause a significant acceleration of the reaction. Hence, in
most cases, this period is very short (see period 5 in Figure 3.2).

The duration of the main reaction runaway may be estimated using the initial
heat release rate of the reaction and the concept of tmrad [3]:

tmrad =
c′p ⋅ R ⋅ T2

p

q′
(Tp)

⋅ E
(3.3)

Key Question 6: How fast is the runaway of the decomposition starting at MTSR?
Starting from the MTSR, secondary reactions may be triggered. This will lead

to further runaway due to the uncontrolled secondary reaction. The dynamics
of the secondary reaction plays an important role in the determination of the
probability of an incident. The concept of time to maximum rate under adiabatic
conditions (tmrad) is used for that purpose (see Section 2.4.6):

tmrad =
c′p ⋅ R ⋅ (MTSR)2

q′
(MTSR) ⋅ E

(3.4)

The six key questions presented above ensure that the essential knowledge about
the thermal safety of a process is available. In this sense, they represent a sys-
tematic way of analyzing the thermal safety of a process and building the cooling
failure scenario.

These data can be summarized in graphical form (Figure 3.3), allowing for a
fast check of the nature of thermal risks linked to a given process.

Once the scenario is defined, the next step is the actual assessment of the ther-
mal risks, which requires assessment criteria. The criteria used for the assessment
of severity and probability are presented below.

3.2.2 Severity

Since most reactions in the fine chemicals industry are exothermal, the conse-
quences of loss of control of a reaction are linked to the energy released. As shown
in Sections 2.1.1 and 5.1.3, the adiabatic temperature rise, which is proportional
to the reaction energy, represents an easy to use criterion for the evaluation of the
severity, that is, the potential of destruction of an uncontrolled energy release as
a runaway reaction. The adiabatic temperature rise can be calculated by dividing
the energy of the reaction by the specific heat capacity:

ΔTad = Q′

c′p
(3.5)
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Figure 3.3 Graphical summary of the thermal risks linked to the performance of an industrial
process.

In this expression, Q′ represents the specific energy of the reaction or of the
decomposition. The specific heat capacities given in Table 2.1 can be used. How-
ever, as a first approximation, the following specific heat capacities may be useful:

• Water 4.2 kJ kg−1 K−1

• Organic liquids 1.8 kJ kg−1 K−1

• Inorganic acids 1.3 kJ kg−1 K−1

• Halogenated organics 1.1 kJ kg−1 K−1

• Easy to remember 2.0 kJ kg−1 K−1

The higher the final temperature, the worse are the consequences of the
runaway. In the case of a large temperature increase, some components of
the reaction mixture may be vaporized, or the decomposition may produce
gaseous compounds. Therefore, the pressure of the system will increase. This
may result in the rupture of the vessel and heavy damage. As an example, a final
temperature of 200 ∘C in a solvent such as acetone may be critical, whereas a
final temperature of 80 ∘C in water will not be.

The adiabatic temperature rise not only is important in the determination of the
temperature levels but also has important consequences on the dynamic behav-
ior of a runaway reaction. As a general rule, high energies result in fast runaway
or thermal explosion, while low energies (adiabatic rise below 100 K) result in
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Table 3.1 Assessment criteria for the severity of a runaway reaction.

Simplified Extended 𝚫Tad (K)
Order of magnitude
of Q′ (kJ kg−1)

High Catastrophic >400 >800
Critical 200–400 400–800

Medium Medium 50–200 100–400
Low Negligible <50 and no pressure <100

slower temperature increase rates (Figure 2.3), given the same activation energy,
the same initial heat release rate, and starting temperature (see Section 2.3.3).

The severity of the runaway can be evaluated using the temperature levels attained,
if the desired reaction (Key Question 2) and the decomposition reaction (Key
Question 3) proceed under adiabatic conditions.

A proposal for assessment criteria on a four-level scale is presented in
Table 3.1. This four-level scale for the severity is commonly used in the fine
chemicals industry [4] and has its roots in the Zurich Hazard Analysis (ZHA)
developed by the Zurich Insurance Company [5]. If the assessment is performed
on a three-level scale, the upper levels “critical” and “catastrophic” may be
merged into one level, “high.”

The assessment of the severity is based on the fact that for a temperature
increase of 200 K and above, the temperature increase under adiabatic conditions
as a function of time becomes very sharp (Figure 2.3). This results in a violent
reaction and consequently heavy consequences. At the opposite end of the scale,
for a temperature increase of 50 K and below, the behavior of the reaction mass
under adiabatic conditions cannot be a thermal explosion. The temperature
curve is smooth and corresponds to self-heating rather than to an explosion.
Thus, if there is no risk of pressurization, for example, due to dissolved gases,
the severity is low.

3.2.3 Probability

Presently there is no direct quantitative measure of the probability of occurrence
of an incident, or in the case of thermal process safety, of the occurrence of a
runaway reaction. Nevertheless, if we consider the runaway curves presented in
Figure 3.4, the two cases presented are very different. In case 1, after the temper-
ature increase due to the main reaction, the secondary reaction is immediately
triggered, whereas in case 2, there is enough time left to take measures to regain
control or recover a safe situation. If we compare the probability of runaway
in both cases, it becomes clear that the probability of triggering the runaway is
higher in case 1 than in case 2. Thus, while we cannot easily quantify probabilities,
we can at least compare them on a semiquantitative scale.
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Temperature

Time (h)

0 8 16 24

Case 1

Case 2

Figure 3.4 Time scale as a measure of probability.

The probability can be evaluated using the time scale: If, after the cooling failure
(Key Question 4), there is enough time left (Key Questions 5 and 6) to take emergency
measures before the runaway becomes too fast, the probability of the runaway will
remain low.

For the assessment of probabilities, a six-level scale is often used [4], as pro-
posed by the ZHA method [5]. Assessment criteria based on such a scale are
presented in Table 3.2.

If a simple three-level scale is to be used, the levels “frequent” and “probable”
are merged in one level “high,” and the levels “seldom,” “remote,” and “almost
impossible” are merged in one level “low.” The intermediate level “occasional”
then becomes “medium.” For chemical reactions on an industrial scale (not for
storage or transportation), we can consider the probability to be low if the time
to maximum rate of a runaway reaction under adiabatic conditions is longer than
one day (24 hours). The probability becomes high if the time to maximum rate
is less than eight hours (1 shift). These time scales are only orders of magnitude

Table 3.2 Assessment criteria for the probability of a runaway reaction.

Simplified Extended Controllabilitya) tmrad (h)

High Frequent Unlikely <1
Probable Difficult 1–8

Medium Occasional Marginal 8–24
Low Seldom Feasible 24–50

Remote Easy 50–100
Almost impossible Unproblematic >100

a) The concept of controllability is developed in Chapter 15.
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tmrad ≥ 24 h 8 h < tmrad < 24 tmrad ≤ 8 h

Low Medium High
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Figure 3.5 Runaway risk assessment matrix.

and are dependent on many factors, among them the degree of automation, the
training of the operators, the frequency of electrical power failures, size of the
reactor, and so on. This scaling of probabilities is only valid if something is being
done to cope with the known severity and applies to reactions, not to storage.

3.2.4 Runaway Risk Assessment

After the assessment of both risk components severity and probability of occur-
rence, the risk linked with a runaway reaction can be assessed. As an example,
an assessment matrix using levels low, medium, and high on each coordinate is
proposed (Figure 3.5).

The direct assessment using the risk matrix is essentially applicable to thermal
stability problems as described in Chapter 10. For the assessment of chemical
reactor safety, a more detailed approach is required that also takes the way the
reaction is performed and controlled into account. The criticality concept pre-
sented hereafter was developed for this purpose.

3.3 Criticality of Chemical Processes

3.3.1 Assessment of the Criticality

The cooling failure scenario presented above uses the temperature scale for the
assessment of severity and the time scale for the probability assessment. Starting
from the process temperature (Tp), in the case of a failure, the temperature first
increases to the MTSR. At this point, a check must be made to see if a further
increase due to secondary reactions could occur. For this purpose, the concept of
tmrad is very useful. Since tmrad is a function of temperature (see Section 2.4.6),
it may also be represented on the temperature scale. For this, we can consider
the variation of tmrad with temperature and look for the temperature at which
tmrad reaches a certain value (Figure 3.6), for example, 24 hours (TD24) or 8 hours
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tmrad

TD24 TD8

T

24 h

8 h

Figure 3.6 Variation of tmrad as a function of temperature. The time criteria where tmrad is
equal to 24 and 8 h can be transformed into temperature limits T D24 and T D8.

(TD8), which are the levels in the assessment criteria presented in Sections 3.2.2
and 3.2.3.

In addition to the three temperature levels (Tp, MTSR, and TD24), there is
another important temperature: that at which technical limits of the equipment
are reached. This may be due to the resistance of construction materials, or to
the reactor design parameter as pressure or temperature, and so on. In an open
reacting system, operated at atmospheric pressure, the boiling point is often
used. In a closed system, operated under pressure, it may be the temperature on
reaching the set pressure of the pressure relief system.

Thus, by considering the temperature scale, and for reactions presenting a ther-
mal potential, we consider the relative position of four temperature levels:

1. The process temperature (Tp): The initial temperature in the cooling failure
scenario. In case of non-isothermal processes, the initial temperature will be
taken at the instant when the cooling failure has the heaviest consequences
(worst case).

2. Maximum temperature of synthesis reaction (MTSR): This temperature
depends essentially on the degree of accumulation of unconverted reac-
tants and so is strongly dependent on processing conditions, for example,
temperature and feed time.

3. Temperature at which tmrad is 24 hours (TD24): This temperature is defined by
the thermal stability of the reaction mixture (see Chapter 10). It is the highest
temperature at which the thermal stability of the reaction mass is unproblem-
atic.

4. Maximum temperature for technical reasons (MTT): It is the boiling point in
an open system. For a closed system, it is the temperature at the maximum
permissible pressure, that is, the set pressure of a safety valve or bursting disk.
It may also be a temperature limitation defined by the equipment designer.
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Figure 3.7 Criticality classes of scenario, obtained by combining the four temperature levels:
T p, MTSR, T D24, and MTT .

These four temperature levels, depending on their relative position, classify the
scenarios into five different classes, each describing a different type of behavior
after a cooling failure (Figure 3.7) [6].

3.3.2 Criticality Classes

Depending on the order in which the different temperature levels (described
above) follow each other, five different types of scenarios arise, which allow for
a definition of criticality classes. These classes represent a useful tool, not only
for the risk assessment but also for the choice and the definition of adequate
risk-reducing measures. This point is presented in more detail in Part IV. The
five criticality classes are described in the following sections.

3.3.2.1 Criticality Class 1
After loss of control of the synthesis reaction, the technical limit (MTSR<MTT)
cannot be reached, and the decomposition reaction is not critical, since the MTSR
stays below TD24. Only if the reaction mass is maintained for a long time under
heat accumulation conditions can the MTT be reached. Then the evaporative
cooling may serve as an additional safety barrier. The process presents a low ther-
mal risk.

Therefore, no special measure is required for this class of scenario, but the
reaction mass should not be held for a longer time under heat accumulation con-
ditions. The evaporative cooling or the emergency pressure relief could serve as
a safety barrier as far as their design is appropriate.

3.3.2.2 Criticality Class 2
After loss of control of the synthesis reaction, the technical limit cannot
be reached (MTSR < MTT), and the decomposition reaction is not critical
(MTSR < TD24). The situation is similar to class 1; nevertheless, since the level
MTT is above TD24, if the reaction mass is maintained for a longer time under
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heat accumulation conditions, the decomposition reaction could be triggered
and reach the MTT . In this case, reaching the boiling point could be a hazard
if the heat release rate at MTT is too high. As long as the reaction mass is not
kept for a longer time under heat accumulation conditions, the process presents
a low thermal risk.

If heat accumulation can be avoided, no special measure is required. If heat
accumulation conditions cannot be excluded, evaporative cooling or the emer-
gency pressure relief could eventually serve as a barrier. Therefore, these mea-
sures must be designed for that purpose.

3.3.2.3 Criticality Class 3
After loss of control of the synthesis reaction, the technical limit (MTSR>MTT)
will be reached, but the decomposition reaction is not critical (MTSR < TD24).
In this situation, the safety of the process depends on the heat release rate of the
synthesis reaction at the technical limit (MTT).

The first measure is to use the evaporative cooling or controlled depressuriza-
tion to keep the reaction mass under control. The distillation system or off gas
treatment must be designed for such a purpose and has to function, even in the
case of failure of utilities. A backup cooling system, dumping of the reaction mass,
or quenching could also be used. Alternatively, a pressure relief system may be
used, but this must perhaps be designed for two-phase flow that may occur (see
Chapter 16), and an effluent treatment system must be installed in order to avoid
any dispersion of the reaction mass outside the equipment. Of course, all these
measures must be designed for such a purpose and must be ready to work imme-
diately after the failure occurs. The use of thermal characteristics of the scenario
for the choice of technical measures is presented in detail in Chapter 15.

3.3.2.4 Criticality Class 4
After loss of control of the synthesis reaction, the technical limit will be reached
(MTSR>MTT), and the decomposition reaction could theoretically be triggered
(MTSR > TD24). In this situation, the safety of the process depends on the heat
release rate of both the synthesis reaction and decomposition reaction at the
MTT . The evaporative cooling or the emergency pressure relief may serve as a
safety barrier. This scenario is similar to class 3, with one important difference; if
the technical measures fail, the secondary reaction will be triggered.

Thus, a reliable technical measure is required. It may be designed in the same
way as for class 3, but the additional heat release rate due to the secondary reac-
tion has also to be taken into account. The use of thermal characteristics of the
scenario in the design of technical measures is presented in detail in Chapter 15.

3.3.2.5 Criticality Class 5
After loss of control of the synthesis reaction, the decomposition reaction will
be triggered (MTSR > TD24), and the technical limit will be reached during the
runaway of the secondary reaction. In this criticality class (5), two cases can be
distinguished for the determination of the behavior at MTT , since the technical
limit (MTT) may be reached before or after the MTSR:
• If MTT is reached before MTSR, the sum of the heat release rates of the main

reaction and of the secondary reactions must be accounted for.
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• If MTSR is reached before MTT , only the heat release rate of the secondary
reaction is taken into account.

In all cases, if the energy of the secondary reaction is important, the result-
ing heat release rate may be important, and the evaporative cooling, or even the
emergency pressure relief, may become difficult. This is because the heat release
rate of the secondary reaction at the temperature level MTT may be too high and
result in a critical pressure increase. Thus, it is a critical scenario, except when
the energy of the secondary reaction is low.

Hence, in this class there is no safety barrier between the main and secondary
reaction. When losing the control over the desired reaction, the secondary
reaction is triggered. Therefore, only quenching or dumping can be used. Since,
in most cases, the decomposition reactions release very high energies, particular
attention has to be paid to the design of safety measures. It is worthwhile
considering an alternative design of the process in order to reduce the severity
or at least the probability of triggering a runaway. As an alternative design, the
following possibilities should be considered: reduce the concentration, change
from batch to semi-batch, optimize semi-batch operating conditions in order
to minimize the accumulation, reverse addition order, change to continuous
operation, and so on.

Criticality classes should not be an objective by themselves, but rather constitute
a tool for:

• Understanding the thermal behavior of reactions and substances.
• The collection and interpretation of thermal data.
• The choice of a protection strategy against runaway.
• The preliminary design of protection measures (Chapter 15).

In this sense criticality classes are very useful during risk analysis for the treat-
ment of runaway scenarios.

Worked Example 3.1 Criticality Class

A chemical reaction is to be performed at 20 ∘C in methanol as a solvent (boil-
ing point 65 ∘C) as a batch reaction. In case of a cooling failure, the energy of the
synthesis reaction will increase the temperature to 60 ∘C. At this temperature the
tmrad of an exothermal secondary reaction with an energy of 550 J g−1 is 14 hours
(T D24 = 50 ∘C). The specific heat capacity of the reaction mass is 2 kJ kg−1 K−1.

In order to decide about appropriate risk-reducing measures (if any required),
we define the characteristic temperatures of the cooling failure scenario and deter-
mine the criticality class.

The adiabatic temperature rise of the secondary reaction is

ΔTad =
550 J g−1

2 kJ kg−1 K−1
= 225 K
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This energy represents a high severity, but the tmrad of 14 hours a medium proba-
bility of triggering the secondary reaction. Thus the risk is high.

The four characteristic temperatures are

Tp = 20 ∘C < TD24 = 50 ∘C < MTSR = 60 ∘C < MTT = 65 ∘C

Thus the criticality class is 5 (Figure 3.8), and the process requires risk-reducing
measures and probably reworking the process: changing from batch to semi-batch
would allow reducing the MTSR that will probably allow for reaching class 2.

T

Synthesis

reaction

(a)

(b)

Tp = 20 °C

Tmax = 285 °C

tmrad = 14 h

MTSR

MTT

T

1 2 3 4 5

TD24

Tp

MTSR MTSR

MTSR MTSR

MTT

MTT

MTT

MTT

Criticality

class

tTime of cooling failure

Secondary

reaction

MTT = 65 °CMTSR = 60 °C

Figure 3.8 (a) Cooling failure scenario and (b) criticality class.
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3.3.3 Special Cases of Criticality Assessment

A special case where TD24 is below the process temperature may occur. In this
case, the secondary reaction is already active at process temperature. This case
requires no special analysis and can be handled as other cases in criticality class 5.
Nevertheless here it is strongly recommended to consider a process change, to
solve the selectivity problem caused by the secondary reaction running during
the process.

Criticality classes can also be applied to physical unit operations, but since there
is no desired reaction, only the energy of the secondary reaction and its tmrad are
used. The MTSR is replaced by the wall temperature or the temperature of the
heating medium. These cases are explained in detail in Chapter 13.

3.3.4 Remarks on Criticality Class 5

It is often considered that a process belonging to criticality class 5 should be aban-
doned. This implies that there is a progression of the criticality with increasing
class number (from 1 to 5). This is not totally true since the progression is only
apparent. This is shown hereafter using first the energy involved in the different
classes, then the possibility of controlling a beginning runaway reaction.

In criticality classes 1, 2, and 3, only the energy of the main reaction is consid-
ered, the secondary reactions are not triggered, and consequently the maximum
temperature is the MTSR:

Tf = MTSR = Tp + Xac
Q′

rx

c′p
(3.6)

In criticality classes 1 and 2, the thermal risk is clearly low since the technical
limit (MTT) is not reached, which means that no critical pressure increase may
occur. Thus for classes 1 and 2, the energy released may not lead to a critical
situation, and no specific measure against runaway must be taken. In criticality
class 3 the technical limit is reached, and measures are required.

In classes 4 and 5, the secondary reaction may be triggered: here the totality
of the energy (main and secondary reactions) must be taken into account for the
assessment (Table 3.3):

Tf = Tp + Xac ⋅
Q′

rx

c′p
+

Q′
dc

c′p
(3.7)

During runaway the energy released is used to increase the temperature of
the reacting mass (adiabatic temperature increase) until the technical limit is
reached. Up to this temperature the reaction mass remains contained in the reac-
tor, and no dispersion or spillage occurs. Above the technical limit, there is loss of
containment, and the remaining energy (Q′

ef ) is available to cause external effects.
As an example the available energy may be used for the evaporation of volatiles
and cause a release or to further increase the temperature (Table 3.3).

The controllability of a beginning runaway reaction depends essentially on
the heat release rate at the technical limit (MTT): this means that a class 3
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Table 3.3 Energy available to cause effects.

Criticality
class

Maximum temperature
reached

Energy available
for effects

1 MTSR Q′
ef = 0

2 MTSR Q′
ef = 0

3 MTSR Q′
ef = c′p ⋅ (MTSR − MTT)

4 Tf Q′
ef = c′p ⋅ (Tf − MTT)

5 Tf Q′
ef = c′p ⋅ (Tf − MTT)

scenario may be more difficult to control than a class 5 scenario. An example
is a polymerization reaction where the main reaction is strongly exothermal,
whereas the product (polymer) is comparatively stable. Such a scenario belongs
to class 3; nevertheless high energies may be involved, but only for the main
reaction.

3.3.5 Using MTT as a Safety Barrier

In the scenarios corresponding to classes 3–5, the technical limit (MTT) plays an
important role. In an open system, this limit may be the boiling point. In such a
case, the distillation or reflux system must be designed for this purpose, so that its
capacity is sufficient for the vapor flow rate produced at this temperature during
the runaway. Special care must be taken if there is possibility of flooding of the
vapor tube or of the reaction mass swelling, which both may lead to increased fric-
tion loss, maybe resulting in a pressure increase. The condenser must also provide
sufficient capacity, even at a vapor velocity that may be relatively high. Further, the
reflux system must be designed to operate with an independent cooling medium
to avoid common mode failure. The use of evaporative cooling is explained in
detail in Chapter 14.

In an open system, if there is no volatile present in the reaction mixture, but
there is gas release, the technical limit may be defined by the gas velocity leading
to a pressure increase, which in turn may lead to loss of containment.

In a closed system, the technical limit may be the temperature at which the
pressure in the reactor reaches the set pressure of the relief system. In such a
case, it may be possible to depressurize the reactor in a controlled way before the
set pressure is reached. This allows tempering a reaction at a temperature where
it is still controllable.

If the pressure is allowed to increase to the set pressure of the emergency relief
system with a reacting system, the pressure increase rate may be fast enough to
cause two-phase flow and corresponding high discharge flow rates. The design
of the system, which may be a safety valve or a bursting disk, must be performed
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using the techniques developed in the frame of the Design Institute of Emer-
gency Relief Systems (DIERS) [7–9]. These points are explained in more detail in
Chapters 15 and 16.

Worked Example 3.2 Criticality Class and Evaporation Cooling

An exothermal chemical reaction is to be performed at 100 ∘C in xylene as a solvent
(boiling point 140 ∘C). The heat of reaction is 200 kJ kg−1. The reaction is performed
as semi-batch reaction and presents a maximum accumulation of 30%.

The final reaction mass presents a secondary decomposition reaction with an
adiabatic temperature rise of 250 K and a T D24 at 120 ∘C (T D24: temperature at which
the tmrad is equal to 24 hours). The specific heat capacity of the reaction mass is
2 kJ kg−1 K−1.

(a) What are the characteristic temperatures? Complete the scenario below and
draw a line at MTT .

(b) What is the criticality class?
(c) In a project meeting a colleague suggests to replace the xylene by toluene

(boiling point 110 ∘C), which does not affect the chemistry of the reaction.
What do you think about this proposal?

(a) Calculation of the characteristic temperatures:

MTSR = Tp + Xac ⋅ ΔTad = 100 + 0.3 ×
200 kJ kg−1

2 kJ kg−1 K−1
= 130 ∘C

Tf = MTSR + ΔTad,dec = 130 + 250 K = 380 ∘C
tmrad(130 ∘C) = 0.5 × tmrad(120 ∘C) = 12 h

The tmrad is estimated using van’t Hoff rule, which is sufficient to recognize it is
shorter than 24 hours.

(b) This leads to a class 5: T p < T D24 < MTSR < MTT (Figure 3.9).
(c) The lower boiling point of toluene brings the system to a class 4 (Figure 3.10);

thus evaporation cooling may serve as a barrier if the reflux system has suffi-
cient capacity for this scenario. Using van’t Hoff rule as an approximation, the
tmrad at 110 ∘C is approximately 48 hours (the double of that at 120 ∘C). This
tmrad corresponds to a low heat release rate that should be accommodated by
the system. A quantitative approach is presented in Chapter 15.
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Figure 3.9 (a) Cooling failure scenario and (b) criticality class with xylene.



80 3 Assessment of Thermal Risks

(a
)

(b
)

M
TS

R

M
TT

T

1
2

3
4

5

T D
2

4

T p

M
TS

R
M

TS
R

M
TS

R
M

TS
R

M
TT

M
TT

M
TT

M
TT

C
ri
ti
c
a
lit

y
c
la

s
s

S
y
n
th

e
s
is

re
a
c
ti
o
n

T

t

S
e
c
o
n
d
a
ry

re
a
c
ti
o
n

M
TS

R
 =

 1
3
0
 °

C

M
TT

 =
 1

1
0
 °

C

tm
r a

d
 =

 1
2
 h

T p
 =

 1
0
0
 °

C

T
im

e
 o

f 
c
o
o
lin

g
 f
a
ilu

re

T f
 =

 3
8
0
 °

C

Fi
g

ur
e

3.
10

(a
)C

oo
lin

g
fa

ilu
re

sc
en

ar
io

an
d

(b
)c

rit
ic

al
it

y
cl

as
s

w
ith

to
lu

en
e.



3.4 Assessment Procedures 81

3.4 Assessment Procedures

3.4.1 General Rules for Thermal Safety Assessment

At first glance, the data and concepts used for the assessment of thermal risks may
appear complex and difficult to grasp. In practice, however, two rules simplify the
procedure and reduce the amount of work to the required minimum following the
Keep It Simple and Safe (KISS) principle:
1. Simplification: As a first approach the problem should be simplified as far as

possible. This allows limiting the volume of data to the essential minimum. It
results in an economic problem solving procedure.

2. Worst-case approach: In case approximations have to be made, it should be
ensured that the approximation is conservative, in the sense that it leads to
majoring the risks in the assessment procedure.

When this approach is used, if the results obtained by the simplified approach
allow the intended operation, it should be ensured that sufficiently large safety
margins are applied. In case it leads to a negative assessment, where the con-
clusion is that the operation cannot be performed safely under these simplified
assumptions, it means that more precise data are required to make the final
decision. By doing so, the data set is adjusted to the difficulty of the problem.
These rules are systematically used in the worked examples in this book.

3.4.2 Practical Procedure for the Assessment of Thermal Risks

The six key questions described in the cooling failure scenario allow us to identify
and assess the thermal risks of a chemical process. The first steps allow build-
ing a failure scenario, which is easy to understand and serves as a base for the
assessment. In a second stage, based on the scenario, the criticality class can be
determined to help in the choice and design of risk-reducing measures. The struc-
ture of the book follows this procedure (Figure 3.11). The proposed procedure is
based on the separation of severity and probability, taking into account the eco-
nomic aspects of data determination in a safety laboratory.

The very first step of the assessment is screening for the energy potential of a
sample of a reaction mass, where a reaction has to be assessed, or of a sample of
a substance, where the thermal stability has to be assessed. This may be obtained
from a dynamic DSC experiment on samples of the reaction mass taken before,
during, and after the reaction. If no significant energy potential is found, such as
if the adiabatic temperature rise is less than 50 K and no overpressure may result,
the study can be stopped at this stage.

If a significant energy potential is found, one must find out if it stems from the
main reaction or from a secondary reaction:
• If the potential stems from the desired reaction, all aspects concerning the

heat release rate, cooling capacity, and the accumulation, i.e. MTSR, must be
studied.

• If the potential stems from secondary reactions, their kinetics must be studied
in order to determine the tmrad at the relevant the temperature of interest:
MTSR for a reacting system or the temperature of exposure for the thermal
stability of a substance.
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Figure 3.11 Overview of an assessment procedure showing the different steps and the data
required for building the failure scenario and for the assessment using the criticality class.

Thus, with reacting systems, the MTSR plays a key role as it is the result of the
loss of control of the main reaction and is the temperature for which the thermal
stability must be ensured.

This study may be carried out in steps of increasing degree of detail, in order
to provide the required data in the required accuracy, following the principle of
increasing accuracy (Figure 3.12):

Initial Approach: Estimation

• As an example the main reaction may first be considered as a batch, that is,
with an accumulation of 100%. The MTSR is calculated for a batch reaction.

• The temperature, at which tmrad is 24 hours (TD24), may be estimated from one
dynamic DSC experiment, as shown in Section 10.3.

Second Step: Data Measurement

If the consequences of worst-case assumptions are not acceptable, this may be
due to the large safety margins accompanying the worst-case assumptions. Thus
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Figure 3.12 Assessment using the principles of increasing accuracy.

the process could be made acceptable based on data determined with more accu-
racy and allowing a reduction of the safety margin:

• The accumulation of reactants during the main reaction is determined, for
example, by reaction calorimetry. This allows the determination of the true
accumulation and consequently of the true MTSR. The questions arising from
the control of the reaction, that is, the maximum heat release rate must be com-
pared with the cooling capacity of the reactor. Moreover, the gas release rate,
if applicable, must be compared with the gas treatment capacity of the reactor.

• Following the same principle of increasing complexity, the tmrad must be
determined as a function of temperature from the kinetics of the secondary
reaction. This allows determination of the temperature at which the tmrad is
24 hours (TD24).
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This procedure is based on the principle of increasing accuracy, where only
the data required for the assessment are determined. If the assessment is based
on simple tests, the safety margins remain large. Nevertheless, with more accu-
rate data, these safety margins may be reduced without impinging on the thermal
safety of the process under study.

Worked Example 3.3 Assessment with Sparse Data

A ketone is to be hydrogenated to the corresponding alcohol at 30 ∘C in an aque-
ous solution at a concentration of 0.1 mol l−1 and at a pressure of 2 bar g in a reactor
protected against overpressure by a safety valve with a set pressure of 3.2 bar g. The
molecule presents no other reactive functional groups.

Data

No thermal data are available, but similar reactions have an enthalpy of
−200 kJ mol−1.

Typical enthalpies of decomposition reactions range from −50 to −480 kJ mol−1

(Table 5.2).
The specific heat capacity of the reaction mass is cp = 3.6 kJ kg−1 K−1.

Questions

1. Assess the thermal risks linked to the hydrogenation reaction.
2. Assess the thermal risks linked to the hypothetical decomposition reaction.
3. What other risks should be considered for this hydrogenation?

Solution
This example shows that with only sparse thermal data, it is sometimes possible
to assess thermal risks. This is possible due to the low concentration used in this
hydrogenation.

(1) The reaction is performed in a diluted aqueous solution. Thus, its density can
be assumed to be 1000 kg m−3. Then, the specific heat of reaction is

Q′
r =

C(−ΔHr)
𝜌

= 0.1 mol ⋅ l−1 × 200 kJ mol−1

1 kg l−1
= 20 kJ kg−1

and the corresponding adiabatic temperature rise is

ΔTad =
Q′

r

c′p
=

20 kJ kg−1

3.6 kJ kg−1 K−1
≃ 6 K

Such a weak adiabatic temperature rise cannot lead to a thermal explosion:
the severity is low. In case of malfunction of the reactor cooling system, the
reaction – providing it is not stopped – will lead to an immediate temperature rise
by 6 K reaching the MTSR of 36 ∘C. The thermal risk linked to this hydrogenation
reaction is low.
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(2) In order to cause a problem if a decomposition reaction would be triggered,
its energy must allow a pressure increase higher than 3.2 bar g. Since the com-
pounds are either a ketone or an alcohol, no gas release is expected. Thus, the
pressure in the system is only due to vapor pressure. With the low concentra-
tion, we assume the vapor pressure to be that of water. In order to reach, say
3.2 bar g, starting from 2 bar g hydrogen, if we neglect the hydrogen uptake by
the reaction, the temperature must reach 105 ∘C. Thus, the energy of decompo-
sition should lead to a temperature increase from MTSR to MTT , that is, from 36
to 105 ∘C or 69 K. The required energy is

Q′
d = c′p ⋅ ΔTad = 3.6 kJ kg−1 K−1 × 69 K ≃ 250 kJ kg−1

Taking the concentration into account, the decomposition enthalpy should be
2500 kJ mol−1. Such a high decomposition enthalpy cannot be found in the table.
Thus, the severity of an eventual decomposition reaction is assessed to be low.

(3) Other risks linked to the performance of this hydrogenation are essentially due
to the explosion properties of hydrogen. Leaks must be avoided, and the plant
must be well ventilated. Further, hydrogenation catalysts are often pyrophoric,
and the toxicity of the compounds involved on the process must be considered.

3.5 Exercises

3.1 Diazotization
A diazotization is performed by adding sodium nitrite to an aqueous solu-
tion of the amine to obtain a final concentration of 2.5 mol kg−1. The indus-
trial scale charge is 4000 kg of final reaction mass in a stirred tank reactor
with a nominal volume of 4 m3. The reaction temperature is 5 ∘C, and the
reaction is very fast. For the safety study, an accumulation of 10% is consid-
ered realistic.

Thermal data

Reaction −ΔrH = 65 kJ mol−1 c′p = 3.5 kJ kg−1 K−1

Decomposition −ΔdH = 150 kJ mol−1 TD24 = 30 ∘C

Questions
1. Evaluate the thermal risk linked with the performance of this reaction at

industrial scale.
2. Determine the criticality class of the reaction.
3. Are measures required to cope with the thermal risk?

(This problem is continued in Chapter 15.)
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3.2 Condensation Reaction
A condensation reaction is to be performed in a stirred tank reactor in
the semi-batch mode. The solvent is acetone, the industrial charge (final
reaction mass) is 2500 kg, and the reaction temperature is 40 ∘C. The sec-
ond reactant is added in a stoichiometric amount at a constant rate over
two hours. Under these conditions, the maximum accumulation is 30%.

Data

Reaction Q′
r = 230 kJ kg−1 c′p = 1.7 kJ kg−1 K−1

Decomposition Q′
d = 150 kJ kg−1 TD24 = 130 ∘C

Physical data Acetone Tb = 56 ∘C

Questions
1. Evaluate the thermal risk linked with the performance of this reaction at

industrial scale.
2. Determine the criticality class of the reaction.
3. Are measures required to cope with the thermal risk?

(This problem is continued in Chapter 15.)

3.3 Sulfonation
A sulfonation reaction is performed as a semi-batch reaction in 96% sulfu-
ric acid as a solvent. The total charge is 6000 kg with a final concentration of
3 mol l−1. The reaction temperature is 110 ∘C, and 20% oleum is added in a
stoichiometric excess of 30% at constant rate over four hours. Under these
conditions, the maximum accumulation of 50% is reached after approxi-
mately three hours’ addition.

Data

Reaction Q′
r = 150 kJ kg−1 c′p = 1.5 kJ kg−1 K−1

Decomposition Q′
d = 350 kJ kg−1 TD24 = 140 ∘C

Questions
1. Evaluate the thermal risk linked with the performance of this reaction at

industrial scale.
2. Determine the criticality class of the reaction.
3. Are measures required to cope with the thermal risk?

(This problem is continued in Chapter 15.)
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Case History “Diazotization”

A blue diazo dyestuff was produced from 2-chloro-4,6-dinitroaniline, which was
diazotized by nitrosylsulfuric acid in sulfuric acid as a solvent. This strong reagent
is required for the diazotization of this weakly reactive aniline. Further, a reaction
temperature of 45 ∘C was required; this temperature is relatively high for a diazoti-
zation. Due to an increasing demand for blue dyestuff, the productivity of the pro-
cess had to be increased. The chemist in charge of the process decided to increase
the concentration by increasing the mass of reactants and decreasing the amount
of solvent. Nevertheless, he was conscious of the fact that by doing so, the heat
released by the reaction would increase. Therefore, he decided to perform a lab-
oratory experiment to assess this problem. He took a three-necked flask, placed
in a water bath at 45 ∘C. He monitored the temperature of the bath and of the
reaction medium with two thermometers. The diazotization was carried out by
progressively adding the nitrosylsulfuric acid to the precharged aniline in sulfuric
acid. During the reaction no temperature difference was observed between bath
and reaction mixture. Thus, it was concluded that the exothermal effect was not
significant and could be mastered.

At plant scale, the diazotization led to a dramatic explosion resulting in 3 fatalities
and over 30 injured, as well as a huge damage to the production plant.

Lessons Drawn

In fact, the simple detection device used in the laboratory was unable to detect the
exothermal reaction: at laboratory scale, the heat exchange area is larger by about
2 orders of magnitude (see Section 2.3.1.2), compared with plant scale. Hence the
heat of reaction could be removed without detectable temperature difference,
whereas at plant scale the same exothermal effect could not be mastered. This
incident enhanced the necessity of a reaction calorimeter and promoted the devel-
opment of the instrument, which was under development at this time by Regenass
[1]. Later, it became a commercial device (RC1).

A further positive reaction to this dramatic incident took place in the central
research department of the company. A physicochemist had the idea of using

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.



90 4 Experimental Techniques

his differential scanning calorimeter (DSC) to look at the energy involved in this
reaction. He performed an experiment with the initial concentration and a second
with a higher concentration. The thermograms he obtained were different,
and he realized that he could have predicted the incident (see Exercise 10.1)
[2, 3]. As a consequence, it was decided to create a laboratory dedicated to this
type of experiment. This was the beginning of the scientific approach of safety
assessments using thermo-analytic and calorimetric methods. From this time on,
many different methods were developed in different chemical companies and
became commercially distributed, often by scientific instrument companies.

Introduction

In this chapter, some of these instruments are reviewed. Section 4.1 is a general
introduction to calorimetric principles. In Section 4.2, some methods commonly
used in safety laboratories are reviewed. This is not an exhaustive review of such
instruments, but a selection based only on the experience of the author.

4.1 Calorimetric Measurement Principles

Heat cannot be directly measured. In most cases heat measurement is made
indirectly by using temperature measurement. Nevertheless, there are some
calorimeters, following the compensation principle, able to measure directly
the heat release rate or thermal power. Calorimetry is a very old technique,
which was first established by Lavoisier and Laplace in the eighteenth century.
In the meantime, a huge choice of different calorimeters, using a broad variety
of designs and measurement principles, were developed.

4.1.1 Classification of Calorimeters

There are different ways to classify calorimetric and thermo-analytic methods.
Rouquerol [4] proposed a systematic classification of calorimeters based on the
heat exchange mode between the calorimeter and its environment. He defines
two groups: (i) adiabatic calorimeters (without heat exchange) and (ii) diather-
mic calorimeters (the whole energy released in the sample is exchanged). For
each group he defines two categories: active calorimeters and passive calorime-
ters (Table 4.1).

In the field of process safety, we are also interested in other characteristics of the
instruments: the sample size, the temperature range, and its sensitivity, especially
its detection limit expressed in W g−1.

4.1.2 Temperature Control Modes of Calorimeters

The temperature control mode of a calorimeter determines the type of exper-
iments that can be performed with the instrument and consequently its field
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Table 4.1 Classification of calorimeters after Rouquerol.

Group Category Principle Example

Adiabatic Active True adiabatic ARC
Passive Quasi adiabatic or isoperibolic Dewar

Diathermic Active Compensation DSC PerkinElmer
Passive Heat flux Phase transition DSC after Boersma

of application. Most of the diathermic calorimeters may be used with different
temperature control modes: isothermal or dynamic (scan mode). With active adi-
abatic calorimeters, the environment temperature tracks the sample temperature.
The different temperature control modes and their applications are detailed here-
after.

4.1.2.1 Isothermal Mode
In the isothermal mode, the temperature of the sample is maintained constant by
adjusting the temperature of the surroundings in an appropriate way. Hence this
control mode is demanding for the temperature controller that must respond fast
and accurately to temperature changes in the sample.

The advantage of this mode is that the exponential effect of the temperature on
the reaction rate is eliminated during the measurement. This gives a simple and
direct access to the conversion term of the reaction rate and finally to the reaction
kinetics. The drawback is that there is no information on the temperature effect
from one experiment alone. A series of experiments at different temperatures is
required for this purpose (see Section 10.4.2).

4.1.2.2 Dynamic Mode
In the dynamic mode, the temperature of the sample is varied linearly (scanned)
over a given temperature range. Thus one experiment delivers information on the
thermal activity over a broad temperature range: it is a thermal analysis method,
which allows for short measuring times. To give an example, a DSC experiment
with scan from 30 to 450 ∘C at 4 ∘C min−1 requires less than two hours.

Therefore the DSC in dynamic mode (thermal analysis) is often used in screen-
ing experiments for the quantitative measurement of reaction heat or energy
potential of a sample. Kinetic studies as the determination of the kinetic triplet
(pre-exponential factor, activation energy, and reaction order), are more demand-
ing since both temperature and conversion effects are lumped superposed. Here,
more sophisticated evaluations techniques are required (see Section 10.4.3).

4.1.2.3 Adiabatic
In the adiabatic mode, the temperature of the sample results from its thermal
activity. In principle this technique gives direct access to the thermal runaway
curve. In practice, the results must be corrected by the thermal inertia factor
(Section 4.5.2), since a part of the heat released in the sample is used to increase
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Figure 4.1 Temperature course of the sample (solid line) and of the surroundings (dashed
line) as a function of time for the different operating modes: (a) isothermal, (b) dynamic, (c)
adiabatic, and (d) isoperibolic.

the temperature of the calorimetric cell. This rends the kinetic evaluation
complex.

4.1.2.4 Isoperibolic
In the isoperibolic mode, the temperature of the surroundings is maintained con-
stant, whereas the sample temperature varies, providing an easy way of control-
ling the temperature.

In Figure 4.1, the evolution of the reaction mass and the temperature of the
surroundings are compared for the different operating modes described above.
These different operating modes are best understood by a closer examination of
the heat balance used in calorimeters.

4.1.3 Heat Balance in Calorimeters

Thermal energy or power are magnitudes that cannot be measured directly. Thus
all instruments measuring thermal magnitudes use temperature measurements,
sometimes electrical power, for example, in power compensation calorimeters.
Finally the measurement is obtained through an analysis of the heat balance of the
instrument. In order to determine the heat released by a reaction, the calorimeter
can work using a simplified heat balance, as presented in Section 2.3.2:{

Heat
accumulation

}
=
{

Heat released
by the reaction

}
−
{

Heat exchanged with
the surroundings

}
(4.1)
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The term “Heat” used in Eq. (4.1) often represents the thermal power or heat
release rate. The heat accumulation corresponds to the change of the sample tem-
perature resulting from a difference between the heat released by the reaction
and the heat exchange with the surroundings. Of course the heat released by the
reaction is the desired result.

Many calorimeters are designed in such a way as to eliminate one of the three
terms of the heat balance, in order to determine the heat release rate by measuring
the remaining term:

• No heat accumulation: isothermal methods.
• No heat exchange: adiabatic methods.

In case all three terms remain in the balance and are not zero, the evalua-
tion of the heat balance is somewhat more complex, for example, in isoperibolic
methods.

4.1.3.1 Ideal Accumulation
The totality of the heat released by the reaction under study must be converted
into heat accumulation, that is, into a temperature increase, which can be mea-
sured. This is obtained by eliminating the heat exchange with the surroundings,
achieving adiabatic conditions:

qac = qrx and qex = 0 (4.2)

Adiabatic conditions may be achieved either by a thermal insulation (passive
calorimeters) or by an active compensation of heat losses (active calorimeters).
Examples are the Dewar calorimeter, achieving a thermal insulation [5–7] or the
accelerating rate calorimeter (ARC) [8], the PHITEC [9], or the Vent Sizing Pack-
age (VSP2) developed in the frame of the Design Institute for Emergency Relief
Systems (DIERS) Project [10] using a compensation heater avoiding the heat flow
from the sample to the surroundings. These calorimeters are especially useful for
the characterization of runaway reactions.

4.1.3.2 Ideal Heat Flow
In this case, the totality of heat released by the reaction under study is transferred
to the surroundings:

qac = qrx + qex = 0 (4.3)

In this category of calorimeters, we find the isothermal calorimeters and the
dynamic calorimeters where the temperature is scanned using a constant temper-
ature scan rate. The instrument must be designed in such a way that any departure
from the set temperature is avoided, and the heat of reaction must flow to the heat
exchange system where it can be measured. The instrument acts as a heat sink.
In this family we find the reaction calorimeters, the Calvet calorimeters [11], and
the DSC [12].
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4.1.3.3 Isoperibolic Methods
In these calorimeters, the temperature of the surroundings is controlled and
maintained constant or scanned. So the temperature of the sample is allowed
to vary as well as the heat flow to the surroundings. Hence the results are more
difficult to evaluate than with the techniques described above. Therefore these
instruments are often semiquantitative.

Remark: Since most instruments only approach ideal conditions, ideal heat
flow, or ideal accumulation, they should be considered as isoperibolic as the case
of the DSC after Boersma, where the oven (i.e. the surroundings) is temperature
controlled and the sample temperature is allowed to vary according to the heat
balance.

4.2 Instruments Used in Safety Laboratories

There are numerous calorimeters available on the market. Nevertheless, only a
relatively restricted choice may be used for the determination of the data required
for safety assessment. The instruments used in a safety laboratory are selected in
view of their field of application and some specific characteristics.

4.2.1 Characteristics of Instruments Used for Safety Studies

Beside the operating mode and the measurement principle, other characteristics
are of primary importance for process safety applications. These are developed
in the Sections 4.2.1.1 through 4.2.1.4.

4.2.1.1 Sample Mass
Calorimeters with very different sample sizes are available on the market:
microcalorimetry working with samples of some milligrams, macrocalorimetry
working with samples of some grams, and finally preparative or bench scale
calorimetry working with 50 g to 2 kg. The choice of the scale at which to perform
calorimetric experiments is strongly dependent on the problem under study.
A choice of instruments commonly used in safety laboratories is presented in
Table 4.2.

Instruments used for the study of synthesis reactions must either be able to
reproduce normal operating conditions as close as possible to the conditions of
a production plant. This is the field of reaction calorimetry, working with an agi-
tated vessel allowing for an accurate control of the temperature and a continuous
addition of reactants during the course of the reaction. The preparative scale
allows approaching the industrial conditions. Thus reaction calorimeters often
work with a sample mass in the order of magnitude of 50 g to 1 or 2 kg. When
studying a chemical reaction for scale-up purpose, the principle of physical sim-
ilarity must be applied, meaning that the geometry of the laboratory equipment
must be similar to the geometry of full-scale equipment, like a mockup. Build-
ing such a mockup is easier with larger equipment like bench scale. Thus it is
possible to perform more realistic experiments in the sense that they mimic the
manufacturing process. Working under these conditions, reaction calorimeters
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Table 4.2 Comparison of different common calorimetric methods used in safety laboratories.

Method
Measuring
principles

Application
field Sample size

Temperature
range

Sensitivity
(W kg−1)a)

Differential
scanning
calorimetry
(DSC)

Differential,
ideal flux, or
isoperibolic

Screening and
secondary
reactions

1–50 mg −50 to 500 ∘C 2b)–10

Calvet C80
(BT 2.15)

Differential,
ideal flux

Main and
secondary
reactions

0.1–3 g 30–300 ∘C
(−196 to 200 ∘C)

0.1–1c)

Accelerating
rate
calorimeter
(ARC)

Ideal
accumulation

Secondary
reactions

0.5–3 g 30–400 ∘C 0.5

Vent Sizing
Package
(VSP)

Ideal
accumulation

Main and
secondary
reactions

50–100 g 30–350 ∘C 0.2

Sensitive
detector of
exothermal
processes
(SEDEX)

Isoperibolic,
adiabatic

Secondary
reactions,
storage stability

2–100 g 0–400 ∘C 0.5d)

RADEX Isoperibolic Screening,
secondary
reactions

1.5–3 g 20–400 ∘C 2

SIKAREX Ideal
accumulation,
isoperibolic

Secondary
reactions

5–50 g 20–400 ∘C 0.25

Reaction
calorimeter

Ideal flux or
heat balance

Main reactions 50–2000 g −40 to 250 ∘C 1.0

Thermal
activity
monitor
(TAM)

Differential,
ideal flux

Secondary
reactions,
storage stability

0.5–3 g 30–150 ∘C 0.01

Dewar Ideal
accumulation

Main reactions
and thermal
stability

100–1000 g 30–250 ∘C e)

a) Typical values.
b) Most recent instruments under optimal conditions.
c) Depending on the sample mass.
d) Depends on cell used.
e) Depends on volume and Dewar quality.

allow answering the key questions 1, 2, 4, and 5 of the failure scenario described in
Section 3.2.1. Nevertheless when the amount of available reactants is limited, like
it often happens in the pharmaceutical industry, where samples often stem from
research laboratories, there is no other choice than performing the measurement
at a smaller scale.
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Working at a small scale may also be a deliberate choice when dangerous reac-
tions or energetic materials have to be studied: this is not without any risk, even
in a safety laboratory. In fact when studying the decomposition of energetic mate-
rial, the energy release and the potential temperature increase are important,
since the decomposition produces smaller molecules (fragments), which may be
volatile. The resulting pressure increase may, in turn, lead to the bursting of the
cell. In microcalorimeters working with some milligrams of material, the abso-
lute energy is reduced, which allows one to run the experiments safely, reducing
the risk as well for the operator as for the instruments.

4.2.1.2 Sensitivity
The thermal sensitivity that is connected to the detection threshold is another
parameter guiding the choice of an instrument. The sensitivity is especially
important for the determination of the time to maximum rate of secondary
reactions. Indeed the limits of 8 hours or 24 hours as described in Section 3.2.3
correspond to a thermal power in the order of magnitude of 1 W kg−1 for 8 hours
and 0.3 W kg−1 for 24 hours. Accordingly in order to be able to measure the heat
release rate directly in the temperature range corresponding to these limits, one
should use an instrument presenting the required sensitivity. On the other hand,
working with pressure-resistant crucibles, which are relatively heavy, does not
favor a high sensitivity. Moreover, the duration of an experiment becomes long.
For all these reasons working at a higher temperature is preferred. At higher tem-
perature the reaction is faster, rending a higher and easily measurable thermal
power and shorter experiment duration. The drawback is that an extrapolation of
the results to lower temperature is required. Sensitive calorimeters, for example,
the Calvet calorimeter C80 by SETARAM or the thermal activity monitor
(TAM) by TA Instruments, are sometimes used to confirm the extrapolation
(Figure 4.13) or for the study of storage stability for which the experimental
duration is less problematic. The less sensitive instruments, for example, DSC,
are essentially used for screening purposes.

4.2.1.3 Construction of the Calorimeter
The device can be designed as a single or a twin calorimeter, also called differential
calorimeters. The twin calorimeter presents a symmetrical construction with two
calorimetric cells: the cell containing the sample under study and a reference cell.
The measurements are a differential measure, which means that the temperature
or the power difference between both cells is measured. This construction com-
pensates for the heat losses to the surrounding, since both sample and reference
present the same losses.

4.2.1.4 Calorimetric Cells for Safety Studies
Instruments devoted to the study of energetic material or thermal stability are
essentially selected for their robustness with respect to the specific conditions
prevailing for this type of study. This is because decomposition reactions often
produce smaller molecules, which are volatile compounds that may lead to a
significant pressure build up. Thus the sample must be contained in a tight and
pressure-resistant cell. This has three positive effects: first, it avoids endothermal
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Figure 4.2 DSC thermograms of the same sample in open (aluminum pan) and closed cell
(high-pressure crucible).

effects due to the evaporation or to gas release that could mask exothermal
effects taking place in the same temperature range, leading to false results
(Figure 4.2). Second, it avoids the loss of material that results in a loss of identity
of the sample. This is important since the measured energy is often expressed
in J g−1. Third, since a bursting cell represents a hazard, a pressure-resistant
cell protects the operator and the instrument from flying debris. For these
reasons the instruments preferably work with small sample sizes in the range
of milligrams to 1 or 2 g. Often microcalorimetric instruments are used. The
drawback of pressure-resistant cells is their relatively important mass that
negatively influences the sensitivity of the calorimetric measurement.

4.2.2 Example of Instruments Used for Safety Studies

Depending on the problem to be studied and on the nature of the sample, differ-
ent instruments may be used. As explained above, the selection criteria depend
on the application field. Criteria like sample size, temperature range, and sensi-
tivity are important in this context. Some typical instruments are presented in
Table 4.2, with their measuring principles as described in Section 4.1 and the
criteria mentioned above.

In Sections 4.3, 4.4 and 4.5 typical calorimeters, classified according to their
operation mode and heat balance, are briefly presented.

4.3 Microcalorimeters

4.3.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is used for a long time in the field of
process safety [13–15]. This is essentially due to its versatility for screening
purposes. The small amount of sample required (microcalorimetric technique)
and the fact that quantitative data can be obtained confer on this technique
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a number of advantages. The sample is contained in a crucible placed into a
temperature-controlled oven. Since it is a differential method, a second crucible
is used as a reference. This may be empty or contain an inert substance.

4.3.1.1 Principles of DSC
The “true” DSC uses a heating resistor placed under each crucible, controlling
the crucibles’ temperature and maintaining them as equal [12]. The difference
in heating power between these heating resistors directly delivers the thermal
power of the sample. Thus, it is a method following the principles of ideal heat
flux (see Section 4.1.3.2).

Another measurement principle is the DSC, after Boersma [12]. In this case, no
compensation heating is used, and a temperature difference is allowed between
sample crucible and reference crucible (Figure 4.3). This temperature difference
is recorded and plotted as a function of time or temperature. The instrument
must be calibrated in order to identify the relation between heat release rate
and temperature difference. Usually this calibration is done by using the melt-
ing enthalpy of reference substances. This allows both a temperature calibration
and a calorimetric calibration. In fact, the DSC after Boersma works following
the isoperibolic operating mode (see Section 4.1.2.4). Nevertheless, the sample
size is so small (3–20 mg) that it is close to ideal flux.

4.3.1.2 DSC and Safety Studies
The oven temperature may be controlled in two ways: the dynamic mode also
called scanning mode, where the oven temperature is varied linearly with time,
and the isothermal mode, where the oven temperature is maintained constant.
As seen above, since the DSC uses only small sample sizes in the order of some
milligrams, very exothermal phenomena may be studied, even under extreme
conditions, without any risk either to the laboratory personal or to the instru-
ment. Moreover, a scanning experiment from ambient temperature to 500 ∘C
with a scan rate of 4 K min−1 takes only about two hours. Thus, the DSC became
a very popular instrument for screening purposes [13, 16, 17].

The sensitivity of the instrument is governed by the following parameters:

• Construction of the sensor: where the materials, the geometry, and the number
of thermocouples may differ.
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Figure 4.3 (a) DSC oven with S: sample, R: reference, O: oven. (b) Temperatures as a function of
time during a dynamic experiment.
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Figure 4.4 Typical order of magnitude of power compared to the sensitivity of a DSC.

• The type of crucible used: for safety purposes, relatively heavy pressure-
resistant crucibles are used, which impinge the sensitivity.

• The experimental conditions: essentially the scanning rate.

Therefore the sensitivity usually ranges between 2 and 20 W kg−1. This heat
release rate corresponds to a temperature increase rate of about 4–40 ∘C h−1

under adiabatic conditions. This also means that an exothermal reaction is
detected at a temperature where the time to explosion (tmrad) is in the order of
magnitude of one hour only and the data must often be extrapolated (Figure 4.4).

Since samples may contain some volatile compounds, during heating
in scanned experiments, these compounds may evaporate, which has two
consequences:

1. Evaporation is endothermal and adds a negative contribution to the heat bal-
ance, that is, to the measured signal that may mask an exothermal reaction.

2. A part of the sample is lost during the experiment, giving a false interpretation
of the results.

Thus, for the determination of the energy potential of a sample, it is essential
to use closed pressure-resistant crucibles for these experiments. This is true for
DSC but holds also for other instruments. Experience has shown that gold-plated
crucibles with a volume of 50 μl and resistance to pressures up to 200 bar are best
suited for safety studies. These crucibles are commercially available, for example,
at TÜV SÜD Process Safety [18].

4.3.1.3 DSC Crucibles
The remarks about the crucibles to use in safety studies (Section 4.2.1.4) are espe-
cially important with the DSC technique since the measurement is often per-
formed at high temperature implying evaporation of volatiles if open crucibles
were used. The construction material of the cell is also important as it is shown in
Figure 4.5, where, using a stainless steel crucible, an important exothermal signal
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Figure 4.5 Comparison of two thermograms obtained with the same sample: upper in a
stainless steel crucible and lower in a gold-plated crucible.

1180 kJ kg−1 appears in a temperature range where only weak thermal activity is
detected in a gold-plated crucible. This is due to catalytic effects of the metals
contained in stainless steel. Indeed at the scale of some milligrams, with a cell
diameter if some millimeters, the contact area of the sample with the crucible
material is huge: in the order of 2000 m2 m−1 s. These effects may be nonsignifi-
cant for the process safety since in an industrial stirred tank reactor, the contact
area is only 1–10 m2 m−1 s. For this reason often gold-plated crucible are used
(Figure 4.6a): experience has shown that gold presents catalytic effects only in
very few cases. In such cases, it is possible to use glass crucibles (Figure 4.6b), with
the drawback that the sample preparation is difficult and the thermal sensitivity
also is decreased.

4.3.1.4 Applications
DSC is best suited for the determination of energy potentials of secondary reac-
tions (see Chapter 5). Overall heat of reaction may also be determined if the
reactants can be mixed at a temperature low enough to slowdown the reaction.
In this case, the scan must be from low temperature too. By doing so, one must
be aware that in DSC the sample cannot be stirred and there is no way of adding a
reactant during reaction. Nevertheless, the dimensions of DSC crucibles allow for
a short diffusion time; thus mixing is achieved by diffusion even without stirring.

The aim of such scanning experiments is to simulate worst-case conditions:
the sample is heated to 400 or 500 ∘C, a temperature range where most of the
organic compounds are forced to decompose. Moreover, this kind of experiment
is carried out in a closed vessel, from which no decomposition product may
escape, that is, under total confinement conditions. Such a thermogram shows
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(a) (b)

Figure 4.6 DSC crucibles for safety studies: (a) gold plated and (b) glass.

the energetic potential of a sample as an “energy fingerprint” of the sample
(see Section 5.3.2.2). Since the measurement is quantitative, the corresponding
adiabatic temperature rise allows for the assessment of the severity of a runaway
reaction in an easy way (see Section 3.2.2). This kind of screening experiment is
useful for the identification of potentially hazardous mixtures.

Worked Example 4.1 Screening for a Batch Reaction

A DSC thermogram (Figure 4.7) was obtained on a sample of the initial reaction
mixture. The reaction should be performed in the batch mode at a temperature of
100 ∘C in toluene. Interpret the thermogram.

q

T (°C)

0 100 200 300

Q′ = –20 kJ kg−1

Q′ = 300 kJ kg−1
Q′ = 500 kJ kg−1

Scan 4 °C min−1

Exo

Endo

Figure 4.7 DSC thermogram of a reaction mixture.

Since the sample corresponds to the initial reaction mixture for a batch process,
it is representative for the determination of the overall energy potential.
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Three signals are observed:

• The first endothermal signal with −20 kJ kg−1 represents the melting of one of
the reactants. In fact one of the reactants is a solid.

• The second exothermal signal with 300 kJ kg−1 is detected in the temperature
range from 90 to 150 ∘C encompassing the intended process temperature of
100 ∘C: this signal is due to the desired reaction. This can be verified by running
a DSC experiment with the final reaction mixture: this signal should not appear
anymore.

• The third exothermal signal with 500 kJ kg−1 is detected at elevated temperature
(200 ∘C), far above the process temperature: this is probably due to a secondary
reaction.

Thus the total exothermal energy potential of this reaction mixture is
800 kJ kg−1.

Assuming a specific heat capacity of 2 kJ kg−1 K−1, we can determine the char-
acteristic temperatures of the cooling failure scenario:

• The process temperature is 100 ∘C.
• The MTSR = T p + ΔT ad,rx = 100+ (300/2) = 250 ∘C.
• At this temperature the decomposition is already active (T D24 < 250 ∘C).
• The final temperature is T f = MTSR + ΔT ad,d = 250+ (500/2) = 500 ∘C.

If we take the boiling point of toluene as the technical limit (maximum temper-
ature for technical reasons [MTT]), the scenario belongs to criticality class 4.

4.3.1.5 Sample Preparation
The small size of the samples that can be analyzed by the DSC technique,
3–20 mg, makes the preparation of representative samples sometimes difficult.
For homogeneous liquids or solids as fine powder, the preparation presents no
special difficulty, but when the sample is heterogeneous, or a mixture of several
components, the preparation becomes challenging. Indeed, for a suspension of
solid in liquid, it is difficult to get a representative sample. Here, some special
techniques may help:

• Mixing the flask containing, the suspension to be sampled by ultrasonication
and rapid sampling into the crucible.

• Separation of both phases and reconstruction using the same weight ratio
directly in the DSC crucible.

• Analysis of separated phases. This technique is recommended in cases where
the suspension may settle in the process under study: the isolated solid phase
represents the settled solid that may decompose faster due to its higher con-
centration.

Sometimes samples may be sensitive to moisture or to oxygen. Figure 4.8 rep-
resents two thermograms of the same sample one with the crucible sealed in air,
the other sealed under argon. In such cases, the industrial situation under study
will dictate the choice of the experimental conditions. Thus different strategies
are possible:
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Figure 4.8 The same sample analyzed in dynamic DSC experiments with the crucible sealed
under air (gray) and sealed under argon (black).

• If the product is to be handled in air, then the sample must be closed in air.
• If the product is only handled under nitrogen, and nitrogen failure is not an

issue then the sample may be analyzed under inert atmosphere (nitrogen or
argon).

• If the product is to be handled under vacuum, then the sample analyzed under
argon is representative for the normal process conditions.

Then the question of vacuum failure with air ingress may also be studied with
an analysis under air. Hence often sample must be prepared in a glove box under
the appropriated controlled atmosphere.

4.3.1.6 The Baseline Problem
The baseline problem is common to all differential calorimeters and also to
some single calorimeters. When the measured signal is a temperature difference
between the sample and a reference or between the sample and the surroundings
like an oven or a jacket, the baseline must be subtracted from the measured
difference. The baseline represents the temperature difference that was measured
in the absence of any thermal phenomenon.

In theory the baseline would be a horizontal straight line, but since the thermal
sensitivity of a calorimeter is often a function of the temperature, or of the
physical properties of the sample, the line may take different curved shapes
that sometimes rend the construction of the baseline difficult. In dynamic
DSC experiments (performed in the scanning mode, where the temperature
increases linearly with time), a useful technique is the so-called second run. At
the end of the first scan, the oven is cooled to room temperature with the sample
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remaining in place, and a second scan is performed on the same sample. Since the
decomposition reactions took place in the first scan, no thermal phenomenon
should be observed during the second scan. In such a case, the signal obtained
is close to the baseline. In fact the second run does not rend exactly the true
baseline, since even decomposed products may present physical properties, for
example, the heat capacity that remains a function of temperature. Sometimes
melting signals were observed during the second run, when decomposition
products present a melting point within the scanned temperature range.

All these features make the DSC a working horse in process safety laborato-
ries. Despite its versatility this technique is not the only one used for solving
safety problems: especially when a higher sensitivity is required, other calorime-
ters may help.

4.3.2 Calvet Calorimeters

The Calvet calorimeters have their roots in the work of Tian [19] and the later
modifications by Calvet and Prat [11]. Presently this calorimeter type is commer-
cially available from SETARAM; their models C80 and BT2.15 are particularly
well adapted for safety studies.

4.3.2.1 Principle
It is a differential calorimeter that may be operated isothermally or in the scan-
ning mode as a DSC in the temperature range from room temperature to 300 ∘C
for the C80 and −196 to 275 ∘C for the BT2.15. Compared with DSC a dynamic
experiment is longer due to the mass of the calorimeter allowing a maximum
scan rate of 2 K min−1. But Calvet calorimeters show a high sensitivity of typi-
cally 0.1–1 W kg−1 (depending on the sample mass), which is essentially due to
the measurement principles, based on a pile of thermocouples totally surround-
ing the cells (sample and reference), the so-called 3D sensor (Figure 4.9).

Figure 4.9 Vertical section of the measuring zone
showing the radial arrangement of thermocouples.
Source: Courtesy of SETARAM.
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Figure 4.10 Closed pressure tight safety cell (CG80).

4.3.2.2 Applications
There is a great choice of different cells available for these calorimeters. Some of
them were developed especially for safety applications.

A closed pressure tight cell (type CG80, Figure 4.10) is available in stainless
steel, gold plated or with a glass insert. This insert avoids the direct contact of
the liquid or solid sample with the steel, but gas or vapor remains in contact with
steel. This cell beside the thermal measurement also allows for a measurement
of the pressure. This gives access to the volume of gaseous (or non-condensable)
product formed during the experiment. A special device is available to connect
the cell to a gas chromatograph coupled with a mass spectrometer (GC-MS) ana-
lyzer at the end of the experiment. In this way the amount and nature of gases
can be determined. Since this cell is totally sealed and tight, it is well adapted for
working with biologically highly active substances.

A choice of different mixing cells is also available [20]. As an example, a cell,
especially suitable for safety studies, consists of two glass tubes arranged in
such a way that the upper shorter tube fits the interior of the lower longer tube
(Figure 4.11), building two separated compartments. The upper compartment
can be broken by pushing a metal rod, which allows for the contents of both
compartments to be mixed.

The mixing cell has many applications in process safety. For instance, it is use-
ful to simulate an accidental intrusion of a cooling medium into a reaction mass
or also for assessing the efficiency of safety measures such as quenching of reac-
tions or dumping reaction masses (see Sections 15.3.3 and 15.3.4). Obviously, the
heat of reactions and the thermal stability of reaction masses can also be stud-
ied in these cells. A particularly efficient experimental combination is illustrated
in Figure 4.12. First the reaction is performed under isothermal conditions (T)
at 30 ∘C (Figure 4.12a), and after the thermal signal (q) returned to the base-
line, a temperature scan (T) determined the heat of secondary reactions as well
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Figure 4.11 Safety mixing cell.
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Figure 4.12 Example of a typical study of a reaction in the isothermal mode (a), followed by
the study of the thermal stability of the final reaction mass in dynamic mode (b).

as the corresponding pressure effect (Figure 4.12b). Thus, the main energetic
characteristics of a reaction can be studied in one combined experiment. The
sample size is in the order of magnitude of 0.5–1.0 g. In this example the main
reaction produces gas (P) measured on the pressure increase (Figure 4.12a).

The pressure signal during the temperature scan (Figure 4.12b) reveals a com-
plex behavior probably due to the superimposition of vapor pressure and gas
release. The volume of gas or non-condensable produced during the experiment
can be determined from the residual pressure after the calorimeter has been
cooled to 30 ∘C. The limitation of this technique is due to the lack of agitation,
which may lead to non-completed reactions.

4.3.3 Thermal Activity Monitor

The TAM was initially developed in Sweden by Suurkuusk and coworkers [21]
for the study of biological systems.

4.3.3.1 Principle
It is a differential isothermal calorimeter with a high sensitivity, able of measuring
in the order of magnitude of μW. With a sample size of 1 g, this corresponds to
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Figure 4.13 Extrapolation of isothermal DSC data and confirmation by Calvet and TAM
measurement at low temperature.

1 mW kg−1. This sensitivity is achieved by a battery of thermocouples surrounding
the sample and by a high precision thermostat controlling the temperature with
an accuracy of 0.1 mK.

4.3.3.2 Applications
This instrument is well suited for the study of long-term stability at storage. For
example, decomposition with energy of 500 kJ kg−1, and with a heat release rate
of 3 mW kg−1, would reach a conversion of 1.5% in one month. This is a typi-
cal heat release rate that can be measured by this instrument. Thus, it finds its
applications in the field of process safety for the study of heat accumulation prob-
lems (see Chapter 12). Sometimes it is also used for the extrapolation of the heat
release rate measured by isothermal experiments in DSC (see Section 10.4.2). An
example of such an application is illustrated in Figure 4.13. The heat release rate
measured by DSC between 170 and 200 ∘C (90–500 W kg−1) is extrapolated to
lower temperatures by using the heat release rate measured at 120 ∘C in the Cal-
vet calorimeter (3 W kg−1) and at 65 and 75 ∘C in the TAM (20 and 50 mW kg−1).
This is a useful confirmation of the validity of the extrapolation. This technique
allows for the study of a reaction over a large temperature range (65–200 ∘C) and
over 5 orders of magnitude for the thermal power (from 0.02 to over 200 W kg−1).

4.4 Reaction Calorimeters

4.4.1 Purpose of Reaction Calorimeters

Basically, reaction calorimeters are designed in such a way that they perform
a reaction under conditions that are as close as possible to plant operation
conditions. This means that the temperature of a reaction calorimeter may be
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controlled in the isothermal mode or in a temperature-programmed mode. Thus
the “cell” of reaction calorimeters is a stirred tank reactor. Moreover, a reaction
calorimeter must allow addition of reactants in a controlled way, distillation, or
refluxing [22–24] and reactions with gas release [25]. In summary, they must
perform the same operations as an industrial stirred tank reactor, with a major
difference: they allow tracking the thermal phenomena occurring during these
operations. The reaction calorimeters were initially developed for safety analysis
[26, 27], but very soon their benefits for process development and scale-up were
recognized [28–38].

A great advantage of the reaction calorimeters is that heat flow is a differ-
ential measure in the sense that it is proportional to the instantaneous reac-
tion rate. Measurements proportional to the reaction rate are not common: as
examples analytical or spectroscopic measures are proportional to concentra-
tions and therefore are integral measures.

4.4.2 Principles of Reaction Calorimeters

A review of the working principles of reaction calorimeters is given in [1, 39].
Here we summarize the most used measurement principles that are available
in commercial reaction calorimeters: heat flow, heat balance, and compensation
calorimeters.

4.4.2.1 Heat Flow Calorimeters
The most common commercially available reaction calorimeter stemming from
the development by Regenass [1] is probably the Mettler RC1 working follow-
ing the heat flow principle; the totality of the heat produced in the reactor is
exchanged with the jacket. In order to realize this condition, a fast circulation
of the heat carrier in the jacket allows for a nearby constant temperature in the
jacket, so the heat flow can be measured based on the temperature difference
between the jacket and the reaction mass:

qex = U •A•(Tr − Tc) = qrx (4.4)

Both temperatures of the reaction mass Tr and of the heat carrier in the jacket Tc
are measured; hence the thermal sensitivity of the calorimeter UA, the product of
the heat transfer coefficient (U) by the heat transfer area (A), expressed in W K−1

must be known: it is determined by electrical calibrations. For this purpose, an
electrical resistor with known power qc (voltage and current are measured) is
switched on for a defined duration. The calibration must be performed when no
other thermal phenomenon takes place in the calorimeter. The only additional
contributions to the heat balance are the heat losses and heat dissipation by the
agitator; these define the position of the base line. Then,

UA =
qc

Tr − Tc
(4.5)

The calibration must be performed each time the heat transfer coefficient or the
area were changed due as an example to increasing viscosity, change in the stirrer
revolution speed, or feeding in a semi-batch operation. A great advantage of heat
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flow calorimeters stems from the fast flow rate of the heat carrier: the temperature
controller is fast and allows for isothermal condition at ±1 ∘C even with high heat
release rates, several hundred W kg−1. This facilitates greatly the kinetic study
(Section 4.4.4.2).

4.4.2.2 Heat Balance Calorimeters
Other instruments work following the heat balance principle, where the tempera-
ture difference of the heat carrier is measured between the inlet (Tc,in) and outlet
(Tc,out) of the jacket. The mass flow rate (ṁ) and the specific heat capacity (c′p)
of the heat carrier must be known, or the term ṁ•c′p may also be determined by
electrical calibration. Then the power exchanged with the jacket is given by

q = ṁ•c′p(Tc,out − Tc,in) (4.6)

In order to get a measurable temperature difference between inlet and outlet, the
mass flow rate must be reduced. Therefore, in these instruments the tempera-
ture control of the reactor contents is less precise, but the great advantage is that
the measurement is independent of the overall heat transfer coefficient and its
changes. Therefore no repetitive calibrations are required.

It is worth to notice that the heat balance principles can be applied to differ-
ent vessels, not only calorimeters, and especially to industrial reactors (Section
4.4.3.5).

4.4.2.3 Compensation Calorimeters
Calorimeters working following the compensation principle use an electrical
heater with a power at least equal to the maximum power of the reaction or
phenomenon to be measured [40]. This heater is switched on before starting the
reaction, and the reactor is cooled by a heat carrier flowing in a jacket. When
an exothermal phenomenon takes place, the temperature controller reduces
the power of the heater in order to maintain the temperature at the desired set
point. Of course when an endothermal phenomenon takes place, the power of
the heater is increased. In this way the measured power of the heater is a mirror
image of the power released in the calorimeter.

4.4.2.4 The Baseline Problem
Often the position of the baseline changed between the beginning of the reaction
and its end, due to a change in the heat transfer properties and/or heat exchange
area. Thus the baseline corresponding to the signal if there were no reaction
must be reconstructed. It is often a delicate operation to interpolate the base-
line between two calibrations. Here different options may be used as depicted in
Figure 4.14:

• Option 1 is a horizontal baseline from the beginning. A horizontal baseline
starting from the end of reaction may also be used (not represented in the
figure). This type of baseline may lead to a discontinuity at the beginning or
at the end of the reaction, which often has no physical meaning.

• Option 2 is a linear interpolation between start and end of reaction. This type
of baseline may be used when there is no great deviation between start and end
of reaction.
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Figure 4.14 Schematic representation of different baseline options.

• Option 3 is an integral baseline with a position proportional to the thermal
conversion. It is obtained by iterations starting from the linear interpolation.
This type of baseline is realistic when the heat transfer coefficient is propor-
tional to the conversion due to viscosity change with reaction progress.

• Option 4 is a baseline proportional to a phenomenon, for example, to a feed:
the shift of the baseline only takes place during the feed. This type of baseline
is realistic when there is a great change of the reaction mass volume due to
dosage.

The choice of the “correct” baseline requires a good analysis of the phenomena
taking place in the calorimeter during a reaction.

4.4.3 Examples of Reaction Calorimeters

Many reaction calorimeters are available on the market, and it is not possible to
describe them all. Therefore the examples described in the next Sections 4.4.3.1
through 4.4.3.6 are a subjective choice of calorimeters with which the author had
the opportunity to work.

4.4.3.1 RC1 by Mettler Toledo
The calorimeter RC1 by Mettler Toledo was developed by W. Regenass [41, 42]
at Ciba-Geigy under the name “WFK” Wärmeflusskalorimeter (German for heat
flow calorimeter) in the 1970s with the aim to cover company internal needs in
the development of safe processes. In the 1980s the calorimeter was brought to
the market by Mettler, at this time a company belonging to Ciba-Geigy.

The calorimeter works following the principle of heat flow. Its thermal sensi-
tivity is 0.5 W kg−1. In its standard version it is equipped with a jacketed glass
reactor of 1.8 l similar, in its geometry, to industrial reactors. This feature allows
for the determination of scale-up data for the heat transfer (Section 14.2.3).
Other smaller reactors and reactors working under pressure (up to 350 bar) are
also available. A distillation kit, which consists of a condenser built as a second
calorimeter working after the heat balance principle, allows for the study of
reactions with distillation or under reflux.
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4.4.3.2 CPA 202 by ChemiSens
The calorimeter CPA 202 (Chemical Process Analyzer) works after the heat
flow principle, but instead of a jacket it is cooled by Peltier elements placed
at the bottom the reactor, and the whole calorimetric cell is immerged in a
temperature-controlled bath. Therefore it requires no calibrations. The reactor
has a volume of 250 ml and can be used with reaction volumes of 10–180 ml.
The glass-made cylindrical reactor with a flat bottom is placed in a thermostat
bath with a window for visual observation of its contents. Its thermal sensitivity,
given by the manufacturer, is 0.1 W kg−1. A high-pressure (100 bar) stainless
steel or Hastelloy reactor is also available.

4.4.3.3 Calo 2310 by Systag
The Calo2310® by Systag uses simultaneously the heat flow and heat balance
principles with a double jacket system. One jacket is designed for heat flow
with a fast flow rate, and the second for heat balance with a slow flow rate.
Its glass reactor (1 l) is equipped with a reflux condenser also working as a
calorimeter. This instrument works on a dynamic model-based system avoiding
calibrations during the experiment. But an intensive calibration procedure
must be performed before a series of experiments on a given process that can
be performed without new calibration. It also presents the probably unique
feature to be able to enter reflux conditions during a reaction with a continuous
measurement of the thermal power.

4.4.3.4 Small-Scale Reaction Calorimeters
Under pressure from the pharmaceutical industry, a small-scale compensation
calorimeter was developed at ETH Zürich [40], and an isoperibolic differential
calorimeter was developed by SETARAM [43]. Mettler Toledo also developed
a small-scale (30–100 ml) heat flow calorimeter EasyMax® especially designed
for direct use in chemical development laboratories, as did Systag with its series
Flexicube, both allowing to study a series of chemical reactions in parallel.

4.4.3.5 Reaction Calorimetry at Industrial Scale
The heat balance principle may easily be adapted to an industrial reactor. To do
so the heat carrier flow rate must be known or measured, and the inlet and outlet
temperatures must be measured. The heat capacities of common heat carriers
are available in literature. Then Eq. (4.6) can be applied. Figure 4.15 represents a
thermogram obtained on industrial reactor with a volume of 4 m3. The measured
power is practically constant during the addition of reactant and then suddenly
ceases as the addition was terminated. This behavior is characteristic for a fast
feed controlled reaction. The fluctuations around 30 kW are due to variations of
the reactor temperature between 0 and 1.9 ∘C. The heat of reaction was obtained
with an accuracy of 1%.

Such an instrumentation allows for detecting a reaction stall or increased reac-
tant accumulation. Examples are developed in Chapter 8.

4.4.3.6 Reaction Calorimetry at Microscale
A calorimetric microreactor was developed in the frame of a PhD thesis
[44–46]. The microreactor was built on a 4× 4 mm2 with a channel dimension



112 4 Experimental Techniques

–50

0

50

100

150

200

250

300

350

400

450

500

–100

–80

–60

–40

–20

0

20

40

60

00:00:00 01:12:00 02:24:00 03:36:00 04:48:00

A
d
d
it
io

n
 (

k
g
)

T
e
m

p
e
ra

tu
re

 (
°C

) 
a
n
d
 r

e
a
c
ti
o
n
 p

o
w

e
r 

(k
W

)

qr (kW) Tr (°C) “Addition (kg)”

Figure 4.15 Heat flow measurement at industrial scale.

(a) (b)

Figure 4.16 Microreaction calorimeter: (a) overall view and (b) 11.3 and 18.75 mm channels.

of 100× 250 μm2 and a length of 11.3 and 18.75 mm (Figure 4.16). The reactor is
placed on the sensor of a DSC (Setline 120 from SETARAM).

The geometry of the channels allows for high heat exchange performance. A
linear response was obtained for heat flows as high as 160 000 W kg−1, which
means that despite the high power, isothermal conditions were maintained in the
reactor. To give an idea, a power of 160 000 W kg−1 corresponds to an adiabatic
temperature increase rate by 80 K s−1, which is in the vertical part of a runaway
curve.

By varying the feed rate, which results in a variation of the residence time, dif-
ferent values of the power (reaction rate) are obtained. This procedure allows
determining the reaction kinetics with very low quantities of reactant. A com-
prehensive kinetic study can be performed within one day.
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Figure 4.17 Reaction calorimeter (RC) thermogram of a semi-batch reaction with the feed
(Xfd) showing the heat release by the reaction (q′

rx) and the thermal conversion (X).

4.4.4 Applications

4.4.4.1 Thermal Data of Reactions
Reaction calorimetry was applied to a great diversity of different reactions,
including polymerization [47–49], Grignard reactions [50, 51], nitrations
[52–56], hydrogenations [57–60], epoxydations [61], and more [62–64].
Figure 4.17 represents the thermogram obtained with a semi-batch reaction.
One of the reactants was fed to the reactor with a stoichiometric excess of 125%
within four hours (Xfd). The maximum power of the reaction (qrx) is 35 W kg−1

that must be compared with the available cooling power at industrial scale. The
heat release rate of the reaction does not stop immediately at the end of the feed
indicating an accumulation of non-converted reactant. The heat flow signal is
integrated to give the thermal conversion (X).

The use of reaction calorimeters in the study of process safety will be illustrated
by numerous examples in Chapters 7 and 8.

Worked Example 4.2

As an example, the kinds of data that can be obtained from a reaction calorimeter
are illustrated by a catalytic hydrogenation (Figure 4.18). In this thermogram,
the heat release rate of the reaction is obtained under the conditions as they
are intended for plant operation, that is, at a pressure of 20 bar hydrogen and
a temperature of 60 ∘C. The heat release rate profile is particularly interesting
in this case: after a period of 3.5 hours, where it remains stable at 35 W kg−1,
it suddenly increases to 70 W kg−1 before decreasing. This is due to a multiple
step reaction. The hydrogen uptake, proportional to the chemical conversion,
is obtained from the pressure decrease in a calibrated hydrogen reservoir. The
chemical conversion can be compared with the thermal conversion obtained by
integration of the heat release rate curve: the difference gives the accumulation
[58]. The second sharp peak after 5.8 hours is due to crystallization of the final
product.
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Figure 4.18 Thermogram obtained in a reaction calorimeter (Mettler Toledo RC1) during
the study of a catalytic hydrogenation.

4.4.4.2 Reaction Kinetics
The fast circulation of the heat carrier in the jacket also rends a fast dynam-
ics of the temperature control, which allow realizing isothermal conditions at
±1 ∘C even with high reaction power. This precise temperature control and the
measurement of the heat release rate also allowed the identification of reaction
kinetics [27, 62, 65–68]. This becomes even more effective in combination with
other analytical methods [69].

The integration of the heat flow or heat release rate of a reaction delivers the
thermal conversion. For a single reaction, it may be assumed that the thermal con-
version is equal to the chemical conversion. Then since the conversion as a func-
tion of time is known, it becomes possible to identify the kinetic parameters. The
reaction order can be determined from one isothermal experiment. For the deter-
mination of the other terms of the kinetic triplet, namely, the pre-exponential
factor and the activation energy, several experiments performed at different tem-
peratures or with a temperature scan are required (see Section 2.2).

4.5 Adiabatic Calorimeters

4.5.1 Principle of Adiabatic Calorimetry

By definition adiabatic methods avoid any heat exchange of the sample with its
surroundings. In terms of heat balance, this means that the totality of the energy
released by the reaction under study is converted to heat accumulation, in other
words into a temperature increase. Here we assume the reaction under study is
exothermal. In order to achieve such a heat balance, it is essential that the heat
exchange term of the heat balance is zero. The instrument must be designed either
with a perfect thermal insulation, instruments of this category belong to pas-
sive adiabatic calorimeters, or with an adequate compensation device for the heat
losses, active adiabatic calorimeters. Two examples may be quoted here:
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• The Dewar flask representative of the passive adiabatic calorimeters. Dewar
flask is insulated by a silvered evacuated double wall that limits the heat losses
by convection and radiation.

• The ARC representative of the active adiabatic calorimeters. The heat losses
are limited by an adequate temperature control of the oven containing the
calorimetric cell: the oven temperature is maintained equal to the external
wall temperature of the cell. Consequently there is no temperature gradient
between wall and oven and no heat flows from the sample to the surroundings.
This is an active “insulation.”

4.5.2 On the Thermal Inertia

Adiabatic calorimetry theoretically delivers the true runaway curve or the tem-
perature as a function of time. Nevertheless, in adiabatic calorimeters, since the
sample is in contact with the wall of the calorimetric cell, it is unavoidable that a
part of the heat released by the sample serves to heat the calorimetric cell. Thus,
a correction for the so-called thermal inertia of the cell is required. Thus the heat
balance for an adiabatic calorimeter is expressed as

(mr •c′p,r + cW )
dTr

dt
= qrx (4.7)

In this equation, cW stands for the heat capacity of the calorimetric vessel. Tradi-
tionally, this correction was performed via the “water equivalent” of the calorime-
ter. This means that the heat capacity of the calorimetric cell is described by a
thermally equivalent mass of water:

cW = c′p,H2O
•mH2O (4.8)

When calculating the heat of reaction from an adiabatic experiment, the result
must take the water equivalent into account:

Qr = (mr •c′p,r + cW )•ΔTmes (4.9)

Another way of correcting the results is to use the thermal inertia factor (Φ) of
the cell:

Φ =
mr •c′p,r + cw

mr •c′p,r
= 1 +

cw

mr •c′p,r
(4.10)

The heat capacity of the cell is obtained from its mass and specific heat capacity.
The elements to be considered are the parts of the calorimeter wetted or in direct
contact with the sample: this is not only the cell wall but also inserts like sensors,
calibration heater, or agitator depending on the calorimeter:

cw = mcell•c′p,cell (4.11)

Ideal adiabatic conditions correspond to a thermal inertia Φ = 1. The thermal
inertia of industrial stirred tank reactors is around 1.05–1.1. At laboratory scale,
this factor lies between 1.05 and 8. The thermal inertia depends on the degree
of filling of the cell for two reasons: the heat capacity of the sample varies with
its mass and the contact surface of the sample with the wall and consequently
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the wetted part of the cell to be considered in the heat balance also varies. The
final temperature (Tf ) reached under true adiabatic conditions starting from the
initial temperature (T0) is obtained by

Tf = T0 + Φ•ΔTmes (4.12)

An important consequence of the thermal inertia is that for a Φ-factor of 4, for
example, if the measured adiabatic temperature rise is 100 ∘C, in reality under
true adiabatic conditions, it would be 400 ∘C. Since, over a range of 400 ∘C, dif-
ferent reactions may be observed, leading to a higher energy potential than mea-
sured, the calorimeter must be forced to explore the entire temperature range.
The great advantage of this calorimeter is to deliver an adiabatic temperature
curve, for some of them together with the pressure rise curve. The drawback is
that these curves must be corrected for true adiabatic conditions and that this
correction requires an assumption concerning the reaction kinetics that is to be
characterized. Moreover, this correction may be important, depending on the
thermal inertia of the cell.

Thus, the correction of the temperature (on the temperature axis) is easy and
straightforward, but the correction of the reaction dynamics is more complex: the
reaction rate is a function of temperature and conversion; therefore the tempera-
ture achieved at a given conversion in the experiment is not the same as would be
achieved under ideal adiabatic conditions. Hence, the reaction rate at this conver-
sion must be corrected. This is only possible by assuming a rate equation, that is,
a kinetic model, and consequently, the dynamic correction becomes an iterative
process. Thus the kinetic evaluation of adiabatic experiments requires a specific
procedure [70–73].

If zero order kinetics is assumed, the corrections are as follows:

• Initial temperature for true adiabatic conditions: This correction is required
to account for the sensitivity of the calorimeter that depends on the thermal
inertia:

T0,ad(∘C) =
1

1
Tmes(K)

+ R
E

ln Φ
− 273.15 (4.13)

• Adiabatic temperature (final temperature under true adiabatic conditions):

Tad = T0,ad + Φ(Tmes − T0,mes) (4.14)

• Adiabatic self-heat rate:(
dT
dt

)
ad

= Φ•

(
dT
dt

)
mes

• exp
[

E
R

(
1

Tmes
− 1

Tad

)]
(4.15)

4.5.3 Dewar Calorimeters

4.5.3.1 Measurement Principle
Dewar flasks are often considered as adiabatic vessels. This is not absolutely true
since if the heat losses are limited, they are not zero. Nevertheless, over a limited
time range, and providing the temperature difference with the surroundings is
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Figure 4.19 (a) Dewar calorimeter equipped with stirrer and calibration heater. T, temperature
probe; C, calibration heater; S, stirrer; f, feed line. (b) Schematic temperature curve.

not too important, the heat losses may be neglected and the Dewar considered
being adiabatic [6].

The reaction is initiated by the addition of a reactant, which must be exactly
at the same temperature as the Dewar contents, in order to avoid the sensible
heat effects. Then the temperature is recorded as a function of time (Figure 4.19).
The obtained curve must be corrected for the heat capacity of the Dewar flask
and its inserts, respective of their wetted parts, which also accumulate a part
of the heat of reaction to be measured. The temperature increase results from
the heat of reaction (to be measured), the heat input by the stirrer, and the heat
losses. The last two terms are determined by calibration, which may be a chemi-
cal calibration using a known reaction, or an electrical calibration using a resistor
heated by a known current under a known voltage. The Dewar flask is often
placed into temperature-controlled surroundings as a liquid bath or an oven. It
is recommended to choose a temperature as close as possible to T0 + 1/2ΔT , in
order to minimize the heat losses before and after the reaction. When evaluating
the measured temperature curve, the linear parts before and after reaction are
extrapolated, and the ΔT is measured along a vertical line passing through the
inflexion point of the curve or such that the two “triangles” formed present the
same area (Figure 4.19). This is the Regnault–Pfaundler method [74].

4.5.3.2 Applications
The basic method is very simple and does not require any special equipment; a
Dewar flask with an agitator and a thermometer is sufficient. But to become really
quantitative, several precautions must be taken, especially a careful correction of
the heat losses and thermal inertia. In practice, Dewar calorimeters are essen-
tially used for short experiments with a duration of some minutes. Then the heat
losses may be neglected. Therefore Dewar calorimetry is simple and cheap and
makes it affordable to any laboratory, if some basic knowledge on calorimetry
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is available. Considering the important volume used in such experiments, it is
not recommended to study strongly energetic reactions with Dewar calorimetry.
Chilworth developed an Adiabatic Dewar Calorimeter (ADC II) made of stainless
steel and working from room temperature to 400 ∘C and pressure up to 100 bar
that may be placed in a containment enclosure.

The larger the Dewar flask, the more sensitive it is, since heat losses are
essentially proportional to the ratio of surface to volume (A/V ). A Dewar flask of
1 l shows heat losses approximately equivalent to a non-stirred 10 m3 industrial
reactor, that is, 0.018 W kg−1 K−1 [6] (see Table 2.5). In certain laboratories,
the temperature of the surroundings is varied in order to track the contents
temperature and to avoid heat loss. This requires an effective temperature
control system that must be correctly tuned over the whole temperature range.
Small errors in the surrounding temperature may lead to large errors in the
measurement. Hence the simplicity of the method gets lost.

Worked Example 4.3

A catalytic reaction must be performed in aqueous solution at industrial scale. The
reaction is initiated by catalyst addition at 40 ∘C. In order to evaluate the thermal
risks, the reaction was performed at laboratory scale in a Dewar flask. The charge
is 150 ml solution in a Dewar of 200 ml working volume. The volume and mass of
catalyst can be neglected. For calibration of the Dewar by Joule effect, a heating
resistor with a power of 40 W was used in 150 ml water. The resistor was switched
on during 15 minutes, and the temperature increase was 40 K.

During the reaction, the temperature increased from 40 to 90 ∘C within approx-
imately 30 minutes. The specific heat capacity of water is 4.2 kJ kg−1 K−1.

Determine the specific heat of reaction (kJ kg−1).
The electrical calibration is used to determine the thermal inertia of the Dewar

calorimeter. During the calibration, the energy release is

Qcal = qcal × t = 40 W × 15 min × 60 s min−1 = 36 000 J

The heat capacity of the Dewar contents is

cp,r = mr × c′p,r = 0.150 kg × 4200 J kg−1 K−1 = 630 J K−1

The theoretical temperature increase under really adiabatic condition should be

ΔTad,cal =
Qcal
cp,r

= 36 000 J
630 J K−1

= 57.14 K

In reality, a fraction of the heat released by the calibration heater served increas-
ing the temperature of the Dewar flask; thus a temperature increase of only 40 K
was observed. This allows for the calculation of the thermal inertia:

Φ =
ΔTad
ΔTmes

= 57.14
40

= 1.43

During the reaction, the measured temperature increase was 50 K:

ΔTad = Φ•ΔTmes = 1.43 × 50 = 71.4 K
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which rends the reaction energy:

Qrx = cp,r •ΔTad = 630 J K−1 × 71.4 K = 45 kJ

and the specific reaction energy:

Q′
rx =

Qrx

mr
= 45 kJ

0.150 kg
= 300 kJ kg−1

4.5.4 Accelerating Rate Calorimeter (ARC)

4.5.4.1 Measurement Principle
The ARC was developed at Dow Chemicals in the 1970s [8]. The adiabaticity is
not realized by thermal insulation, but by an active control of the heat losses by
adjusting the oven temperature to the temperature of a thermocouple placed at
the external surface of the cell containing the sample. Thus, there is no temper-
ature gradient between the cell and its surroundings, that is, no heat flow. The
sample is placed in a spherical cell of 10 cm3 volume made of titanium, which
may hold between 1 and 10 g (Figure 4.20), which gives a thermal inertia factor
typically in the range of 1.4–3. The cell is mounted in the center of an oven whose
temperature is accurately adjusted by a sophisticated temperature control system.
The cell is also linked to a pressure sensor allowing for pressure measurement.
This instrument can work following two different modes:

1. Heat, wait, and search (HWS) (Figure 4.21): The temperature at which the
exothermal reaction is detectable is searched using a defined series of tem-
perature steps (heat). At each step, the system is stabilized for a defined time
(wait); then the controller is switched to the adiabatic mode (search). If the
temperature increase rate surpasses a level (typically 0.02 K min−1), the oven
temperature follows the sample temperature in the adiabatic mode (adiabatic

Bursting disk

Thermocouples (top)

Heater (top)

Thermocouple (sample)

Thermocouples (side)

Sample

Heater (cell)

Thermocouples (bottom)

Heater

Pressure sensor

(a)

(b)

Figure 4.20 (a) Principles of the accelerating rate calorimeter showing the oven with the
sample holding cells in its center. (b) Typical cells.
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Figure 4.21 Typical temperature curve obtained in an accelerating rate calorimeter using the
heat, wait, and search mode.

tracking). If the temperature increase rate remains below the level, the next
temperature step is achieved (heat).

2. Isothermal age mode: The sample is directly heated to the desired initial tem-
perature. At this temperature, the instrument seeks for an exothermal effect
as above.

4.5.4.2 Applications
The ARC is capable of tracking directly the exothermal process under pseudoadi-
abatic conditions, pseudo because a part of the heat released in the sample serves
to heat the cell itself: the measured curves must be corrected for the thermal iner-
tia as described in Section 4.5.2. Moreover, the temperature controller is tuned
during a so-called drift check, an experiment where the cell is heated by steps
over the whole temperature range and at each step the set point of the cell heater
is adjusted such as to maintain a strictly constant temperature when the con-
troller is switched to the adiabatic mode, avoiding any drift. This procedure is
rather time consuming. Nevertheless, essentially in the United States, it became
a very popular method as a screening technique. Concerning its sensitivity, for a
well-tuned instrument, able to detect a self-heating rate of 0.01 K min−1, with a
sample mass of 2 g, the sensitivity is as low as 0.5 W kg−1.

The result of an ARC measurement, after correction of the thermal inertia,
is the adiabatic temperature curve: T = f (t) or runaway curve (Figure 4.22). In
addition, the pressure measurement delivers the pressure P = f (t), which is also
an indicator for the potential damage resulting from a runaway. These results are
often plotted in a so-called Arrhenius diagram, with the temperature increase rate
on a logarithmic scale in the ordinate as a function of the reverse temperature in
Kelvin (Figure 4.22).

There are other types of adiabatic calorimeters available on the market [75, 76],
such as the Vent Sizing Package (VSP) [77], PHITEC [9], and Reactive System
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Screening Tool (RSST). These instruments are essentially designed for vent sizing
requirements [10, 78–80] and present a lower thermal inertia than the ARC.

4.5.5 Vent Sizing Package (VSP)

This calorimeter was developed in the frame of the DIERS project in the 1980s
[10]. Its working principle is similar to the ARC Presented in Section 4.5.4, but
it has some special features. It is a so-called low phi calorimeter, meaning that
its thermal inertia factor (Φ-factor) is close to 1, usually 1.05–1.15. Thus, it
requires less intensive corrections of the measured temperature and pressure
data. This low thermal inertia factor is obtained by using a larger volume of
reactants, approximately 80 ml, in a thin-walled metal test cell (can) with the
drawback of a poor pressure resistance. This is compensated for by placing
the test cell in an autoclave equipped with a pressure controller, maintaining
the pressure difference between the test cell contents and the autoclave below
a predefined value by controlling the pressure in the autoclave with nitrogen
injections (Figure 4.23). Adiabatic conditions within the test cell are maintained
by using a “guard heater” to keep the surrounding temperature equal to the
sample temperature: it is an active “thermal insulation” as in the ARC. Thus,
this calorimeter has two tracking functions: the temperature and the pressure.
Moreover, the test cell is equipped with a magnetic agitator, allowing the
operator to perform reactions under conditions close to industrial processes
while allowing for an experimental simulation of a runaway.

The test cell and test method are highly customizable. The test cell can be con-
structed stainless steel or Hastelloy C and can also be glass lined. Glass-lined test
cells result in an increase of the Φ-factor. Test cell designs can include wall baf-
fles, dip tubes, multiple thermocouples, scaled vents, and other features to help
simulate a process upset.
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Figure 4.23 Working principle of the VSP2. Source: Used with permission of Fauske and
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The autoclave not only may be closed for standard experiments but also may
be opened by a valve, allowing for pressure relief simulation and determination
of foaming (flow regime) properties or the determination of the amount of liquid,
vapor, or gas discharged. This calorimeter is basically a small chemical reactor but
is specially designed to provide directly scalable calorimetric data in the context
of vent sizing and emergency relief system design: these aspects are discussed in
Chapter 16.

Another calorimeter with similar features is the automatic pressure tracking
adiabatic calorimeter (APTAC) [81]. This instrument is available from NETZSCH
as the APTAC 264.

4.6 Exercises

4.1 DSC of a Solid
Figure 4.24 represents a dynamic DSC thermogram of a pure solid to be
used in a reaction at 80 ∘C. The reaction will take place in solution in
toluene in a 10 m3 stirred tank reactor.
Question
1. Do you think this operation may be done without thermal risk?

Explain why.
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Figure 4.24 Dynamic DSC thermogram of the solid reactant (in pressure-resistant gold-plated
crucible).

4.2 DSC and ARC
A sample of a final reaction mass is analyzed by two different calorimet-
ric methods, DSC and ARC. The reaction is to be performed in the batch
mode and the MTSR is 120 ∘C. The DSC thermogram of the final reac-
tion mass recorded with a scan rate of 4 K min−1 presents two exothermal
peaks. The first, with an energy of 200 kJ kg−1, is detected in the tempera-
ture range from 140 to 180 ∘C. The second, with an energy of 800 kJ kg−1,
is detected in the temperature range from 200 to 270 ∘C. The ARC test
is operated with a thermal inertia of Φ = 2. The temperature rises from
120 to 170 ∘C within 80 minutes and then remains stable. The specific heat
capacity of the reaction mass is 2 kJ kg−1 K−1.
Questions
1. Comment on these thermograms.
2. What precautions should be taken when using adiabatic calorimetry?
3. What do you think about the thermal risks linked with an industrial

performance of this process?

4.3 Experimental Design
The thermal risks of a synthesis step with an exothermal bimolecular reac-
tion (A + B→ P) must be assessed. For this, the required thermal data have
to be determined in a safety laboratory equipped with a reaction calorime-
ter and a DSC.
The process can be described as follows:

1. Charge the total amount of A solution (10 kmol) into the reactor. The
solvent is mesitylene with a boiling point of 165 ∘C.

2. Heat this solution to the process temperature of 140 ∘C.
3. At this temperature, add 12 kmol of B at a constant rate for four hours.
4. Heat to 150 ∘C.
5. Maintain this temperature for four hours.
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Figure 4.25 Temperature course with different thermal inertia.

6. Cool to 80 ∘C. The product P precipitates.
7. Transfer to filter.
Questions
1. Describe the required experiments, allowing for the determination of

the criticality class.
2. What data will you obtain from the different experiments?
3. Which results do you anticipate for the criticality?

4.4 Adiabatic Calorimetry and Thermal Inertia
Figure 4.25 represents three “adiabatic” temperature profiles for the same
sample:
• One represents a temperature profile measured in an adiabatic

calorimeter (ARC).
• The other represents a temperature profile as would be found at indus-

trial scale.
• The third represents a true adiabatic temperature profile.
Questions
1. Comment on these three curves (which is representative for what situ-

ation?).
2. How is it possible to change from one to the other curve?
3. What are the precautions when using adiabatic calorimetric results?

4.5 Reaction Calorimetry
An aromatic dinitro compound (Mw = 453.75 g mol−1) is to be reduced by
a Béchamp reaction. The reaction is performed at reflux in water as a sol-
vent. Water and iron are initially charged, and the nitro compound is fed
at a constant rate. The initial charge in the reactor is 300 g water and 320 g
iron. The feed consists of 726 g of a 20% w/w suspension of nitro com-
pound (0.32 mol) in water. The reaction should be performed under the
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same conditions at the industrial scale of 1.74 kmol. In order to check the
thermal control of the reaction, an experiment is performed in a reaction
calorimeter. The raw heat flow curve (without any correction of the con-
vective cooling by the feed) is rectangular with a heat flow of 350 W mol−1.
The heat flow immediately starts as the feed is started, and straightaway
depletes to zero as it is stopped after 30 minutes.
Questions
1. What is the heat of reaction?
2. What can be stated concerning the accumulation of unreacted dinitro

compound?
3. Calculate the adiabatic temperature rise of the reaction. The specific

heat capacity of the reaction mass is 3 kJ kg−1 K−1.
4. What would the consequences of a cooling failure be, if the feed is

immediately stopped?
5. What is the required cooling power?

4.6 Reaction Calorimetry
The t-butyl acrylamide is synthetized by addition of t-butanol on acryloni-
trile in sulfuric acid:

CH2=CH—CN + HO—C(CH3)3
H2SO4 84%
−−−−−−−→
40—70 ∘C

CH2=CH—CO—NH—C(CH3)3

Data
The reaction is performed in the semi-batch mode with the t-butanol and
acrylonitrile initially charged. The reactor is first heated to 38 ∘C; then
sulfuric acid is fed at constant rate during two hours while maintaining
the temperature constant at 38 ∘C. Finally the reaction mass is heated to
70∘C. The reaction was studied in a reaction calorimeter (Figure 4.26).
The reaction is exothermal with a specific heat of reaction of
Q′

R = 500 kJ kg−1 final reaction mass. The specific heat capacity is
c′p = 2 kJ kg−1 K−1.
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Questions
1. Evaluate the thermal risk linked to the control of this reaction.
2. What other thermal risks should be considered?
3. What other risks should be considered before industrialization of the

process?
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5

Assessment of the Energy Potential

Case History “Storage During Repair”

The condensation of an aromatic nitro compound with a second reactant should
have been performed in an aqueous solution with dimethyl sulfoxide (DMSO) in
the semi-batch mode. The nitro compound is initially charged into the reactor with
water and DMSO as solvent. Before the progressive addition of the second reac-
tant had been started, the initial mixture was heated to the process temperature
of 60–70 ∘C. Then a failure of the cooling water system of the plant occurred. It was
decided to interrupt the process at this stage and to maintain the mixture under
stirring until the failure had been repaired. The feed of the second reactant was
postponed, and the jacket of the reactor had been emptied.

After five days, a thick plume was observed escaping from the ventilation system
of the reactor. The temperature of the reactor was then checked and found to be
118 ∘C. Later, a thick tar with a temperature of 160 ∘C flowed from the open man-
hole of the reactor. Immediate application of emergency cooling had no effect.
All personnel were evacuated, and the reactor then exploded, rupturing into four
fragments. The building was seriously damaged over three floors, and the control
room was totally destroyed. The damage was over US$1 million.

The inquiry revealed that the process had been interrupted several times before
starting the feed of the second reactant, without any apparent problems. The
steam valve of the jacket was found to be leaking. Thus, the reactor had been
slowly heating. Since the reaction mass boils at 118 ∘C, the solvent mixture could
be progressively evaporated. In this temperature range, a secondary exothermal
reaction is active, contributing to the heat input, enabling evaporation and then
temperature increase of the concentrated reaction mixture. The energy dissipated
by the stirrer was found to be insufficient for the observed temperature increase.
The initial reaction mixture was shown to decompose following an autocatalytic
mechanism.

Lessons Drawn

Nobody was aware of the energy potential of the initial reaction mixture before the
feed was started. The thermal analysis of the process focused on the reaction itself

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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and the stability of the final reaction mixture. If only the energy released by this
decomposition had been known, the production staff would not have decided to
maintain this reaction mass without active temperature control and monitoring.

Secondary decomposition reactions may have serious consequences when they
get out of control. In this case history, the thermal stability of the initial reaction
mass was not known before the incident. Thus, assessing the consequences and
the triggering conditions of secondary decomposition reactions and predicting
their behavior require a specific knowledge and a systematic approach.

Introduction

The very first step in the assessment of thermal risks is to determine the overall
energy potential of a system (see Figure 3.11) that may be a reaction mass, a
raw material an intermediate, a final product, a distillation residue, and so on.
If there is no significant potential, which means that the adiabatic temperature
rise is below 50 K and no pressure increase may result, then there is no signifi-
cant thermal risk. In other cases, the origin of the potential (synthesis reaction
or secondary reactions) must be identified, and the study must be conducted in
more depth.

In this chapter, after a short review of the significance of the different energy
potentials such as thermal effects and pressure effects, the experimental tech-
niques and typical screening methods used for the determination of the overall
energy potential are described. Some examples of typical thermograms are dis-
cussed with a focus on the interpretation in terms of thermal risks.

5.1 Thermal Energy

Even if the overall potential is the key factor for the assessment of thermal risks,
we distinguish between synthesis reactions and secondary reactions according to
the cooling failure scenario described in Section 3.2.1.

5.1.1 Thermal Energy of Synthesis Reactions

Fine chemical reactions often are exothermal, which means that thermal energy
is released during the reaction. It is obvious that the amount of energy released is
directly linked to the potential damage in the case of an incident. For this reason,
the heat of reaction is one of the key data, which allow assessment of the risks
linked to a chemical reaction at the industrial scale. Hence the knowledge of the
energy potential has the first priority during the risk assessment. Some typical
values of reaction enthalpies are given in Table 5.1 [1].

Reaction enthalpies also may be obtained from enthalpies of formation (Δf H),
given in tables of thermodynamic properties [2, 3]:

ΔrH298 =
∑

products
Δf H298

i −
∑

reactants
Δf H298

i (5.1)
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Table 5.1 Typical values of reaction enthalpies.

Reaction 𝚫r H (kJ mol−1)

Neutralization (HCl) −55
Neutralization (H2SO4) −105
Diazotization −65
Sulfonation −150
Amination −120
Epoxidation −100
Polymerization (styrene) −60
Hydrogenation (alkene) −200
Hydrogenation (nitro) −560
Nitration −130

Enthalpies of formation can also be accessed using the Benson group increment
method [4, 5]. In this method (of the family of group additivity methods), the
chemical structure of a molecule is divided in structural elements or groups of
atoms, each group contributing to the standard enthalpy of formation. The Ben-
son group increments consider the molecules in the gas phase. Thus for liquid
phase reactions, they must be corrected by the latent enthalpy of condensation.
Hence, these values can be used as a first and rough approximation. However, one
must be aware that reaction enthalpies may vary over a great range, depending
on the operating conditions. As an example, the enthalpy of sulfonation reactions
may vary from −60 to −150 kJ mol−1, depending on the sulfonation reactant and
its concentration. In addition to the heat of reaction, heat of crystallization, and
heat of mixing, as well as the way the process is conducted [6], may also affect
the overall heat that must be accounted for in practice. For this reason, it is rec-
ommended to measure the heat of reaction under practical conditions, whenever
possible.

In terms of safety, there are two objectives for synthesis reactions: One is
mastering the heat release rate, which means mastering the reaction rate. The
second objective is to reduce the energy potential due to the accumulation
of non-converted reactants, which may react in an uncontrolled way in case of
malfunction, for example, of the cooling system. These topics are discussed in
Part II.

5.1.2 Energy Potential of Secondary Reactions

Secondary reactions are very diverse: they may be isomerization reactions, poly-
merization or oligomerization reactions, and decomposition reactions. This last
type of secondary reaction is the most frequent. Therefore, the term decompo-
sition reaction is used as a generic term for secondary reactions. In decomposi-
tion reactions, larger molecules lead to fragments, which are often gaseous or at
least volatile. Consequently, decomposition reactions are accompanied by large
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energy release and perhaps by significant pressure increase. This explains the high
severity of incidents where decomposition reactions are involved and underlines
the importance of the determination of the energy potential.

As a first approach one may consider that for a high adiabatic temperature
increase, typically 200 K for organic material, the thermal decomposition leads
to gas release. Consequently, secondary reactions may cause a pressure increase
with the corresponding destruction potential.

The safety objectives for secondary reactions is to avoid triggering these reac-
tions and at least to be able to control their course rending them less violent in
order to avoid critical effects. The corresponding topics are presented in Parts III
and IV, respectively.

5.1.2.1 Typical Energies of Decomposition
Decomposition energies are often high as shown in a compilation of experimen-
tal data on representative functional groups by Grewer [7] and Whitmore and
Baker [8]. Some typical values are summarized in Table 5.2. Nevertheless one
must be conscious that estimations based on isolated functional groups may lead
to erroneous conclusions, since different functional groups may react together in
an unwanted way.

5.1.2.2 Stoichiometry of Decomposition Reactions
A major difference compared with desired reactions is that the stoichiometry is
often unknown, that is, the decomposition products are unknown. The reason is
that decomposition reactions are often affected by the triggering conditions and

Table 5.2 Typical values of decomposition enthalpies for different
functional groups.

Functional group 𝚫d H (kJ mol−1)

Acetylene C2H2 −120 to −170
Aldoxime R—CH=N −190 to −230
Azide —N=N—N∣ −200 to −240
Azo compounds —N=N— −100 to −180
Diazonium salt [—N≡N]+ −160 to −180
Isocyanate —N=C=O −50 to −75
Ketoxime >C=N—OH −140 to −170
N-Hydroxide >N—OH −180 to −240
N-Oxide —N+—O− −100 to −130
Peroxide C O O C −350

Nitrate —O—NO2 −400 to −480
Nitro Ar—NO2 or R—NO2 −310 to −360
Nitroso —NO −150 to −290
Epoxide >COC< −70 to −100
Triazene —N=N—N= −250 to −270



5.1 Thermal Energy 135

thus often run along different reaction paths. This is a major difference compared
with a total combustion, for example. The consequence is that the decomposition
enthalpy cannot be predicted by Eq. (5.1) using standard enthalpies of formation
(Δf H) taken from, for example, tables or estimated by group increment methods,
such as Benson groups [4, 5].

Nevertheless, computing methods have been developed for the estimation of
decomposition energies.

5.1.2.3 Estimation of Decomposition Energies
A well-known tool for the estimation of reactivity hazards of organic material
is the Chemical Thermodynamic and Energy Release Program (CHETAH) [9].
The method uses pattern recognition techniques, based on experimental data, in
order to infer the decomposition products maximizing the decomposition energy
and performs thermochemical calculations based on the Benson group incre-
ment method mentioned above. Thus, the calculations are valid for the gas phase,
which may be a drawback, since in fine chemistry most reactions are performed
in the condensed phase. Nevertheless, in general, the corrections remain small
and do not significantly affect the results.

The CHETAH method, as well as other estimation techniques, is not intended
to replace experimental testing of material and never should be used for this
purpose. Responsible use of such software tools means using them only as screen-
ing tools in an overall scheme involving both physical testing and other predictive
tools [10].

Therefore, it is strongly recommended to determine decomposition enthalpies
experimentally using dynamic differential scanning calorimetry (DSC), for
example. This technique allows simulating most severe confinement conditions
while heating the sample from room temperature to approximately 500 ∘C (see
Section 5.3).

5.1.2.4 Specific Problems Linked with Secondary Reactions
A special mention must be made for the catalytic effect of impurities, which
may have a great influence on the energy of decomposition, since often the reac-
tion path is affected by such impurities [11]. Further, the presence of different
functional groups in one molecule may destabilize the molecule, or allow for
poly condensation reactions, such as in the case of aromatic chloroanilines. A
polymerization reaction may also be difficult to predict. Here again, it is recom-
mended to measure the energies of secondary reactions of the compounds in the
reaction mixture or in the same state as they are handled in the industrial process
to be studied. This especially means that the thermal analysis must be performed
together with the solvent (see Exercise 4.1). Since impurities may catalyze decom-
position reactions, it is also important to use a “technical grade” as will be used
in the plant. In other words, performing measurements on previously purified
samples should be avoided as they should be used as they are.

Therefore, priority must be given to experimental determination of decompo-
sition energies. It is also essential to perform the experiment under conditions
that are as close as possible to plant conditions.



136 5 Assessment of the Energy Potential

Table 5.3 Typical values of combustion energies.

Compound 𝚫HComb (kJ mol−1) Compound 𝚫HComb (kJ mol−1)

Methane −800 n-Heptane −4470
Ethane −1430 Toluene −3630
n-Propane −2040 Naphthalene −4980
n-Butane −2660 Hydrocarbon (C20) −12 400

Often chemical compounds are sensitive to oxygen and undergo oxidation
reactions. In such a case, the energy release is by far higher and may reach values
close to the heat of combustion (Table 5.3). These values can easily be found
in tables, for example [2, 3]. Oxidative decompositions may become a major
problem in physical unit operations, where intensive air contact takes place
during drying, milling, or blending of solids. In these operations, the product is
submitted to energy input (thermal or mechanical) and simultaneous air contact.
To assess such situations, specific testing procedures must be used [10, 12–14]
(see also Chapter 13).

The high energy release accompanying decomposition reactions leads to a high
temperature increase if the system is not, or only poorly, cooled. Therefore, a
runaway reaction is likely to occur. The consequences can be assessed, using the
criteria described in Section 3.2.2.

Besides the temperature, other possible consequences of secondary reactions
are flammable or toxic gas release, solidification, swelling, foaming, and char-
ring that may cause the loss of a batch, but also damage leading to the loss of a
plant unit and impinging on the production of the desired product. These con-
sequences should also be considered in the assessment. Therefore, the determi-
nation of the energies of secondary reactions, often decomposition reactions, is
a preliminary to any assessment of thermal risks.

5.1.3 Adiabatic Temperature Rise

As an example, for the assessment of the potential severity of the loss of control
of a reaction, Table 5.4 shows the effect of typical energies of a desired synthesis
reaction and secondary reactions and their equivalents in the form of adiabatic
temperature rise and mechanical energy. The equivalent mechanical energies are
calculated for 1 kg of reaction mass.

It becomes obvious that while desired reactions may not by themselves be
inherently dangerous, secondary reactions may lead to dramatic effects. In
order to illustrate this, the amount of solvent, such as methanol, which may be
evaporated when the boiling point is reached during a runaway, is calculated. In
the example given in Table 5.4, it is unlikely that the energy stemming from the
desired reaction alone would cause an effect in a properly designed industrial
reactor. However, this will certainly not be true for the secondary reaction,
where even the amount of methanol that could be evaporated (1.8 kg) cannot
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Table 5.4 Energy equivalents for a typical reaction and decomposition.

Reaction Desired Secondary

Specific energy 100 kJ kg−1 2000 kJ kg−1

Adiabatic temperature rise 50 K 1000 K
Evaporation of methanol per kg of reaction
mixture

0.1 kg 1.8 kg

Mechanical potential energy height at
which 1 kg is raised

10 km 200 km

Mechanical kinetic energy velocity at
which 1 kg is accelerated

0.45 km s−1 (mach 1.5) 2 km s−1 (mach 6.7)

be available in 1 kg of reaction mass. Thus, a possible secondary effect of the
evaporation of solvents is a pressure increase in the reactor, followed by a
rupture, loss of containment, and formation of an explosive vapor cloud, which
in turn may lead to a severe room explosion if ignited. The risk of such an
occurrence must be assessed.

5.2 Pressure Effects

The temperature as such in general does not lead to catastrophic effects, but may
damage the equipment if the design temperature range is surpassed. The destruc-
tive effect of a runaway reaction is practically always due to pressure, which leads
to a loss of containment. Thus a study of the pressure effects may be required.
Pressure increase may have two origins: the formation of gaseous products or
also the formation of volatile components, showing a significant vapor pressure.
Some simple ways for assessing the resulting pressure are described in Sections
5.2.1, 5.2.2, and 5.2.3.

5.2.1 Gas Release

Gases often form during decomposition reactions. Depending on the operating
conditions, such as atmospheric pressure in an open vessel or working under
pressure in a closed vessel, the effects of a gas release are different. In a closed
vessel, the pressure increase may lead to the rupture with evolving gas or aerosol
or even to the explosion of the vessel. A first approximation can estimate the
pressure using the ideal gas law:

P = NRT
V

(5.2)

The universal gas constant used in this equation is 83.15× 10−6 m3 bar kmol−1

K−1, with common technical units. In an open vessel, the gas production may
result in evolving gas, liquid, or aerosols, which may also have secondary effects
such as toxicity, burns, fire, and environmental, or even a secondary unconfined
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vapor or dust explosion. The volume of resulting gas can be estimated, using the
same ideal gas law:

V = NRT
P

(5.3)

Thus, the amount of gas being released during a reaction or decomposition is an
important element for the assessment of the severity of a potential incident.

5.2.2 Vapor Pressure

By increasing the temperature, the vapor pressure of the reaction mass may
increase. The resulting pressure can be estimated by the Clausius–Clapeyron law,
which links the pressure to the temperature and the latent heat of evaporation
ΔvH :

ln P
P0

=
−ΔvH

R

(
1
T

− 1
T0

)
(5.4)

The universal gas constant to be used in this equation is 8.314 J mol−1 K−1, and
the molar enthalpy of vaporization is expressed in J mol−1. In this equation, the
enthalpy of evaporation is assumed to be constant. A more realistic vapor pres-
sure equation is given by Antoine law:

ln P = A − B
C + T

(5.5)

The parameter C allows for taking the variation of the enthalpy of evaporation
with temperature into account.

Remark on Antoine parameter When using this equation, great care must be given
to the units, the base of the logarithm that may change from one source to another
and the temperature range where the coefficients are valid.

Since the vapor pressure increases exponentially with temperature, the effects
of a temperature increase, for example, due to an uncontrolled reaction, may be
considerable. As a rule of thumb, the vapor pressure doubles for a temperature
increase of about 20 K.

Worked Example 5.1 Amination Thermal and Pressure Potential

A chloroaromatic compound is to be converted to the corresponding aniline com-
pound in a 1 m3 autoclave with a maximum allowed working pressure of 100 bar g.
A large stoichiometric excess of 4 equiv of ammonia (30% in water) is used. This
allows the neutralization of the resulting hydrochloric acid and maintaining an
alkaline pH in order to avoid corrosion. The reaction reaches a conversion of 90%
within eight hours at 180 ∘C:

Ar–Cl + 2NH3

180 ∘C
−−−−→ Ar–NH2 + NH4Cl

The charge is 315 kg of chloroaromatic compound, 2 kmol, and 415 kg ammonia
30%, 8 kmol. Both reactants are initially charged at room temperature, and the
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reactor is heated to the reaction temperature of 180 ∘C, which is maintained during
12 hours.

The reaction enthalpy is−ΔrH= 175 kJ mol−1 (including neutralization), the spe-
cific heat capacity of the reaction mass c′p = 3200 J kg−1 K−1, and the decomposi-
tion energy of the final reaction mass Q′

d = 840 kJ kg−1. The temperature at which
the tmrad of the decomposition is 24 hours, T D24 = 280 ∘C.

Vapor pressure of an ammonia solution 30% (w/w): ln(P (bar)) = 11.47 − 3385
T (K)

Vapor pressure of an ammonia solution 19% (w/w): ln(P (bar)) = 11.62 − 3735
T (K)

Question
Assess the thermal risk linked to the performance of this process, and determine
the criticality class.

The process is performed as a batch reaction at 180 ∘C. The adiabatic tempera-
ture rise is

ΔTad =
Qr
cp

= 175 kJ mol−1 × 2000 mol
768 kg × 3.2 kJ kg−1 K−1

= 143 K

The severity of a runaway of the amination reaction is “medium.”
The temperature that will be reached if the amination gets out of control is

MTSR = TP + ΔTad = 180 + 143 = 323∘C = 596 K

The pressure would then be 211 bar. In this calculation, the conversion that takes
place during heating the reactor is ignored: this is conservative. This temperature
is above T D24, meaning that the decomposition reaction will be triggered, leading
to a further temperature rise of

ΔTad =
Q′

r

c′p
=

840 kJ kg−1

3.2 kJ kg−1 K−1
= 263 K

The severity of the decomposition reaction is “high.”
The maximum allowed pressure of 100 bar will be reached at approximately

240 ∘C: this temperature will be taken as the maximum temperature for technical
reasons (MTT).

Hence, the succession of characteristic temperatures is T P <MTT < T D24 <MTSR,
which corresponds to a criticality class 4, which requires technical measures.
The high latent heat of evaporation of aqueous ammonia would allow stopping
the runaway at 240 ∘C by depressurizing the reactor in order to use evaporation
cooling (see Worked Example 15.2).

5.2.3 Amount of Solvent Evaporated

In some cases, there is enough solvent present in the reaction mixture to com-
pensate for the energy release, allowing the temperature to stabilize at the boiling
point. This is only possible if the solvent can be safely refluxed or distilled off into a
catch pot or a scrubber. If the boiling point is attained during runaway, a possible
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secondary effect of the evaporation of a solvent is the formation of an explosive
vapor cloud, which in turn can lead to a severe explosion if ignited. Moreover, the
equipment must be designed for the resulting vapor flow rate, avoiding swelling
and flooding (see Section 14.3). Also, the thermal stability of the resulting con-
centrated reaction mixture must be verified.

The amount of solvent evaporated can easily be calculated by using the energy
of the reaction and/or of the decomposition as follows:

mv =
Qr

Q′
v
=

mr • Q′
r

Q′
v

(5.6)

After a cooling failure, when boiling point is reached, a fraction of the energy
released is used to heat the reaction mass to the boiling point, and the remaining
fraction of the energy results in evaporation. The amount of evaporated solvent
can be calculated from the “distance” to the boiling point:

mv =
(

1 −
Tb − T0

ΔTad

) Qr

Q′
v

(5.7)

In Eqs. (5.6) and (5.7), the latent heat of evaporation (Q′
v) used is the specific heat

of evaporation, expressed in kJ kg−1. These expressions only give the amount of
solvent evaporated, which is a static parameter. They give no information about
the vapor flow rate, which is related to the dynamics of the process, that is, the
reaction rate. This aspect is discussed in the chapter on technical aspects of reac-
tor safety (Chapter 14.3).

5.3 Experimental Determination of Energy Potentials

5.3.1 Experimental Techniques

For the assessment of thermal risks linked with the performance of a process at
industrial scale, the energy potential that could eventually be released must be
known and characterized in terms of energy and triggering conditions. Diverse
calorimetric or better micro-calorimetric methods are available for this task. As
often used techniques, we find DSC [1, 15–17], Calvet calorimetry, differential
thermal analysis (DTA) [18], and adiabatic methods, such as accelerating rate
calorimetry (ARC) [19] or Vent Sizing Package (VSP) [20–22], and similar
instruments. Semiquantitative techniques, such as Lütolf Test [13], Radex [23],
or Sedex, are also often used. These techniques are described in Section 4.2.
The most commonly used methods belong to the micro-calorimetric techniques
(DSC, DTA, and Calvet). This is essentially due to the fact that they use small
samples that allow a quantitative measurement even on strongly exothermal
processes, without putting the equipment at risk.

One essential experimental feature is that pressure-resistant closed crucibles
are used. This is because, when heating, volatile compounds may evaporate pro-
ducing an endothermal effect that may mask an exothermal phenomenon occur-
ring in the same temperature range. Moreover, the sample mass is no longer
defined (see Section 4.2.1.4).
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DSC Rule 1: For safety analysis always use closed pressure-resistant crucibles.

The scanning or dynamic mode of operation ensures that the whole tem-
perature range of interest is explored. This must be ensured also in adiabatic
experiments, where it is essential to “force” the calorimeter to higher tem-
peratures, in order to avoid missing an important exothermal reaction (see
Exercise 4.2).

Nevertheless, two key questions remain: “Which sample should be analyzed,
and which process conditions should be explored?” In order to give some hints
on these important points, several typical examples from industrial practice are
reviewed in Sections 5.3.2 and 5.3.3. In Section 5.3.2, a first section, a choice of
typical samples to be analyzed is shown. In Section 5.3.3, credible process devia-
tions are reviewed, and experimental techniques are presented.

5.3.2 Choosing the Sample to be Analyzed

5.3.2.1 Sample Purity
A general but essential rule in thermal analysis for process safety is to use samples
that are as representative as possible for the industrial problem to be solved. As
an example, the use of purified samples should be avoided (see Exercise 4.1). If
a solid is to be used, either in a solution or as a suspension, the thermal analysis
should also be performed on a solution or suspension. It is often observed that a
solid compound is destabilized when dissolved in a solvent (Figure 5.1).

The dissolution in a solvent obviously reduces the decomposition energy. Nev-
ertheless, this reduction is not always proportional to the concentration, since a
solvent may interfere in the decomposition mechanism. Moreover, the position

100(b)

(a)

200 300

900 (kJ kg−1)

1800 (kJ kg−1)

T (°C)

q′ (W kg−1)

q′ (W kg−1)

Figure 5.1 DSC thermograms recorded at 4 K min−1 of a pure solid nitro aromatic compound
(a) and of the same solid in a 50% (w/w) solution in a solvent (b).
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of the peak in the thermogram, being the temperature range where it is detected,
is often shifted toward a lower temperature, which means loss of stability.

DSC Rule 2: For safety analysis always use a sample representative (identity and
quality) of the industrial operation to be assessed.

A particularly critical case is the exothermal decomposition immediately fol-
lowing the endothermal melting peak. In such cases, the decomposition is faster
in the liquid than in the solid state. In an industrial environment, this could mean
that a hot spot may melt a small part of the solid, which begins to decompose, and
the decomposition may propagate through the entire volume of the product. In
such cases, the definition of a safe operation temperature becomes critical (see
Exercise 4.1 and Chapter 13).

5.3.2.2 Batch or Semi-Batch Process
For a first assessment of the thermal risks linked with the performance of a
batch or semi-batch process, the thermal stability of a reacting mixture is of
primary interest. As a kind of “minimum program,” a sample of the initial
reactant mixture, that is, before the reaction takes place, and a sample of the
final reaction mass, that is, after the reaction is completed, can be analyzed by
micro-calorimetric methods. This type of experiment delivers a “finger print”
of the energies to be released in the reaction mass; thus it is a very efficient
technique to identify potentially critical samples as a screening.

For the analysis of an initial reaction mass by DSC, the different reactants
must be prepared in the crucible at a temperature where no reaction takes
place. The reaction is then initiated during the temperature ramp, giving a first
peak (Figure 5.2a), and if there is one, the decomposition of the final reaction
mass will be triggered at higher temperatures and deliver a second peak on the
thermogram. A sample of the final reaction mass obtained from a laboratory
experiment can be analyzed in the same way. In this second thermogram,
only the decomposition of the final reaction mass, if there is one, will appear
(Figure 5.2b).

For semi-batch reactions, it is wise to analyze a sample of the mixture present
in the reactor before feed of the reactant is started. In fact, this mixture is often
preheated to the process temperature before feeding, hence it is exposed to the
process temperature, and it could be useful to interrupt the process at this stage,
in case of necessity. Such a thermogram assesses the thermal risks linked with
such a process interruption (see case history at the beginning of this chapter).

Another powerful technique to provide thermal information on main and
secondary reactions is to use Calvet calorimetry. The calorimeter C80, commer-
cialized by SETARAM (see Section 4.3.2), provides a mixing cell that allows two
reactants to be brought to reaction temperature in two compartments separated
by a membrane. Once the instrument is thermally equilibrated, the membrane
is broken, and the reactants are allowed to mix, starting the reaction. After
the reaction has been completed under isothermal conditions, the instrument
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Figure 5.2 Typical DSC thermograms obtained from samples of a reaction mass. The
reactant’s mixture (a) shows two peaks corresponding to the main and secondary reactions.
The thermogram from the final reaction mass (b) only shows the peak corresponding to the
secondary reaction.

Figure 5.3 Thermogram in a
Calvet calorimeter showing the
main reaction performed
under isothermal conditions
and the secondary reaction
triggered during the
temperature ramp (thermal
signal, solid line; baseline, short
dashes; temperature, long
dashes; pressure, dash-point
line).

q

bl

T

P t

is heated in the scanning mode to trigger secondary reactions (Figure 5.3).
The advantage of this technique is to provide thermal and pressure information
in one experiment in a very efficient way.

The thermal risks identified by these techniques can be assessed using the
criteria presented in Chapter 3. Samples showing low energies corresponding
to an adiabatic temperature rise below 50 K and no pressure can be considered
thermally safe and do not need to be analyzed further. If the energy is signif-
icant, the triggering conditions must be assessed by the techniques presented
in Chapter 10. In this sense, the dynamic (scanned) experiments present an
efficient way of screening thermal risks.
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Figure 5.4 Formation of instable intermediates during the catalytic hydrogenation of nitro
aromatic compounds. The decomposition of phenyl hydroxyl amine (I) is shown in the
thermogram at 70% of hydrogen uptake. The decomposition of the nitro aromatic compound
(D) decreases as the hydrogenation progresses.

5.3.2.3 Intermediates
Many reactions do not lead directly from the reactants to the product in a single
step. Often intermediates may appear, even if they are not isolated. Such inter-
mediates may be unstable, which presents a specific thermal risk. An example
is given by the hydrogenation of an aromatic nitro group to the correspond-
ing amine. Such a reduction runs over different steps, and one of the reaction
paths presents consecutive steps leading to the corresponding nitroso compound
that, in turn, is reduced to the hydroxylamine and finally to the amine [24–26].
Hydroxyl amines are known to be unstable. In fact, they may lead to a dispropor-
tionation reaction (redox reaction) without hydrogen uptake. Since this reaction
is exothermal, it presents a thermal risk that must be assessed (Figure 5.4). Such
reactions have led to incidents in the past [27].

5.3.3 Assessment of Process Deviations

During the risk analysis of chemical processes, diverse deviations from normal
operating conditions must be assessed, among them charging errors, especially
in batch or semi-batch processes representing a particularly important deviation
category. Since the DSC operates with small sample sizes and requires only a
short time to obtain experimental results, it is a method of choice for investigation
of the effect of charging error on the thermal stability of reaction masses.

Moreover, the DSC technique investigates other types of deviations, such as
the effect of the solvent or catalytic effects due to impurities.

5.3.3.1 Effect of Charging Errors
There are different types of charging errors, which may have an important
impact on the thermal stability of the reaction mixture. The type of deviation
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to be considered is defined by the risk analysis that takes into account not
only the nature of the process but also the industrial environment. The most
probable error in industrial operation is charging the wrong amount of required
reactant. To give an example, when charging a solid reactant from bags, the
number of bags charged could deviate if no appropriate measures are taken. The
identification of the reactants may also be critical. In this context, the type of
packaging used plays a key role. Such deviations can easily be analyzed by DSC,
since the technique allows the preparation of different deviating charges. The
result can be interpreted on the dynamic thermograms obtained under these
deviating conditions.

Worked Example 5.2 Charging Error

As an example, in Figure 5.5, three different reactants are to be charged in a solvent.
The reaction should be performed as a batch reaction at 30 ∘C. During the risk anal-
ysis, the question was raised which reactant omission is more critical. Hence, it was
decided to study the thermal stability of the erroneous charges by DSC.

T (°C)

q′ (W kg−1)

−190 kJ kg−1

0

500

1000

0 100 200 300 400 500

−480 kJ kg−1

−640 kJ kg−1

A B B

Figure 5.5 Effect of a charging error in a complex recipe. In the first thermogram (solid
line), reactant A was omitted, and in the second (dashed line), reactant B was omitted.

The first thermogram (solid line) shows the thermal stability of the reaction mix-
ture with compound (A) omitted. The second thermogram (dashed line) shows the
thermal stability of the reaction mass with compound (B) omitted. Both thermo-
grams (Figure 5.5) give approximately the same overall energy, but in thermogram
(A) there is only one peak detected from about 30 ∘C. This would mean immedi-
ate triggering of the decomposition when starting the process. In the second case
(B omitted), there are two peaks, the first of them detected above 120 ∘C. Thus,
the probability of triggering this decomposition is significantly lower than in the
first case.

As a conclusion, it appears clear that measures must be taken to avoid omitting
the charging of compound (A); the omission of (B) is not as critical and requires
no special measure. Thus, based on two dynamic DSC thermograms, important
conclusions for the safety of the studied process can be drawn.
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5.3.3.2 Effect of Solvents on Thermal Stability
It is known that solvents may affect the reaction mechanism or reaction rate.
This is often the case for synthesis reactions, but may also occur for secondary
reactions. Therefore, the nature of the solvent may affect the thermal stability of
reaction masses. Thus, the effect of solvent on thermal stability should be checked
in the early stages of process development. Here again, thermal analysis by DSC
is a powerful technique, since it allows a rapid screening with some milligrams of
reaction mass. An example is given in Figure 5.6 representing isothermal DSC
thermograms of 1,3-dichloro-5,5-dimethylhydantoine in two solvents: In hep-
tane (S1), the decomposition is immediate, and as the maximum heat release
rate shows, it is violent. In tetrachlorocarbon, the reaction is delayed and less
violent, but such chlorinated solvents must be avoided due to their impact in the
environment. Here other solvents should be screened.

5.3.3.3 Catalytic Effects of Impurities
Traces of impurities, such as peroxides, rust, or metal ions originating from mate-
rial corrosion, may catalyze decomposition reactions. Such effects can easily be
checked by dynamic DSC analysis. The samples can be contaminated by relevant
impurities, as identified during risk analysis or from chemical knowledge in gen-
eral. As an example, Figure 5.7 shows the effect of 1.4% of sodium chloride on
the thermal stability of ammonium nitrate. Numerous examples are shown by
Grewer [7].

It is a good practice to check the sensitivity to metals by adding metal turnings
to a sample analyzed by DSC or Calvet calorimetry. The effect of the metal is then
amplified by its high ratio of the contact area to the volume. Thus this type of test
is very useful to reveal a catalytic effect but must be verified by a quantitative
surface to volume ratio.

Inversely, the addition of an inhibitor to stabilize a compound may be an ade-
quate measure to reduce the thermal risks due to decomposition. As an example,
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0

Figure 5.6 Decomposition of 1,3-dichloro-5,5-dimethylhydantoine in heptane (S1) and
tetrachlorocarbon (S2). Isothermal DSC thermograms recorded at 140 ∘C in gold-plated
pressure-resistant crucibles.
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Figure 5.7 Effect of a contamination by sodium chloride on the thermal stability of
ammonium nitrate.
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Figure 5.8 Study of the effect of zinc oxide on the decomposition of DMSO.

in Figure 5.8, the effect of adding zinc oxide to DMSO is shown [28]. This kind of
study determines the required inhibitor concentration after, for example, a dis-
tillation for solvent recovery.

5.4 Exercises

5.1 Potential Due to Gas Release
A thermally instable insecticide has to be transported in a 200 l drum. The
degree of filling is 90%, and the product has a specific weight of 860 kg m−3.
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The complete decomposition is accompanied by the evolution of 80 l of
gas kg−1 insecticide at 30 ∘C.

Question
1. Which percentage of the contents of the drum is allowed to decompose

if the drum resists to an overpressure of max. 0.45 bar. A storage tem-
perature of 30 ∘C is assumed.

5.2 Potential Due to Vapor Release
A chemical reaction is performed at 8 ∘C in cyclohexane. A secondary
decomposition reaction becomes dominant above 30 ∘C. In case of cooling
failure, the reaction mass will reach the boiling point, and cyclohexane will
evaporate.

Data

Thermal data Cyclohexane

Heat of reaction 80 kJ kg−1 Molecular weight 84 g mol−1

Heat of decomposition 140 kJ kg−1 Boiling point 81 ∘C
Specific heat capacity 2 kJ kg−1 K−1 Latent heat of evaporation 30 kJ mol−1

Lower explosion limit 1.3% v/v
Molecular volume 25 ∘C 25 l

Question
1. Calculate the volume of the flammable vapor cloud at 25 ∘C correspond-

ing to the runaway of 1 kg of reaction mass.

5.3 Quaternation of a Tertiary Amine by Alkylation with Benzyl Chloride
A tertiary amine should be alkylated with benzyl chloride to form a qua-
ternated salt. We propose a true batch process that is charging the start-
ing materials into a jacketed reactor without any solvent and heating to
the operating temperature of 145 ∘C using 5 bar steam. After the reaction
mixture is heated up to this temperature, it should be run to completion
adiabatically.
A dynamic DSC thermogram of a mixture of the starting materials prepared
at room temperature in a gold-plated pressure-resistant crucible is provided
in Figure 5.9.

Questions
1. Can you give an interpretation of the different signals of the thermo-

gram?
2. Do you approve the proposed procedure? State your reasons.
3. Would you require additional measurements?
4. In view of an eventual lowering of the operating temperature, can you

interpret the thermogram in the region 0–100 ∘C?
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Figure 5.9 DSC thermogram of reactant mixture in gold-plated pressure-resistant crucible.

5.4 Vapor Release
A reaction is performed at 30 ∘C in ethanol as a solvent (boiling point 78 ∘C),
and the maximum accumulation of non-converted reactants corresponds to
an adiabatic temperature rise of 70 ∘C.
1. How much larger will the vapor cloud be if we use methanol (boiling

point 65 ∘C) instead of ethanol. We assume that both alcohols have the
same latent heat of evaporation and both reaction mixtures have same
heat capacity.

2. How will the volume flow rates of the vapor compare?
Hint: Use van’t Hoff rule the reaction rate doubles for a temperature
increase by 10 ∘C.

3. Which solvent would you recommend to use?
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6

General Aspects of Reactor Safety

Case History “Process Deviation”

A pharmaceutical intermediate was initially produced at a scale of 500 kg
(product) per batch in a 2.5 m3 reactor. The reaction was the condensation of an
amino–aromatic compound with an aromatic chloride to form a diphenylamine
by elimination of hydrochloric acid. This acid was neutralized in situ by sodium
carbonate, forming water, sodium chloride, and carbon dioxide. The manufactur-
ing procedure was very simple: The reactants were mixed at 80 ∘C, a temperature
above the melting point of the reaction mass. Then the reactor was heated with
steam in the jacket to a temperature of 150 ∘C. At this temperature, the steam
valve had to be closed and the reaction left to proceed for further 16 hours. During
this time, the temperature increased to a maximum of 165 ∘C. Several years later,
the batch size was increased to 1000 kg per batch in a 4 m3 reactor. Two years
after this a further increase to 1100 kg was decided.

Six months after this final increase, following a break for the Christmas holidays,
the first batch of a new campaign had to be started. As one of the reactants was
discharging from the storage tank by pumping it into the reactor, the transfer line
plugged due to the cold weather. Due to an urgent demand on this product, it
was decided to charge the reactor by transferring the reactant using drums. The
reaction was started by heating as usual, but instead of shutting the steam valve at
150 ∘C, this was done later as the reactor temperature reached 155 ∘C. On check-
ing the reactor, the operator saw that the reaction mass was boiling: some refluxing
liquid was visible in the riser. Since the condensate was not returned to the reac-
tor, the solvent was distilled off, leading to an increase in the concentration and
the boiling point of the reaction mass. This evaporation proceeded so rapidly that
the pressure in the reactor increased and led to a discharge through the pressure
relief system. A major part of the reaction mass was released to the outside, but
the pressure continued to increase. Finally the reaction mass was spread over the
entire plant through the gaskets of the riser.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The consequences were an interruption of the whole plant for two months.
For the particular process involved in the incident, the interruption was over six
months. The material damage was several millions of US dollars.

The inquiry showed that the process was operated in the parametric sensitive
range. As the batch size was increased to 1100 kg, the maximum temperature dur-
ing the holding phase increased to 170 ∘C. Moreover, the thermometer had a range
of 200 ∘C from −30 ∘C to +170 ∘C, because the reactor was multipurpose equip-
ment also equipped with a brine cooling system. Thus, the technical equipment
was not adapted to the process conditions.

Lessons Drawn

Neither the process conditions nor the technical equipment of the reactor were
adapted to the nature of the reaction. Moreover the effect of the increase in batch
sized was overlooked. The process had to be changed to semi-batch operation in
order to ensure a safe control of the reaction.

Introduction

In the present chapter, some important aspects of reactor stability and the cor-
responding assessment criteria for normal operating conditions are presented in
Section 6.1. In Section 6.2, the assessment criteria for deviating conditions, such
as cooling failure, are introduced.

A chemical reactor is considered to be safe when the reaction course can be
easily controlled. Therefore, with regard to thermal process safety, the control
of the reactor temperature will play a key role. For this reason the heat balance
of reactors must be thoroughly understood to ensure the design of a safe
process. The different terms entering into the heat balance are presented in
Section 2.3. A well-understood heat balance allows designing safe reactors under
normal operating conditions. In some instances, the heat balance may present a
so-called parametric sensitivity, that is, the behavior of the reactor may change
dramatically for only small changes in the governing operating parameters.
The reactor stability can be characterized by some stability criteria, which are
described in Section 6.1.

Moreover, reactor safety also requires fulfilling a more ambitious objective, that
is, to design a reactor that will remain stable in case of mal-operation. The result
will be a robust process toward deviations from normal operating conditions.
This goal can be reached if the accumulation of non-converted reactants is con-
trolled and maintained at a safe level during the course of reaction. The concept
of maximum temperature of synthesis reaction (MTSR) was introduced for this
purpose. This point is described in Section 6.2.

In Section 6.3, examples of reactions that are used in the following chapters are
described.



6.1 Dynamic Stability of Reactors 157

6.1 Dynamic Stability of Reactors

6.1.1 Parametric Sensitivity

The differential equations governing a non-isothermal batch reaction describe
the material balance coupled to the heat balance (see also Section 2.3.2):⎧⎪⎨⎪⎩

dX
dt

= k(1 − X)

mrc′p
dT
dt

= V (−ΔrH)C0
dX
dt

+ UA(Tc − T)
(6.1)

By rearranging and expressing the kinetic constant as a function of temperature,
one obtains⎧⎪⎨⎪⎩

dX
dt

= k0e−E∕RT C0(1 − X)

dT
dt

= ΔTad
dX
dt

+
UA(Tc − T)

mrc′p

(6.2)

Thus the temperature course in a reactor depends on the following terms:

• The adiabatic temperature rise, which describes the energy contents of a reac-
tion mass.

• The cooling rate defined by the overall heat exchange coefficient, by the heat
exchange area, and by the temperature difference between reaction mass and
cooling medium.

• The heat production rate by the reaction and its temperature dependence.

The cooling capacity depends linearly on temperature, whereas the heat pro-
duction rate depends exponentially on the temperature following the Arrhenius
law. This may result in extremely high temperature maxima, if the control is not
appropriate. Thus, it is important to characterize the effect of temperature on the
heat balance.

This problem was studied by many authors [1–9]. A comprehensive review has
been presented by Villermaux [10] and Morbidelli and coworkers [11].

6.1.2 Sensitivity Toward Temperature: Reaction Number B

Since the sensitivity of the reaction rate toward temperature and therefore of the
heat release rate of a reaction dominates the heat balance, it is important to define
a criterion as an indicator of this effect. By differentiation of the reaction rate with
temperature, one obtains

r = k0e−E∕RT C0(1 − X) (6.3)
dr
dT

= k0e−E∕RT C0(1 − X) ⋅ E
RT2 = r ⋅ E

RT2 (6.4)
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Figure 6.1 B numbers calculated for a temperature of 373 K as a function of the adiabatic
temperature rise. The parameter is the activation energy varied from 50 to 200 kJ mol−1.

Thus, the relative variation of the reaction rate with temperature is
d(r)∕r

dT
= d ln(r)

dT
= E

RT2 (6.5)

The term E
RT2 is called the temperature sensitivity. By multiplying this with the

adiabatic temperature rise, one obtains a dimensionless criterion, also named
reaction number or dimensionless adiabatic temperature rise:

B =
ΔTad ⋅ E

RT2 (6.6)

Thus, the higher the activation energy, the more sensitive to temperature the
reaction rate will be. High B-values indicate a reaction that is difficult to control
(high adiabatic temperature rise and high sensitivity to temperature). Some val-
ues, calculated for 100 ∘C, are represented in Figure 6.1. As an example, P. Hugo
[6] showed that reactions with B-values above 5 are difficult to control in batch
reactors. But this criterion alone gives no information on the heat removal by
the reactor heat exchange system. Thus, more comprehensive criteria involving
a heat balance have to be used.

6.1.3 Heat Balance

In this section different criteria developed on the basis of a heat balance are con-
sidered. The criteria described here represent a selection of not only easy-to-use
but also more advanced criteria allowing discriminating between dynamically
stable situations and situations where runaway is likely to occur. Then further
their use is described in Chapters 7–9.
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6.1.3.1 The Semenov Criterion
In Section 2.4.2, the Semenov diagram was used to show the critical cooling
medium temperature. In the same way it allows discrimination of a stable oper-
ation conditions from a runaway situation. A stable operation is achieved for a
limit value of the Semenov criterion Se (also called Semenov number):

Se =
q0E

UART0
2 <

1
e
≃ 0.368 (6.7)

This condition was established for zero-order reactions and is valid for highly
exothermal reactions, resulting in a high temperature increase even for low
degrees of conversion. In this criterion, beside the heat removal properties of the
reactor, only the heat release rate at process temperature (q0) and the activation
energy (E) of the reaction are required. This criterion was recently extended for
other reaction rate equations by Hugo [12] (see also Section 2.4.5).

6.1.3.2 Stability Diagrams
A more comprehensive approach consists in studying the variation of the
Semenov criterion as a function of the reaction energy. Such an approach
is presented in [13], where the reciprocal Semenov criterion is studied as a
function of the dimensionless adiabatic temperature rise. This leads to a stability
diagram similar to Figure 6.2 [11, 14]. Note that the border between the area
of parametric sensitivity, where runaway may occur, and the area of stability is
not a sharp border line: it depends on the models used by the different authors.
For safe behavior, the ratio of cooling rate over heat release rate must be higher
than the potential of the reaction, evaluated as the dimensionless adiabatic
temperature rise.

6.1.3.3 Heat Release Rate and Cooling Rate
By considering the heat balance and its variation with temperature, it is obvious
that as long as the cooling capacity increases faster with temperature than the
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Figure 6.2 Stability diagram presenting the variation of the reciprocal Semenov criterion as a
function of the dimensionless adiabatic temperature rise.
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heat release rate does, the situation is stable, as was considered in Section 2.4.4
for calculating the critical temperature:

𝜕qex

𝜕T
>>

𝜕qrx

𝜕T
(6.8)

with
𝜕qex

𝜕T
=
𝜕[UA(T − Tc)]

𝜕T
= UA (6.9)

and
𝜕qrx

𝜕T
=
𝜕[k0e−E∕RT ⋅ f (X) ⋅ CA0 ⋅ (−ΔrH)]

𝜕T
= E

RT2 ⋅ r ⋅ (−ΔrH) (6.10)

which results in
𝜏r

𝜏c

RT2

ΔTadE
≫ 1 (6.11)

where 𝜏r is the characteristic reaction time defined in Eq. (6.15) and 𝜏c is the
thermal time constant of the reactor defined in Eq. (6.16). This criterion was con-
firmed and refined by simulation analysis [14], which considers the initial reaction
rate:

𝜏r0

𝜏c
=
𝜏rc0

𝜏c
≫

(ΔTadE
RT2

c

)1.2

= B1.2 (6.12)

This criterion is a so-called “sliding” criterion, since it is established for time 0 but
may be applied for any time (sliding). It also represents a summary of the stability
diagrams presented in Section 6.1.3.2. The exponent 1.2 of B introduces a safety
margin. This criterion uses a comprehensive knowledge of the reaction kinetics.

6.1.3.4 Using Dimensionless Criteria
For reactions following an nth-order kinetic scheme, the reaction rate can be
characterized by a dimensionless number, the Damköhler criterion [15],

Da =
rA𝜏r

C0
(6.13)

or by expressing the reaction rate explicitly,

Da = kCn−1
0 𝜏r (6.14)

This Damköhler criterion is the Damköhler number of type I (DaI). Other
Damköhler numbers were defined [13]: type II used to characterize the material
transport at the surface of a solid catalyst, type III used to characterize the con-
vective heat transport at the catalyst surface, and type IV used to characterize
the temperature profile in a solid catalyst.

For batch reactions, the reaction time 𝜏r is defined at a reference temperature,
the cooling medium temperature, as

𝜏r =
1

k(Tc) ⋅ C0
n−1 (6.15)
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The other side of the heat balance, the cooling rate, can be characterized by the
thermal time constant of the reactor:

𝜏c =
𝜌Vc′p
UA

(6.16)

By dividing the reaction time by the thermal time constant, one obtains a
dimensionless number, the modified Stanton criterion:

St =
UA ⋅ 𝜏r

mR ⋅ c′p
=

UA ⋅ 𝜏r

𝜌 ⋅ V ⋅ c′p
=
𝜏r

𝜏c
(6.17)

The modified Stanton criterion compares the characteristic reaction time with
the thermal time constant of the reactor. The time can be eliminated from the
equations by building the ratio:

Da
St

=
k ⋅ Cn−1

0 𝜌 ⋅ V ⋅ c′p
UA

<< 1 (6.18)

This criterion, as in Eq. (6.12) [7], uses a comprehensive kinetic description of
the reaction. In fact, this ratio allows comparison of the characteristic time of the
reaction rate with the cooling rate. It is strongly affected by a change in the reactor
size, as explained in Section 2.3.1.2. Moreover, it varies nonlinearly with reactor
size. Hence it is especially important to consider its effect during scale-up.

In a more recent study [16], Westerterp and Molga introduced a set of dimen-
sionless numbers: cooling (Co), reactivity (Ry), and exothermicity (Ex) character-
izing the stability of heterogeneous slow liquid–liquid reactions in the semi-batch
reactor: 𝜈AA+ 𝜈BB→ 𝜈CC + 𝜈DD with A the initially charged reactant and B the
fed compound. Then Da = kCAtfd

Co = U ∗ Da
𝜀

= Wt =
(UA)0 ⋅ tfd

(V𝜌c′p)0𝜀

Ry =

𝜈B

𝜈A
m ⋅ Dac

(RH + U∗ ⋅ Da∕𝜀)𝜀

Ex =
ΔTad,0 ⋅ E∕R

T2
c (RH + U∗ ⋅ Da∕𝜀)𝜀

(6.19)

with U∗ = (UA)0

(𝜌c′pVkCA)
In these equations, 𝜀 represents the relative volume increase due to the feed

and RH the ratio of the heat capacities of both liquid phases. The index 0 refers to
initial conditions, before start of the feed. By representing the reactivity number
as a function of the exothermicity number (Figure 6.3), different regions can be
distinguished:

• The region where runaway occurs is clearly delimited by a boundary line.
• Above this region, for a high reactivity, the reaction is operated in the quick

onset, fair conversion, and smooth temperature profile (QFS) conditions and
leads to a fast reaction with low accumulation and easy temperature control
(see Section 8.4).
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Figure 6.3 Schematic
representation of the operating
conditions for a slow reaction in the
continuous phase showing the
boundary line for runaway
conditions and the different
characteristic behaviors.

• In the low exothermicity region, the thermal power may not lead to a critical
situation: the system remains harmless.

• In the low reactivity region, the reaction is not ignited, meaning that the reac-
tion rate and consequently the conversion remain low, which impinges the
productivity.

Such diagrams are obtained for different values of the parameters RH , U*(Da)/𝜀
and the cooling number Co, presently called Westerterp number (Wt) [17]. The
authors demonstrated that Wt is the key parameter affecting the behavior of the
system. Since it is controlled by the operating parameters, it can easily be calcu-
lated during process development and scale-up.

6.1.3.5 Chaos Theory and Lyapunov Exponents
This criterion is based on a sophisticated mathematical approach and therefore is
not as easy to use as the preceding criteria. Nevertheless, this approach represents
an advanced technique in this field. It was developed by Strozzi and Zaldivar and
coworkers [7–9, 18–21].

The Lyapunov exponents describe the behavior of two neighboring points of
a system in the phase space as a function of time. If the Lyapunov exponent is
positive, these points diverge from each other; if it is negative, they converge.
This is an indicator of the system’s sensitivity. For a batch reactor, the Lyapunov
exponents are defined as a function of time:

𝜆j(t) =
1
t

log2

Lj(t)
Lj(0)

, for j = 1, 2,… ,m (6.20)

The state variables define an ellipsoid in the state space, where Lj(0) and Lj(t) are
the lengths of the j-axis of the ellipsoid at t = 0 and t = t. This gives the evolution
of the m-sphere in the state space. The volume is given by

V (t) = 2[𝜆1(t)+𝜆2(t)+···+𝜆m(t)]⋅t (6.21)
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The sensitivity toward an input parameter 𝜙 is given by

s(V , 𝜙) =
Δ{maxt2[𝜆1(t)+𝜆2(t)+···+𝜆m(t)]⋅t}}

Δ𝜙
(6.22)

This criterion allows distinguishing two states in a batch reactor, no runaway and
runaway. For the semi-batch reactor, there are four different states, no ignition,
runaway, marginal ignition, and QFS.

The advantage of this criterion is that it can be computed online, based only
on temperature measurements, without the necessity of a model of the process
[9]. The method uses a reconstruction of the phase space using only one state
variable. This allows building a warning system for detecting a runaway situation:
this aspect is presented in Section 15.3.6.

6.1.3.6 Topological Tools
Copelli and coworkers [22, 23] developed topological criteria allowing for the
classification of the behavior and also for the optimization in terms of produc-
tivity and safety of semi-batch reactors. A topological analysis of the phase space
associated with the system of ordinary differential equations describing the pro-
cess allows developing criteria for the detection of runaway boundary, the QFS
profiles, and the marginal ignition boundary. The safety aspects that are consid-
ered are the control of the main reaction and avoidance of secondary reactions.
This tool is applied to semi-batch reactors working in the isoperibolic and in the
isothermal modes.

6.2 Reactor Safety After a Cooling Failure

All methods described above only consider the reaction system under normal
operating conditions. The control of the reaction course under nominal operation
is clearly a prerequisite for process safety. Nevertheless, in case of deviation from
normal operation, for example, a technical failure, the process should not lead to a
safety critical situation. Considering the thermal safety, the most critical failure is
the failure of the heating/cooling system. Therefore we consider a cooling failure
that may be due to lack of coolant, failure of the stirrer, failure of the temperature
controller, etc.

6.2.1 Potential of the Reaction, the Adiabatic Temperature Rise

The first criterion is the adiabatic temperature rise. It is static and gives an indica-
tion of the excursion potential of a reaction. The higher the adiabatic temperature
rise, the higher the final temperature will be if the cooling system fails. Its value
can be obtained from Eq. (2.4):

Tf = Tp + ΔTad < Tma (6.23)

Here Tma represents a maximum allowed temperature. This can be defined to
avoid triggering secondary reactions or to avoid high pressures. In fact, it corre-
sponds to the worst-case approach presented in Section 3.2.



164 6 General Aspects of Reactor Safety

The heat balance in Eq. (2.22) also shows that highly exothermal reactions will
be more difficult to control than low exothermal reactions, as even for small
increases in conversion, the increase in temperature becomes important (see
Section 2.3.3). Further, the severity in the event of an incident may be higher.

6.2.2 Temperature in Case of Cooling Failure: The Concept of MTSR

If a cooling failure occurs while an exothermal reaction is being performed, the
non-converted reactants will react away without cooling, causing a temperature
rise above the intended reaction temperature. Therefore a temperature range
may be reached where secondary reactions could become dominant or where the
vapor pressure of the system could surpass the maximum allowed working pres-
sure of the reactor. In order to predict the consequences of the loss of control of
a desired reaction, it is necessary to know the maximum temperature, which can
be reached by the synthesis reaction (MTSR) under adiabatic conditions [24, 25].
Here, only the heat of the desired (synthesis) reaction is considered. The tem-
perature level (Tcf ), which can be reached in a cooling failure, is a function of
the process temperature (Tp) of the degree of accumulation (Xac) and of the total
adiabatic temperature rise (ΔTad):

Tcf = Tp + Xac ⋅ ΔTad (6.24)

The degree of accumulation is the fraction of the total heat of reaction that has
not yet been released at a time t:

Xac(t) = 1 − X =
∫

∞
t qrx d𝜏
∫

∞
0 qrx d𝜏

= 1 −
∫

t
0 qrx d𝜏

∫
∞

0 qrx d𝜏
(6.25)

Since the process temperature, as well as the degree of accumulation, may vary
during the reaction, the temperature after cooling failure (Tcf ) depends strongly
on the strategy of control of the reaction. The temperature Tcf is a function of
time. Thus, for the prediction of the behavior of a reactor when there is a cooling
failure, the knowledge of the instant at which it is maximum is an important point.
The assessment of the process safety and the design of safety measures will be
based on the MTSR corresponding to the maximum of Tcf :

MTSR = [Tcf ]max (6.26)

Note: When working at low temperatures (below ambient), the MTSR may be taken
as the ambient temperature in case of cooling failure, even if the adiabatic temper-
ature rise would not allow it to reach this point. This is because a reactor left at a
sub-ambient temperature will equilibrate with its surroundings.

The MTSR is a key parameter in the assessment of the thermal safety of a pro-
cess; it is the result of loss of control of the main reaction; the accumulation of
non-converted reactants defines the MTSR. It is also the starting point of sec-
ondary reactions: the tmrad is calculated starting from MTSR. Therefore it is a
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link between the two parts of the cooling failure scenario: main reaction and sec-
ondary reaction (Figure 3.2).

6.3 Example Reaction System

In Chapters 7, 8 and 9, an example reaction system is used for illustrating pur-
poses. In order to focus on thermal aspects of reactor safety, no explicit chemistry
is specified, but a general reaction scheme is used instead:

A + B
k1−−−−→P

k2−−−−→ S (6.27)

The first reaction is the synthesis reaction, a single bimolecular second-order
reaction with the rate equation

−rA = k1 ⋅ CA ⋅ CB (6.28)

The second reaction is a first-order decomposition reaction of the product P, with
a rate equation

−rP = k2 ⋅ CP (6.29)

This reaction scheme is used in two variants, a fast reaction called the addition
reaction and a slow synthesis reaction called the substitution reaction. The ther-
mal and kinetic data are summarized in Table 6.1. The decomposition reaction
presents a heat release rate of 10 W kg−1 at 150 ∘C. Together with the activation
energy, this heat release rate allows calculating the time to explosion (tmrad) as a
function of temperature. The amounts of reactants to be used in discontinuous
operations are summarized in Table 6.2. The solvent used has a boiling point of
140 ∘C at atmospheric pressure.

The reactor to be used is a 4 m3 stainless steel stirred tank following DIN
Standards [20]. It is equipped with an indirect heating cooling system using a
monofluid (water–diethylene glycol mixture) circulating in a heat exchanger
system providing three temperature levels: steam 5 bar 150 ∘C, water 5 ∘C, and
brine −15 ∘C. The temperature control may be jacket mode (isoperibolic) or a
cascade controller, controlling the internal temperature either in the isothermal

Table 6.1 Thermal and kinetic data for the example reactions used in Chapters 7–9.

Data Substitution reaction Addition reaction Decomposition

Enthalpy −150 kJ mol−1 −150 kJ mol−1 −575 kJ mol−1

Specific heat capacity 1.7 kJ kg−1 K−1 1.7 kJ kg−1 K−1 1.7 kJ kg−1 K−1

Activation energy 60 kJ mol−1 60 kJ mol−1 100 kJ mol−1

Pre-exponential factor 109 kg mol−1 h−1 1011 kg mol−1 h−1 7× 1010 h−1

Concentration CA0 3 mol kg−1 3 mol kg−1 —
Final concentration 2 mol kg−1 2 mol kg−1 —
Molar ratio M = B/A 1.25 1.25 —
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Table 6.2 Charge for discontinuous operation.

Compound Mass (kg) Moles Mole ratio

A 2000 6000 1.0
B 1000 7500 1.25
Total 3000 — —

Density: 1000 kg m−3.

Table 6.3 Reactor characteristics.

Characteristics Values

Nominal volume 4 m3

Material Stainless steel
Maximum working volume 5.1 m3

Maximum heat exchange area 7.4 m2 at 3.4 m3

Minimum heat exchange area 3.0 m2 at 1.05 m3

Jacket type Half welded coils
Overall heat transfer coefficient 200 W m−2 K−1

Maximum heating temperature 150 ∘C
Minimum cooling temperature −15 ∘C with brine
Minimum cooling temperature +5 ∘C with water
Heating time constant (jacket) 0.20 h
Cooling time constant (jacket) 0.23 h

mode or following a defined temperature gradient. Its characteristics are
summarized in Table 6.3.

Example 6.1 Safety Criteria Applied on the Example Reaction

In order to assess the dynamic stability of the example reaction in the reactor
described above, we can apply different criteria as described in Section 6.1. The
following criteria are used: Semenov equation (6.7), Villermaux (6.12), and the ratio
Da/St equation (6.18). The reaction number B is also represented. Since they are a
function of the cooling system temperature, they were calculated as a function of
this temperature. The results are represented in Figure 6.4.

The last criterion Da/St says that this ratio must be significantly smaller than 1.
This may be interpreted as smaller than 0.1. This limit is reached for a cooling
medium temperature of approximately 30 ∘C at maximum. The limits corre-
sponding to the other criteria may be directly read from the intercept of the
representative curves. A similar interpretation of the Villermaux criterion shows a
maximum temperature of approximately 20 ∘C and finally the Semenov criterion
a temperature of 10 ∘C.



6.3 Example Reaction System 167

This results scattering merits an explanation:

The Semenov criterion means that for a cooling medium temperature above 10 ∘C,
the initial heat release rate of the reaction cannot be removed by the cooling
system. This delivers a broad enough margin for performing the reaction with a
cooling system temperature below this level. This is a static criterion.

The Villermaux criterion and the Da/St criterion are dynamic stability criteria,
meaning that with a cooling medium temperature above the limit level,
20–30 ∘C, the reactor will be operated in the instable region and present the
phenomenon of parametric sensitivity. If, instead of B1.2, B is used, both criteria
lead to the same result. This should not be surprising since they derive from the
same heat balance considerations, that is, the heat release rate of the reaction
increases faster with temperature than the heat removal does.
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Figure 6.4 Dynamic stability criteria as a function of the cooling system temperature.
Squares represent the Villermaux criterion, triangles represent the Semenov criterion, and
stars represent the ratio Da:St.

The thermal data of the reaction are summarized in Table 6.4. It should be
noted that these criteria do not use any explicit kinetic data, but only the results of
calorimetric experiments. For the decomposition reaction, by taking the activation
energy into account, the safety limits of T D24 = 113 ∘C and T D8 = 122 ∘C may be
established, according to the assessment criteria presented in Section 3.2.3. The
activation energy may be determined, for example, from differential scanning
calorimetry (DSC) experiments, as described in Chapter 10. Without knowledge
of the process conditions of temperature and feed rates, the assessment remains
global, as shown in Table 6.4. More detailed assessment will be provided in
Sections 7, 8 and 9, for different reactor types and process conditions.



168 6 General Aspects of Reactor Safety

Table 6.4 Thermal data for the safety assessment.

Safety relevant data Value and assessment

Specific heat of main reaction 300 kJ kg−1a)

Specific heat capacity of reaction mass 1.7 kJ kg−1 K−1

Adiabatic temperature rise of main reaction 176 K
Severity in case of runaway Medium
Specific heat of secondary reaction 1150 kJ kg−1a)

Adiabatic temperature rise of secondary reaction 676 K
Severity in case of runaway of secondary reaction High
High probability for triggering secondary reaction Above TD8 = 122 ∘C
Low probability for triggering secondary reaction below TD24 = 113 ∘C

a) Reference is final reaction mass.
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7

Batch Reactors

Case History “Scale-Up from Semi-batch to Full Batch”

On 9 April 1998, a condensation reaction of an amine with o-nitro-chlorobenzene
(o-NCB) led to a runaway reaction with heavy consequences: nine injured employ-
ees, two of them with severe injuries, the release of potentially hazardous material
into the community, and extensive damage to the plant [1].

On the day of the incident, the reactor was loaded as usual with the full amount
of both reactants, and the lead operator started heating up the reactor to the
intended process temperature of 150 ∘C by applying steam to the jacket. Soon he
was concerned about the rapid temperature rise that reached 100 ∘C within less
than half an hour. He decided to shut off the steam and apply cooling. Despite
these efforts to control the reaction, the temperature continued increasing and
surpassed the maximum intended process temperature of 150 ∘C. The reactor
began to vibrate, and soon liquid and gas began venting from the top of the
reactor. The temperature continued increasing extremely fast to 190 ∘C. The
pressure blew off the hatch from the top of the vessel, and finally the vessel
was driven into the floor below. A stream of gas and liquid that ignited erupted
through the roof of the building, raining down chemicals into the surrounding
community. Inhabitants of a neighboring city block were confined to their homes.
Firefighters and workers in neighboring business reported throat, eye, and skin
irritation.

Subsequent inquiries revealed the following:

• The synthesis reaction is initiated at 38 ∘C and begins to proceed rapidly from
75 ∘C:

• The reaction mixture decomposes violently (nitro compound) from 190 ∘C. This
was ignored by the workers.

• The process was initially developed as a semi-batch process in which o-NCB was
added by portions to the previously charged amine.

• During scale-up of the process, it was decided to run it as a full batch: both
reactants fully charged before heating the reactor.

• The reactor was not equipped with safety measures as a quench or dump
system. Also the pressure relief system was undersized.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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• The batch size was increased, which resulted in temperature excursions that
were not considered by the management.

• No hazard analysis involving thermal hazards was performed during the
scale-up.

Lessons Drawn

• The thermal hazards must be systematically considered, when process changes
(scale-up, increase batch size, etc.).

• Main reaction and secondary reactions must be considered under nominal oper-
ating conditions and under deviation from these conditions.

• Strongly exothermal processes require alarms, safety instrumentation, and risk
reducing measures as quench, dump, emergency cooling, emergency pressure
relief, etc.

• Operators must be trained and instructed about actions to be taken in case of
deviation from nominal process conditions.

Introduction

In Section 7.1, the general aspects of reaction engineering for batch reactors are
briefly presented. The mass and heat balances are analyzed, and it is shown that a
reliable temperature control is central to the safety of batch reactors. The different
strategies of temperature control and their consequences on reactor safety are
explained in Sections 7.2–7.7. For each strategy, the design criteria and the safety
assessment procedure are introduced. The chapter is closed by recommendations
for the design of thermally safe batch reactions.

7.1 Chemical Reaction Engineering Aspects of Batch
Reactors

7.1.1 Principles of Batch Reaction

In chemical reaction engineering, an ideal batch reactor is defined as a closed
reactor, meaning there is no addition and no removal of any components during
the reaction time. The prototype of this reactor is the autoclave, where all reac-
tants are charged into the reactor at the beginning of the operation (Figure 7.1).
The reactor is then closed and heated to reaction temperature, the temperature
at which the reaction is allowed to complete or at which a catalyst is added. After
the reaction is completed, the reactor is cooled and discharged. It is now ready
for a new cycle.

For our purposes, the definition of the batch reaction is extended to reactions
where a product is allowed to leave the reactor during the reaction, for example,
as a gaseous product or as vapor by distillation. This is because, in terms of ther-
mal process safety, the focus is the mean for reaction rate control. The reaction
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Figure 7.1 Batch reactor: For a single reaction of
the type A+ B→ P, both reactants A and B are
charged initially into the vessel. Therefore,
temperature control is practically the only way to
influence the reaction course.

A

B
P

rate is a function of temperature and concentration, but the concentration cannot
be influenced by external means such as progressive addition of a reactant. Thus,
in the batch reactor, the only way to control the reaction rate is with temperature.
Therefore, the heat exchange system becomes very important, and its failure may
have serious consequences. Nevertheless, in certain cases of heterogeneous reac-
tions, with mass transfer control, the stirrer may also provide a means of control-
ling the reaction rate by influencing mixing. The way in which the temperature is
controlled plays a central role. This point will be discussed in detail in this chapter.

7.1.2 Mass Balance

In general, the overall mass balance written for the molar flow of a reactant com-
prises four terms:[

Flow into
the reactor

]
=
[

Flow out of
the reactor

]
+
[

Rate of
disappearance

]
+
[

Rate of
accumulation

]
(7.1)

Since, by definition, there is no reactant flow into or out of the reactor, the first
two terms are equal to zero. The remaining balance is[

Rate of
disappearance

]
= −

[
Rate of

accumulation

]
(7.2)

The rate of disappearance of a reactant A due to the reaction is proportional to
the reaction rate and to the volume of the fluid (−rAV ). The rate of accumulation
is equal to the variation of the number of moles of A present in the reactor per
unit of time [2]:

dNA

dt
=

d[NA0(1 − XA)]
dt

= −NA0
dXA

dt
(7.3)
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Thus the material balance becomes

−rAV = NA0
dXA

dt
⇔

dXA

dt
=

−rA

CA0
(7.4)

and after integration, we obtain

t = NA0
∫

XA

0

dXA

(−rA)V
(7.5)

This expression is also called the performance equation of the reactor [3] and
calculates the time required to achieve a certain conversion in a given reactor, or
the reactor volume required to achieve a defined conversion in a given time.

7.1.3 Heat Balance

Only a simplified heat balance is considered here:

qac = qrx − qex ⇔ 𝜌Vc′p
dTR

dt
= (−rA)V (−ΔrH) − UA(Tr − Tc) (7.6)

or rearranged so as to enhance the variation of temperature with conversion [4]

dTr

dt
= ΔTad

−rA

CA0
− UA
𝜌Vc′p

(Tr − Tc) (7.7)

Dividing Eq. (7.7) by (7.4), the equation of the trajectory TR = f (XA) can be
obtained:

dTr

dXA
= ΔTad −

UACA0

𝜌Vc′p(−rA)
(Tr − Tc) (7.8)

The trajectory is a useful tool in the study of strategies of temperature control. For
an adiabatic reaction the trajectory is linear, and any cooling results in a deviation
from this linear trajectory. This tool is demonstrated in the next Section 7.1.4.

7.1.4 Strategies of Temperature Control

If batch reactions are occasionally at constant temperature (isothermal), most
reactions are started at a lower initial temperature, and the temperature is
increased to its desired value, sometimes by using the heat of reaction: the
reaction is performed under non-isothermal conditions. Different strategies of
temperature control are technically practiced:

• Isothermal reaction: the reaction medium is kept at constant temperature.
• Adiabatic reaction: no heat exchange at all.
• Polytropic reaction: using different control strategies throughout the process.
• Isoperibolic: with constant cooling medium temperature.
• Temperature controlled: the temperature of the reaction mass is directly

controlled by the heat exchange system.

These strategies are analyzed below.
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7.2 Isothermal Reactions

7.2.1 Principles

In practice, isothermal reactions are often initiated by a catalyst or by fast addition
of one of the reactants. The reaction mixture is brought to the initial reaction tem-
perature T0 without catalyst or without one of the reactants that is then added as
a one shot. This type of process is often encountered in polymerization reactions.

7.2.2 Design of Safe Isothermal Reactors

To realize isothermal conditions, the heat release rate of the reaction must be
exactly compensated by the heat exchange rate of the cooling system:

qrx = qex ⇔ −rAV (−ΔrH) = UA(Tr − Tc) (7.9)

This requires a cooling capacity at least equal to the maximum heat release rate of
the reaction. For single nth-order reactions, the maximum heat release rate takes
place at the beginning of the reaction (Figure 7.2) and can be calculated by the
rate equation, using the initial concentrations:

qrx = kCn
A0(−ΔrH)V (7.10)

For simple nth-order reactions that are described by only one rate equation,
the required temperature of heat carrier can be calculated by [5]

Tc = Tr −
kCn

A0(−ΔrH)V
UA

(7.11)

The required temperature of the cooling system can also be calculated from
the maximum heat release rate of the reaction, for instance, measured in a
calorimetric experiment, which does not require explicit knowledge of the
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Figure 7.2 First-order reaction under isothermal conditions. Strictly isothermal conditions can
practically be realized only at small scale and with a powerful temperature control system.
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kinetic parameters. Nevertheless, the maximum cooling capacity of the reactor
is required to control the temperature at the beginning of the reaction. In
the example shown in Figure 7.2, at the beginning the heat release rate of the
reaction is 50 W kg−1, whereas one hour later it is only the half of the initial
value. This results in a “waste” of cooling capacity; therefore purely isothermal
reactions are relatively seldom in industrial practice. Moreover, maintaining
isothermal conditions during a reaction at industrial scale would require an
extremely powerful cooling system, with very fast response. In order to illustrate
this, the temperature course of the substitution reaction example (see Table 6.1)
is presented in Worked Example 7.1.

A common way of increasing the cooling capacity of a reactor while main-
taining isothermal conditions is to perform the reaction at boiling point and use
evaporative cooling. This very efficient way of performing reactions presents
several advantages: the reaction temperature and hence the reaction rate are at
its maximum (at atmospheric pressure). Additionally, the cooling capacity can be
increased independently of the geometry of the reactor because the condenser
can be designed separately and also because the heat transfer occurs by con-
densation leading to higher heat transfer coefficients (see Section 14.2.5). In the
case of the example reaction, the boiling point is 140 ∘C; thus the reaction could
be isothermal under reflux even at lower temperatures by applying vacuum.
Nevertheless, in such a case, loss of vacuum must be considered during the
safety analysis: the boiling point shifts toward the normal boiling point, and the
safety barrier by evaporative cooling may be lost.

Worked Example 7.1 Substitution Reaction in Isothermal Batch Reactor

The example slow reaction (substitution reaction) as described in Section 6.3 must
be performed as a batch reaction. The reaction temperature must be chosen in
such a way as to obtain an economically reasonable reaction time, that is, shorter
than, for example, 10 hours, but low enough to limit the heat release rate. Thus,
it is a compromise: the temperature of 40 ∘C is chosen. The reactant B, preheated
at 40 ∘C, is added within six minutes to the precharged compound A. According
to Eq. (7.11), the substitution reaction requires a cooling medium temperature of
−5 ∘C. In fact, the initial heat release rate at 40 ∘C is 20 W kg−1, which represents
60 kW for the industrial reactor. Numerical simulations (Figure 7.3) under isother-
mal conditions show that even with a precooled jacket, the temperature of the
reaction mass could only be maintained roughly isothermal. The main problem is
not to realize the required cooling power, but to “track” the reaction dynamics with
the heating cooling system of the industrial reactor, which requires a fast respond-
ing heat exchange system. Thus, this type of temperature control can only be used
for weak exothermal reactions. A method anticipating the dynamic behavior of the
industrial reactor [6, 7] is presented in Section 14.4.

Another problem may arise in the case of loss of control: starting from 40 ∘C,
the maximum temperature of synthesis reaction (MTSR) is 216 ∘C. This tempera-
ture is much higher than the two limits of T D24 = 113 ∘C and T D8 = 122 ∘C. This
means that the secondary reaction is immediately triggered. Thus, a lack of control
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of the reactor temperature results in a thermal explosion. Moreover, the boiling
point of 140 ∘C is reached during runaway, which would result in pressure increase.
Eventually the reactor will burst, and there will be a flammable vapor release that
may lead to a secondary room explosion. The data are summarized in the scenario
presented in Figure 7.4.

109876543210
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–20
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qrx (W kg−1)

Tc (°C)

Tr (°C)

Figure 7.3 Example substitution reaction under quasi-isothermal conditions: The jacket
temperature (T c) must follow drastic dynamic changes in order to maintain the reaction
medium temperature (T r) only roughly constant.

Temperature

Time

tmrad =  ≫1 h

Main
reaction

MTSR = 216 °C

Process
temperature: 40 °C

Time of cooling failure: at start of reaction

Tf = 892 °C

Secondary
reaction

MTT = 140 °C

Figure 7.4 Cooling failure scenario for the example substitution reaction performed in an
isothermal batch reactor.
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7.2.3 Safety Assessment

The thermal potential is at its maximum at the beginning of the reaction, when
conversion has not yet occurred and it decreases as the reactants convert. Thus,
for reactions performed in the isothermal mode, the MTSR is given by

MTSR = T0 + ΔTad (7.12)

Hence the knowledge of the adiabatic temperature rise is sufficient to calculate
the MTSR. The data required for the safety assessment are the maximum heat
release rate of the reaction at the desired temperature (qrx) and the reaction
energy (Qrx). The first datum is needed to calculate the required cooling capacity
of the industrial reactor. The second calculates the adiabatic temperature rise
necessary to assess the behavior of the reactor in case of cooling failure. The
calorimetric techniques used for batch reactors are presented in Section 7.7.1.

7.3 Adiabatic Reaction

7.3.1 Principles

A reaction is performed under adiabatic conditions, if there is no heat exchange
with the surroundings, that is, no cooling. This means that the heat of reaction is
converted into a temperature variation: for exothermal reactions into a temper-
ature increase,

qrx = qac ⇔ mr ⋅ q′
rx = mr ⋅ c′p ⋅

dTr

dt
(7.13)

The final temperature can be calculated from the initial temperature T0, from
the specific heat of reaction, and from the specific heat capacity or from the
adiabatic temperature rise:

Tf = T0 +
Q′

rx

c′p
XA = T0 + ΔTad ⋅ XA (7.14)

Besides these purely static aspects, the dynamic behavior of an adiabatic batch
reactor must also be considered. The adiabatic temperature course is a func-
tion of the thermal properties of the reaction mixture. The adiabatic temperature
increase influences the final temperature as well as the rate of the temperature
increase. For highly exothermal reactions, even for small increase in conversion,
the increase in temperature is important (see Section 2.3.3).

7.3.2 Design of a Safe Adiabatic Batch Reactor

The choice of the initial reaction temperature is the key parameter for the design
of adiabatic batch reactors. It determines both the temperature range in which
the reactor will be operated and the time cycle of the reaction. Since the reaction
rate is an exponential function of the temperature, the initial temperature will
determine the reaction course. The initial temperature must be high enough to
allow the reaction to self-heat and also to be achieved within a reasonable time
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cycle. At the opposite, too high an initial temperature may lead to high pressure
due to the vapor pressure of the system, or a temperature range may be reached
where secondary reactions can be triggered. Too fast a temperature increase may
also cause mechanical stress to the reactor. Thus, its choice is of fundamental
importance for the safety aspects of the reaction.

It is obvious that adiabatic control is not appropriate for every reaction: the
adiabatic temperature rise must be limited to moderate values in order to avoid
too high a final temperature. Thus, only moderately exothermal reactions can be
performed under adiabatic conditions.

7.3.3 Safety Assessment

The cooling failure is not considered here, as the adiabatic reactor is designed
to work without cooling. If the conditions listed above are fulfilled, the adiabatic
batch reactor is inherently safe as far as the charge is guaranteed. The reaction
course is not affected by any eventual cooling failure or breakdown of utilities.
The batch reactor can be made safe only if it is designed for adiabatic conditions.

The methods used for the isothermal reactor can also be used here but must
be completed by a thermal study over the total temperature range in which the
reactor will be operated. Therefore, differential scanning calorimetry (DSC) in the
scanning mode, or adiabatic calorimeters such as the accelerating rate calorime-
ter or simply the Dewar flask, can be used.

7.4 Polytropic Reaction

7.4.1 Principles

A polytropic reaction means the reactor is designed to work neither under
isothermal conditions nor under adiabatic conditions. The reactor control
strategy applies different modes of temperature control at different stages
during the reaction. These different temperature control strategies may include
heating to the initial temperature where the reaction rate is sufficient to heat
the reaction mass, often followed by an adiabatic period up to a temperature
where the cooling system is used with its maximum capacity. Finally, after
passing a maximum in temperature, the temperature control system is used in a
regulated mode to stabilize the temperature to the desired value. The example
substitution reaction in the polytropic mode is shown in Figure 7.5. The reaction
is left under adiabatic conditions from 35 to 44 ∘C, where the cooling system is
switched on at its maximum capacity up to the desired reaction temperature of
100 ∘C. At this temperature, the control system is switched on, meaning that the
jacket temperature is controlled to maintain the reactor contents’ temperature
constant at 100 ∘C by a cascade-type controller.

Thus, the lower starting temperature controls the reaction temperature in a
smooth way. The polytropic reaction control is often used to this purpose. In addi-
tion, it detects the initiation of the reaction, proved by the temperature increase
during the adiabatic phase.
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Figure 7.5 Polytropic reaction: Temperature course (a) and heat release rate (b) of the reaction
corresponding to the example substitution reaction. The reactor is initially heated to 35 ∘C,
then left heating adiabatically to 44 ∘C (period a), where maximum cooling is switched on
(period b). Finally controlled cooling is applied, once the final temperature of 100 ∘C is reached
(period c).

In practice, adiabatic conditions are often realized by stopping the flow of the
heat carrier in the reactor jacket. In this way, the heat exchange with the jacket
is dramatically decreased, rendering the reactor quasi-adiabatic. Nevertheless,
in this case, the heat capacity of the reactor (wall, inserts, and jacket) must be
taken into account. This type of temperature control is often used for Grignard
reactions where the initiation is critical and must be detected in a sure way before
starting to feed the halogenated reactant.

7.4.2 Design of Polytropic Operation: Temperature Control

In polytropic operation, the choice of the initial temperature and the temperature
at which the cooling system is switched on is important for proper control of
the reaction. If the cooling system is switched on too late, the temperature may
overshoot the allowed maximum temperature. On the other hand, if it is switched
on too early, the reaction will be too slow or may not run to completion in a
reasonable time.
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Thus, the design of this type of reactor consists of the choice of the following
operating parameters:

• The initial temperature (T0)
• The temperature at which the cooling system is switched on at its maximum

capacity (Ts)
• The maximum allowed temperature (Tmax)

The last is fixed with respect to secondary reactions, or to the maximum pres-
sure allowed for the reactor.

As described in Section 6.1.1, this system is sometimes sensitive to the param-
eters Tc, Ts, U , A, etc. For example, the result is an amplification of the temper-
ature overshoot for very small variations in the switching temperature, Ts. This
is showed with the example substitution reaction with different switching tem-
peratures 43, 44, 45, and 55 ∘C (Figure 7.6). For the lower switching temperature
(43 ∘C) of the cooling system, the conversion cannot go to completion, the yield
(NP/NA0) remaining below 84%. At 44 ∘C, the maximum temperature remains
below the boiling point of 140 ∘C, and the yield is 100%. But for 45 ∘C, the temper-
ature surpasses 180 ∘C resulting in a sudden boiling of the reaction mass, perhaps
vapor release, and yield reaching only 93% due to the decomposition. At 55 ∘C,
the secondary reaction is triggered, and the maximum temperature would rise as
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Figure 7.6 Example substitution reaction in the polytropic batch reactor for different
switching temperatures of the cooling system. (a) Reactor temperature as a function of time.
(b) Yield (NP/NA0) as a function of time. The parameter is the temperature at which the cooling
system is switched on.
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Figure 7.7 Temperature-conversion trajectory for a polytropic reactor for the substitution
reaction example. The parameter is the switching temperature of the cooling system.

high as 840 ∘C. This temperature is theoretical, since the reactor would explode
long before the secondary reaction is completed. Obviously the yield falls to zero,
since P decomposes to form the secondary product S. This behavior confirms the
predictions made in the Worked Example 6.1 concerning the parametric sensi-
tivity: for example, the B number was found to be greater than 5.

The dynamic stability of the reactor can be studied by using the temperature-
conversion trajectory, as represented in Figure 7.7. During the adiabatic period,
the trajectory is linear with a slope equal to the adiabatic temperature rise. If
no cooling is applied, the maximum temperature Tmax would be reached for a
conversion X′

A,max:

X′
A,max =

Tmax − T0

ΔTad
(7.15)

In reality, after the cooling system has been switched on, the trajectory devi-
ates from its linear course proportionally to the amount of heat that has been
removed. Then the maximum temperature is reached for a higher conversion
found on the trajectory. Because this point is the maximum of the trajectory,
dT/dXA Eq. (7.8), one obtains

UA
𝜌Vc′p

=
(−rA,max)ΔTad

CA0(Tmax − Tc)
(7.16)

For a single second-order reaction with equal initial concentrations of both
reactants (CA0 = CB0), by substituting in Eq. (7.8) [4],

dT
dXA

= ΔTad

[
1 −

rA,max

rA

T − Tc

Tmax − Tc

]
(7.17)

= ΔTad

[
1 −

T − Tc

Tmax − Tc

(1 − XA,max

1 − XA

)2

exp
E(Tmax − T)
R ⋅ T ⋅ Tmax

]
(7.18)

Hugo et al. [8] analyzed systematically the behavior of such reactors by
integrating this equation for over 2800 different parameter sets. This work
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established the criteria for a controllable polytropic batch reactor. Controllable
means that the maximum temperature remains within a range defined by design.
Usually an overshoot of c. 10% of the total adiabatic temperature rise is tolerated.
The main problem for the controllability is that the system of differential
equation (6.2) describing the coupled balances is parametrically sensitive. This
means that a small change of certain parameters, such as the cooling medium
temperature, results in a large change in the reactor behavior, especially of the
maximum temperature Tmax. Therefore, Hugo also studied the sensitivity of the
batch reactor expressed as the variation of the maximum temperature due to
variation of the temperature of the cooling system:

S =
dTmax

dTc
(7.19)

For a sensitivity greater than 1, the reactor becomes difficult to control; the
change of the cooling medium temperature is “amplified” by the reactor; a small
change of the cooling medium temperature results in a large change in the reac-
tion medium temperature. A sensitivity below 1 indicates a fairly controllable
reactor. Nevertheless, in practice, a sensitivity up to 2 can be tolerated, provided
a safety margin is in place.

For second-order reactions with CA0 = CB0, the sensitivity can be expressed as

S =
dTmax

dTc
= 1

1 − B𝜃(1 −
√
𝜃)

(7.20)

with

𝜃 =
T − T0

ΔTad
(7.21)

The commonly used criteria (see Section 6.1), listed by increasing complexity,
are

(1) X′
A,max =

Tmax−T0

ΔTad
: It represents the fraction of the adiabatic temperature rise

that allows reaching the maximum temperature. A low X′
A,max means that a

high energy has to be removed by the cooling system, which rends the con-
trol of the temperature difficult. Less than 0.25 indicates a hardly controllable
reactor.

(2) B = ΔTad⋅E
RT2 : The reaction number is a measure of the exothermicity and the

sensitivity of a reaction toward temperature. For a batch reactor, B must be
less than 5.

(3) The criteria can be combined in a plot B = f (X′
A,max) (see Figure 6.2), where

two regions, stable and unstable, are separated by lines corresponding to the
critical limit. On this line, Ts = T0 means that the reactor must be cooled
from the beginning of the reaction.

(4) Da
St
≪ 1: The ratio compares the reaction rate with the time constant of the

cooling system. In order to provide good control of the reaction temperature
by the cooling system, this ratio should be strictly less than 1.
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From these criteria only the first does not require the knowledge of the reac-
tions an explicit rate equation. The first criterion uses only temperatures and
conversions that can be measured by reaction calorimetry.

7.4.3 Safety Assessment

If the reaction is started with an initial adiabatic phase, the MTSR can be calcu-
lated from Eq. (7.12). This is equivalent to considering the reaction as entirely
completed under adiabatic conditions and therefore represents the worst case.
Thus, the assessment is the same as that presented in Section 7.4.3.

If the reaction is initiated by heating, the maximum heating temperature should
be taken as the initial temperature, and a worst-case approximation of the reac-
tion should be considered as occurring entirely under adiabatic conditions start-
ing from this temperature level.

7.5 Isoperibolic Reaction

7.5.1 Principles

The term isoperibolic is derived from calorimetry where it designates exper-
iments performed with a constant surrounding temperature. For a reactor, it
means that the cooling system temperature is maintained as constant, while the
reaction mass temperature is allowed to change according to the heat balance.

7.5.2 Design of Isoperibolic Operation: Temperature Control

This strategy is simple to use at industrial scale: the reactants are heated to
reaction temperature by the heating/cooling system, the temperature of which
is maintained as constant. The reaction starts “smoothly” from this temperature,
runs over a maximum, and then decreases until it reaches again the temperature
of the cooling system (Figure 7.8).

During the whole course of the reaction, the heat balance can be described by
Eq. (7.9). The great advantages of this strategy are the easy control of the ini-
tiation of the reaction and the simplicity of the required temperature control
system. A drawback is that the choice of the cooling system temperature is criti-
cal, because the reactor may be sensitive toward this parameter. This is because
the reaction rate is an exponential function of temperature and the cooling capac-
ity only a linear function; thus maximum temperatures attained by the reaction
mass may vary strongly, depending on the choice of the cooling medium temper-
ature (Figure 7.9).

7.5.3 Safety Assessment

The safety assessment for isoperibolic reactions is essentially the same as for
isothermal reactions. Since the initial temperature of the reaction mass is often
equal to the temperature of the cooling system, the MTSR may be calculated in
the same way by using Eq. (7.12). The thermal stability of the reaction mass must
be ensured at this temperature (MTSR).
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Figure 7.8 Example substitution reaction in the isoperibolic batch reactor starting from 25 ∘C
with a constant cooling system temperature (T c) at 25 ∘C. Reactor temperature (T r) and
conversion as a function of time.
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7.6 Temperature-Controlled Reaction

7.6.1 Principles

With a cascade temperature controller (see Section 14.1.4.3), it is possible to
control the reaction medium temperature by adjusting the jacket temperature.
An often used temperature profile is to increase the temperature of the reactor
linearly with time until the desired level is reached and maintain a constant
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Figure 7.10 Temperature-controlled reaction, with the example substitution reaction starting
from 25 ∘C, then heating at 10 ∘C h−1 to 100 ∘C. (a) Temperatures (T r , T c) and (b) heat release
rate in qrx and conversion versus time.

temperature during the reaction time. In such a case, it is possible to start at a
low temperature where the reaction rate is very low and to initiate the reaction
by the increasing temperature (thermal initiation). When the reaction rate
increases, the cooling intensity increases too. Depending on the requirement
of the temperature increase rate and on the heat released by the reaction,
the jacket temperature is adapted and may glide from cooling to heating and,
reversely, during the reaction course. This is shown by the example substitution
reaction. The mixture is first maintained at 25 ∘C for one hour and then heated
to 100 ∘C at 10 ∘C h−1 (Figure 7.10). This procedure gives the heat release rate
and consequently the temperature a smooth profile.

7.6.2 Design of Temperature-Controlled Reaction

The progressively increasing temperature brings the reaction to a certain conver-
sion before it accelerates due to the increasing temperature. Thus, a subtle balance
between decreasing reaction rate due to conversion and increasing reaction rate
due to temperature may be realized. It becomes obvious that with this strategy,
the choices of the initial temperature and of the heating rate are very important.
The “scale-down” approach is useful for the development of such processes [6, 7].
It allows predicting the behavior of large-scale reactors from small-scale experi-
ments. In order to illustrate the effect of the heating rate, the substitution reaction
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conversion versus time.

example was simulated in a temperature-controlled reactor heated at different
heating rates (Figure 7.11).

This type of process is much less sensitive to process parameter than the
isoperibolic or polytropic reactors. By increasing the heating rate from 10
to 20 ∘C h−1, the temperature departs from its set point by some degrees.
At 30 ∘C h−1 the set temperature is significantly surpassed, and at 40 ∘C h−1

there is a significant overshoot of the maximum temperature of 100 ∘C. The
disadvantage of this policy is that the initiation of the reaction is difficult to
detect. Nevertheless, it may be detected by observing the temperature difference
between jacket and reaction medium or even better by using an online heat
balance as described in Section 4.4.3.5.

7.6.3 Safety Assessment

The determination of the temperature that may be reached in the case of a cool-
ing failure (Tcf ) is an important safety parameter. Tcf (t) = Tp(t) +Xac(t) ⋅ΔTad.
Since except ΔTad all parameters are time dependent, the Tcf can be determined
by measurement in a reaction calorimeter. The MTSR is the maximum of Tcf .
The latter may be significantly higher than the reactor temperature (Figure 7.12).
Depending on the heating rate and reaction rate, the Tcf curve may either pass
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Figure 7.12 Reactor and jacket temperatures in the example substitution reaction together
with the temperature reached in case of cooling failure (T cf ) as a function of time.

through a maximum or not. For slow reactions, the temperature may have
reached a high value before the conversion becomes significant, that is, MTSR is
higher than the final process temperature. For fast reactions, the conversion may
be mostly completed when the maximum process temperature is reached. In
this case, the MTSR corresponds closely to the maximum process temperature.

7.7 Key Factors for the Safe Design of Batch Reactors

7.7.1 Determination of Safety Relevant Data

The data required for the safety assessment belong to two categories:

1. Kinetic data allowing the assessment of the dynamic stability issues
2. Thermochemical data, allowing the assessment of the thermal risks in general,

according to the procedures depicted in Section 3.2

The thermochemical data may be determined by calorimetric methods. If no
stirring is required for the reaction, DSC and Calvet calorimetry may provide
the required data (Figure 7.13). In the example given, a reactant is added in one
shot to the first, which was initially charged into the calorimetric cell. Thus,
the reaction is run as a batch reaction in the isothermal mode. This type of
experiment is very effective in the sense that only a small amount of sample
is required (<1 g) and, in one experiment, the energies of the desired and the
secondary reaction can be determined. Due to the relatively high time constant
of the calorimeter, the measured heat release rate requires deconvolution in
order to be used for scale-up.

A batch reaction can also be analyzed in a reaction calorimeter, the tempera-
ture profile being the same as for the industrial process. Figure 7.14 shows the
substitution reaction example starting from 30 ∘C and being heated to 100 ∘C at
10 ∘C h−1.

The time point of the MTSR must not be at the beginning of the reaction, but
determined by the balance between reaction rate and heating rate. To illustrate
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this, three reactions that differ by their reaction rate are compared in Figure 7.15.
For a slow reaction, the conversion remains low, even at relatively high temper-
atures, leading to a high accumulation and consequently high Tcf , as for curves
(b) and (c). From these data, a scenario can be constructed, as represented in
Figure 7.4.

Worked Example 7.2 Substitution Reaction in a Temperature-Controlled Batch
Reactor

Since the process may be carried out under the same temperature conditions as
those in industry, a complete set of data may be evaluated from the experiment
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(Figure 7.14). The overall heat of reaction (300 kJ kg−1) is obtained through
integration of the heat release rate over time. The maximum heat release rate of
18 W kg−1 is reached after 3.6 hours at a temperature of 53 ∘C. The specific heat
capacity (1.7 kJ kg−1 K−1) is calculated from the steps in heat released rate at the
beginning and end of the temperature program. As an example, we consider a
cooling failure at three hours. The reactor temperature is 47 ∘C, and the thermal
conversion is 0.35. Thus, the temperature after cooling failure can be calculated as

Tcf = TP + (1 − Xth)ΔTad = 47 + (1 − 0.35)300
1.7

= 162∘C (7.22)

This calculation can be performed any time during the process. The resulting curve
is represented in Figure 7.14, showing that in this case the MTSR of 200 ∘C is reached
at the beginning of the reaction.

7.7.2 Rules for Safe Operation of Batch Reactors

The thermal behavior of a batch reactor strongly depends on the reaction energy.
The adiabatic temperature rise depends on the reactant concentration. There-
fore, the charge (i.e. the amount of reactants charged) must be strictly respected.
Also the quality of the reactants must be strictly controlled, since impurities may
catalyze secondary reactions leading to an increase of heat release with possibly
dramatic consequences.

The temperature course must be strictly controlled; thus the choice of key
temperatures as initial and final temperatures, and jacket temperature and heat-
ing rate if applicable, is essential. Any overheating must be avoided during the
preheating phase to reach the starting temperature. The temperature increase
must not be too fast, in order to avoid mechanical stress of the reactor construc-
tion material. The reactor must be designed for the final pressure reached by
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the reaction mass, especially if the boiling point of volatiles is reached during
the reaction course. If gaseous products are formed, either the reactor must be
designed to resist the total pressure (closed system), or the venting/scrubbing
system must be designed to cope with the maximum gas release rate.

The reaction mass must be thermally stable in the temperature range of the
process, that is, no secondary exothermal reaction must take place in the temper-
ature range where the reactor is operated. Moreover, the reaction mass should be
stable in the temperature range between Tr and MTSR. The MTSR can be cal-
culated from calorimetric measurements using Eqs. (6.24) and (6.26), therefore
depending on the mode of initiation.

For catalytically initiated reactions, the initial temperature that must be taken
into account is the reactor temperature at the instant the catalyst is added. The
accumulation is 1 at this instant.

For thermally initiated reactions, Tcf is a function of time. Its course can be
determined experimentally by measuring the thermal conversion as a func-
tion of time, while the reaction proceeds under normal operating conditions.
These experiments can be carried out with DSC or preferably with a reaction
calorimeter. The Tcf curves can be obtained in the evaluation of the thermogram
by using Eq. (6.24). Its maximum (MTSR) can be searched from the Tcf curve.

If the thermal stability is not sufficient at the MTSR, preventive measures must
be taken to avoid a runaway (see Chapter 15).

Golden Rules for Safe Batch Reaction

• Charge: Guarantee the amounts and quality of reactants.
• Temperature control: Chose a rather low temperature and strictly main-

tain the defined heating rates and avoid unnecessary high heating system
temperatures.

• Provide emergency measures.

Worked Example 7.3 Fast Reaction in a Batch Reactor

A reaction A
k
−−→P is to be performed in a batch reactor. The reaction follows

first-order kinetics and at 50 ∘C; the conversion reaches 99% in 60 seconds; hence
the rate constant is k = 0.077 s−1. The charge will be 5 m3 in a reactor with a heat
exchange area of 15 m2 and an overall heat transfer coefficient of 500 W m−2 K−1.
The maximum temperature difference with the cooling system is 50 K.
Data

CA(t = 0) = CA0 = 1000 mol m−3

𝜌 = 900 kg m−3

c′p = 2000 J kg−1 K−1

−ΔrH = 200 kJ mol−1
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Questions

1 Do you think adiabatic reaction is possible? What could the limiting factors be?
2 Is isothermal reaction possible? What would happen in case of cooling failure?
3 Suggest process improvements.
4 What would your answers be for a 100 times slower reaction?

Solution
1 Adiabatic reaction

Under adiabatic conditions, no heat exchange occurs. Therefore, the heat pro-
duced by the reaction is transformed into a temperature rise. For a conversion
of 100%, the adiabatic temperature rise is

ΔTad =
CA0 ⋅ (−ΔrH)

𝜌 ⋅ c′p
= 1000 mol m−3 × 200 kJ mol−1

900 kg m−3 × 2 kJ kg−1 K−1
= 111 K

With an initial temperature of 50 ∘C, the temperature will reach 161 ∘C at the end
of the reaction. If no secondary reaction is triggered at this temperature, and if
no pressure rise occurs, this reaction is theoretically possible. The problem is due
to mechanical stress in the reactor wall due to the fast temperature change from
50 to 161 ∘C within one minute.

2 Isothermal reaction: An overall heat balance gives

Heat production∶Qrx =V ⋅ CA0(−ΔrH) = 5 m3 × 1000 mol m−3 × 200 kJ mol−1

=106 kJ

Heat removal∶qex = U ⋅ A ⋅ ΔT = 500 W m−2 K−1 × 15 m2 × 50 K = 375 kW

Since the conversion is 99% in one minute, the heat that can be removed is

Qex = qex ⋅ tr = 375 kW × 60 seconds = 22 500 kJ

Hence only about 2% of the reaction energy can be removed by the heat
exchange system. Thus, the reactor behaves quasi-adiabatic. In other words,
the reaction is so fast that the heat exchange system is unable to remove any
significant heat.

3 Cooling failure
Since the heat exchange is so small compared with the heat production, the
cooling failure plays no significant role.

4 Slow reaction
For a 100 times slower reaction (k = 0.000 77 s−1), the adiabatic temperature rise
will be the same. But taking the acceleration of the reaction with temperature
into account, the reaction time may be acceptable.
The initial heat release rate is

q0 = k ⋅ CA0 ⋅ (−ΔHr) = 0.000 77 s−1 × 1000 mol m−3

900 kg m−3
× 200 000 J mol−1

= 171 W kg−1
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The reaction time can be estimated by

tmrad =
c′p ⋅ R ⋅ T2

q′
0 ⋅ E

= 2000 × 8.314 × 3232

171 × 100 000
≅ 100 seconds

For isothermal conditions, the overall balance gives a heat removal of
2.25× 106 kJ, which is more than twice the heat production. Nevertheless, this
consideration is erroneous since for a first-order reaction, where the maximum
heat release rate takes place at the beginning and decreases exponentially with
time, the differential form of the heat balance must be used:

q0 = k ⋅ CA0 ⋅ V ⋅ (−ΔHr) = 0.000 77 s−1 × 1000 mol m−3 × 5 m3

× 200 kJ mol−1 = 770 kW

qex = 375 kW

In order to ensure smooth control of the reaction, it must be started at a lower
temperature, perhaps under adiabatic conditions, followed by a period with
maximal cooling when the desired temperature level is reached. Therefore,
batch reactions are often performed in the so-called polytropic mode of
operation.
In conclusion, a fast and exothermal reaction such as this cannot be performed
in a batch reactor. This reaction will also be studied in other reactor types in
Chapters 8 and 9.

7.8 Exercises

7.1 For the initiation of a Grignard reaction, magnesium is charged in the
solvent tetrahydrofuran (THF). A small amount, that is, 2% of the total
of bromide reactant, is charged. One considers performing the initiation
under adiabatic conditions in order to observe the temperature increase,
which confirms the success of the initiation. Therefore, the cooling system
is stopped before the addition of the initiation reactant. This initiation
is performed at 30 ∘C in a reaction calorimeter, in order to measure the
thermal data of this operation. The energy of the reaction is found to be
70 kJ kg−1 with a maximum heat release rate of 260 W kg−1. The specific
heat capacity of the reaction mixture is 1.9 kJ kg−1 K−1. The boiling point of
THF is 66 ∘C. Secondary decomposition reactions become significant at a
temperature of 150 ∘C, that is, TD24 = 150 ∘C. Evaluate the thermal risk of
this operation.

7.2 A substituted phenol is prepared through hydrolysis of the correspond-
ing chloroaromatic compound (Ar–Cl→Ar–OH) with caustic soda at 50%
concentration. The reaction is to be performed in a batch reactor. The total
charge is 7.5 kmol of chloroaromatic compound and 17.5 kmol of caustic
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soda, representing a total mass of 5800 kg. In a first stage, the reactor is
heated to 80 ∘C, then the temperature is stabilized at 110–115 ∘C, and the
pressure reaches 2 bar (abs).
Questions
1. The enthalpy of reaction is −125 kJ mol−1 (aromatic compound), and the

specific heat capacity of the reaction mixture is 2.8 kJ kg−1 K−1. What
maximum temperature (MTSR) could the reaction mass reach if the
heating cooling system fails to stabilize at 125 ∘C?

2. What would the pressure then be? Hint: The reaction mass is aqueous,
thus Regnault’s approximation can be used: P(bar) =

(
T(∘C)

100

)4
(absolute

pressure).
3. In case of cooling failure, could the temperature be stabilized by

controlled depressurization? (Latent heat of evaporation of water
ΔvH′ = 2200 kJ kg−1).

4. What recommendations would you make to the process manager? Are
there other potential problems to be considered?

7.3 A second-order dimerization reaction is to be performed in a batch reactor.
It is intended to perform the reaction in the polytropic mode, with initi-
ation at 50 ∘C and leave the reactor temperature increase to the desired
reaction temperature of 100 ∘C, whereas the maximum allowed tempera-
ture is 120 ∘C.
Data
ΔrH = −100 kJ mol−1

c′p = 2 kJ kg−1 K−1

C′
0 = 4 mol kg−1; E = 100 kJ mol−1

Questions
1. Do you think the temperature control of the reactor will be easy?
2. What other temperature control strategy could you propose?

7.4 A process for the synthesis of a secondary amine has to be transferred to
a new plant. In the former plant, the reaction was performed in a 25 m3

reactor with a total charge of 25 000 kg. In the new plant, the total charge will
be 6000 kg in a 6.3 m3 reactor. The reaction is performed as batch reaction,
the reactants being mixed at room temperature and heated to the process
temperature of 95 ∘C. The concentration of the default compound (Ar–Br)
of 0.4 mol kg−1 is left unchanged. The solvent is water: 4600 kg in the new
plant.
Reaction

Ar − Br + Φ − NH2 + NaHCO3 → Ar − NH − Φ + NaBr + CO2 + H2O

Technical information: The gas relief was a 300 mm diameter pipe in the
former plant (25 m3) and will be a 150 mm pipe in the new plant (6.3 m3).
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Questions
There are no thermal data available for this process; nevertheless the risks
linked with the performance of the process should be evaluated:
1. Build a cooling failure scenario: as worst case the temperature would

increase to boiling point, and the solvent evaporates. What would the
required energy be to evaporate the water from the reaction mass?
(Latent heat of evaporation of water ΔvH′ = 2200 kJ kg−1). Compare it
with common reaction enthalpies (Tables 5.1 and 5.2).

2. What do you think about gas velocity?
3. Do you think the process transfer could be made without additional data

measurement?

References

1 CSB (1998). Report No. 1998-06-I-NJ: Investigation report, Chemical manu-
facturing incident (9 Injured). US Chemical Safety and Hazard Investigation
Board.

2 Levenspiel, O. (1972). Chemical Reaction Engineering. New York: Wiley.
3 Villermaux, J. (1993). Génie de la réaction chimique, conception et fonction-

nement des réacteurs. Lavoisier Tec Doc.
4 Westerterp, K.R., Swaij, W.P.M.V., and Beenackers, A.A.C.M. (1984). Chemical

Reactor Design and Operation. New York: Wiley.
5 Baerns, M., Hofmann, H., and Renken, A. (1987). Chemische Reaktionstechnik.

Stuttgart: Georg Thieme.
6 Zufferey, B. and Stoessel, F. (2007). Safe scale up of chemical reactors using the

scale down approach. In: 12th International Symposium Loss Prevention and
Safety Promotion in the Process Industries. Edinburgh: IChemE.

7 Zufferey, B., Stoessel, F., and Groth, U. (2007). Method for simulating a process
plant at laboratory scale. E.P. Office. EP1764662A1, filed 16 September 2005
and issued 21 March 2007.

8 Hugo, P., Konczalla, M., and Mauser, H. (1980). Näherungslösungen für die
Auslegung exothermer Batch-Prozesse mit indirekter Kühlung. Chemie Inge-
nieur Technik 52 (9): 761.



197

8

Semi-batch Reactors

Case History

The semi-batch reaction that caused a severe incident was performed for many
years without any problems. On the incident day, the first reactant (a nitro com-
pound) was charged as usual. The stirrer was then stopped to take a sample for
analysis before heating up the reactor to process temperature and starting to feed
the second reactant. In the incident batch, the operator forgot to restart the stirrer.
After a shift change, a second operator started the feed of the second reactant, also
omitting to verify that the stirrer was switched on. At the end of the addition, a
second sample was taken for quality control, and this showed a unusual aspect,
which led the operator to ask the shift supervisor for advice. Since it was nighttime,
it was decided to cool the reactor and wait for instructions from the chemists in
the morning. On returning to the reactor to cool it, the operator noticed that the
stirrer was not working, so he switched it on to help the cooling process. However,
he was not conscious that in doing so he brought both reactants, which were sep-
arately layered in the reactor, into a sudden reaction. The reaction course had no
chance of being controlled and led to a steep temperature and pressure increase.
Even though the pressure relief system was activated, the relief line ruptured, and
instead of transferring the reaction mass into a catch tank, over 10 tons of reaction
mass were discharged directly into the atmosphere and caused a huge spillage
of over the residential area located nearby. Nobody was injured, but damage was
vast causing a loss of image, also resulting in severe financial consequences.

What the inquiry revealed:

• It is common practice to stop the stirrer for sampling. Nevertheless, it should be
restarted immediately afterward. At least during the heating phase, the operator
should have noticed the stirrer was inactive.

• The reaction can easily be mastered by the cooling system of the reactor, pro-
vided the stirrer works and the addition of reactants is at the nominal rate.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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• The initially charged reactant had a higher density than the reactant that was
fed in later in the process. Consequently, the fed reactant layered above the nitro
compound, and practically no reaction took place for as long as the stirrer was
switched off.

• As the stirrer was switched on, the reaction was suddenly started but took place
as a batch reaction, since all the reactants were charged.

• Under these conditions (batch reaction), the reaction temperature increases
rapidly, and other exothermal reactions are triggered that increase the thermal
potential of the reaction.

• The pressure relief system was not designed for two-phase flow. Thus, the result-
ing mass flow in the relief line was too high and could not resist such a high
mechanical load. As a consequence, the relief line ruptured, causing the spillage.

Lessons Drawn

• Semi-batch operation spreads the heat release over time. Moreover, it provides
the opportunity to stop the reaction in case of malfunction. This, of course, sup-
poses that the feed is stopped or at least not started while a malfunction exists
(see Section 8.7).

• Pressure relief systems for reactors should be designed for two-phase flow that
will probably occur if the reactor is filled to a high level (Chapter 16).

Introduction

This chapter first presents the general aspects of reaction engineering of
semi-batch reactors (SBRs). The mass and heat balances are analyzed to show
that in addition to temperature control, feed rate is a central point in the safety
of batch reactors. Thus, Section 8.2 is devoted to the accumulation of reactants.
Then the different strategies of temperature control and their consequences on
reactor safety are described in Sections 8.3, through 8.5. For each strategy, the
design criteria and the safety assessment are described. Section 8.6 is devoted to
the different feed strategies that may be implemented. Section 8.7 considers the
optimization of SBRs with respect to safety and economy. This chapter is closed
with section 8.8 an advanced feed strategy, maximizing the productivity under
safety constraints.

8.1 Principles of Semi-batch Reaction

8.1.1 Definition of Semi-batch Operation

As with the batch reactor, the SBR, sometimes called fed-batch reactor, operates
discontinuously. The difference with true batch operation is that for the SBR, at
least one of the reactants is added as the reaction proceeds (Figure 8.1). Conse-
quently, the material balance as well as the heat balance will be affected by the
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Figure 8.1 Semi-batch reactor: compound A is initially
charged, and B is fed during the reaction, providing
additional control of the reaction course.

A

B

progressive addition of one of the reactants. Also, as with the batch reactor, there
is no steady state. There are essentially two advantages in using a SBR instead of
a batch reactor:
• For exothermal reactions, the addition gives a possibility of controlling the heat

production rate and therefore adjusts the reaction rate to the cooling capacity
of the reactor.

• For multiple reactions, the progressive addition of one of the reactants main-
tains its concentration at a low level and therefore reduces the rate of a sec-
ondary reaction compared with the main reaction.
These two factors mean the SBR is a commonly used reactor type in the fine

chemicals and pharmaceutical industries. It retains the advantages of flexibility
and versatility of the batch reactor and compensates its weaknesses in the reac-
tion course control by the addition of, at least, one of the reactants.

8.1.2 Material Balance

For an irreversible bimolecular second-order reaction as the example substitu-
tion reaction described in Section 6.3, the rate equation is

A + B → P with − rA = k•CA•CB (8.1)
By convention in this chapter, the reactant A is initially charged into the reac-
tor, whereas B is added with a constant molar feed rate FB during the feed time
tfd. The concentration is defined as the number of moles by unit volume. Hence
the variation of the concentration of the different species present in the reactor
results from both consumption or production by the reaction and from the vari-
ation of the reaction mixture volume due to the feed. At constant feed rate, the
volume varies as a linear function of time:

V = V0 + v̇0t = V0(1 + 𝜀t) (8.2)
where 𝜀 is the volume expansion factor defined as

𝜀 =
Vf − V0

V0
(8.3)
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The mole balance on A can be written as
−dNA

dt
= −rAV = k

NANB

V
= k

NANB

V0 + v̇0t
(8.4)

The mole balance on B is
dNB

dt
= −rAV + FB (8.5)

Equations (8.4) and (8.5) form a system of differential equations for which no
analytical solution is known. Thus, the description of the behavior of the SBR with
time requires the use of numerical methods for the integration of the differential
equations. Usually, it is convenient to use parameters, which are more process
related to describe the material balance. One is the stoichiometric ratio between
the two reactants A and B:

M =
NB•tot

NA0
(8.6)

The reaction rate can also be expressed as a function of the conversion:

−rA = CA0
dXA

dt
= kC2

A0(1 − XA)(M − XA) (8.7)

The molecular flow rate of B (FB) can also be expressed as a function of the
stoichiometric ratio (M) and the feed time, tfd:

FB =
NA0M

tfd
(8.8)

The initial reaction rate is often characterized by a dimensionless number, the
Damköhler number [1, 2]:

Da0 = vA•k•CA0•M•tfd (8.9)

8.1.3 Heat Balance of Semi-batch Reactors

The heat balance was explained in a general way in Section 2.3. Here the most
important terms for a single bimolecular second-order reaction are specified.

8.1.3.1 Heat Production
The heat production corresponds to the heat release rate by the reaction, as
expressed in Eq. (2.9).

qrx = (−rA)V (−ΔrH)

Under isothermal conditions, by combining with Eq. (8.7), the heat release rate
becomes

qrx = k
N2

A0

V (t)
(1 − XA)(M − XA)(−ΔrH) (8.10)

This expression enhances the fact that the heat release rate is a function of the
conversion, but also of the varying volume. The dilution of the reaction mass by
the feed will contribute to slow down the reaction. With a constant feed rate,
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the volume V (t) is a linear function of time. In addition to the pure heat of reac-
tion, the mixing effect of the feed with the reaction mass can be accompanied by
thermal effects, for example, dilution enthalpy or mixing enthalpy.

8.1.3.2 Thermal Effect of the Feed
As explained in Section 2.3.1.5, if the feed is not at the same temperature as the
reaction mixture, it will also produce a thermal effect proportional to the tem-
perature difference between feed (Tfd) and reaction mass (Tr), to the specific heat
capacity c′p,fd, and to the mass flow rate ṁfd of the feed

qfd = ṁfd •c′pfd
•(Tfd − Tr) (8.11)

If the volume of the feed is important compared with the initial charge, that is,
great volume expansion factor (𝜀), the thermal effect of the feed may become
comparable, in absolute value, with the heat of reaction. This effect is also called
sensible heat.

8.1.3.3 Heat Removal
The heat exchanged with a heat carrier across the reactor wall by forced convec-
tion is expressed in the classical way by

qex = UA(t)(Tc − Tr) (8.12)

The heat exchange area (A) may vary with time due to the volume increase by the
feed. This variation is determined by the geometry of the reactor, especially by
its height covered by the heat exchange system (jacket, internal coils, or welded
half coils). If the liquid level remains in the cylindrical part of the reactor, the heat
exchange is a linear function of time. In case there is a significant change in the
physical chemical properties of the reaction mixture, the overall heat exchange
coefficient (U) will also be a function of time.

8.1.3.4 Heat Accumulation
The overall heat balance of a semi-batch reactor can be written by using the three
terms mentioned above. If the heat exchange does not compensate exactly the
other terms (heat production, sensible heat of the feed), the temperature will vary
as

dTr

dt
=

qrx + qfd + qex

mr(t)•c′p
(8.13)

The heat balance of an isothermal semi-batch reaction is represented graphically
in Figure 8.2. The maximum heat exchange rate (qex,max) calculated for a constant
temperature of the heat carrier is also represented in the diagram. It increases
linearly with time until the upper limit of the jacket is reached. In this example,
the upper limit of the jacket is not reached during the feed time of four hours.

The sum (qrx + qfd) represents the heat that has to be removed from the reac-
tion mass by the heat exchange system to maintain a constant temperature. At the
beginning of the addition of reactant B, during a short period of time, the cooling
effect of the feed dominates over the reaction (qex < 0). At the end of the addi-
tion, as the cooling effect of the feed stops, the heat to be removed by the heat
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Figure 8.2 The different terms of the heat balance of an isothermal semi-batch reactor (in kW)
as a function of time. The maximal cooling capacity of the reactor (qex,max) obtained with cold
water at 5 ∘C is also represented. The difference between both curves qrx and qex represents
the cooling effect by the feed. Its disappearance at the end of the feed at four hours is visible.

exchange system suddenly increases. Due to the dynamics of the temperature
control, the temperature cannot be rigorously kept constant. This explains the
slight decrease of the maximum cooling capacity after the feed was stopped: the
reactions slow down, and the reactor temperature decreases toward its set point
causing a decrease of the cooling capacity.

8.2 Reactant Accumulation in Semi-batch Reactors

The advantages of a semi-batch reaction, that is, a better selectivity in the case of
multiple reactions or a better control of the reaction course in the case of exother-
mal reactions, are obtained if the reaction rate is controlled by the progressive
addition of one or more reactants. Indeed, this objective can only be achieved
if the added reactant is immediately converted and does not accumulate in the
reactor [3]. Often a reaction is said to be feed controlled only because a reactant
is fed. This is not always the case, since the feed rate must be adapted to the reac-
tion rate, and the concentration of the added compound (B) is maintained at a
low level during the reaction.

This non-converted reactant B is called the reactant accumulation. It results
from the mass balance, that is, the feed rate as input and the reaction rate as
consumption. In other words, a low accumulation is obtained when the feed rate
of B is slower than the reaction rate. Since, as defined in Eq. (8.4), the reaction rate
depends on both concentrations CA and CB, this means that both reactants must
be present in the reaction mixture in a sufficiently high concentration. For fast
reactions, such as those with a high rate constant, even for low concentrations
of the reactant B, the reaction will be fast enough to avoid the accumulation of
unconverted B in the reactor. For slow reactions, a significant concentration of
B is required to achieve an economic reaction rate. Thus, two cases have to be
considered: fast reactions and slow reactions.
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Figure 8.3 Concentrations as a function of time in a semi-batch reactor with the addition
reaction example, a fast reaction. Compound B is fed at constant rate with a stoichiometric
excess of 25% within four hours. The vertical dashed line represents the time (3.2 hours) at
which the stoichiometric amount of B was added.

8.2.1 Fast Reactions

For fast reactions, since the added reactant is immediately converted to the prod-
uct, no significant accumulation of reactant B occurs, and the rate of reaction is
limited by the addition rate of B:

−rA = kCACB =
FB

V
(8.14)

This can be shown with the addition reaction example (Figure 8.3). The con-
centration of B increases only after one stoichiometric equivalent of B (for one
equivalent of A) has been fed. In this example, the stoichiometric excess is actually
not required since the reaction is completed before the end of feed.

In fast reactions, in case the reaction takes an abnormal course, the control
can immediately be recovered by adjusting the feed rate. In extreme situations,
the reaction can be stopped quasi-instantaneously, by interrupting the feed
(Figure 8.4). This provides an excellent safety measure since it gives additional
control by technical means. This advantage can be used to maintain control of
the temperature in very exothermal reactions or to adapt a gas release to the
technical characteristics of the equipment. If the gas release stems from the
same reaction that also causes the heat release, the heat release rate qr or the gas
release rate v̇gas can directly be calculated from the feed time Tfd:

qr =
Qr

tfd
(8.15)

v̇g =
Vg

tfd
(8.16)

Obviously, these equations are only valid for a high reaction rate compared with
the feed rate. In fact, the reaction rate is implicitly taken to equal the feed rate.
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Figure 8.4 Addition reaction example performed in a semi-batch reactor under isothermal
conditions at 80 ∘C with a feed time of six hours. The feed was interrupted between three and
four hours. The heat release rate immediately decreases to zero and recovers its initial value
after resuming the feed.

Worked Example 8.1 Fast Reaction in a SBR

This example is continued from Worked Example 7.3.

A reaction A
k
−−→P is to be performed in a SBR. The reaction follows first-order

kinetics, and carried out as a batch reaction at 50 ∘C, the conversion reaches 99%
in 60 seconds. The final volume is 5 m3 in a reactor with a heat exchange area
of 15 m2 (assumed to remain constant) and an overall heat transfer coefficient
of 500 W m−2 K−1. The compound A is fed as a concentrate solution to a reactor
containing an inert solvent. The maximum temperature difference with the
cooling system is 50 K.
Data

CA(t = 0) = CA0 = 1000 mol m−3
𝜌 = 900 kg m−3

c′p = 2000 J kg−1 K−1 − ΔrH = 200 kJ mol−1

Questions

1. Isothermal reaction: Which feed time is required to assure isothermal conditions
at 50 ∘C?

2. Slow reaction: What happens with a 100 times slower reaction?
3. Cooling failure: What happens in case of cooling failure for both fast and slow

reactions?

Solution
1. Isothermal reaction:

The heat balance is the same as for the batch reactor.

Heat production∶Qrx =V •CA0(−ΔHr) = 5 m3 × 1000 mol m−3

× 200 kJ mol−1 = 106 kJ

Heat removal∶qex = U •A•ΔT = 500 W m−2 K−1 × 15 m2 × 50 K = 375 kW
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For a fast reaction, the feed rate can be adapted in such a way as to give the heat
exchange system enough time to remove the heat of reaction:

qrx =
V •CA0

•(−ΔrH)
tfd

=
Qrx

tfd
= qex

Thus,

tfd =
Qrx

qex
= 106 kJ

375 kW
= 2667 s ≅ 45 min

2. Slow reaction:
From the point of view of the heat balance, the feed time could be the same as
above. Nevertheless, for a slow reaction, a slower addition is required in order to
limit accumulation.

3. Cooling failure:
For the fast reaction, if the feed is immediately stopped after a cooling failure has
occurred, the reactor reaches a safe state. Thus, the SBR is a practicable solution
for this fast exothermal reaction.
For the 100 times slower reaction, the behavior will result from accumulation
of non-converted reactants. The temperature increase could trigger secondary
reactions. This example will be continued in Chapter 9.

8.2.2 Slow Reactions

With slower reactions, the compound B fed to the reactor does not immediately
react away, leading to accumulation. In fact, the concentration of reactant
B must first increase to a certain level before the rate of reaction becomes
appreciable. Thus, during the first instants after the feed has been started, the
concentration of B increases rapidly, whereas practically no conversion takes
place. In Figure 8.5 the concentration of B increases to about 0.2 mol kg−1 during
this period. Then CB increases only slowly, the reaction rate is quasi constant,
and the situation looks like a quasi steady state until CA becomes lower, and
consequently the reaction slows down. This produces a further increase of CB to
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Figure 8.5 Concentrations (on left-hand scale) and fractional feed (on right-hand scale) as a
function of time for the substitution reaction example, in a semi-batch reactor. Compound B is
fed at a constant rate within four hours. The stoichiometric excess is 25%.
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Figure 8.6 Concentration profiles in a semi-batch reactor showing the accumulation (bold
line). The total feed time is four hours, and B is fed in 25% stoichiometric excess. Hence the
accumulation is at its maximum at the stoichiometric point reached after 3.2 hours (dashed
line).

0.5 mol kg−1. Both lines CA and CB cross when a stoichiometric amount of B has
been introduced into the reactor.

Since the accumulation is determined by the compound with the lowest con-
centration, the conversion is also limited by the amount of this compound. Let
us consider a cooling failure after two hours of feed: at this time the compound B
presents the lowest concentration. Thus, the behavior of the reaction mass after
the cooling failure is governed by the disappearance of compound B. If we now
consider a cooling failure after 3.5 hours, the situation is reversed: the behavior
will be governed by the disappearance of the default compound A. The switch
between these two situations happens at the stoichiometric point, at 3.2 hours
in the example. The stoichiometric point plays an essential role, because at this
point, the amount of B still fed to the reactor is sufficient to run the reaction
with A (initially charged) to completion. Hence, before the stoichiometric point is
reached, the conversion will be limited by B and, after this point, by A (Figure 8.6).
One practical consequence is that the feed rate has no effect on accumulation
after the stoichiometric point has been passed, that is, after this time, the feed
rate can be set as high as possible with respect to accumulation (but could be
limited by the cooling capacity). Then the reaction may run to completion, but
the rate of reaction is limited by the lowering concentrations of CA and CB. For a
constant feed rate, the time tst , at which a stoichiometric amount of B has been
fed to the reactor, can be calculated as

tst =
tfd

M
(8.17)

In the example shown in Figure 8.5, a 25% molar excess of B has been added
(M = 1.25). The function of this excess is to increase the reaction rate when CA
becomes small. It is often called the “kinetic excess,” because it increases the reac-
tion rate at high conversion (Eq. (8.7)).

If there is an accumulation of the fed reactant, the reaction cannot immediately
be stopped by shutting the feed, and further, the feed cannot be used to directly
control the heat release rate or the gas release rate of a reaction as it is the case
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for fast reactions. If, after a deviation from the design conditions, one decides
to shut down the feed, the amount of accumulated B will react away despite the
feed being stopped. If the reaction is accompanied by a gas release, gas production
will continue, and if the reaction is exothermal, heat will be released even after
the interruption of the feed.

If the deviation was an uncontrolled temperature increase, the temperature
increase will continue and accelerate the reaction until the accumulated reactant
has been converted. Therefore, it is important to know quantitatively the degree
of reactant accumulation during the reaction course, as it predicts the degree of
conversion, which may occur after interruption of the feed. This can be done by
chemical analysis or by using a heat balance, for example, from an experiment
in a reaction calorimeter [4]. Since the accumulation is the result of a balance
between the amount of reactant B introduced by the feed and the amount con-
verted by the reaction, a simple difference between these two terms calculates the
accumulation [5, 6].

Before the stoichiometric point has been reached,

Xac = Xfd − X = M•t
tfd

− X (8.18)

After the stoichiometric point has been reached,
Xac = 1 − XA (8.19)

For a single reaction, the determination of reactant accumulation can be done
directly by using calorimetric methods: the conversion is replaced by the thermal
conversion defined by

Xth(t) =
∫

t
0 qr •d𝜏

∫
∞

0 qr •d𝜏
(8.20)

The thermal conversion Xth, at the instant t, is the fraction of the total heat of
reaction Qr that has been released before time t. Since the added reactant cor-
responds to an input of energy, the balance between the added and converted
reactant delivers the accumulation.

8.2.3 Design of Safe Semi-batch Reactors

In semi-batch operation, many elements determine the process safety. Among
them, the choice of reactant(s) to be initially charged and the reactant(s) to be
fed, the temperature control strategy, and also the feed control strategy repre-
sent design parameters that can be varied and used for the optimization of safety,
quality, and productivity.

With respect to process safety, the most stable reactant should be initially
charged and the less stable added progressively in order to limit its accumulation
and possible side reactions. This is favorable to process safety, as well as process
economy. The decomposition potential may also be a criterion for this choice:
feeding the reactant showing the highest decomposition potential limits the
energy potential in the reactor during the operation. With complex reactions,
the choice may be governed by the selectivity. Unfortunately, there is no general
rule for this choice, and the decision must be made on a case-by-case basis.
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Concerning the temperature control strategy, semi-batch reactions are often
performed at constant temperatures (isothermal). Another simple temperature
control strategy is the isoperibolic mode, where only the jacket temperature is
controlled. In rare cases, other temperature control strategies, such as adiabatic
or non-isothermal, are used.

The feed may also be controlled in different ways: constant feed rate, by por-
tions, governed by the reactor temperature, and so on.

The different temperature and feed control strategies and their impact on reac-
tor safety, together with general rules for assessing and improving process safety,
are presented below. The choice of the reactor temperature and feed rate is also of
primary importance for safety, and this point is discussed in the next Section 8.3.

8.3 Isothermal Reaction

8.3.1 Principles of Isothermal Semi-batch Operation

A reliable control of the reaction course can be obtained by isothermal opera-
tion. Nevertheless, to maintain a constant reaction medium temperature, the heat
exchange system must be able to remove even the maximum heat release rate of
the reaction. Strictly isothermal behavior is difficult to achieve due to the ther-
mal inertia of the reactor. However, in actual practice, the reaction temperature
(Tr) can be controlled within ±2 ∘C, by using a cascade temperature controller
(see Section 14.1.4.3). Isothermal conditions may also be achieved by using reflux
cooling (see Section 14.3), provided the boiling point of the reaction mass does
not change with composition.

8.3.2 Design of Isothermal Semi-batch Reactors

With single irreversible second-order reactions, the maximum of the heat release
rate is reached at the beginning of the feed. At this stage, the heat exchange
area may only be partially used, due to the increasing volume. This limits the
effective available cooling capacity. Therefore, the knowledge of the maximum
heat release rate and the instant at which it is reached is essential for the design
of well-controlled isothermal SBR. If the maximum heat removal capacity is
exceeded by the heat release rate, the latter can be reduced by using slower feed
rates. A too high feed rate will cause a temperature increase, in turn accelerating
the reaction, and may cause a runaway situation. For this reason, the limitation
of the maximum feed rate is essential for the thermal control and consequently
for safe operation of the reactor. Methods to control the feed rate are presented
in Section 8.7.

Besides the heat release rate, the feed rate also affects the maximum reactant
accumulation, a further important safety-related parameter. The accumulation
governs the temperature (Tcf ) that may be reached in the case of a cooling failure.
If the feed is immediately halted at the instant the failure occurs, the attainable
temperature is expressed by

Tcf = Tr + XacΔTad
mr,f

mr,t
(8.21)
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Figure 8.7 The maximum heat release rate and the heat of reaction can be directly
determined in the original thermogram obtained by reaction calorimetry. In order to
determine the accumulation, the feed Xfd must be corrected for the stoichiometry (125% in
the present case). The difference between feed and conversion (X) gives the accumulation
(Xac). This determines the temperature that may be reached in case of failure (T cf ) and its
maximum: MTSR.

mr,f represents the mass of the reaction mixture at the end of the feed, mr,t the
instantaneous mass of reactant present in the reactor, and Xac the fraction of
accumulated reactant. The ratio of both masses accounts for the correction of
the specific energy, since the adiabatic temperature rise is usually calculated using
the final reaction mass, that is, the complete batch. In Eq. (2.4), the concentration
corresponds to the final reaction mass; this is also the case for the specific heat of
reaction obtained from calorimetric experiments, which is also expressed for the
total sample size. Since, in the semi-batch reaction, the reaction mass varies as a
function of the feed, the heat capacity of the reaction mass increases as a function
of time, and the adiabatic temperature rise must be corrected accordingly.

Another question is important for the safety assessment: “At which instant is
the accumulation at maximum?” In semi-batch operations the degree of accumu-
lation of reactants is determined by the reactant with the lowest concentration.
For single irreversible second-order reactions, it is easy to determine directly
the degree of accumulation by a simple material balance of the added reactant.
For bimolecular elementary reactions, the maximum of accumulation is reached
at the instant when the stoichiometric amount of the reactant has been added.
The determination of the maximum temperature of synthesis reaction (MTSR)
requires the following steps:

• The amount of reactant fed into the reactor (Xfd) is normalized to stoichiome-
try. In the example below (Figure 8.7), the feed is 125% in four hours (not 100%
in four hours).
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• Then the converted fraction (X), obtained from the experimental conversion
curve delivered by a reaction calorimeter (X = Xth) or by chemical analysis, is
subtracted.

• This gives the degree of accumulation as a function of time, Eq. (8.18).
• Afterward, the maximum of accumulation Xac,max can be determined.
• The MTSR can be obtained by Eq. (8.21) calculated for the instant where the

maximum accumulation occurs [7]:

MTSR = Tr + Xac,maxΔTad
mrf

mr,max
(8.22)

where mr,max represents the mass of the reaction mixture at the instant of max-
imum accumulation.

Figure 8.7 shows the example substitution reaction at 80 ∘C with an addition in
four hours for the reactant B with 25% of stoichiometric excess. Thus, the maxi-
mum of accumulation 23% was reached after 3.2 hours (3 hours and 12 minutes).
The Tcf curve is obtained from Eq. (8.21).

Since the accumulation is determined by a balance between feed rate and reac-
tion rate (reactant depletion), it can be influenced by using different feed rates
or different temperatures. This offers the possibility of optimizing the process
conditions (discussed in Section 8.8).

Worked Example 8.2 Accumulation in a SBR

Using the thermogram represented in Figure 8.7, assess the thermal safety of the
substitution reaction example A + B → P (see Section 6.3) performed as an isother-
mal semi-batch reaction at 80 ∘C with a feed time of four hours. At industrial scale,
the reaction is to be performed in a 4 m3 stainless steel reactor with an initial charge
of 2000 kg of reactant A (initial concentration 3 mol kg−1). The reactant B (1000 kg)
is fed with a stoichiometric excess of 25%.

Solution
Assessing the thermal risks of the process means answering the six key questions
of the cooling failure scenario (see Section 3.2.1). The overall energy potential of
the reaction is calculated from the molar reaction enthalpy of 200 kJ mol−1. The
concentration to be used is that of the final reaction mass (2 mol kg−1), since the
reactant B must be added to allow the reaction:

Q′
rx = C′

A0
•(−ΔrH) = 2 mol kg−1 × 150 kJ mol−1 = 300 kJ kg−1

Since the specific heat capacity of the reaction mass and feed is 1.7 kJ kg−1 K−1,
the adiabatic temperature rise is

ΔTad =
Q′

rx

c′p
=

300 kJ kg−1

1.7 kJ kg−1 K−1
= 176 K

This represents a medium energy potential and a severity using the criteria
presented in Section 3.2.2. Therefore, care must be devoted to the reaction course
control, which presents two aspects: heat removal during normal operation (Key
Question 1 in the scenario in Section 3.2.1) and the MTSR (Key Question 2 in
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the scenario in Section 3.2.1). By considering 100% accumulation, the reaction
temperature would reach 80+ 176 = 256 ∘C. Thus, the secondary reaction with a
high energy potential (T D24 = 113 ∘C; Table 6.4) would be triggered (Key Question
3 in the cooling failure scenario).

Temperature control: The maximum heat release rate of the reaction under the
conditions specified above directly read from Figure 8.7 is 33 W kg−1 and is reached
after 30 minutes of feed. At this instant the reaction mass is

mr = 2000 kg +
(0.5

4
× 1000 kg

)
= 2125 kg ⇒ qrx ≅ 70 kW

Additionally we can also account for the convective cooling due to the cold feed:

qfd = ṁ•c′p(Tr − Tfd) =
1000 kg

4 h × 3600 s h−1
× 1.7 kJ kg−1 K−1 × (80 − 25)

= 6.5 kW

Thus the power to be removed by the cooling system is 63.5 kW.
The cooling capacity of the industrial reactor is given by qex = U⋅A⋅ΔT , which

requires the knowledge of the heat exchange area. With 2125 kg of reaction mass,
that is, 2.125 m3 of volume, the heat exchange area is (data from Table 6.3).

A = 3.0 m2 + (2.125 m3 − 1.05 m3) × 7.4 m2 − 3.0 m2

3.4 m3 − 1.05 m3
≅ 5 m2

If we assume an average jacket temperature of 15 ∘C, with cold water as a
coolant (brine is also an option) and with the given heat transfer coefficient of
200 W m−2 K−1, the cooling capacity is

qex = 200 W m−2 K−1 × 5 m2 × (80− 15) = 65 kW
Thus, the temperature can be controlled using cold water as a coolant, but the

reaction requires practically the full available cooling capacity of the reactor (Key
Question 1 in the cooling failure scenario in Section 3.2.1).

The MTSR (Key Question 2 in the cooling failure scenario) can be directly deter-
mined using Eq. (8.22), by reading the data from the thermogram (Figure 8.7). The
accumulation of 25% is reached at the stoichiometric point, that is, after 3.2 hours
of feed (Key Question 4 in the cooling failure scenario):

mr,st = 2000 + 1000 × 3.2
4

= 2800 kg

MTSR = Tr + Tac,max
•ΔTad

•
mrf

mr,st
= 80 ∘C + 0.25 × 176 ∘C ×

3000 kg
2800 kg

= 127 ∘C

At 127 ∘C, the decomposition reaction is critical, that is, the time to maximum rate
(Key Question 6 in the cooling failure scenario) is shorter than eight hours (see
Table 6.4).

Hence the intended process belongs to the criticality class 5:

Tp = 80 ∘C < TD24 = 113 ∘C < MTSR = 127 ∘C < MTT = 140 ∘C

Thus, there are two reasons for modifying the process: the maximum heat release
rate of the reaction and the accumulation of reactants are too high. There are differ-
ent means of solving the problem: the first solution is to increase the feed time as in
Figure 8.9, and the second is to increase the reaction temperature as in Figure 8.10.
This worked example is continued in Section 8.7.2.
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8.3.3 Accumulation with Complex Reactions

If the reaction is complex, that is, if intermediates are formed during the reac-
tion, the definition of the accumulation is not straightforward anymore. Different
methods may be used for that purpose.

One family of methods is based on analysis: samples of the reaction mass are
taken at defined stages of the reaction and analyzed either chemically or ther-
mally, for example, by differential scanning calorimetry (DSC). This approach is
also recommended when unstable intermediates are present in the reaction mix-
ture: the stability of the reaction mass may pass through a minimum. Another
method is to stop the feed during an experimental run in a reaction calorimeter
and to measure the heat evolved after the interruption: it is proportional to the
accumulation (Figure 8.4).

Another method is based on a numeric model using explicit reaction kinetics.
The kinetic parameters of the system are previously identified using a combi-
nation of calorimetric methods. For this an experimental plan is designed to
efficiently cover the experimental space with a minimum number of experiments
[8, 9]. In a first step preliminary experiments are performed by DSC or Calvet
calorimetry in dynamic mode with different heating rates and different reactant
concentrations. These experiments deliver a fingerprint of the thermal phenom-
ena occurring in the explored temperature range. Combining these results and
the chemical knowledge of the system, a first idea of the kinetic model compris-
ing approximate values for the kinetic triplets (reaction order, pre-exponential
factor, and activation energy) is developed. In a second step the model is refined
using reaction calorimetry with different temperatures, concentrations, and
feed rates. The kinetic parameters are identified by nonlinear fitting algorithms.
This method was developed in a PhD thesis [10] (see also Section 8.8.2). With
this model the accumulated energy potential can be determined by numeric
simulation for different process conditions and experimentally validated for the
process parameter chosen for the industrial process.

8.4 Isoperibolic, Constant Cooling Medium
Temperature

This is the simplest way of temperature control for a SBR: only the temperature of
the cooling medium is controlled. The temperature of the reaction mass results
from the heat balance of the reactor. Here the most important terms, the heat
production by the reaction, the heat removal by the cooling system, and the heat
effect due to the feed, must be considered. The greatest disadvantage of this strat-
egy is that no direct control of the reaction temperature is possible. This type
of reaction control was intensively studied by Steinbach [1, 2] and Westerterp
[11, 12]. The choices of the initial temperature (T0) and of the temperature of the
cooling system (Tc) are critical. If the initial temperature of the reactor is set too
low, the reaction is slow at the start of the feed. It results in an important accu-
mulation of the added reactant. As its concentration increases, the reaction rate
and consequently the heat production increase up to a point, which may surpass
the cooling capacity of the reactor, resulting in a runaway. In fact, with too low
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Figure 8.8 Semi-batch reactor with the example slow reaction and constant cooling medium
temperature at 50, 70, 90, 103, and 104 ∘C. The feed time is six hours; initial and cooling
medium temperatures are equal.

a temperature, the accumulation can become so high that the reactor behaves
like a batch reactor. At the opposite, too high an initial temperature may result in
an uncontrollable reaction course not due to the accumulation, but to the high
reaction rate and the resulting high heat release rate. The temperature increase
may trigger secondary reactions. In both cases no steady state, in the sense of a
constant reaction temperature, can be reached.

Additionally the SBR with constant cooling medium temperature, also in cases
where a stationary temperature can be achieved, shows a high sensitivity to its
control parameters, that is, initial temperature and coolant temperature. This
means that even for small changes in these temperatures, the behavior of the
reactor may suddenly change from a stable situation into a runaway course.

The example represented in Figure 8.8 shows the extreme sensitivity of the
temperature course toward the initial temperature. A change of only 1 ∘C from
103 to 104 ∘C results in a runaway. For too low temperatures, for example, 50 ∘C,
a significant accumulation builds up. This results in a sudden acceleration of
the reaction (ignition), but the conversion is only 0.95 after 10 hours. Thus,
the different states presented in Section 6.1.3.4, that is, runaway above 100 ∘C,
marginal ignition below 60 ∘C, and quick onset, fair conversion, smooth temper-
ature profile (QFS) between 70 and 90 ∘C (conversion completed at eight hours),
are represented [13].

This type of temperature control strategy may be very critical for highly
exothermal reactions. In such cases, the choice of the operating conditions,
that is, initial temperature, coolant temperature, and feed time, is extremely
important. Hugo and Steinbach [1] established the following criterion for safe
control of a SBR with constant cooling temperature:

Da(Tc) > St ⇔
k(Tc)NA0mrf c′p

VrUA
> 1 (8.23)

This criterion expresses the fact that the reaction rate must be high enough
to avoid the accumulation of reactant, even if the reaction is performed at the
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temperature of the coolant, and the cooling capacity must be sufficient to control
the temperature. If this criterion is fulfilled, the reactor will not be parametric
sensitive. The set temperature of the reactor can be chosen using the following
criterion:

Tr − Tc =
ΔTad

St + 𝜀

1 + 𝜀

(8.24)

with 𝜀 the relative volume increase due to the feed.
In Eq. (8.24), the adiabatic temperature rise is calculated for the final reaction

mass. This criterion calculates the active temperature difference for an efficient
cooling as a function of the reaction enthalpy.

In practice, however, besides the “normal operating conditions,” one also has
to consider deviation from these conditions. Important and current deviations
from a practical point of view are as follows:
• Initial temperature (T0): Before starting the feed, the reactor has to be heated

up to its initial temperature. If only the heat carrier’s temperature can be
actively controlled, deviations of the reaction mixture temperature from the
set temperature are likely to occur. It is therefore important not to operate
such a reactor in the so-called parametric sensitive domain.

• Cooling medium temperature (Tc): This temperature was assumed to be con-
stant. However, for lower flow rates, a temperature difference between inlet
and outlet of the heat carrier will be observed. In such a case, the cooling
capacity must be calculated using the logarithmic mean to estimate the active
temperature difference between reaction mixture and cooling medium. It is
recommended to monitor both inlet and outlet temperature of the cooling sys-
tem during the reaction.

• Feed rate (FB): The feed time does not explicitly appear in Eq. (8.23). However,
it directly influences the amount of reactant B accumulated in the reactor and
hence the maximum temperature, which can be reached after a cooling failure
has occurred during the course of the reaction. Therefore, the feed rate is a key
parameter, which has to be monitored and technically limited to the highest
allowable value. This is discussed in Section 8.7.

8.5 Non-isothermal Reaction

There are different ways of controlling a semi-batch reactor with a non-isothermal
reaction course:
• The isoperibolic mode: The temperature of the cooling medium is maintained

constant. This type of temperature control was described in Section 8.4.
• The adiabatic mode: The reaction is performed without any heat exchange

at all. This means the heat of reaction will be converted into a temperature
increase. The temperature course can be calculated from the heat balance of
the reactor:

T(t) = T0 +
Qr(t) + Qfd(t)

mr •c′p
(8.25)
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Since the different terms are a function of time, the temperature profile must
be calculated by numerical methods. The final temperature is also a function of
the feed rate.
• The polytropic mode: This is a combination of different types of control. As

an example, the polytropic mode can be used to reduce the initial heat release
rate by starting the feed and the reaction, at a lower temperature. The heat of
reaction can then be used to heat up the reactor to the desired temperature.
During the heating period, different strategies of temperature control can be
applied: adiabatic heating until a certain temperature level is reached, constant
heat carrier temperature (isoperibolic control), or ramped to the desired reac-
tion temperature in the reactor temperature-controlled mode. Almost after the
heating period, the reaction is ended in this mode. The design of a polytropic
SBR requires numeric simulation in order to optimize the feed rate, initial
temperature, and cooling rate, which govern the temperature and conversion
profiles. This mode generally allows a higher productivity compared with the
purely isothermal mode but at the costs of more design effort.

8.6 Strategies of Feed Control

8.6.1 Addition by Portions

This mode of addition is a traditional way of limiting the accumulation. It is also
used for practical reasons, when a reactant is delivered in drums or containers.
Nevertheless, the amount of reactant, which can be added in one portion, can
also be limited for safety reasons. In this case, the addition must be controlled
by the conversion, that is, the next portion is only added if the previous portion
has been consumed by the reaction. Different criteria can be used to follow the
reaction: the temperature, the gas evolution (where applicable), the aspect of the
reaction mass, chemical analysis, the online heat balance (Section 4.4.3.5), and
so on. For a well-designed process, where the reaction kinetics are known to a
certain accuracy, the successive additions can also be performed on a time basis.

8.6.2 Constant Feed Rate

This is the most common mode of addition. For safety or selectivity critical
reactions, it is important to guarantee the feed rate by a control system. Here
instruments such as orifice, volumetric pumps, control valves, and more
sophisticated systems based on weight (of the reactor and/or of the feed tank)
are commonly used. The feed rate is an essential parameter in the design of a
SBR. It may affect the chemical selectivity and certainly affects the temperature
control, the safety, and of course the economy of the process. The effect of
feed rate on heat release rate and accumulation is shown in the example of an
irreversible second-order reaction in Figure 8.9. The measurements made in a
reaction calorimeter show the effect of three different feed rates on the heat
release rate and on the accumulation of non-converted reactant computed on
the basis of the thermal conversion. For such a case, the feed rate may be adapted
to both safety constraints: the maximum heat release rate must be lower than
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Figure 8.9 Influence of the feed rate four, six, and eight hours on the heat release rate (a) and
on the accumulation (b).

the cooling capacity of the industrial reactor, and the maximum accumulation
should remain below the maximum allowed accumulation with respect to
MTSR. Thus, reaction calorimetry is a powerful tool for optimizing the feed rate
for scale-up purposes [3, 11].

Worked Example 8.3 Slow Reaction with Different Feed Rates

This is the continuation of Worked Example 8.2.
The substitution reaction was carried out in a reaction calorimeter using differ-

ent feed rates (Figure 8.9). From these experiments we can read the following data:

• Feed time six hours: maximum heat release rate 22 W kg−1; accumulation 0.21
• Feed time eight hours: maximum heat release rate 17 W kg−1; accumulation 0.18

Questions

1. Calculate the heat release rate of the reaction performed at industrial scale with
the same reactor as described in Worked Example 8.2. Compare it with the avail-
able cooling capacity.

2. Calculate the MTSR from these data and compare it to the characteristic tem-
peratures of the decomposition reaction (Table 6.4). What are the conclusions?

Solution
Cooling capacity

The maximum heat release rate is reached at the same time of 0.5 hours. The heat
release rate at industrial scale is calculated using the same method as previously:

With a feed time of six hours: qrx = q′
rx ⋅ mr = 22 W kg−1 × 2125 kg

≅ 47 kW
With a feed time of eight hours: qrx = q′

rx ⋅ mr = 17 W kg−1 × 2125 kg
≅ 36 kW
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Since the cooling capacity of the reactor is obviously the same as calculated pre-
viously, 65 kW, increasing the feed time easily solves the problem of the cooling
capacity, however, at the cost of cycle time.

Accumulation
Since the maximum accumulation is reached at the stoichiometric point, it

occurs always with the same mass in the reactor. Therefore, the calculation is the
same as previously.

At six hours’ feed time,

MTSR = Tr + Tacc,max
•ΔTad

•
mrf

mr,st
= 80 ∘C + 0.21 × 176 ∘C ×

3000 kg
2800 kg

≅ 120 ∘C

At eight hours’ feed time,

MTSR = Tr + Tacc,max
•ΔTad

•
mrf

mr,st
= 80∘C + 0.18 × 176 ∘C ×

3000 kg
2800 kg

≅ 114 ∘C

Thus, the longer feed time reduces the accumulation and the MTSR, but even
with eight hours of feed time, the MTSR of 114 ∘C remains slightly above the T D24

of 113 ∘C. Nevertheless, this would be an acceptable process as far as the golden
rules for the safe SBR are respected (see Section 8.7.3):

• Limitation of the feed rate.
• Interlock with temperature (too low and too high) stops the feed.
• Interlock with the stirrer stops the feed in case of malfunction.

This process can be further optimized, since besides the feed time, the process
temperature may also be increased (see Sections 8.8 and 8.9).

8.6.3 Interlock of Feed with Temperature

An often used method for the limitation of the heat release rate is an interlock of
the feed with the temperature of the reaction mass. This method consists of halt-
ing the feed when the temperature reaches a predefined limit. This feed control
strategy keeps the reactor temperature under control even in the case of poor
dynamic behavior of the reactor temperature control system, should the heat
exchange coefficient be lowered (e.g. fouling crusts) or feed rate be too high.

Numeric simulations were performed with the substitution reaction example
for several deviations from normal conditions (Table 8.1). For this set of parame-
ters, the feed time should not be shorter than nine hours in order to maintain the
heat release rate below the cooling capacity. For safety reasons, the MTSR must
be limited to 113 ∘C so as not to trigger a secondary decomposition reaction. To
show the effect of an interlock between reactor temperature and feed, simulations
were performed with a flow rate of the feed corresponding to a feed time of one
hour (i.e. nine times too high). The effects of wrong controller gain, decreased
heat transfer coefficient, and wrong set temperature are shown in Table 8.1.

The temperature controller is a cascade controller, as described in Section
14.1.4.3. The gain of the cascade governs the reactivity of the controller toward
departure from the set point: lowered gain decreases make the controller slower
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Table 8.1 Slow example reaction performed in a reactor equipped with
feed-temperature interlock.

Temperature
switch (∘C)

Heat transfer
(W m−2 K−1)

Cascade
gain MTSR (∘C)

Actual feed
time (h)

X = 99%
after (h)

90 200 10 142 2.7 5.2
90 200 2 128 7.3 8.7
90 100 10 130 4.9 6.7
95 200 10 143 1.9 4.5
87 200 10 131 5.2 7.4

The behavior of the system under different deviations from normal operating conditions is
shown.

that results in too high temperature that increases the frequency at which the
feed is halted. This results in a longer reaction time.

The interlock of the feed with the reactor temperature avoids critical tempera-
ture excursions as long as the cooling system is working. But in case of its failure,
the temperature reached (MTSR) is too high and would lead to a runaway reac-
tion. This may be avoided by choosing a temperature alarm level closer to the
desired operating temperature, for example, 87 ∘C. If this strategy is followed, it
is important to fix the temperature switch level: if the switch level is too high, the
feed will be halted at too high a temperature, and the MTSR increases. Thus, the
choice of the switch level is a safety critical parameter.

On the other hand, a deviation of the process temperature toward lower tem-
peratures leads to a slower reaction rate and therefore a higher accumulation. At
the extreme, the reaction stops, and if the feed is not halted, the reactor behaves
like a batch reactor. A critical situation may occur if, after having accumulated
reactant at a low temperature, the temperature is then corrected by heating: a
runaway situation may occur. A similar situation can be caused by stirrer failure.
For reaction mixtures with high viscosity, for heterogeneous systems, or if the
reactants show a great difference in density, layering may occur. Here too, if the
stirrer is switched on, the accumulated reactants may react suddenly, leading to
a runaway. For these reasons, a safe design of a SBR with constant feed rate must
fulfill the following Golden Rules:

Golden Rules for the Safe Semi-batch Reactor

1. Optimization of temperature (as high as practicable) and feed rate in regard to
heat removal and accumulation

2. Limitation of the maximum feed rate by technical means
3. Interlock of feed with temperature to stop the feed by high and low temperature

levels
4. Interlock of feed with stirrer, stops the feed in case of malfunction.
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Following these rules ensures a safe semi-batch reaction, even in cases of tech-
nical deviations or deviations from the normal operating conditions.

8.6.4 Why Reducing the Accumulation

There are essentially two reasons to minimize the accumulation of the fed reac-
tant. First, if the reactant B enters in side reactions, its concentration has to be
maintained as low as possible for selectivity reasons. Some examples of such reac-
tion schemes are given below:{

A + B → P
P + B → S

{
A + B → P
B → S

It is clear that a low concentration of B will maximize the formation of the desired
product P and minimize the formation of the secondary product S. This goal can
be achieved with a SBR where B is added progressively to the reaction mass.

The second reason, for which the concentration of B should be maintained at
a low level, is a safety-related reason. A low concentration of B during the reac-
tion course adjusts the reaction rate, and accordingly the heat release rate to the
cooling power of the reactor, thus avoiding a potentially dangerous temperature
increase, should a cooling or stirrer failure occur.

Therefore, the optimization of a SBR, for selectivity reasons as well as for
safety reasons, will often result in a reduction of the accumulation. Some hints
to achieve this goal are given below.

8.7 Choice of Temperature and Feed Rate

8.7.1 General Principle

The accumulation or the concentration of the fed reactant B results from com-
petition between the rate of addition and the reaction rate that governs the reac-
tant depletion. Thus, the accumulation can be reduced by both a lower feed rate
and a higher reaction rate achieved with a higher temperature. The first way, of
course, leads to longer addition times, which negatively affect the time cycle and
resulting productivity. Hence a higher temperature presents some advantages:
the reaction is faster resulting in a shorter time cycle, and the cooling capacity
is increased due to the increased temperature difference between reaction mass
and heat carrier. But there is an upper limit for the reaction temperature: at higher
temperature levels, secondary reactions may become dominant, higher pressure
may be required, and the thermal stability of the reaction mass may be affected.

With the substitution reaction example (Figure 8.10), on one hand, too low a
process temperature, for example, 60 ∘C, leads to a high accumulation and conse-
quently high MTSR that is in a range where the secondary reaction is fast. Thus,
the time between cooling failure and runaway is short. On the other hand, at too
high a temperature, for example, 120 ∘C, even with a low accumulation, the MTSR
is so high that again the runaway occurs in a short time. For an intermediate
temperature, for example, 90 ∘C, the time to runaway is longer. Hence there is an
optimal temperature for a safe semi-batch process [14, 15].
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Figure 8.10 Temperature course after a cooling failure at the instant of maximum
accumulation with three different process temperatures: 60, 90, and 120 ∘C.

For an irreversible second-order reaction and if the kinetics, which means the
rate equation (Da, the Damköhler number) is explicitly known, the optimization
of the reaction temperature and feed rate can be performed by using the following
equation [14]:

Da = 2
𝜋

1
(1 − Xst)2 (8.26)

where Xst stands for the conversion at the stoichiometric point and is valid for
Da > 6. From Eqs. (8.21) and (8.26), an expression for the calculation of the tem-
perature after a cooling failure can be derived [15]:

MTSR = Tp + ΔTad

√
2

𝜋•Da
(8.27)

The MTSR was calculated for the substitution reaction example as a function
of the process temperature and with different feed rates corresponding to a feed
time of 4, 6, 8, and 10 hours. The straight line (diagonal in Figure 8.11) represents
the value for no accumulation, that is, for a fast reaction. This clearly shows that
the reactor has to be operated at a sufficiently high temperature to avoid the accu-
mulation of reactant B. But a too high temperature will also result in a runaway
due to the high initial level, even if the accumulation is low. In this example, the
characteristics of the decomposition reaction require that the MTSR should be
limited to 113 ∘C for a medium probability of triggering the decomposition reac-
tion. This implies that the process should be run with a feed time of 9–10 hours
between 70 and 90 ∘C.

8.7.2 Scale-Up from Laboratory to Industrial Scale

Since at laboratory scale the cooling capacity is much larger than at industrial
scale, the feed time must be adapted during scale-up. For a fast reaction, meaning
a feed controlled reaction, the feed time (Tfd) to be used at industrial scale can be
directly calculated by dividing the heat to be removed (Qex), which is the heat
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Figure 8.11 Maximum temperature of synthesis reaction occurring at stoichiometric point as
a function of the process temperature T p, with different feed rates, Tfd = 4, 6, 8 and 10 h.

of reaction and the sensible heat due to the feed, by the cooling power of the
industrial reactor under the desired conditions:

tfd =
Qex

qex
=

Qrx + Qfd

qex
(8.28)

This simple relationship is only valid for fast (feed-controlled) reactions per-
formed under isothermal conditions. For slower reactions, there is no direct and
simple relationship between feed rate and reaction rate, as seen in Section 8.1.
Here a different approach must be used. If the heat transfer characteristics, which
are (U) the overall heat transfer coefficient and (A) the heat exchange area, of
both reactors (laboratory and industrial scale), are known, the scale-up can be
performed maintaining the Westerterp number (Wt) constant [16, 17]:

WtLab =
(UA)0•tfd

(V𝜌c′p)0𝜀

|||||Lab

= WtInd =
(UA)0•tfd

(V𝜌c′p)0𝜀

|||||Ind

(8.29)

The determination of the heat transfer characteristics of stirred tank reactors is
described in Chapter 14.

8.7.3 Online Detection of Unwanted Accumulation

In case of technical failure or deviation from nominal operating conditions, the
accumulation of the fed compound may increase, which leads to an increase of
the MTSR (Eq. (8.21)) with potentially serious consequences. Such a deviation
may be caused either by an increasing feed rate or by a decreasing reactivity.
The feed rate can easily be limited, for example, by an orifice, a volumetric pump
of a flow control valve with an appropriate cv (see Chapter 15). The decrease of
the reactivity may have many and often insidious causes as inhibition, decreased
catalyst activity, air or water ingress, contamination of the reactants, etc. With
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heterogeneous reactions, if they are mass transfer controlled, the malfunction of
the stirrer may also lead to a slower reaction. As an example Grignard reactions
are known to be sensitive to water or to be difficult to initiate. Since they are
strongly exothermal, such deviations may lead to serious consequences [18, 19]
and require an appropriate protection [20]. But rather than limiting the effects,
a preventive strategy is more effective (see Chapters 15 and 16). Here the early
detection of accumulation is an effective method. A decreasing reactivity can be
detected by using an online heat balance as described in Section 4.4.3.5. A deple-
tion of the reaction rate is immediately detected by a decrease of the instanta-
neous reaction power measured using the coolant flow rate and the temperature
difference between inlet and outlet of the jacket. This was demonstrated on an
industrial Grignard process (unpublished work).

Maestri and Rota [16] use a dimensionless criterion (the Ψ number) calculated
based on heat and material balances. This criterion requires two flow rates (feed
and coolant) and two temperature differences (between coolant inlet and outlet
and between reaction mass and feed). The authors demonstrated the efficiency of
the method on an industrial water emulsion polymerization of acrylic monomers
operated under isoperibolic conditions. This type of reaction is prone to reactivity
decrease (heterogeneous and air sensitivity).

8.8 Advanced Feed Control

The feed control at constant rate is technically easy to achieve, and for this reason,
it is the most used feed strategy. Nevertheless, nowadays with process control sys-
tems, more sophisticated control strategies are feasible, which allow for a higher
productivity while maintaining safe process conditions. Two advanced strategies
are presented in the next Sections 8.8.1 and 8.8.2:

The first advanced strategy that is presented here consists of feeding in such a
way as to achieve the highest safe concentration of reactant B that allows not
to surpass a predefined maximum allowed temperature in case of a cooling
failure.

The second advanced strategy consists of calculating online at defined time inter-
vals the tmrad that would result in case of a cooling failure at the instant con-
sidered.

8.8.1 Feed Control by the Accumulation

In industrial practice, a semi-batch reaction often has to be optimized in order
to ensure that a maximum temperature (Tmax) may not be surpassed, even in
the case when a failure occurs. It was shown how the concept of MTSR can be
used for that purpose. Apart from traditional changes such as the concentrations,
the reaction media, the procedure itself, temperature, and feed rate, there is a
further way of achieving the goal: a variable feed rate. If we consider the Tcf curve
in Figure 8.12, which represents the example process optimized as explained in
Section 8.7 with a process temperature of 85 ∘C and a constant feed rate during
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Figure 8.12 Substitution reaction example optimized at a process temperature of 85 ∘C with a
constant feed rate during nine hours.

nine hours, we observe that the maximum allowed temperature is only reached
relatively late during the course of the reaction: at the stoichiometric equivalence.
Before and after this instant, the temperature would remain below the maximum
allowed level, indicating that the accumulation is less than could be tolerated. The
gap between the actual and the accepted Tcf is “wasted.” This fact can be used to
improve the process with a variable feed rate.

The method was first proposed by Gygax [21] and was worked out by Ubrich
[22–25]. This method applied to the substitution reaction example is illustrated
in Figure 8.13. The feed profile is divided into four stages: The first stage (A) con-
sists of building up the maximum allowed accumulation by a fast feed rate until
the limit of the cooling capacity of the reactor is reached. Then, in the second
stage (B), the feed is adapted such as not to surpass the cooling capacity until
the maximum allowed capacity is reached. In the third stage (C), this accumu-
lation is maintained constant at the maximum allowed level by a relative slow
and decreasing feed rate. In the fourth stage (D), beginning at the equimolecular
point, the feed can be fast again: in this stage, the accumulation is governed by
the initially charged reactant and hence cannot be influenced by the addition. The
reactor then behaves like a batch reactor. Since the concentration of B remains
at the maximum allowed, the reaction rate is increased, which leads to shorter
cycle time. For the slow reaction example, the conversion of 95% is reached after
8.5 hours with a linear feed and after only 4.2 hours with the accumulation con-
trolled feed (Figure 8.14). This gives a reduction of the reaction time by a factor
of 2, without altering the safety of the process.

The condition for the practical implementation of such a feed control is the
availability of a computer controlled feed system and of an online measurement
of the accumulation. The later condition can be achieved either by an online mea-
surement of the reactant concentration, using analytical methods, or indirectly,
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Figure 8.13 Semi-batch reaction with feed rate adapted to the T cf limitation at 113 ∘C.
(a) Heat release rate and cooling capacity on left scale, feed on right scale. (b) Temperature
after cooling failure on left scale, feed and conversion on right scale.

by using a heat balance of the reactor (Section 4.4.3.5). The amount of reactant
fed to the reactor corresponds to a certain energy of reaction and can be com-
pared with the heat removed from the reaction mass by the heat exchange system.
For such a measurement, the required data are the mass flow rate of the cooling
medium, its inlet temperature, and its outlet temperature. Alternatively, the feed
profile can also be simplified into three constant feed rates, which approximate
the ideal profile. This kind of semi-batch process shortens the time cycle of the
process and maintains safe conditions during the whole process time. This pro-
cedure was shown to work with different reaction schemes [23, 26, 27], as long as
the fed compound B does not enter parallel reactions.

8.8.2 Feed Control by the Thermal Stability

In Section 8.6, the feed control maintained an accumulation such as not to
surpass a predefined maximum temperature. This temperature is essentially
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Figure 8.14 Conversion curves obtained with the optimized linear feed and with the
accumulation controlled feed. With feed at constant rate, 95% conversion is reached at 8.5 h,
with accumulation controlled feed, at 4.2 h.

governed either by the pressure in the system or by the thermal stability. The
thermal stability is defined by secondary reactions that may occur and must be
avoided by guaranteeing a tmrad of at least 24 hours. Since the thermal stability
of the reaction mass may vary with time and composition, it must be evaluated
as a function of time and composition during the reaction progress. Its variation
can be accounted for using the reaction kinetics involving also secondary
reactions [9] as described in Section 8.3.3. In the example reaction, the reaction
scheme is given by Eqs. (6.27), (6.28), and (6.29), which allow the calculation of
the TD24 and the accumulation at every instant. During the reaction, at regular
time intervals, for example, every minute, the temperature reached in case of
cooling failure (Tcf ) and the thermal stability (tmrad) of the actual composition
are calculated. If Tcf is below the actual TD24, the feed is allowed; in the opposite,
if Tcf is greater than the actual TD24, the feed is stopped (Figure 8.15).

Tcf > TD24

tmrad < 24 h

Feed stopped

Tcf < TD24

tmrad > 24 h

Feed continued
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Figure 8.15 Evaluation of the temperature course after a cooling failure with two cases: In the
first case tmrad < 24 h, the feed is stopped. In the second case tmrad > 24 h, the feed is
continued.
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This procedure allows to maintain the maximum allowed reactant accu-
mulation, favoring a fast reaction, while the thermal stability is never critical.
This example is continued in Chapter 14 taking also the reactor dynamics into
account.

8.9 Exercises

8.1 A Grignard reagent is to be prepared at industrial scale at a temperature
of 40 ∘C in tetrahydrofuran (THF) as a solvent (Tb = 65 ∘C). The reaction
scheme is

R–Br + Mg → R–Mg–Br

In a laboratory experiment in a reaction calorimeter, a bromo-compound
was added at a constant feed rate over 1.5 hours. The data obtained during
this experiment are summarized as follows:

Specific heat of reaction Q′
r 450 kJ kg−1 (final reaction mass)

Reaction enthalpy −ΔrH 375 kJ mol−1 (bromide)
Maximum heat release rate −ΔrH 220 W kg−1 at starting of feed (after initiation)
Specific heat capacity c′p 1.9 kJ kg−1 K−1

Maximum accumulation Xac 6% (reached at the end of feed)

At industrial scale, the charge should be 4000 kg, the heat exchange
area of the reactor is 10 m2, and the overall heat transfer coefficient is
400 W m−2 K−1. Brine, allowing for an average jacket temperature of
−10 ∘C, will be used as a coolant.
Questions
1. May the boiling point be reached in the case of cooling failure, if the feed

is immediately stopped?
2. What feed time would you recommend at industrial scale?

8.2 An exothermal reaction is to be performed in the semi-batch mode at
80 ∘C in a 16 m3 water-cooled stainless steel reactor with a heat transfer
coefficient U = 300 W m−2 K−1 and a heat exchange area of 20 m2. The
reaction is known to be a bimolecular reaction of second order and follows
the scheme A + B → P. The industrial process intends to initially charge
15 000 kg of A into the reactor, which is heated to 80 ∘C. Then 3000 kg of B
are fed at constant rate during two hours. This represents a stoichiometric
excess of 10%. The reaction was performed under these conditions in a
reaction calorimeter. The maximum heat release rate of 30 W kg−1 was
reached after 45 minutes, then the measured power depleted to reach
asymptotically zero after eight hours. The reaction is exothermal with
an energy of 250 kJ kg−1 of final reaction mass. The specific heat capacity
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is 1.7 kJ kg−1 K−1. After 1.8 hours, at the stoichiometric addition, the
conversion is 62% and 65% at end of the feed time. The thermal stability of
the final reaction mass imposes a maximum allowed temperature of 125 ∘C
(TD24). The boiling point of the reaction mass (maximum temperature for
technical reasons [MTT]) is 180 ∘C, and its freezing point is 50 ∘C.
Questions
1. Is the cooling capacity of the reactor sufficient?
2. Calculate the MTSR and determine the criticality class of this reaction.
3. Does the process appear to be feasible with regard to accumulation?
4. Which recommendations would you make for the plant?

8.3 A catalytic hydrogenation is performed at constant pressure in a SBR. The
reaction temperature is 80 ∘C. Under these conditions, the reaction rate is
10 mmol l−1 s−1, and the reaction may be considered to follow a zero-order
rate law. The enthalpy of the reaction is 540 kJ mol−1. The charge volume
is 5 m3 and the heat exchange area of the reactor 10 m2. The specific heat
capacity of water is 4.2 kJ kg−1 K−1.
Questions
1. What is the heat release rate of the reaction?
2. What is the required average temperature of the jacket required to main-

tain a constant reaction temperature at 80 ∘C? The heat transfer coeffi-
cient is U = 1000 W m−2 K−1.

3. What are the other technical means that control the reaction rate?
4. Propose a laboratory experiment to prove the efficiency of the proposed

means.

8.4 An aromatic nitro compound is to be reduced to the corresponding aniline
by catalytic hydrogenation. The reaction scheme is

Ar–NO2 + 3H2
cat
−−−→Ar–NH2 + 2H2O

Under the usual operating conditions, 100 ∘C and 20 bar g hydrogen
pressure, the reaction follows an apparent zero-order, indicating that the
reaction is operated in the mass transfer control regime. The reaction is
performed as semi-batch, the aromatic nitro compound being initially
charged together with a solvent, and hydrogen is fed continuously through
a feed control valve. Thus, the reaction rate can be controlled by the
hydrogen feed. The feed controller has two functions:
1. Limit the pressure at max 20 bar g
2. Limit the hydrogen feed rate such that the temperature remains constant
Data
Charge: 3.5 kmol nitro compound
Heat exchange area: 7.5 m2

Reaction enthalpy: −ΔrH = 560 kJ mol−1(nitro compound)
Overall heat transfer coefficient U = 500 W m−2 K−1

Cooling water average temperature: 30 ∘C
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Questions
1. What is the cooling capacity of the reactor?
2. What is the maximum allowed hydrogen feed rate (in m3 h−1 under stan-

dard conditions with 1 mol = 22.4 l)?
3. What other safety issues must be considered with this reaction?
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9

Continuous Reactors

Case History

Sulfonation of p-nitrotoluene (PNT) is performed in a cascade of continuous
stirred tank reactors (CSTRs). The process is started by placing a quantity of
converted mass in the first stage of the cascade, a 400-l reactor, and heating to
85 ∘C with jacket steam (150 ∘C). PNT melt and oleum are then dosed in simulta-
neously (exothermal reaction). When 110 ∘C is reached, cooling is switched on
automatically. On the day of the accident, a rapid increase in pressure took place
at 102 ∘C. The lid of the reactor burst open and the reaction mass, which was
decomposing, flowed out like lava, causing considerable damage.

Subsequent investigations revealed the following history and reasons for the
accident:

• September 1982: There was a change of the process involving a higher con-
centration of oleum. Due to the higher concentration, an additional internal
cooling coil was placed in the first reactor. As a result, the anchor-stirring unit
was replaced by a smaller turbine stirrer that was adjusted in height to optimize
the circulation of the reaction mass around the coils. This stirrer had a clearance
of 43 cm.

• December 1982: For safety reasons, it was decided to revert to the old process
concentrations, but the modified stirrer and the coil were left in place.

• March 1983: Due to corrosion problems with the additional cooling coil, it was
decided to remove the coil, but the turbine stirrer was left in place.

• 5 October 1983: This was the day of the incident. The adjustable stirring unit was
positioned such that it became immersed only from 250 l instead of the orig-
inal 160 l. Nobody noticed that the position of the stirring unit had changed.
With simultaneous dosing, the light PNT remained unstirred on the surface, and
of the heavier oleum sank to the bottom of the reactor and kept it cool. The
temperature sensor fitted near the bottom of the reactor showed the correct
temperature for that part, but the jacket had heated the upper part of the reac-
tion mass. The study of the thermal stability of the reaction mass showed that
at 130–140 ∘C, the reaction mass decomposes relatively slowly, but the decom-
position becomes critical in the temperature range from 170 to 200 ∘C. At these

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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temperatures, decomposition occurs rapidly and spreads from top to bottom.
The undesired overheating and the local reaction of the PNT with the oleum can
explain why high temperatures were reached in the layered reaction mass. After
the level had risen sufficiently, the stirring unit became immersed and brought
the locally accumulated reactants suddenly to reaction. From the energy poten-
tial present, the damage would have been considerably worse if the thermal
explosion had taken place in a well-mixed reactor.

Lessons Drawn

The lessons drawn from this incident are as follows:

• A continuous reactor such as the CSTR cascade behaves like a batch reactor at
start-up.

• The original design, which was in accordance with the process, degenerated
due to the successive modifications, and the final configuration was no longer
in accordance with the process performed in the unit. For continuous reactors,
the design takes the reaction kinetics, and heat balance into account and mod-
ifications of one element should lead to reconsideration of the overall design.

Introduction

To avoid thermal explosions due to unplanned reactions in continuous reactors,
it is essential that any modifications are compatible with the overall design of the
reactor. Therefore, the design of continuous reactors must follow well-established
rules, reviewed in this chapter. First two types of ideal continuous reactors are
considered: the CSTR with full back mixing and the tubular reactor without back
mixing, that is, plug flow. Some special reactor types are also considered. For
each reactor, basic chemical reaction engineering considerations are followed by
a study of the heat balance and their impact on reactor safety. Continuous reac-
tors also present advantages that can be used intentionally during design and
allow to perform reactions that would otherwise not be possible to carry out in
discontinuous reactors.

9.1 Continuous Stirred Tank Reactors

The continuously operated stirred tank reactor is fed with reactants at the same
time as the products are removed by an overflow or a via level control system
(Figure 9.1). This ensures a constant volume and, consequently with a constant
volume flow rate of the feed, a constant space time. The reactor contents are
assumed to be uniform in concentration and temperature, that is, the reactor
is ideally stirred. The reactor may or may not be equipped with a temperature
control system. These different configurations are analyzed in terms of mass and
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Figure 9.1 Schematic representation of a CSTR. CA0

CA = CA0 (1 − XA)

V

T0

Tc

Tr

energy balance, and the specific safety aspects are reviewed in Sections 9.1.1 and
9.1.2.

9.1.1 Mass Balance

We consider a reaction of type A
k
−−→P; the CSTR (Figure 9.1) is continuously fed

with a stream at an initial conversion X0. Thus, the concentration of the reactant
A in the feed stream is CA0 and at the outlet of the reactor is at its final value
CAf = CA = CA0(1− XA), which is also equal to the concentration inside the reac-
tor volume. If the reactor is operated at steady state, the mass balance can be
written based on the molar flow rate FA of the reactant A:

FA0 = FA + (−rA)•V = FA0(1 − XA) + (−rA)•V ⇒ FA0•XA = (−rA)•V
(9.1)

Thus, the performance equation that expresses the required space time 𝜏 as a
function of the initial concentration, the desired conversion, and the reaction rate
becomes

𝜏 = V
v̇0

=
V •CA0

FA0
=

CA0•XA

−rA
(9.2)

For a first-order reaction, where −rA = kCA0(1− XA), the performance equation
of the CSTR becomes

𝜏 =
XA

k•(1 − XA)
⇔ XA = k𝜏

1 + k𝜏
(9.3)

The mass balance must be fulfilled together with the heat balance.

9.1.2 Heat Balance

The temperature of the CSTR can be controlled in different ways, such as an adi-
abatic reaction without cooling system, or with jacket cooling. These different
modes of operation, and the effect of the operating parameters on the stability of
the reactor, are described in Section 9.1.3 through 9.1.6.
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9.1.3 Cooled CSTR

In cases where the isothermal CSTR is cooled by the jacket, the heat balance
comprises three terms:

Heat of reaction∶ qrx = −rA•V •(−ΔrH)•XA =
FA0

CA0
•𝜌•Q′

r •XA = ṁ•Q′
r(XA − XA0)

(9.4)

Sensible heat∶ qfd = ṁ•c′p•(Tr − T0) (9.5)

Cooling by the jacket∶ qex = U •A•(Tr − Tc) (9.6)
If we assume the initial conversion is zero, the heat balance is

U •A•(Tr − Tc) + ṁ•c′p•(Tr − T0) = ṁ•Q′
r •XA (9.7)

This equation, together with the mass balance FA0XA = (−rA)V , calculates the
jacket temperature (Tc) required to maintain the reactor temperature at the
desired level Tr , while obtaining a conversion XA [1]. As an example, for a
first-order reaction, by combining the mass balance in Eq. (8.3) and the heat
balances gives

U •A•(Tr − Tc) + ṁ•c′p•(Tr − T0) = ṁ•Q′
r •

kτ
1 + kτ

= qrx (9.8)

Since the mass flow rate is related to the volume flow rate, we can write

ṁ = 𝜌V
𝜏

(9.9)

Dividing both members by 𝜌•V •c′p, gives

U •A
𝜌•V •c′p

(Tr − Tc) +
(Tr − T0)

𝜏

= ΔTad •
k

1 + k𝜏
(9.10)

In this equation, the thermal time constant 𝜏 th (see Section 14.1.4.1) appears in
the cooling term:

(Tr − Tc)
𝜏th

+
(Tr − T0)

𝜏

= ΔTad •
k

1 + k𝜏
(9.11)

The left-hand side of the equation describes the cooling term as a linear func-
tion of temperature. In the right-hand side of the equation, we find the heat
release rate by the reaction, where the rate constant k is an exponential function
of the temperature. Thus, in the XA = f(T) diagram, the heat release rate curve
is S-shaped. The working point of the CSTR is located at the intercept of both
curves (Figure 9.2).

9.1.4 Adiabatic CSTR

Without jacket cooling, only three terms remain in the heat balance: the accumu-
lation, the heat release rate of the reaction, and the sensible heat due to the tem-
perature difference between the feed and the reactor contents. Thus, we obtain

XA =
c′p
Q′

r
•(Tr − T0) =

Tr − T0

ΔTad
=

−rA•𝜏

CA0
(9.12)
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Figure 9.2 Heat balance of a cooled CSTR, with the cooling term (straight line) and the
S-shaped heat release rate curve. The working point is at the intercept.
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Figure 9.3 Adiabatic CSTR: working points as intercept of heat and mass balances for two
examples: A is the working point for the exothermal reaction. B is the working point for the
endothermal reaction.

In a diagram XA = f (T), the left member of this equation is a straight line with
a slope equal to the inverse of the adiabatic temperature rise. In the same dia-
gram, the mass balance, corresponding to the right member of the equation,
gives an S-shaped curve. Since both equations must be simultaneously satisfied,
the working point is located at the intercept of both curves (Figure 9.3). Thus
the temperature and conversion are determined by the feed temperature (T0);
the thermodynamic parameters, that is, heat of reaction and heat capacity; and
reaction kinetics that define the sigmoid curve of the mass balance.

When the slope of the heat balance line is close to the slope of the inflection
point of the mass balance curve, there is no longer a well-defined working point
(solid line in Figure 9.4), and the reactor may enter cyclic oscillations of tem-
perature and conversion, even for constant working parameters. To avoid these
oscillations, the following condition must be fulfilled [2]:||||dX

dT
||||𝜏 < 1

ΔTad
(9.13)
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Figure 9.4 Adiabatic CSTR: the solid straight line defines no clear working point, which results
in an oscillating behavior. The dashed line defines three possible working points: there are
multiple solutions (points A–C).

Thus, this equation is a stability condition for the adiabatic CSTR. If this con-
dition is not fulfilled, such as in strongly exothermal reactions, there may also
be a situation where there are multiple solutions (dashed line in Figure 9.4). In
such a case, a small perturbation of one of the process parameters makes the
reactor jump from low conversion to high conversion, or reversely, leading to an
instable operation. The stability conditions of the CSTR were studied in detail by
Chemburkar et al. [3]. An extensive discussion of the parametric sensitivity of the
CSTR is presented by Varma et al. [4]. In the example in Figure 9.4, A is a working
point on the cold branch, B is an instable point, and C is a working point on the
hot branch. The consequences of this multiplicity are explained in more detail in
Section 9.1.6.1.

9.1.5 The Autothermal CSTR

In the CSTR the reaction mass leaves the reactor at reaction temperature. Thus,
when an exothermal reaction is carried out in this reactor type, it may be inter-
esting from an energy viewpoint, to recover the heat of the reaction mass for
preheating the feed. The reactor outlet then flows through a heat exchanger that
heats the feed to the desired temperature. This type of operation is called the
autothermal reactor (Figure 9.5). The feed enters the heat exchanger at T0 and

T0

T0

Tfd

Tfd

Tr

Tr

Tf

Tf

X

T

Figure 9.5 Autothermal CSTR. (a) Schematic view of the autothermal CSTR with characteristic
temperatures. (b) Conversion as a function of time with trajectory.
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leaves it to enter the reactor at Tfd. The reaction mass leaves the reactor at Tr
and enters the second side of the heat exchanger to leave it at Tf . Thus, the reac-
tor works without an external heat source, the heat of reaction is recovered for
heating the reactants.

9.1.6 Safety Aspects

Safety aspects for two different situations are considered. The first is for nomi-
nal operating conditions, where the objective is to maintain stable control of the
reactor temperature. The second is for deviations of these operating conditions,
especially in the case of a cooling failure, where the objective is to design a reactor
that behaves safely even under adiabatic conditions.

9.1.6.1 Instabilities at Start-Up or Shutdown
When a CSTR is thermally started, that is, the feed temperature is progressively
increased from T1 to T2 (Figure 9.6), the working point first moves in the cold
branch from Tr1 to Tr2. At the feed temperature T2, two solutions Tr2 and T ′

r2 are
possible (multiplicity). Thus, as the reactor temperature suddenly jumps from Tr2
to T ′

r2, it ignites. If the feed temperature continues to increase to T3, the work-
ing point moves on the hot branch to Tr3. At shutdown, the feed temperature
progressively decreases from T3 to T4, and the working point moves back on the
hot branch from Tr3 to T ′

r4. At this point, there are two solutions, and the reac-
tor temperature suddenly jumps to the cold branch at T ′

r4: this is the extinction
point. When the feed temperature continues decreasing, the working point con-
tinues moving on the cold branch until it comes back to Tr1. Since ignition occurs
at a higher feed temperature (T2) than the extinction (T4), there is a hysteresis
phenomenon. This must be taken into account when designing the temperature
control system of the reactor.

9.1.6.2 Behavior in Case of Cooling Failure
In the case of cooling failure, if the feed remains active, the reactor behaves adi-
abatically, and its temperature and conversion are shifted to the corresponding

T1 T2 T3

Tŕ2

Tr3

Tr4

Tr2

Tr1

Tŕ4

T4

T

X

Figure 9.6 Ignition and hysteresis in the CSTR at start-up and shutdown.
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Figure 9.7 MTSR as a function of the reaction temperature in a CSTR with an exothermal
reaction for different adiabatic temperature increases.

adiabatic working point. Thus, its behavior can be predicted using the heat and
material balance, as developed in Section 9.1.4.

If the feed is suddenly stopped, it behaves as an adiabatic batch reactor with an
accumulation corresponding to the non-converted fraction; thus the maximum
temperature of synthesis reaction (MTSR) is

MTSR = Tr + (1 − XA)•ΔTad (9.14)

Since the conversion is generally high, the accumulation is low, and the temper-
ature increase remains low. This is a great advantage of the CSTR for strongly
exothermal reactions. Since the MTSR depends on the working temperature (Tr),
for a low reactor temperature, the conversion is also low and the accumulation
high, if the space time is maintained as constant. Thus, for strongly exothermal
reactions, the MTSR curve as a function of the process temperature presents a
minimum (Figure 9.7). This corresponds to the optimum reaction temperature
from the safety point of view. It was shown [5] that, for second-order reactions,
the minimum only appears for a reaction number B > 5.83.

Worked Example 9.1 Fast Reaction in a CSTR

This is the continuation of Worked Examples 7.3 and 8.1.

A reaction A
k
−−→P is to be performed in a CSTR. The reaction follows first-order

kinetics and at 50 ∘C, and the conversion reaches 99% in 60 seconds when per-
formed in the batch mode, which means that the rate constant is 0.077 s−1. The
CSTR must achieve the same productivity as the semi-batch reactor (SBR) (Worked
Example 8.1). The overall heat transfer coefficient of the reactor is 500 W m−2 K−1.
The maximum temperature difference with the cooling system is 50 K.
Data

CA(t = 0) = CA0 = 1000 mol m−3
𝜌 = 900 kg m−3

c′p = 2000 J kg−1 K−1 − ΔrH = 200 kJ mol−1
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Normalized
jacketed reactors

V (m3) 0.63 1.0 1.6 2.5

A (m2) 2.8 4.2 6.6 8.9

Questions

1. Reactor design: what must be the volume of the CSTR in order to achieve the
same performance as the 5 m3 semi-batch reactor with time cycle of two hours
and a conversion of 99%?

2. Isothermal reaction: under what conditions is this strategy possible?
3. Slow reaction: what happens with a 100 times slower reaction?
4. Cooling failure: what happens in case of cooling failure?

Solution

1. Reactor design: The SBR produces 5 m3 of product solution every two hours.
Therefore, in a continuous reactor, the flow rate must be 2.5 m3 h−1 or
6.94× 10−4 m3 s−1.

The mass balance is

𝜏 = V
v̇0

=
CA0

•XA
−rA

For a first-order reaction,

−rA = k•CA0(1 − XA)

Hence,

𝜏 =
XA

k•(1 − XA)
= 0.99

0.077 × 0.01
= 1286 s

The reactor volume is

V = 𝜏 •v̇0 = 1276 s × 6.94 × 10−4 m3 s−1 ≅ 0.9 m3

The 1 m3 reactor is most suitable, as the volume of the reaction mass will be main-
tained constant at 0.9 m3. Then, the heat exchange area is A = 4.2 m2.

2. Isothermal reaction; heat balance:

Heat production,

qrx = v̇0
•CA0

•XA•(−ΔrH)
= 6.94 × 10−4 m3 s−1 × 1000 mol m−3 × 0.99 × 200 kJ mol−1

≅ 139 kW

Heat exchange,

qex = U •A•ΔT = 0.5 kW m−2 K−1 × 4.2 m2 × 50 K = 105 kW

The difference of 34 kW, which cannot be removed by the jacket, can be com-
pensated for by using the cooling effect of the feed:

qrx − qex

v̇0
•𝜌•cp

= 139 kW − 105 kW
6.94 × 10−4m3 s−1 × 900 kg m−3 × 2 kJ kg−1 K−1

≈ 27 K
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Thus, a feed temperature of 23 ∘C will maintain a reactor temperature of 50 ∘C. The
feed temperature is controlled by a heat exchanger in order to achieve the reactor
temperature of 50 ∘C.

3. Slow reaction:

For a 100 times slower reaction, the heat exchange becomes fully uncritical, but
the conversion of 99% can only be reached with a volume of 90 m3, which is unre-
alistic. The situation improves with a higher reactor temperature or with a different
combination of reactors: cascade of CSTRs or CSTR followed by a tubular reactor.

4. Cooling failure:

If the feed is stopped immediately in the case of malfunction, the CSTR is uncrit-
ical: the non-converted reactant is only 1%, resulting in a ΔT ad of c. 1 ∘C only. This
result enhances the strength of the CSTR in its behavior after cooling failure. The
CSTR is a practicable and elegant solution for the industrial performance of this fast
and exothermal reaction. Since the technique is based on a stirred tank, it does not
require high investment for it to be realized in a traditional multipurpose plant.

9.2 Tubular Reactors

In a tubular reactor, the reactants are fed in at one end and the products with-
drawn from the other. If we consider the reactor operated at steady state, the
composition of the fluid varies inside the reactor volume along the flow path.
Therefore, the mass balance must be established for a differential element of vol-
ume dV . Ideal plug flow is assumed, that is, there is no back mixing along the
reactor axis. Hence, this type of reactor is often referred to as plug flow reactor
(PFR).

9.2.1 Mass Balance

In the mass balance for a reaction of the type A
k
−−→P, at steady state, there is no

accumulation term, thus the mass balance becomes [6]

input = output + disappearance by reaction (9.15)

The input can be written as a molar flow rate FA, the output is FA + dFA
(Figure 9.8), and the disappearance by reaction is (−rA dV ). Substituting these
expressions into Eq. (9.15) gives

FA = FA + dFA + (−rA)dV (9.16)

Since dFA = d[FA0(1− XA)] = −FA0dXA, we obtain

FA0dXA = (−rA)dV (9.17)

This equation represents the mass balance of A in the differential volume dV . In
order to obtain the overall mass balance of the reactor, this expression must be
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Figure 9.8 Mass balance in a
plug flow reactor.

dz

FA + dFAFA

integrated over the reactor volume, by taking into account that the reaction rate
is a function of the local concentration:

∫

V

0

dV
FA0

=
∫

XA

0

dXA

−rA
(9.18)

Thus, since FA0 = v̇0•CA0, the performance equation of the ideal PFR can be writ-
ten as

𝜏 = V
v̇0

= CA0
∫

XA

0

dXA

−rA
(9.19)

The great difference with the CSTR (Eq. (9.2)) is that here the reaction rate varies
within the reactor volume instead of being constant. Hence, the reaction rate is
in the integral term. If the initial conversion is not zero, the equation becomes

𝜏 = V
v̇0

= CA0
∫

XAf

XA0

dXA

−rA
(9.20)

For constant density, which is valid for liquids, the performance equation can
be written as a function of concentration:

𝜏 = V
v̇0

= CA0
∫

XA

0

dXA

−rA
= −

∫

CAf

CA0

dCA

−rA
(9.21)

This expression can be integrated for different forms of the rate equation.

9.2.2 Heat Balance

The heat balance can be written either globally over the whole reactor volume
or locally for a differential element dV . The global heat balance is similar to the
CSTR:

Heat production∶ qrx = ṁ•(C′
0 − C′

f )•(−ΔrH) (9.22)

Heat exchange across the wall∶ qex = U •A•(Tr − Tc) (9.23)

Convective exchange∶ qcx = ṁ•c′p•(Tfd − T0) (9.24)

The local heat balance written in a differential element dV is as follows:

Heat production∶ qrx = (−rA)(−ΔrH)•dV = (−ΔrH)•CA0•dXA•dV (9.25)

Heat exchange across the wall∶ qex = U •dA•(Tc − T) (9.26)

Convective exchange∶ qcx = ṁ•c′p• dT + cw
dT
dt

(9.27)
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Here cw stands for the heat capacity of the reactor wall and dT the temperature
variation in the volume dV .

By neglecting the heat capacity of the wall, the heat balance becomes

ṁ•c′p•
dT
dV

= (−rA)(−ΔHr) + U •(Tc − T)•
dA
dV

(9.28)

Assuming a cylindrical geometry with a tube diameter dr gives

dV =
πd2

r

4
•dz and dA = πdr •dz (9.29)

where z is the length coordinate along the tube axis. At constant density, the mass
flow rate can be expressed as

ṁ = 𝜌V
𝜏

(9.30)

and the heat balance becomes [1, 2]
𝜌V
𝜏

•c′p•
dT
dz

= (−rA)(−ΔHr) +
4U
dr

•(Tc − T) (9.31)

which can be rearranged as
dT
dz

= ΔTad
−rA𝜏

CA0
+ 4U𝜏
𝜌•c′p•dr

(Tc − T) (9.32)

This equation allows calculating the temperature profile in a polytropic tubular
reactor.

9.2.3 Safety Aspects

9.2.3.1 Parametric Sensitivity
The mass balance dXA

dz
= −rA𝜏

CA0
must be satisfied simultaneously with the heat bal-

ance.
The following system of coupled differential equations is obtained:⎧⎪⎪⎨⎪⎪⎩

dXA

dz
=

−rA𝜏

CA0

dT
dz

= ΔTad
dXA

dt
⎵⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⎵

a

+ 4U𝜏
𝜌c′pd

(Tc − T)

⎵⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⎵

b

(9.33)

These equations calculate the temperature and conversion profiles in a polytropic
tubular reactor. The term (a) represents the heat generation rate by the reaction
and the term (b) the heat removal rate by the heat exchange system. This equation
is similar to Eq. (6.2), obtained for the batch reactor. Moreover, since the conver-
sion rate dXA

dz
is a strongly nonlinear function of the temperature, the system of

differential equations may be parametrically sensitive. In this case, the sensitivity
may lead to a local runaway, that is, a hot spot in the tubular reactor (Figure 9.9).
Thus, the temperature control of a tubular reactor may be difficult. Neverthe-
less, the great advantage compared with the batch reactor is that the specific heat
exchange area is by far greater, which leads to a comparatively high cooling capac-
ity. This point is discussed in the next Section 9.2.3.2.
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Figure 9.9 Temperature (solid line) and conversion (dashed line) profiles in a tubular reactor
for two cooling medium temperatures 293 and 300 K, the second leading to a hot spot.

9.2.3.2 Heat Exchange Capacities of Tubular Reactors
The geometry confers the tubular reactors with a high specific heat exchange area
compared with stirred tank reactors. This allows tubular reactors to have a spe-
cific cooling capacity, in that cooling capacity per unit of volume is comparable
with laboratory stirred tank reactors (Table 9.1). Thus, tubular reactors perform
strongly exothermal reactions in a safe way. A further advantage is that the reactor
volume is small compared with that of batch or SBRs, which also reduces the over-
all energy potential exposed to reaction conditions at the same time. Moreover, a
tubular reactor can be constructed to resist high pressures, with less investment
than would be the case for a stirred tank reactor. This may allow a fail-safe con-
struction. Nevertheless, continuous operation is only possible for fast reactions,
in order to obtain a short residence time. This must not be a hindrance, since a

Table 9.1 Specific cooling capacity compared for different reactor sizes.

Reactor A/V (m−1)
Cooling capacity
(kW m−3)

Tubular dt = 20 mm 200 5000
Tubular dt = 100 mm 40 1000
Laboratory 0.1 l 100 2500
Kilo lab 2 l 40 1000
Pilot plant 100 l 9 225
Production 1 m3 3 75
Production 25 m3 1 25

The cooling capacities are calculated for a heat exchange coefficient of
500 W m−2 K−1 and a temperature difference of 50 K with the cooling medium.
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reaction can be performed at a higher temperature in order to accelerate it and
obtain a high conversion in a short residence time.

Worked Example 9.2 Fast Reaction in PFR

This example is a continuation of Worked Examples 7.3, 8.1, and 9.1.

A reaction A
k
−−→P is to be performed in a PFR. The reaction follows first-order

kinetics, and at 50 ∘C in the batch mode, the conversion reaches 99% in 60 seconds;
hence the rate constant is 0.077 s−1. Pure plug flow behavior is assumed. The flow
velocity should be 1 m s−1 and the overall heat transfer coefficient 1000 W m−2 K−1.
(Why is it higher than in stirred tank reactors?) The maximum temperature differ-
ence with the cooling system is 50 K.

Data

CA(t = 0) = CA0 = 1000 mol m−3
𝜌 = 900 kg m−3

c′p = 2000 J kg−1K−1 − ΔrH = 200 kJ mol−1

Questions

1. Reactor design: calculate the tube length and diameters required to achieve the
same performance as the 5 m3 semi-batch reactor with time cycle of two hours
and a conversion of 99%.

2. Isothermal reaction: under which conditions is this strategy possible?
3. Slow reaction: what happens with a 100 times slower reaction?
4. Cooling failure: what happens in case of cooling failure?

Solution

1. Reactor design:
The SBR produces 5 m3 of product solution every two hours. Therefore, in a con-

tinuous reactor, the flow rate must be 2.5 m3 h−1 or 6.94× 10−4 m3 s−1. In order
to achieve a space time 𝜏 = 1 minute, necessary to reach a conversion of 99%, the
volume is

V = 𝜏 •v̇0 = 0.042 m3

With a flow rate of 1 m s−1, the length is 60 minutes. Hence the diameter is

dr =
√

4V
𝜋

≅ 0.03 m

2. Isothermal reaction: The overall heat balance gives the following:

Heat production∶ qrx = v̇0
•CA0

•(−ΔrH)
qrx = 6.94 × 10−4m3 s−1 × 1000 mol l−1

× 200 kJ mol−1 = 139 kW

Heat exchange area∶ A = 𝜋drl = 𝜋 × 3 × 10−2m × 60 m = 5.65 m2
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Heat removal∶ qex = U •A•ΔT = 1 kW m−2 K−1 × 5.65 m2 × 50 K
= 283 kW

The increase of the heat transfer coefficient is due to higher turbulence at the
wall compared with in a stirred tank. The overall balance allows cooling, due to a
more favorable area/volume ratio. Nevertheless, similar to batch reactors where
the heat release rate changes with time, in the PFR, the heat release rate changes
along the reactor length. The maximum is located at the entrance of the tube.
A more accurate balance established for the portion where the first 10% of the
conversion is obtained shows that 6.5 kW can be eliminated, whereas 13.9 kW is
produced. Thus, a hot spot will develop at the beginning of the reactor. This can
be eliminated by establishing an increasing temperature profile in the reactor,
for example, by starting at a lower temperature. However, this solution would
require an increased reactor length, since the first portion of the reactor works at
lower temperatures. Another possible solution is to increase the cooling capac-
ity in the first portion of the reactor by using a tubular heat exchanger or a static
mixer with cooled baffles.

3. Slow reaction:

A 100 times slower reaction will lead to an unrealistic reactor length of 6 km!
Although no hot spot is observable, this solution is not practicable, showing that
continuous reactors are unsuitable for slow reactions.

4. Cooling failure:

The situation is most critical at the entrance of the reactor where the reaction will
continue under quasi-adiabatic conditions, even if the feed has been stopped. The
temperature increase can be limited by adequate construction, such as increase of
the heat capacity of the reactor itself. The PFR represents another practicable solu-
tion to achieve safe performance of this fast and exothermal reaction at industrial
scale. The small volume of 42 l compared with 900 l for the CSTR and 5 m3 for the
SBR make protecting the reactor against overpressure easy and economical.

9.2.3.3 Passive Safety Aspects of Tubular Reactors
The small dimensions of the tubular reactor, compared with the stirred tank reac-
tor, represent a further advantage. The full heat capacity of the reactor cannot
be neglected before the heat capacity of the reaction mass. Thus, in the case of
cooling failure, the heat released by the reaction not only serves to increase the
temperature of the reaction mass but also increases the temperature of the reac-
tor wall. This is a kind of “thermal dilution” of the reaction mass by the reactor
itself, meaning that if there is a cooling failure, the adiabatic temperature increase
is strongly reduced. This can be compared with the adiabacity coefficient used in
adiabatic calorimeters, the major difference being the objective to realize a high
adiabacity coefficient.

In order to achieve passive safety with reactive material, the radius of the
reactor tube is designed to be small to avoid any thermal explosion inside
the tube. Using the Frank-Kamenetskii approach (see Chapter 12), the radius
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remains below the critical radius. Thus, even assuming a purely conductive heat
transfer mechanism, corresponding to a worst case, no instable temperature
profile can develop inside the reaction mass. The reactor can be shut down and
restarted safely.

Worked Example 9.3 Adiabacity Factor for a Tubular Reactor

An exothermal reaction with an adiabatic temperature rise of 100 K is to be
performed in a tubular reactor with internal diameter of 30 mm, wall thickness
of 2 mm, and surrounding jacket of thickness 30 mm containing water. Calculate
the effective temperature rise that would occur if the reactor suddenly lost the
utilities. In this situation, the reactant flow is stopped, and there is no cooling
water flow in the jacket anymore.

The reaction mass is a typical organic liquid with density of 900 kg m−3 and
specific heat capacity of 1800 J kg−1 K−1. The wall has density of 8000 kg m−3 and
specific heat capacity of 500 J kg−1 K−1. Water has a density of 1000 kg m−3 and a
specific heat capacity of 4180 J kg−1 K−1.

Solution
The calculation is made for a unit length of 1 m. The volume of the reaction mass is

V = 𝜋r2
1l = 3.14 × 0.0152 m2 × 1 m = 7.069 × 10−4 m3

The heat capacity is

cP,r = 𝜌Vc′P = 900 kg m−3 × 7.069 × 10−4 m3 × 1800 J kg−1 K−1 = 1145 J K−1

In a similar way, the heat capacity of the reactor wall is

cp,w = 𝜋(r2
2 − r2

1)l•𝜌•c′p

cp,w = 3.14 × (0.0172 − 0.0152) m2 × 1 m × 8000 kg m−3

× 500 J kg−1 K−1 = 804 J K−1

For the water layer, we find cP,c = 25 213 J K−1.
The adiabacity coefficient is

Φ =
cp,r + cp,w + cp,c

cp,r
= 1145 + 804 + 25 213

1145
= 23.7

Thus the temperature rise is only

ΔT =
ΔTad
Φ

= 100 K
23.7

= 4.2 K

which may not cause any harm to the reactor.

9.2.4 Performance and Safety Characteristics of Ideal Reactors

The performance and safety characteristics of the ideal reactors – batch reactor,
SBR, continuous stirred tank reactor, and tubular reactor – are summarized, in
Table 9.2.
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Table 9.2 Comparison of safety characteristics of different ideal reactors.

Batch
reactor

Semi-batch
reactor CSTR

Tubular
reactor

Required
volume

Large Large Medium to
small

Small

Cooling
capacity

Poor, especially
for large volume
reactors

Poor, but feed
allows
adaptation to
requirement

Poor but
convective
cooling
increases
capacity
significantly

High due to
large
surface/volume
ratio

Reactants
concentration
level

High for both
reactants

High for one
reactant,
corresponding
to accumulation
for the fed
reactant

Low
concentration if
operated at high
conversion

High at feed,
decreasing
toward outlet

Concentration
profile

Constant in
reactor volume,
decreasing with
time

Constant in
reactor volume,
varying with
time

Constant with
time and
location

Constant with
time,
decreasing
along reactor
length

Reaction
control

Critical: control
only through
reactor
temperature

Safe, excellent
with fast
reactions,
accumulation
with slow
reactions

Excellent if
multiplicity is
avoided.
Possible
hysteresis at
start-up and
shutdown

Excellent, due
to cooling
capacity and
thermal
dilution

Accumulation 100% at
reaction start

Depending on
relative feed
and reaction
rates

Low if operated
at high
conversion

High at feed
end, decreases
along reactor
run

Potential
temperature
increase

High Small if
optimized

Small Small due to
heat capacity of
reactor itself

Behavior at
failure

Critical:
requires
emergency
measures

Safe if feed
interlocked
with
temperature
and stirrer

Fail safe if
operated at high
conversion

Fail safe if
reactor
designed with
high heat
capacity

9.3 Other Continuous Reactor Types

With regard to flow conditions, the great difference between the continuous
stirred tank reactor and the tubular reactor is full back mixing in the CSTR
and pure plug flow, that is, no back mixing in the tubular reactor. From the
safety point of view, this results in a low accumulation in the CSTR, whereas
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the accumulation decreases along the reactor length in the tubular reactor.
Intermediate flow characteristics are achieved in two ways, either by placing
several CSTRs in series, building a so-called cascade reactor, or by redirecting
some of the outlet of a PFR to its entrance, building a so-called recycle reactor.

9.3.1 Cascade of CSTRs

The safety aspects of the cascade reactor are the same as for the CSTR with one
major difference: the heat release rate is spread over several stages. Neverthe-
less, the focus should be on the first stage, where usually the greatest conversion
increase takes place, that is, the heat release is also greatest. Moreover, at this
stage, the conversion is lowest, implying the highest degree of accumulation. In
certain cases, it may be advantageous to split the feed over several elements or
stages of the cascade. This specific configuration helps to reduce the heat release
rate especially in the first stage of the cascade. Beside the advantages for the ther-
mal safety, it may also allow to solve selectivity problems in cases were a lower
concentration of one of the reactants is required.

9.3.2 Recycling Reactor

The recycling reactor behaves similarly to the PFR, with one major difference that
the conversion range in the reactor is narrower than in the true PFR (Figure 9.10).
This reactor type is also named the differential reactor. The performance equation
is [1, 2, 6, 7]

𝜏 = V
v̇0

= CA0(1 + R)
∫

Xf

R
1+R

Xf

dX
−rA

(9.34)

The recycling ratio R is the ratio of recycled flow rate to the flow rate leaving the
reactor. It adjusts the degree of back mixing and consequently the accumulation
of non-converted reactants. On the other hand, the geometry of the reactor is the
same as for the tubular reactor. Therefore, it allows the same high specific heat
exchange area. Moreover, this geometry also confers the recycling reactor with
the same high heat capacity, providing a possible “thermal dilution.” From a safety
viewpoint, this brings together the advantages of both reactor types: the low accu-
mulation of the CSTR, the high cooling capacity, and the high heat capacity of

(1 + R)ν0
•

R + 1

X = 0

RX1 = Xf

Xf

Rν0
•

ν0
•

Figure 9.10 Recycling reactor. The conversion at reactor entrance is X1 = R/(1+ R)Xf .
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the tubular reactor. Therefore, this type of reactor presents many advantages for
performing strongly exothermal reactions in a safe way.

9.3.3 Microreactors

Pushing the geometry of tubular reactors to the extreme leads to the microre-
actor. The high surface-to-volume ratio provides a highly efficient heat transfer.
The small volume of the micro-channel means that only small amounts of poten-
tially dangerous chemicals are used, which also represents an extreme in terms of
process intensification (see Section 15.2). The small radius of the micro-channel
results in a short time for radial diffusion and thus good mass transfer. Hence,
a microreactor can be designed as a PFR operating continuously at steady state.
The reactants are mixed at the beginning of the reaction micro-channel, which
allows good control of the reaction progress as well as of the thermal effects.

The increase in the specific heat exchange area is illustrated in Table 9.3. The
values in Table 9.3 were calculated assuming a constant heat transfer coefficient
of 1000 W m−2 K−1. In fact, the effect is even greater since the heat transfer coeffi-
cient increases for small tube dimensions. For example, for a typical set of physical
properties resulting in a heat transfer coefficient of 500 W m−2 K−1 in a 10 m3

stirred tank, a tubular reactor of 10 mm diameter will present a heat transfer coef-
ficient of 1000 W m−2 K−1. A microreactor with a tube diameter of 0.1 mm will
present a heat transfer coefficient as high as 20 000 W m−2 K−1. Thus, the effects
of the dimensions on the safety characteristics are even greater.

In Section 9.2.3.3, the safety performance of the tubular reactor was compared
with the stirred tank reactor. This comparison can now be extended to a microre-
actor. For this, 10 m3 stirred tank vessel, a tubular reactor with 10 mm tube diam-
eter length 1 m, and a microreactor with 0.1 mm tube diameter and length 1 cm
are taken. The following criteria that are important for the reactor safety are com-
pared:

• The thermal time constant, which gives an indication of temperature control
dynamics, that is, of the response time of the reactor to a change in the

Table 9.3 Specific heat exchange area and cooling capacity of different reactor types.

Reactor Dimension A/V (m−1) qex (kW m−3)

Stirred tank bench scale 2 l 40 400
Stirred tank production 1 m3 4 40
Tubular diameter 100 mm 100 mm 40 400
Tubular diameter 10 mm 10 mm 400 4 000
Milli-reactor, diameter 1 mm 4 000 40 000
Microreactor, diametera) 0.1 mm 40 000 400 000

The values are calculated for a heat transfer coefficient of 1000 W m−2 K−1 and a ΔT of 10 K.
a) For microreactors, the heat transfer coefficient may be even higher by 1 order of magnitude.
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temperature set point (see Section 14.1.4.1):

t1∕2 = ln(2)
𝜌•V •c′p
U •A

= f (r) (9.35)

• The thermal inertia, that is, the ratio of the total heat capacity of the reactor
and its contents to the heat capacity of the contents alone (see Sections 4.5.2
and 9.2.3.3):

Φ =
mr •c′p,r + mw•c′p,w

mr •c′p,r
= 1 +

mw•c′p,w
mr •c′p,r

(9.36)

• The critical heat release rate following the Frank-Kamenetskii theory (see
Section 12.3), which describes the passive behavior of the reactor without
fluid circulation, when heat transfer occurs by thermal conduction only. The
critical heat release rate is the highest power that does not lead to a thermal
explosion and varies with the inverse of the squared radius:

qcrit =
𝛿crit•𝜆•RT2

r2•𝜌•E
= f

( 1
r2

)
(9.37)

The results of this comparison are summarized in Table 9.4. As an example, a
reaction with a heat release rate of 100 W kg−1 at 60 ∘C and an activation energy
of 100 kJ mol−1, is assumed. Further it is assumed that the reactor is cooled with
a temperature difference of 50 K. The reaction reaches the cooling capacity of the
stirred tank reactor at a temperature of 55 ∘C, that of the tubular reactor at 115 ∘C,
and that of the microreactor at 245 ∘C. At these temperatures, the time required
to reach 99% conversion is 2.5 hours in the stirred tank reactor, 24 seconds in the
tubular reactor, and 12 ms in the microreactor. At the temperature of 245 ∘C, the
reaction is in the “explosion regime” since the temperature rise would be in the
order of magnitude of 20 000 K s−1. Nevertheless, isothermal conditions could be
maintained.

This example does not mean that microreactors are the unique solution for
performing exothermal reactions under safe conditions. Their productivity is

Table 9.4 Comparison of the safety characteristics of different reactors.

Reactor Stirred tank 10 m3 Tubular d = 10 mm Micro d = 0.1 mm

Mass of contents 10 000 kg 78.5 g 78.5 μg
Heat transfer U 500 W m−2 K−1 1000 W m−2 K−1 20 000 W m−2 K−1

Heat exchange area 20 m2 0.0314 m2 3.14× 10−6 m2

Thermal half-life 𝜏1/2 23 min 3.5 s 1.7 ms
Cooling capacity 1 W kg−1 K−1 400 W kg−1 K−1 800 kW kg−1 K−1

Thermal inertia Φ 1.05 21 5100
Critical power qcrit 0.4 mW kg−1 23 W kg−1 230 kW kg−1
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obviously not comparable with that of industrial reactors, but by scaling out,
that is, arranging a great number of such reactors in parallel, they may reach
an economically interesting productivity. There are examples of such industrial
realizations [8].

Another interesting application of microreactors is to use them as calorimeters.
They may show excellent performance in terms of sensitivity [9–12]. Moreover,
their performance in terms of heat exchange allows study of the kinetics of fast
exothermal reactions under isothermal conditions. Such a development was real-
ized by Schneider [13, 14], who studied such a reaction with a power of up to
160 kW kg−1. This type of calorimeter is simple to use and determines the reaction
kinetics in a short time, with very small amounts of reaction mass, and without
any hazard for the operator (Section 4.4.3.6).

9.3.4 Process Intensification

Process intensification is one of the ways to get inherently safer processes
(Chapter 18) by reducing the amount of hazardous material or of material
exposed to severe conditions. There is a huge amount of publications on this
topic. Here we focus on few examples that are directly connected to thermal
safety. For chemical reactions, the desired production is achieved in small-scale
reactors. Here continuous reactors play a key role since they open the possibility
to achieve a high productivity in small-scale reactors. An example was shown in
the Worked Examples 8.1 and 9.2: let’s compare the SBR in Worked Example 8.1
with the tubular reactor designed in Worked Example 9.2. The required reactor
volume changes from 5 m3 to 42 l, which represents a scale reduction by a factor
of 120 for the same overall productivity. With microstructured reactors, the
scale reduction reaches even some more orders of magnitude.

Depending on the application, it is not required to work at the microscale in
every case. Sometimes a combination of reactors at different scales is the solution
to a given problem. An interesting example is described by Renken et al. [15] for
the synthesis of ionic liquids; a series of different reactors (at different scales) is
used: the first stage is a micro-mixer, followed by a 1/8′′ reactor itself followed by
a 1/4′′ reactor. This reactor train of tubular reactors allows for a quasi-isothermal
process with a highly exothermal reaction.

Benaissa studied the behavior of continuous heat exchanger reactor under
nominal operation and in case of flow failure [16, 17]. She demonstrated that in
addition to conductive heat transfer, the natural convection also contributes to
the heat balance, which confers this reactor interesting properties in terms of
inherent safety.

The design of continuous reactors generally requires the knowledge of the reac-
tion kinetics that is the kinetic triplet, pre-exponential factor, activation energy,
and reaction order, of the reactions involved. The determination of the kinetic
parameters is often time-consuming. Therefore a systematic approach is very
helpful. The European research project Integrated Multiscale Process Unit with
Locally Structured Elements (IMPULSE) gives guidance on the design methodol-
ogy for chemical process engineering of processes with microstructured elements
[18]. The thermal reaction hazards are at the center of the proposed methodology.
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Rota and coworkers developed techniques based on the transfer from calori-
metric experiments in the semi-batch mode at laboratory scale to continuous
reactors [19, 20]. In a near future, continuous reactors will certainly find more
applications in the fine chemicals and pharmaceutical industries.

9.4 Exercises

9.1 A chemical reaction following a first-order rate law is to be performed in
a CSTR with a volume flow rate of 5 m3 h−1 and a conversion of 90%. The
reaction temperature is 100 ∘C, and the feed is at 25 ∘C. In order to design
the reactor, a series of experiments were performed in 0.3 l CSTR at different
flow rates, and the corresponding conversion of 90% was obtained with a
flow rate of 10 ml min−1.
Thermal data
Heat of reaction: 270 kJ kg−1, specific heat capacity: 1.8 kJ kg−1 K−1.
Density at 100 ∘C: 800 kg m−3.
Questions
1. Calculate the required volume of the industrial reactor.
2. Calculate the required cooling medium temperature. We assume an

overall heat transfer coefficient of 500 W m−2 K−1; the heat exchange
area can be taken from Table 14.3.

3. Calculate the MTSR.

9.2 A reaction calorimeter is used as CSTR for the study of a reaction kinet-
ics. For this purpose, the 1 l reactor is fed continuously with the reactant at
different volume flow rates. The reaction was previously studied in a Cal-
vet calorimeter, which gave a heat of reaction of 210 J g−1 and the shape of
the signal showed an exponentially decreasing power, which lets suspecting
a first-order rate equation. The density of the reaction mass is 1000 g l−1 at
the temperature of the reaction of 25 ∘C. The feed is also at 25 ∘C. The actual
power (at steady state) is measured for each volume flow rate.
The results of the experiments are summarized hereafter.

vfr (l min−1) qrx (W)

0.01 32
0.05 117
0.1 175
0.2 233

Verify that the reaction follows a first-order rate equation and determine
the rate constant.

9.3 An important intermediate is produced as semi-batch reaction in a 10 m3

reactor. The mass of the preloaded reactant is 7500 kg and the feed 2500 kg.
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The cycle time is two hours and the feed time one hour. The reaction is
fast (first order k = 10 min−1) and exothermal with 180 kJ kg−1. The produc-
tion must be increased by a factor 2 to reach 10 m3 h−1. Several possibilities
are considered: installing a second 10 m3 reactor, or replacing the existing
reactor by a 20 m3 reactor, or replacing the stirred tank reactor by a tubular
reactor.
Properties of the reaction mass: density 1000 kg m−3, specific heat capacity
1.5 kJ kg−1 K−1, conversion 95%.
Temperatures: Reaction is performed at 120 ∘C, the feed is at 30 ∘C.
The flow velocity in the tubular reactor should be 1 m s−1.
Questions
1. Show that the tubular reactor is technically (dimensions) and thermally

(cooling capacity) feasible.
2. How does it compare with a unique 20 m3 reactor (heat exchange area

24 m2)?
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Thermal Stability

Case History “Hydroxylamine Explosion”

The present case history originates after a case study published by the U.S. Chem-
ical Safety and Hazard Investigation Board [1].

On the day of the incident, the first commercial batch of a 50% w/w hydrox-
ylamine aqueous solution was processed in a new facility. After the employees
had distilled the aqueous solution of hydroxylamine and potassium sulfate, the
hydroxylamine in the process tank and associated piping explosively decom-
posed. Four employees and a manager of an adjacent business were killed. Two
employees survived the blast with moderate-to-serious injuries. Four people in
nearby buildings were injured. Six firefighters and two security guards suffered
minor injuries during emergency response efforts. The production facility was
extensively damaged. The explosion also caused significant damage to other
buildings area and shattered windows in several nearby homes.

What the Enquiry Revealed

Hydroxylamine has an energy potential close to tri nitro toluene (TNT) and is
known to decompose violently. Accidents involving hydroxylamine decomposi-
tion are mentioned in the literature.

The process development knew about the instability properties of hydroxy-
lamine at concentration above 70% w/w, but this knowledge was not translated
into the process design. A “What If” process hazard analysis was performed and
was reported in a one-page document. However, it did not adequately address
the prevention or consequences of events that could trigger a decomposition of
high concentrations of hydroxylamine. Especially the conditions that may trigger
the explosive decomposition of hydroxylamine were not systematically analyzed.

The first operation was interrupted several times for repair and maintenance
operations, which led to a concentration of hydroxylamine of over 80% in the
feed tank.

The process design and operating procedure insufficiently addressed the
decomposition risk, and no explicit measures to prevent the explosion or mitigate
its consequences were taken.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Lessons Drawn

Handling unstable or explosive compounds is technically feasible under safe
conditions but require a specific knowledge and professional risk management
policies.

Introduction

This chapter describes the methods for the characterization of thermal decom-
position, in order to take appropriate counter measures preventing triggering
such reactions. Section 10.1 presents a general review of the decomposition reac-
tion characteristics. Section 10.2 is devoted to triggering conditions of undesired
reactions, based on the concept of tmrad. Section 10.3 describes estimation tech-
niques for the tmrad and TD24. Then Section 10.4 reviews the methods for the
quantitative determination of TD24. Finally Section 10.5 gives some hints for han-
dling complex reactions.

10.1 Thermal Stability and Secondary Decomposition
Reactions

Often safety data or material safety data sheets mention the thermal stability as
an intrinsic property of a substance or mixture. In fact, this is an oversimplifica-
tion of a concept that must be defined in a more comprehensive way. Basically, a
substance or a mixture is thermally stable in a situation where the heat released
can be removed in such a way that no temperature increase occurs. This defini-
tion implies a reference to a heat balance, since the heat release rate is compared
with the heat removal.

Decomposition reactions are often involved in thermal explosions or runaway
reactions, in certain cases as a direct cause, in others indirectly as they are
triggered by a desired synthesis reaction that goes out of control. A statistical
survey from Great Britain [2, 3] revealed that out of 48 runaway reactions,
32 were directly caused by secondary reactions, whereas in the other cases,
secondary reactions were probably involved too, but are not explicitly mentioned
(Figure 10.1). Therefore, characterizing secondary decomposition reactions is of
primary importance when assessing the thermal hazards of a process.

Characterization of decomposition reactions or the evaluation of risks linked
with triggering such reactions means that, as for any thermal risk, both the sever-
ity and the probability of triggering them must be evaluated (Figure 10.2):

• Consequences of secondary decomposition reactions: The damage caused by
an uncontrolled decomposition reaction is proportional to the energy released.
Therefore, the adiabatic temperature rise may serve as a criterion, as explained
in Section 5.1.2.
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Material out of spec a 14

Catalyzed reaction b 2

Mixture decomposed c 7

Unstable by-products d 6

Unintended oxidation e 3

No heat of reaction study f 8

Reactant concentration too high g 2

Temperature too low accumulation h 1

Phase change i 1

Reaction carried out en masse j 4

Total number of cases 48
c

b
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i

j

Figure 10.1 Causes of runaway reactions from a statistical survey, showing the importance of
secondary or decomposition reactions as a cause of runaway.
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Figure 10.2 Characterization of thermal risks linked with decomposition reactions: The
temperature increase is a measure of the severity, and the time scale gives a measure of the
probability of triggering a runaway reaction.

• Probability of triggering: Reasons for triggering a secondary reaction may
be diverse. It may be due to thermal triggering, that is, too high a temper-
ature. Moreover, catalytic effects or the presence of impurities may also
trigger such reactions. The probability of triggering or loss of control may be
assessed using the time to explosion, that is, time to maximum rate under
adiabatic conditions (tmrad). The shorter the tmrad, the more likely is the
loss of control of decomposition reactions as explained in Section 3.2.3,
Figure 3.4.

The triggering conditions of secondary decomposition reactions are examined
in detail in Sections 10.2–10.4.
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10.2 Triggering Conditions

10.2.1 Onset: A Concept Without Scientific Base

There may be great temptation to derive safe process conditions directly from
the temperature at which a peak is detected in a dynamic differential scanning
calorimetry (DSC) experiment. As an example, a so-called “50 K rule” can be
found in industrial practice. In fact, such a rule is equivalent to considering that
at 50 K below the onset in DSC, no reaction occurs. This is scientifically wrong
and may lead to catastrophically erroneous conclusions for two reasons:

1. The temperature determined in a dynamic DSC experiment strongly depends
on the experimental conditions, especially on the scan rate (Figure 10.3), on
the sensitivity of the experimental set up, and on the sample mass used.

2. There is no defined onset temperature or starting temperature for a reac-
tion. The reaction rate simply increases exponentially with temperature or
decreases by lower temperature according to Arrhenius law.

For example, a first-order reaction with an activation energy of 75 kJ mol−1 is
detected at 209 ∘C with an instrument having a detection limit of 10 W kg−1, at
150 ∘C with an instrument having a detection limit of 1 W kg−1, and at 109 ∘C with
an instrument having a detection limit of 0.1 W kg−1. Thus, it becomes obvious
that the “distance rule” must be replaced by a more scientifically sound concept,
as with the time to maximum rate based on reaction kinetics.

Several commercial instruments provide an automatic way for the determina-
tion of the onset: it is then defined as the intercept of the tangent at the inflection
point with the baseline (Figure 10.4). This onset is used, for example, for the deter-
mination of molar purity of a sample.

The onset used for thermal safety issues has nothing to do with this definition
since it is defined as the temperature at which the signal differs from the noise.
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Figure 10.3 Dynamic DSC experiments for the same decomposition reactions with different
scan rates. The peak position is a function of the scan rate. The apparent change of the peak
surface is due to the fact that the temperature scale is a function of the scan rate that was
changed.
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Figure 10.4 Two definitions of the onset: For safety purpose it corresponds to the detection
limit of the instrument (left limit of the peak), and for other purposes it corresponds to the
intercept of the tangent at the inflection point with the baseline.

Thus it corresponds with the detection limit of the instrument. Both onsets may
differ significantly especially when the peak presents a shoulder on the left side.

10.2.2 Decomposition Kinetics, the tmrad Concept

The probability of triggering a secondary decomposition reaction may be assessed
using the time scale as defined in Section 3.2.3. The principle is that the longer
the time available for taking protective measures, the lower the probability of
triggering a runaway reaction. The concept of time to maximum rate (tmrad) is
used for this purpose; it is presented in Section 2.4.6. The tmrad under adiabatic
conditions is given by

tmrad(T) =
c′pRT2

q′
(T)E

(10.1)

Even if this equation implicitly assumes a zero-order reaction, it may also be
used for other reaction kinetics, giving a conservative approximation since
the concentration depletion that would slow down the reaction is neglected
(see Section 2.3.3, Figure 2.3). It gives realistic values for strongly exothermal
reactions, as decomposition reactions often are. The calculation of tmrad,
at the temperature to be assessed, according to Eq. (10.1), requires the spe-
cific heat capacity, the specific heat release rate (q′

(T)) at the runaway initial
temperature (T), and the activation energy (E).

These parameters, that is, the heat release rate as a function of temperature
and activation energy, can be determined by calorimetric experiments. In
Sections 10.3 and 10.4, different methods, based on a series of isothermal
or dynamic experiments and estimation techniques using only one dynamic
experiment, are presented.



262 10 Thermal Stability

10.2.3 Safe Temperature

The definition of a safe temperature is an important issue for development
chemists and engineers. A temperature limit is easy to understand and to use
in process design. Finally the study of the thermal stability of a substance or a
mixture should end with the definition of its safe temperature. Unfortunately
this question is not easy to answer, since it depends strongly on the industrial
situation, in terms of equipment, unit operation, and working conditions. In
order to give a hint about the definition of a safe temperature, we may consider
two different definitions:
• Based on a heat balance: A safe temperature is a temperature at which the heat

release rate is totally compensated by heat removal that may be active cooling
or passive cooling as for heat losses.

• Based on the thermal behavior of the substance: A safe temperature is a tem-
perature at which even under adiabatic conditions enough time is left to detect
a commencing runaway and to take protection measures against the runaway.
Here the concept of tmrad plays a central role.
The second definition is more conservative since it assumes adiabatic condi-

tions. For reactive systems the safe temperature is defined as the TD24 meaning
that from this temperature, the runaway takes 24 hours to fully develop. Of course
only a fraction of this time can be used: First the situation must be detected, and
the action against runaway must be taken before the reaction is too fast. For the
detection, typically half of the tmrad is used for the first 10 ∘C. For an efficient
action against runaway, the concept of time of no return (tnr) may be used. This
is 63% of the tmrad (Section 2.4.6).

For physical unit operations, for example, storage or transportation other dura-
tions, months or years may be used, but the principle and procedures for the
definition of those limits remain the same. More details about physical unit oper-
ations are given in Chapter 13.

In Sections 10.3 and 10.4, we focus on the determination of tmrad as a function
of temperature in order to define the TD24 of other relevant safety limits.

10.2.4 Assessment Procedure

The experimental effort required for the determination of the tmrad is signifi-
cant: one dynamic and four (or more) isothermal experiments for the isothermal
method and four or more dynamic experiments and one isothermal for the iso-
conversional method. These tests mean experimental time and costs; hence it
makes no sense to perform the whole panel of experiments for every reaction
mass or substance. Here a staged procedure applying the Keep It Simple and Safe
(KISS) principle is very useful (Figure 10.5).

In a first stage, the energy potential is measured in a dynamic screening experi-
ment, for example, thermal analysis by DSC or Calvet calorimetry. This allows to
eliminate samples with low severity, which do not require an assessment of the
triggering probability.

In a second stage, for samples presenting a medium or high thermal potential,
the tmrad is estimated based on the first dynamic screening experiment. If the
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Figure 10.5 Assessment procedure for the thermal stability. The numbered boxes correspond
to methods described in sections.

tmrad is significantly longer than the time of confinement (tconf ) or time of expo-
sure to the temperature, the situation is safe as far as measures are taken to detect
a temperature increase. The limit for an acceptable tmrad for reaction masses in
stirred tank reactors is usually set to 24 hours. For physical unit operations, the
time limit depends on the specific situation. For storage the tmrad should be at
least four times the confinement or exposure duration. The assessment can also
be performed in terms of temperatures: the TD24 must be significantly higher
than the accessible temperature range in the process, for example, the MTSR for
a reaction mass, or the heating medium temperature for a drying process.

Then, in a third stage, if the previous assessment does not result in a clearly safe
situation, this means if the estimated tmrad is close to or shorter than tconf , then
the tmrad must be determined quantitatively by one of the methods (isothermal
or isoconversional) described hereunder.

This procedure ensures an economic and safe assessment, since all necessary
but only necessary experiments are performed.
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10.3 Estimation of Thermal Stability

As a first approximation, the heat release rate can be extrapolated from one
isothermal thermogram using a conservative activation energy or an empirical
rule. Nevertheless, since this practice assumes a given activation energy, it may
lead to inaccurate results for an extrapolation over a broad temperature range.
Such estimations should be reserved as a guide for decision making concerning
the need for more extensive experimental work. Therefore, it should only be
used to indicate clearly non-critical cases.

10.3.1 Estimation of TD24 from One Dynamic DSC Experiment

A simplified procedure may be used as a rule of thumb. Its principle is as fol-
lows: If the detection limit of an instrument working in the dynamic mode under
defined conditions is known, then the beginning of the peak may serve as a refer-
ence temperature. The temperature of the beginning of the peak is chosen since
the conversion is well defined and close to zero. At this temperature, that is, the
temperature at which the thermal signal differs from the noise, the heat release
rate is equal to the detection limit of the instrument. Thus, the detection limit can
serve as a reference point in the Arrhenius diagram. By assuming an activation
energy and zero-order kinetics, the heat release rate may be calculated for other
temperatures.

As an example, one may consider that a DSC operated at 4 or 5 K min−1 with
high pressure crucibles presents a detection limit of 10 W kg−1. For extrapola-
tion toward lower temperatures, a conservative activation energy must be used.
Conservative means that the extrapolation delivers high values of the heat release
rate, resulting in short tmrad.

10.3.2 Conservative Extrapolation

For the extrapolation of the heat release rate toward lower temperatures,
assuming a low activation energy is conservative, for example, 50 kJ mol−1. In
Figure 10.6 the heat release rate was extrapolated from a reference point of
10 W kg−1at 150 ∘C with two values of the activation energy: 50 and 100 kJ mol−1.
As an example, at 90 ∘C, which is 60 ∘C below the reference temperature,
50 kJ mol−1 gives a heat release rate of 1 W kg−1, whereas 100 kJ mol−1 rends
0.1 W kg−1 that is 1 order of magnitude less. Thus choosing a lower activation
energy is a conservative approximation for the extrapolation of the heat release
rate toward lower temperatures.

But in the calculation of the tmrad, the activation energy appears not only in
the exponential function (of the heat release rate) but also in the denominator:

tmrad =
c′pRT2

q′
ref E

exp
[

E
R

(
1
T

− 1
Tref

)]
(10.2)

Then in order to define a conservative activation energy, we must understand
how this expression varies as a function of the activation energy. The minimum
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Figure 10.6 Extrapolation of the heat release rate from 10 W kg−1 at 150 ∘C toward lower
temperatures. The lower activation energy delivers higher values of the heat release rate.

of tmrad is found by derivation:
dtmrad

dE
=
[
−RT2

E2 + T2

E

(
1
T

− 1
Tref

)]
exp

[
E
R

(
1
T

− 1
Tref

)]
= 0 (10.3)

which gives the value of the activation energy that minimizes the tmrad:

E = R
Tref T

Tref − T
(10.4)

In Figure 10.7, the tmrad obtained by extrapolation from 10 W kg−1 at 150 ∘C is
calculated as a function of temperature with different values of the activation
energy. The lower activation energy of 50 kJ mol−1 is conservative only for an
extrapolation of more than 20 K below the reference temperature (dashed vertical
line at 130 ∘C). For an extrapolation of less than 20 K or toward higher tempera-
tures, the higher activation energy is more conservative.

Knowing a reference heat release rate at a reference temperature and a con-
servative activation energy, it is possible to extrapolate the heat release rate as a
function of temperature and therefore also computing the tmrad as a function of
temperature, as explained in Sections 3.3.1 and 10.4.4. Thus, it is possible to calcu-
late at which temperature the tmrad is equal to 24 hours (TD24), solving Eq. (10.1)
by iterations. The solutions of this equation can be fitted with a linear regression
(Figure 10.8) and lead to a simple relationship between the observed beginning
of the signal in a dynamic DSC experiment with a scan rate of 4 K min−1

(10 W kg−1) and the temperature at which the tmrad becomes longer than
24 hours (TD24):

TD24 = 0.7 ⋅ T(q′=10 W kg−1) − 46 (10.5)

with the temperatures in degree Celsius.
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This equation can be considered to deliver a conservative prediction of TD24
with a reasonable safety margin. Nevertheless, as a semi-empirical rule, it must
be validated.

10.3.3 Empirical Rules for the Determination of a “Safe” Temperature

The procedure defining a safe temperature from dynamic DSC experiments,
by subtracting a given “distance” in temperature from the onset temperature,
is called a “distance rule.” Such a rule means that the reaction is no longer
active below this safe temperature. In the early 1970s, a 50 K rule was common,
but experience showed that the prediction was unsafe. The safe distance was
then increased to 60 K and finally 100 K, as shown in the literature [4]. This
rule consists of subtracting 100 K from the “onset temperature” in a dynamic
DSC experiment. Such a rule can be validated by comparing its predictions to
experimental values. A comparison was made by Keller et al. [5] who used a
great number of experiments, stemming from Grewer and Klais, with pure sub-
stances [6] and also with non-published data of reaction mixtures and distillation
residues [7] measured between 1994 and 1997 by the same authors at Hoechst
AG. These data comprised dynamic DSC experiments and determination of the
adiabatic decomposition temperature in 24 hours (ADT24) equivalent to the TD24
determined by adiabatic experiments realized under pressure. Thus, it is an ideal
source of data for validation of the rule, which is considered valid only if all the
experimental values present the same or higher TD24 than predicted by the rule.

The comparison represented in Figure 10.9 clearly shows that the 50 K rule
(dashes and dots) is not valid and that a significant number of experimental points
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Figure 10.9 Comparison of experimental T D24 with the onset in DSC experiments. A
prediction rule (lines) can be considered safe if all experimental values are located above the
line representing the rule. White dots are pure compounds; black dots are reaction mixtures
and distillation residues.
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lie below the dashed line representing the 100 K rule. Thus, the predictions of
the simple distance rules are not safe. Increasing the distance further would lead
to too a great safety margin in a number of cases, which would impinge on the
economy of many processes.

A systematic study of the validity of the rule in Eq. (10.5) was performed in
collaboration with ETH-Zürich [5]. The validation of the procedure was based
on numerical simulations of dynamic experiments and adiabatic runaway curves.
These simulations were carried out using different rate equations: nth-order, con-
secutive, branched, and autocatalytic reactions. Moreover, the results were com-
pared to experimental data obtained with over 180 samples of single technical
chemical compounds, reactions masses, and distillation residues [8] (Figure 10.9).
Thus, they are representative for industrial applications. The line corresponding
to this rule (Eq. (10.5)) is also represented (solid line) in Figure 10.9. All experi-
mental points lie above the line, and the safety margin remains reasonable. Thus,
the method is conservative but delivers a reasonable safety margin.

In the original work, Keller et al. [5] used a detection limit of 20 W kg−1 and
a specific heat capacity of 1.8 kJ kg−1 K−1, obtaining the same result as with
10 W kg−1 and 1 kJ kg−1 K−1. The explanation is left to the reader as an exercise.

This procedure for estimating TD24 from the temperature at which the peak
onset is detected in a dynamic experiment is justified, since the tmrad is based on
a zero-order approximation and at the beginning of the DSC peak, the conversion
is close to zero. Thus, the heat release rate determined by the procedure is not
affected by the rate equation, at least for non-autocatalytic reactions, and may be
used for the estimation.

These estimation techniques should only be used as a first approximation, since
they are extremely sensitive to the definition of the baseline and hence must be
employed with care. They cannot be used in cases where the exothermal peak
starts from an endothermal signal, since the latter may be due to melting. In such
a case, the decomposition would not be thermally initiated, but initiated by a
phase change, that is, by a physical phenomenon that may not behave follow-
ing Arrhenius law. In cases where the estimated tmrad is found close to or even
shorter than 24 hours, it is strongly recommended to perform a more thorough
determination, using the methods presented in Section 10.2.4.

10.3.4 Prediction of Thermal Stability

After many years of testing of thermal stabilities, a kind of correlation for
the behavior of certain classes of compounds (functional groups) appears to
exist. Baati studied diverse classes of compound with the objective to predict
a dynamic DSC thermogram from structural information only [9, 10]. Such an
approach would considerably help in the early stages of process development
when screening for different synthesis routes or evaluating alternatives. Two
modeling approaches were tested and showed to provide useful prediction
for the safety characteristics: the quantitative structure–property relationship
(QSPR) and the group contribution method (GCM). The second approach,
the GCM, prevailed for the prediction of the shape and position of a DSC
Peak, which gives access to predicted tmrad and TD24. Even if promising this
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technique does not aim at replacing an experimental study, but rather helps in
the orientation of the experimental work.

10.4 Quantitative Determination of the TD24

If the estimation of TD24 does not give a clearly uncritical situation, a quantitative
determination may save the case, since these methods use smaller safety margins.

10.4.1 Principle of Quantitative Determination Methods for the Heat
Release Rate

For the determination of the tmrad, the heat release rate is required at the temper-
ature, at which the tmrad must be calculated. Following Arrhenius law, the heat
release rate can be written as a function of temperature and reaction progress
(conversion):

q = Q •k0

constant

e− E
RT

f (T)

f (X)
f (X)

(10.6)

Under adiabatic conditions, as for the calculation of tmrad, both parts vary with
time. Thus for the identification of the parameters required for the determina-
tion of the heat release rate, which are the activation energy and the function of
conversion, two experimental approaches are possible:

• Maintaining the temperature constant and leaving the function of conversion
varying: This is the isothermal method.

• Maintaining the function of conversion constant and varying the temperature:
This is the isoconversional method.

These approaches are described hereunder.

10.4.2 Determination of q′ = f (T) from Isothermal Experiments

A series of isothermal experiments are performed at different temperatures in a
calorimeter, for example, in a DSC [11]. On each curve, the maximum heat release
rate, which represents the worst case, is measured (Figure 10.10). The experi-
mental procedure must reach the desired temperature as fast as possible. For this
purpose, in a DSC, the oven is preheated to the desired temperature with the ref-
erence crucible in place. The sample crucible is then placed into the oven, and the
measurement begins once thermal equilibrium is achieved, which usually takes
approximately one to two minutes. During this time no measurement is possible,
but two minutes is a very short time relative to the total experimental time of
several hours. Thus, the achieved conversion before the measure really starts is
negligible. It is left as an exercise for the reader to verify this point. Moreover, the
difference may be corrected graphically.

A further point, which must be verified in every case, is that the total energy
determined by integration of the isothermal thermograms corresponds to total
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Figure 10.10 Isothermal DSC thermograms recorded at 170, 180, 190, and 200 ∘C. The
measured maximum heat release rates are 90, 160, 290, and 500 W kg−1.

energy determined in a previous dynamic experiment. If this is not the case, it
may be due to an experimental error or to a complex reaction presenting an auto-
catalytic step that is not triggered during the experiment under the conditions
used. Hence it is good practice to cool down the instrument after the isother-
mal period and run a subsequent dynamic experiment in order to determine the
residual energy. This should either deliver a flat thermogram or show the resid-
ual energy due to an autocatalytic reaction step. This practice ensures that the
maximum heat release rate measured is correct.

Concerning the experimental effort, such a study requires, in addition to
the screening experiment in the dynamic mode at 4 or 5 K min−1, a series of
at least four isothermal experiments at different temperatures. Generally the
temperature of the first isothermal test is chosen within the beginning of the
peak recorded in the dynamic mode. The temperature of the further experiments
is adapted in such a way as to get a measurable heat release rate in the range of
50–500 W kg−1 and a reasonable duration of 2–15 hours.

These measured heat release rates allow to calculate the activation energy
by performing a linear regression between the natural logarithms of the heat
release rates and the reciprocal absolute temperatures (Arrhenius coordinates),
as shown in Table 10.1. The slope obtained from the linear regression is an

Table 10.1 Heat release rate as a function of temperature in Arrhenius coordinates.

Temperature (∘C) T (K) 1/T q (W kg−1) lnq

170 443.15 0.002 257 90 4.50
180 453.15 0.002 207 160 5.08
190 463.15 0.002 159 290 5.67
200 473.15 0.002 113 500 6.21
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Figure 10.11 Arrhenius diagram showing the measured heat release rates and a linear fit
allowing the extrapolation of the data. The abscissa is scaled as 1/T (K) and labeled in degree
Celsius.

activation temperature of 12 000 K corresponding to an activation energy of
about 100 kJ mol−1.

An alternative method graphically determines the slope in an Arrhenius plot:
the natural logarithm of the heat release rate is plotted as a function of the recip-
rocal temperature (in K). Hence, it can be verified that the points obtained are on
a straight line, meaning that they follow Arrhenius law and the slope corresponds
to the ratio E/R that delivers the activation energy. In Figure 10.11, the abscissa
is scaled as 1/T (K) but marked as the temperature in degree Celsius (hyperbolic
scale), giving an easy to use representation.

Common to these methods, is that only one point, that is, the maximum heat
release rate of the thermogram, is used. Even if the method by itself is efficient in
terms of simplicity, experimental work, and evaluation time, it represents a waste
of information, in the sense that all the available information is not used in the
procedure. Nevertheless, from the point of view of safety, it is conservative, since
it is based on the zero-order approximation. More complex methods are based
on a kinetic analysis of the thermograms as presented below.

Worked Example 10.1 tmrad and TD24 from Isothermal DSC Experiments

The estimation of tmrad from isothermal DSC experiments is illustrated by an
example taken from Table 10.1. For sake of simplicity, for calculation of the acti-
vation energy, we take two reference points, 500 W g−1 at 200 ∘C and 90 W kg−1 at
170 ∘C:

E =
−R ⋅ ln(q1∕q2)

1
T1

− 1
T2

=
−8.314 ⋅ ln(500∕90)

1
473

− 1
443

≈ 99 650 J mol−1

If we want to estimate the tmrad of the decomposition characterized above, at a
lower temperature, for example, 120 ∘C, we can extrapolate the heat release rate
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as a function of temperature from 170 to 120 ∘C by using the activation energy
calculated above:

q(T) = qref ⋅ exp

[
−E
R

(
1
T

− 1
Tref

)]
= 90 × exp

[−99 650
8.314

( 1
120 + 273

− 1
170 + 273

)]
= 2.9 W kg−1

From the specific heat release rate of 2.9 W kg−1 at 120 ∘C, and with a specific heat
capacity of 1.8 kJ kg−1 K−1, the tmrad can be calculated for this temperature using
Eq. (10.1):

tmrad =
c′p ⋅ R ⋅ T2

0

q′
0 ⋅ E

= 1800 × 8.314 × 3932

2.9 × 99 650
= 7998 seconds ≈ 2.2 hours

Equation (10.12) can also be solved for the temperature corresponding to
tmrad = 24 hours. Since it is a transcendental equation, a graphical or iterative
procedure must be used. The resolution of the equation for 8 and 24 hours gives
103 and 89 ∘C, respectively. Table 10.2 presents the extrapolation of the heat
release rate together with the corresponding tmrad of the example decomposition
used above.

Table 10.2 Calculation of the heat release rate and tmrad
as a function of temperature.

Temperature (∘C) Power (W kg−1) tmrad (h)

50 0.004 1110
60 0.012 380
70 0.034 144
80 0.091 57
90 0.23 24
100 0.56 10
110 1.3 4.7
120 2.9 2.2
130 6.2 1.1
140 13 0.56
150 25 0.30
160 48 0.16
170 90 0.091
180 163 0.052
190 290 0.031
200 500 0.019

Such a table is easy to compute on a spreadsheet and immediately identifies the
relevant temperature limits. As an alternative, Van’t Hoff rule: “the reaction rate is
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multiplied by two for a temperature increase of 10 K” would give the values sum-
marized in Table 10.3.

Table 10.3 Approximation using Van’t Hoff rule.

T (∘C) 170 160 150 140 130 120
q′ (W kg−1) 90 45 22.5 11.25 5.675 2.8

The result is a fairly good approximation: in fact, an activation energy of
100 kJ mol−1 corresponds to a factor of 2 for a temperature increase of 10 K in the
temperature range around 150 ∘C. These procedures determine the maximum
temperature allowed for a given substance or mixture.

10.4.3 Determination of q′ = f (T) from Dynamic Experiments

In a dynamic experiment, the temperature and the conversion vary with time.
Since the temperature is forced to follow the preset scan rate, by varying the scan
rate, the peaks appear at different temperatures (Figure 10.12). This allows for
kinetic analysis of the thermograms. If the temperature varies linearly with time

T = T0 + 𝛽t (10.7)
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Figure 10.12 Dynamic DSC thermograms recorded with different scan rates (1, 2, 4, and
8 ∘C min−1) (a) heat release rate plotted as a function of temperature (b) the conversion
plotted as a function of temperature. The dashed lines represent the determination of the heat
release rate as a function of temperature for a conversion of 40%.
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for the first order reaction and a heat flow signal obtained by DSC, the heat release
rate depending on the kinetic triplet k0, E, and n (=1), the temperature, conver-
sion extent and heat of reaction, may be expressed as

q′ = k0 ⋅ e−E∕RT (1 − X) ⋅ Q′ (10.8)

The thermal conversion up to the time t is obtained through integration of the
area comprised between the signal and the base line:

X =
∫

t
0 q′ d𝜏

∫
∞

0 q′ d𝜏
=

∫
t

0 q′ d𝜏
Q′ (10.9)

This equation establishes an unambiguous relationship between the conversion
and the heat of reaction.

In the past many evaluation methods, such as Borchardt and Daniels [12],
Kissinger [13, 14], and Flynn and Wall [15, 16] or Osawa [17, 18] were devel-
oped. The last two methods are applied in ASTM (E1641-16) for valuation of
decomposition kinetics by thermogravimetry.

Presently, the powerful computing capacity available to every professional uses
so-called isoconversional methods such as differential method of Friedman in
1966 [19]. The principle is that the same conversion extents considered in dif-
ferent thermograms recorded with different scan rates are reached at different
temperatures therefore with different heat release rates (Figure 10.12). Thus it
is possible to extract an apparent pre-exponential factor k0 and the activation
energy E at each conversion X. The isoconversional methods can be applied in
cases when the mechanism of reaction, and therefore the kinetic model f (X)
required in kinetics computing, is unknown. The isoconversional approach can
be also applied for evaluation of multistage reaction kinetic parameters.

Here, a specific evaluation method implemented in a commercial software
(AKTS) developed by Roduit [20–22] is especially powerful. This software was
especially tuned for solving thermal safety problems and allows a kinetic analysis
even for complex DSC signals based on the isoconversional method [23]. Its
versatility is due the fact that the pre-exponential factor and the activation energy
are no longer considered as constant, but are a function of the conversion:

dX
dt

= k0(X) ⋅ exp
[−E(X)

RT

]
f (X) (10.10)

At a given conversion X, the product k0(X)f (X) is a constant, and the function
of conversion f (X) does not have to be known explicitly; thus it is often called
model-free kinetics. The product k0(X) f (X) and the apparent activation energy
E(X) are extracted from the experimental data solving the equation

ln
(

dX
dt(X)

)
= ln[k0(X)f (X)] −

E(X)

R
1

T(X)
(10.11)

by linear regression to identify k0(X) f (X) from the y-intercept and E(X) from the
slope. The index X means that the variables t, T are taken for a given conversion X.
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The software can be used indifferently with data stemming from different
calorimetric methods, since the required input data is an array with the time,
temperature, and reaction rate or progress. Equation (10.11) is solved for each
conversion X. By using infinitesimal ranges of reaction progress ΔX, the use
of such an approach leads to a plot of k0(X) f (X) and E(X) versus the degree of
conversion X. Moreover a sophisticated data treatment is implemented. As
an example, if the isoconversional principle applies, the construction of the
baseline for heat flow traces is submitted to a consistency test: the values of the
heat of reaction obtained by integration of each heat flow signal after baseline
subtraction must be constant if the contribution of the different reaction
pathways in the mechanism remains temperature independent. The baselines
can be optimized to achieve the constancy of the reaction heat value. Warnings
are given in case of lack of consistency of the data.

The original idea developed by AKTS consists of predicting the conversion
for any temperature profile T(t). Hence, simulation routines, based on different
heat balances, allow for analyzing reactive systems under different conditions:
isothermal, adiabatic, with variable temperature, for example, due to climate, or
day/night cycles, with different mechanisms of heat transfer convection for liq-
uids and conduction for solids, etc. This gives access to the evaluation of the time
to maximum rate in a very efficient way [24]. Such features are extremely use-
ful for the solution of heat accumulation problems (Chapter 12), or predicting
shelf life of reactive substances [25–27] or even determining the self-accelerating
decomposition temperature (SADT).

The experimental effort for this method requires at least four dynamic
experiments performed with different scan rates between 0.5 and 10 K min−1. In
addition, it is a good practice, in conformity of the recommendations of the Inter-
national Confederation for Thermal Analysis and Calorimetry (ICTAC) Kinetics
Committee [28] to perform one isothermal experiment, which serves as a test for
the evaluation of the quality of kinetic computations based on the dynamic exper-
iments. The correctly determined kinetic parameters allow to predict the isother-
mal test in terms of heat release rate and time of the maximum heat release rate.

The choice of an isothermal experiment applied to verify the quality of
the model has to be done with due care taking into account the properties of the
investigated reaction. Because the intrinsic properties of the reaction, e.g. the
type of the dependence on the reaction rate and/or reaction progress (with or
without autocatalytic behavior) on time and temperature, can significantly influ-
ence the choice of the optimal temperature window in isothermal experiments,
the choice of the adequate isothermal experiment can be estimated by numerical
prediction using the model computed with the non-isothermal conditions.

10.4.4 Determination of TD24

Once the heat release rate (q′
(T)) is known as a function of temperature, it gives

access to the time to maximum rate (tmrad) as a function of temperature (T).
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Figure 10.13 Variation of tmrad as a function of temperature. The dashed lines represent the
confidence interval for an error of ±10% on the ΔT ad . The thin lines indicate the T D24.

tmrad =
c′p ⋅ R ⋅ T2

q′
(T) ⋅ E

(10.12)

For the determination of the TD24, Eq. (10.12) must be solved for T , knowing
tmrad = 24 hours. This solution must be iterative since the equation contains a
transcendental function. The isoconversional method with the AKTS software
also delivers thermal safety diagrams as depicted in Figure 10.13.

10.5 Practice of Thermal Stability Assessment

10.5.1 Complex Reactions

Except the isoconversional method, the procedures presented above assume a
single reaction that is approximated by a zero-order rate equation. Nevertheless,
thermograms recorded in practice often show complex behavior with multiple
peaks, which even may be lumped. This reveals a more complex kinetic scheme
that can no more be described solely by one rate equation. Moreover, the acti-
vation energy may be different for the different elementary reactions involved,
which makes the extrapolation hazardous (Figure 10.14). Depending on the
temperature range of interest, one or the other reaction may dominate the heat
release rate, which leads to observe different apparent activation energies as a
function of temperature (see also Section 2.2.2). This must be considered when
assessing the probability of triggering a secondary reaction.

With the approach using isothermal thermograms, the different thermograms
must be checked for consistency. In certain cases when the peaks are well sep-
arated, as for consecutive reactions, they may be treated individually, and the
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Figure 10.14 Plot of the logarithm of the rate constant as a function of the reciprocal
temperature, showing a change of the dominating reaction as a function of temperature (a)
high activation energy at high temperature extrapolation of DSC measurements at high
temperature towards lower temperature is unsafe and (b) high activation energy at low
temperature extrapolation of DSC measurements at high temperature towards lower
temperature may be over conservative.

heat release rates can be extrapolated separately and used for the tmrad calcula-
tion. The reaction that is active at lower temperature will raise the temperature
to a certain level where the second becomes active and so on. So under adiabatic
conditions, one reaction triggers the next as in a chain reaction. In certain cases,
in particular for the assessment of stability at storage, it is recommended to use
a more sensitive calorimetric method as, for example, Calvet calorimetry or the
Thermal Activity Monitor (TAM) (see Section 4.3 and Figure 4.13), to determine
heat release rates at lower temperatures and thus to allow a reliable extrapolation
over a large temperature range.

Another typical case that may be especially critical is when the thermal stability
of a solid must be studied and the decomposition peak in the dynamic DSC exper-
iment immediately follows the melting peak (Figure 10.15). The decomposition
reaction takes place in the liquid phase, whereas the assessment must be done for
the solid phase. Using the exothermal peak to determine the tmrad at low tem-
perature is equivalent to use the kinetic data of the liquid to assess the stability
of the solid. This may lead to severe errors [29]. In such cases the decomposition
kinetics of the solid phase may be studied by high sensitive calorimeters as the
TAM (Section 4.3.3).

Complex reactions can easily be handled with the isoconversional method, as
mentioned above. This is due to the variable pre-exponential factor and activation
energy, which are a function of reaction progress and as such implicitly consider
multiple reactions.

It is important to keep in mind that the determination of the TD24 is based on
a kinetic study and that this type of study should follow the recommendations
given the ICTAC. These recommendations aim at avoiding heat accumulation
within the analyzed sample. When using dynamic DSC for energetic material
with isoconversional methods, the scan rate should not surpass 10 K min−1, and
the sample mass should be kept in the range of 4 mg or below in pressure-resistant
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Figure 10.15 Dynamic DSC thermogram with an exothermal decomposition starting
immediately after melting.

tight crucibles. Choosing higher scan rate or sample mass may lead to tempera-
ture gradients inside the sample that distort the reaction kinetics and lead to false
results. Such measurements should be performed by duly trained specialists [30].

10.5.2 Remarks on the Quality of Experiments and Evaluation

The study of thermal stabilities using micro-calorimetry started in the early
1970s and never ceased to be a field of innovation in the different scientific areas
involved: experimental techniques, instrument design and construction, and
evaluation methods. The toolbox that is available nowadays is quite extensive
ranging from simple one point extrapolations, over isothermal experiments
using four or five points, to isoconversional methods that use thousands of
points.

Nevertheless these powerful evaluation methods require extreme caution in
the performance of the experiments. The most sophisticated evaluation method
is of no use, if the experiments are biased by systematic errors or poor sample
preparation techniques. Moreover, avoiding secondary decomposition reactions
often requires a profound understanding of the phenomena occurring during
such reactions. This knowledge often cannot be obtained by one technique alone,
but a combination of different experimental or evaluation methods leads to the
solution.

10.6 Exercises

10.1 A diazotization reaction gave rise to a severe explosion, as the concen-
tration of the reactants was increased (see Case History in Chapter 4).
The corresponding thermograms are represented in Figure 10.16. These
thermograms were recorded at a scan rate of 4 K min−1 with the reac-
tant’s mixtures. The process temperature should be 45 ∘C. The chemist
in charge of the process performed a laboratory experiment in a 200 ml
stirred 3-necked glass flask. He recorded the temperature of the reaction
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Figure 10.16 Dynamic DSC thermograms of the diazotization reaction mass. (a) Initial
concentration, (b) increased concentration.

and of the bath during diazotization, but did not notice any temperature
difference. Both the bath and the reaction mass remained at 45 ∘C.
Questions
1 Give an interpretation of the thermograms.
2 Why did the initial process work properly?
3 Why did the explosion occur, despite the fact that there was no tem-

perature difference in the experiment described above?

10.2 A reaction has to be performed at 80 ∘C. Two thermograms were
recorded (Figure 10.17). The upper thermogram was obtained with the
reactants mixed at room temperature. One of the reactants is a solid at
room temperature. The lower thermogram was obtained with a sample
of the final reaction mass. The specific heat capacity of the reaction mass
is c′p = 1.7 kJ kg−1 K−1.
Questions
1 Give an interpretation of the thermograms.
2 Assess the thermal risks linked to the industrial performance of the

process.
3 Do you think that a batch process is possible?

10.3 A sample of a final reaction mass (of Exercise 10.2) was analyzed by DSC
under isothermal conditions at a temperature of 190 ∘C. The thermogram
presents a uniformly decreasing exothermal signal with a total energy of
960 kJ kg−1. The maximum heat release rate is measured at the beginning
of the experiment: 40 W kg−1.
The maximum temperature of the synthesis reaction (MTSR) may reach
is 130 ∘C. The heat capacity of the reaction mass is 1.7 kJ kg−1 K−1.
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Figure 10.17 DSC thermograms of the reactants mixed at room temperature (a) and of the
final reaction mass (b).

Questions
1 What is the information you can draw from this experiment (two

quantitative and one qualitative information)?
2 Assess the severity of a runaway of this final reaction mass.
3 Estimate the tmrad at MTSR. Hint: use Van’t Hoff rule, the reaction

rate doubles for a temperature increase by 10 K and remember that
tmrad = 8 hours for 1 W kg−1.

4 Assess the thermal risk linked to the runaway of the final reac-
tion mass.

5 What do you recommend to do before scaling up this reaction?

10.4 The final reaction mass of the example substitution reaction was stud-
ied in a series of isothermal DSC experiments in the temperature range
between 175 and 195 ∘C. The decomposition energy is always close to
1150 kJ kg−1. The results are summarized as follows:

Temperature (∘C) 175 180 185 190 195
Heat release rate (W kg−1) 120 190 300 460 700

Question
1 Determine the TD24. Hint: This exercise is best solved using a spread-

sheet.
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11

Autocatalytic Reactions

Case History “DMSO Recovery”

Dimethyl sulfoxide (DMSO) is an aprotic polar solvent often used in organic chem-
ical synthesis. It is known for its limited thermal stability, so usually precautions
are taken to avoid its exothermal decomposition. The decomposition energy is
approximately 500 J g−1, which corresponds to an adiabatic temperature rise of
over 250 K.

This solvent was used for synthesis during a campaign in a pilot plant. It was
known to be contaminated with an alkyl bromide. Thus, it was submitted to chem-
ical and thermal analysis, which defined safe conditions for its recovery, that is, a
maximum heating medium temperature of 130 ∘C for batch distillation under vac-
uum. These conditions were established to ensure the required quality and safe
operation. A second campaign, which was initially planned, was delayed, and in
the meantime the solvent was stored in drums.

One year later, the DMSO was needed again in the pilot plant, and it was decided
to proceed with distillation to recover the pure solvent. As vacuum was applied
to the stirred vessel (4 m3), difficulties occurred in reaching the desired vacuum.
Thus, the operators looked for a leak in the system until someone noticed a
sulfide-like smell at the vacuum pump exhaust. It was decided to change the
vacuum pump oil that was assumed to be contaminated. To do so, the distillation
flap was closed, insulating the vessel from the distillation system, which was
brought to atmospheric pressure to allow the oil to be changed. After 30 minutes,
the vessel exploded, causing extensive material damage, with one operator being
injured by flying debris.

What the incident analysis revealed:

• The thermal analysis was repeated on the stored raw DMSO as it was before
distillation. The thermal stability was shown to have strongly decreased, when
compared with the analysis performed before storage.

• DMSO decomposes following autocatalytic behavior. During storage, decom-
position products that catalyze the decomposition were slowly formed. Con-
sequently the induction time of the decomposition decreased such that only
30 minutes was left at 130 ∘C.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.



284 11 Autocatalytic Reactions

Lessons Drawn

• Even a very slow decomposition may impinge on the thermal stability of a sub-
stance decomposing by an autocatalytic mechanism. Thus, the time factor plays
an important role.

• Thermal analysis should always be performed on samples that are representa-
tive of the substance to be processed.

Introduction

Section 11.1 of this chapter is an introduction of basic definitions, describ-
ing the behavior of autocatalytic reactions, their reaction mechanism, and a
phenomenological study. Section 11.2 is devoted to their characterization,
Section 11.3 describes the methods for the determination of the tmrad of
autocatalytic reactions, and Section 11.4 gives some hints on mastering this
category of reaction in the industrial environment.

11.1 Autocatalytic Decompositions

Autocatalytic decompositions are common in fine chemistry [1]. They are con-
sidered hazardous because they give rise to sudden heat evolution, often with
unexpected initiation and unknown exogenic influences [2]; consequently they
are often perceived as unpredictable. The sudden heat evolution stems from the
special nature of the reaction kinetics and results in a violent reaction often asso-
ciated with important destructive power. For these reasons, it is worth dedicating
a special chapter to autocatalytic reactions.

11.1.1 Definitions

11.1.1.1 Autocatalysis
There are several definitions of autocatalytic reactions.

A reaction is called autocatalytic when a reaction product acts as a catalyst on
the reaction course [3].

Autocatalytic reaction is a chemical reaction in which a product also functions
as a catalyst. In such a reaction, the observed rate of the reaction is often found
to increase with time from its initial value [4].

In fact, in most mechanisms, the reaction rate is proportional to the concentra-
tion of a reaction product. Thus, the term of self-accelerating reaction would be
more appropriate. But for sake of simplicity, we maintain the term autocatalytic.
Our use of the word “autocatalysis” does not imply any molecular mechanism.

11.1.1.2 Induction Time
The induction time is the time evolved between the instant where the sample
reaches its initial temperature and the instant where the reaction rate reaches
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its maximum. In practice, two types of induction times must be considered: the
isothermal and the adiabatic. The isothermal induction time is the time a reaction
takes to reach its maximum rate under isothermal conditions. It can typically be
measured by differential scanning calorimetry (DSC) or differential thermal anal-
ysis (DTA). This assumes that the heat release rate can be removed by an appro-
priate heat exchange system. Since the induction time is the result of a reaction
producing the catalyst, the isothermal induction time is an exponential function
of temperature. Thus, a plot of its natural logarithm, as a function of the inverse
absolute temperature, delivers a straight line. The adiabatic induction time cor-
responds to the time to maximum rate under adiabatic conditions (tmrad). It can
be measured by adiabatic calorimetry or calculated from kinetic data. This time
is valid if the temperature is left increasing at the instantaneous heat release rate.
In general, adiabatic induction time is shorter than isothermal induction time.

11.1.2 Behavior of Autocatalytic Reactions

Reactions often follow nth-order kinetic law. Under isothermal conditions, for
example, under conditions where the sample temperature remains constant, the
heat release rate decreases uniformly with time, due to reactant depletion. In
the case of autocatalytic reaction, the behavior is different: an acceleration of
the reaction with time is observed. The corresponding heat release rate passes
through a maximum and then decreases again (Figure 11.1), giving a bell-shaped
heat release rate curve or an S-shaped conversion curve. Hence, the accelera-
tion period is often preceded by an induction period with no thermal signal,
and therefore no noticeable thermal conversion can be observed. An isothermal
calorimetric experiment, for example, DSC, immediately shows to which type the
nth-order or autocatalytic reaction belongs.
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Figure 11.1 Comparison of autocatalytic and nth-order reactions in an isothermal DSC
experiment performed at 200 ∘C. Both reactions present a maximum heat release rate of
100 W kg−1 at 200 ∘C. The induction time of the autocatalytic reaction leads to a delay in the
reaction course.
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Figure 11.2 Comparison of an autocatalytic (solid line) and an nth-order reaction (dashed
line) under adiabatic conditions starting from 150 ∘C. Both reactions have the same tmrad of
10 hours. If an alarm level (A) is set at 160 ∘C (dotted line), the nth-order reaction will reach the
alarm level after 4 hours 15 minutes, whereas the autocatalytic reaction reaches this level only
after 9 hours and 35 minutes.

If one considers the case of adiabatic runaway, these two types of reaction lead
to totally different temperature versus time curves. With nth-order reactions, the
temperature increase starts immediately after cooling failure, while with autocat-
alytic reactions the temperature remains stable during the induction period and
suddenly increases very sharply, as shown in Figure 11.2.

This is due to the fact that under isothermal conditions, the nth-order reac-
tion presents its maximum heat release rate at the beginning of the exposure to
initial temperature, whereas the autocatalytic reaction presents no or only weak
heat release at this time. Thus, temperature increase is delayed and only detected
later after an induction period, as the reaction rate becomes sufficiently fast.
Hence acceleration, due to both product concentration and temperature increase,
becomes very sharp.

This has essential consequences for the design of emergency measures. A tech-
nical measure to prevent a runaway could be a temperature alarm set at, for
example, 10 K above the process temperature. This works well with nth-order
reactions, where the alarm is activated at approximately half of the tmrad. How-
ever, autocatalytic reactions are not only accelerated by temperature but also
by time. This can lead to a sharp temperature increase. In the case shown in
Figure 11.2, a temperature alarm is not effective, because there is no time left to
take measures: in the example given, only a few minutes are left before runaway.
Therefore, it is important to know if a decomposition reaction is of autocatalytic
nature or not: that is, the safety measures must be adapted to this type of reaction.

11.1.3 Rate Equations of Autocatalytic Reactions

Numerous models of autocatalytic reactions are described in the literature [2,
5–9]. Here three of them are presented: the Prout–Tompkins [8], the Benito–
Perez [6] models, and a model stemming from the Berlin school [1, 10, 11]. These
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models describe the phenomenon in a simple way and are the most used in prac-
tice, especially with respect to process safety.

11.1.3.1 The Prout–Tompkins Model
The Prout–Tompkins model is the oldest described in the literature [8], and it is
also the simplest, since it is based on only one reaction and one rate equation:

A + B
k
−−→ 2B with − rA =

−dCA

dt
= k ⋅ CA ⋅ CB (11.1)

Since the reaction rate is proportional to the concentration of the product, the
rate increases when the product is formed, until the reactant concentration
decreases. For this reason, even under isothermal conditions, the reaction first
accelerates, passes a maximum, and then decreases (Figure 11.3). The rate
equation may be expressed as a function of conversion:

dX
dt

= Ẋ = k ⋅ X ⋅ (1 − X) (11.2)

This expression describes the characteristic S-shaped conversion curve as a func-
tion of time. Under isothermal conditions, the maximum reaction rate and con-
sequently the maximum heat release rate are obtained for a conversion of 0.5:

dẊ
dX

= 1 − 2X = 0 ⇒ X = 0.5 (11.3)

The kinetic constant can be calculated from the maximum heat release rate mea-
sured under isothermal conditions:

k =
4 ⋅ q′

max

Q′ (11.4)

This model gives a symmetrical peak with its maximum at half conversion.
Hence the model is unable to describe nonsymmetrical peaks as they are often
observed in practice. Moreover, in order to obtain a reaction rate other than
zero, some product B must be present in the reaction mass. Therefore, the initial
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Prout–Tompkins model.
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concentration of B (CB0) or the initial conversion (X0) is a required parameter
for describing the behavior of the system. This also means that the behavior
of the reacting system depends on its “thermal history,” that is, on the time of
exposure to a given temperature. This simple model requires three parameters:
the frequency factor, the activation energy, and the initial conversion that must
be fitted to the measurement in order to predict the behavior of such a reaction
under adiabatic conditions.

11.1.3.2 The Benito–Perez Model
The Benito–Perez model [6] also includes a first reaction, called the initiation
reaction, producing some product, which then enters into an autocatalytic reac-
tion similar to the Prout–Tompkins schema described above. It can be described
by a formal kinetic model as

𝜈1A
k1−−→ 𝜈1B

𝜈2A + 𝜈3B
k2−−→ (𝜈3 + 1)B

−rA = k1Ca1
A + k2Ca2

A Cb
B (11.5)

This model comprises eight parameters, that is, two frequency factors, two activa-
tion energies, three exponents for the reaction orders, and the initial conversion.
It is often used in a simplified form, with all reaction orders equal to one:

A
k1−−→B

A + B
k2−−→ 2B

−rA = k1CA + k2CACB (11.6)

The rate equation then becomes
dX
dt

= k1(1 − X) + k2X(1 − X) (11.7)

Thanks to its versatility, this model is able to describe a great number of auto-
catalytic reactions [5]. Systems with slow initiation reaction are called “strong
autocatalytic reactions.” Because the rate of the initiation reaction is low, product
is formed slowly, leading to a long induction time under isothermal conditions.
For such systems, the initial heat release rate is low or practically zero. Con-
sequently, the reaction may remain undetected for a relatively long period of
time (Figure 11.4). When the reaction accelerates, such an acceleration appears
suddenly and may lead to runaway. A strong autocatalytic reaction is formally
equivalent to a Prout–Tompkins mechanism.

Systems with a faster initiation reaction provide an initial heat release rate,
which detects them earlier. These systems are called “weak autocatalytic
reactions.”

11.1.3.3 The Berlin Model
Another rate equation is often referred to in the German literature [1, 11, 12]:

dX
dt

= k(1 + PX)(1 − X) (11.8)
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Figure 11.4 Comparison of a strongly autocatalytic reaction (solid line) with a weak
autocatalytic reaction (dashed line). Isothermal DSC experiment at 200 ∘C. The heat release
rate for the strong autocatalytic reaction is zero at the beginning of the exposure.

The factor P is called the autocatalytic factor: for P = 0, the reaction becomes
a single first-order reaction. With increasing P, the autocatalytic character
becomes more important.

It can be shown that this model is equivalent to the Benito–Perez model by
setting

P =
k2CA0

k1

whereas it corresponds to the simplified Benito–Perez model with equal activa-
tion energies, and frequency factors for both steps and all reaction orders equal
to 1. Since P is the ratio of two rate constants, both reactions do not present the
same activation energy, and P is an exponential function of temperature.

The simplicity and nevertheless versatility of the model make it useful for study-
ing phenomenological aspects of autocatalytic reaction.

11.1.4 Phenomenological Aspects of Autocatalytic Reactions

Different factors may strongly affect the behavior of autocatalytic reactions, espe-
cially if we consider the adiabatic temperature course that is used to predict the
tmrad. Such effects are shown by numerical simulations using the Berlin model.

A higher degree of autocatalysis results in shorter tmrad (Figure 11.5). This
has a practical consequence for process safety: for a non-autocatalytic reaction,
the alarm set at 10 ∘C above the initial temperature would be triggered at
approximately half of tmrad, leaving enough time to take countermeasures. This
time is reduced as the degree of autocatalysis increases; hence the alarm would
be triggered too late. Moreover, autocatalytic reactions are very sensitive to
catalytic effects, which may be due to impurities present in the substance. Thus,
when dealing with autocatalytic reactions, one must be aware of the product
quality or purity.
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Figure 11.5 Effect of the degree of autocatalysis on the adiabatic temperature course using
different values of the parameter P = 0, 5, 10, and 100. The initial temperature is 100 ∘C. The
dashed line represents a temperature alarm level set at 110 ∘C.
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Figure 11.6 Effect of the initial conversion of the substance on the adiabatic temperature
course. These numerical simulations were performed with a parameter P of 10. The initial
conversion is X0 = 0, 0.01, 0.05, and 0.1.

Since a reaction product catalyzes the reaction, the initial concentration of
product [13] also has a strong effect on the tmrad. In the case illustrated in
Figure 11.6, an initial conversion of 10% leads to a reduction of the tmrad by
a factor of 2. This also has direct implications for process safety: the “thermal
history” of the substance, that is, its exposure to temperature for a certain
time increases initial product concentration, leading to effects comparable
to those illustrated in Figure 11.5. Hence it becomes obvious that substances
showing an autocatalytic decomposition are very sensitive to external effects,
such as contaminations and previous thermal treatments. This is important for
industrial applications as well as during the experimental characterization of
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such decompositions: the sample chosen must be representative of the industrial
situation, or several samples must be analyzed.

11.2 Identification of Autocatalytic Reactions

The sensitivity of autocatalytic reactions toward impurities and thermal history
and the fact that a temperature alarm alone cannot represent an efficient protec-
tion make it unavoidable to identify the autocatalytic nature of a reaction (main
or secondary reaction). This task can be best performed following the principle
of increasing complexity or the Keep It Simple and Safe (KISS) principle, which
starts with simple experiments, and only if they do not give a clear diagnostics,
more complex and time demanding experiments are performed. This procedure
is illustrated in Figure 11.7 and is followed in Section 11.2.

11.2.1 Chemical Information

Certain classes of compounds are known to decompose following an autocat-
alytic mechanism. Among them are:

• Aromatic nitro compounds: The exact mechanism is unknown [1].
• Monomers: Polymerizations show a strong self-accelerating reaction rate

[14, 15].
• Chlorinated aromatic amines: Polycondensation is catalyzed by hydrochloric

acid that is produced by the reaction [16].
• DMSO [17].
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• Cyanuric chloride and its mono- and disubstituted derivatives: The
decomposition is catalyzed by hydrochloric acid, which is also a reaction
product [2].

• Azo-bis-iso butyronitrile (AIBN) often used as initiator for radical polymer-
ization decomposes following an autocatalytic mechanism.

Functional groups prone to instability such as N-oxides, triazole, and oxime
often present an autocatalytic behavior. Also esters of sulfonic acids (mesylate,
tosylate) often used as protecting groups in organic synthesis present a strong
autocatalytic character. For these substances it is strongly recommended to check
the autocatalytic character of their decomposition.

An autocatalytic decomposition can be monitored by isothermal aging
and periodic sampling for a chemical analysis of the substance. The reactant
concentration first remains constant and decreases after an induction period
(Figure 11.8). This is characteristic for self-accelerating or autocatalytic behavior.
The chemical analysis may also be replaced by a thermal analysis using dynamic
DSC or other calorimetric methods, following the decrease of the thermal
potential as a function of aging time.

11.2.2 Qualitative Peak Shape in a Dynamic DSC Thermogram

For experienced users, the results of thermal screening experiments in the
dynamic mode may also give indications: the thermograms of autocatalytic
reactions, in most cases, show narrow signals with a high heat release rate
maximum (Figure 11.9). Nevertheless, dynamic or temperature-programmed
DSC or DTA screening measurements can only suggest the autocatalytic nature
of the decomposition that must be confirmed by an isothermal experiment.

Both example reactions are shown in Figure 11.9. The nth-order and the
autocatalytic have the same maximum heat release rate of 100 W kg−1 under
isothermal conditions at 200 ∘C, the same activation energy of 100 kJ mol−1, and
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Figure 11.8 Variation of concentration as a function of time: R is reactant and P is product.
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Figure 11.9 Dynamic DSC thermogram showing the difference in signal shape between
autocatalytic (sharp peak) and nth-order reaction (flat peak).

the same decomposition energy of 500 J g−1. One notices that in the dynamic
experiment, the peak of the autocatalytic reaction is strongly shifted toward
high temperatures. This could easily lead to a false interpretation that the sample
corresponding to the autocatalytic reaction is more stable than the sample
corresponding to the nth-order reaction, which is totally misleading. This is a
further reason for detecting the autocatalytic nature of decomposition reactions.
Moreover, in the dynamic experiment, the autocatalytic reaction presents a far
higher maximum heat release rate than the nth-order reaction.

11.2.3 Quantitative Peak Shape Characterization

The fact that the peak appears sharp and narrow with a high maximum heat
release rate may be expressed in a quantitative way. The first idea is to measure
the peak height and width and to use a ratio in order to determine if the reaction
is autocatalytic or not. Even if this method looks simple, its drawback is that only
a few points are used to describe the peak. Thus, the statistical significance of
such an evaluation is poor.

Therefore, a more efficient and reliable method was developed at the Swiss
Institute for the Promotion of Safety and Security (Swissi) [18], which has a higher
statistical significance. In fact, the beginning of the reaction (or of the peak) deter-
mines the behavior of the reaction mass under adiabatic conditions. Therefore,
a simple first-order model is fitted to the beginning of the peak by adjusting two
parameters of the model (Figure 11.10): the activation energy and the frequency
factor. The activation energy is an apparent activation energy and characterizes
the steepness of the peak, that is, the higher the apparent activation, the greater
the chance that the reaction is autocatalytic.

This method was validated with over 100 substances and compared with the
results of the classical study by isothermal experiments. For apparent activation
energies above a level of 220 kJ mol−1, 100% of the samples showed an autocat-
alytic character in isothermal experiments. This method can be used as a screen
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Figure 11.10 First-order model fitted to an autocatalytic peak in a dynamic experiment. The
apparent activation energy is 280 kJ mol−1, showing the autocatalytic nature of the reaction.
The solid line represents experiment and dashed line represents fitted first order model.

to distinguish clearly autocatalytic reactions from others that should be studied
by isothermal experiments. This reduces the number of isothermal experiments
required.

Temperature-programmed DSC, or DTA measurements, can only suggest the
autocatalytic nature of the decomposition. Neither the influence of the thermal
history and contamination can be detected by them, nor can the kinetic param-
eters be determined from a single experiment.

11.2.4 Double Scan Test

One of the properties of autocatalytic reactions is their sensitivity to the thermal
history. This property can be used by deliberately submitting the sample to aging,
which means to expose the sample to an elevated temperature during a given
time and to measure the effect of aging on the reaction course. This can be done
by using several samples of the same substance aged for different durations in an
oven and then to analyze them by DSC. After aging, the peak may be strongly
shifted toward lower temperatures, and the magnitude of this shift will depend
on the autocatalytic behavior of the material. For highly autocatalytic reactions
such shift will occur even for hardly observable reaction progress during aging
(lower than 1%). Such small decomposition extent is generally undetectable only
by monitoring the decrease of heat of reaction.

The abovementioned procedure for the detection of aging impact on thermal
behavior of materials can be considerably accelerated by performing a so-called
double scan test (DS test) developed by Roduit et al. [19], which requires only
two non-isothermal runs with identical arbitrary chosen heating rates. The goal
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Figure 11.11 Double scanning test for simple detection of aging impact on thermal behavior
of materials. (a) Conversion as a function of temperature and (b) resulting thermograms, heat
release rate as a function of temperature. During the first scan (temperature trajectory ABC),
the peak 1 is observed. During the second scan, the controlled aging of the substance (by
heating the fresh sample to T onset and temperature quenching, temperature traces ABD) is
followed by heating with the same rate as in the first scan 1 (traces DE). Due to the sample
aging, the peak 2 is shifted into the lower temperature. The difference between the peak
maxima ΔT reflects the influence of the aging on the thermal behavior of the materials and is
characteristic for the autocatalytic reactions.

of this test consists in comparing the thermal behavior of fresh and aged (or two
differently aged) samples. In a first experiment, the sample is analyzed in the
dynamic mode by heating at 4 or 5 K min−1 from room temperature until full
decomposition: in temperature trajectory ABC in Figure 11.11a, the peak 1 is
observed for which the temperature onset and maximum temperature are deter-
mined (Figure 11.11b). The onset temperature is defined conventionally as the
temperature of the intercept of the tangent at the inflexion point with the base-
line. Then a second sample of the same substance is heated with identical heating
rate from room temperature to the onset temperature (trajectory AB). Then the
sample is rapidly cooled to room temperature (trajectory BD) and submitted to
a second scan with identical heating rate (trajectory DE) during which peak 2 is
observed.

The aging process takes place during heating until the temperature Tonset (tra-
jectory AB, the aging during temperature quenching [DB] is negligible in com-
parison). Either the peak of the second scan remains close to the peak collected
during the first scan, or it is significantly shifted toward lower temperature. In this
second case, the sample is sensitive to aging, and one possible reason is that the
decomposition follows an autocatalytic rate law. The difference between the tem-
peratures of the peak maxima (ΔT) measured in the first and second run reflects
the dependence on thermal aging of the investigated sample.

This method is fast and reliable for the identification of the autocatalytic behav-
ior of a substance.
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11.2.5 Identification by Isothermal DSC

This is a reliable way to detect and characterize an autocatalytic decomposition.
Nevertheless, there are a certain number of precautions to take; especially the
choice of the experiment temperature is crucial:

• At too low a temperature, the induction time may be longer than the experi-
ment time, suggesting that there is no decomposition. This false interpretation
can be avoided by comparing with the dynamic DSC experiment: the measured
energy must be the same in both experiments.

• At too high a temperature, the induction time may be so short that only the
decreasing part of the signal is detected, suggesting a non-autocatalytic decom-
position. Here too, this false interpretation can be avoided by comparing with
the dynamic DSC experiment: the measured energy must be the same in both
experiments.

At a correct temperature level, the typical bell-shaped signal, as shown in
Figure 11.3, can be identified: the reaction rate first increases, passes a maximum,
and decreases again.

11.3 Determination of tmrad of Autocatalytic Reactions

Once the autocatalytic nature of a reaction is established, the determination of
the time to maximum rate (tmrad) can be performed. Here too the KISS princi-
ple can be applied in order to minimize the experimental effort, but remaining
sure that the evaluation is on the safe side. A typical procedure is illustrated in
Figure 11.12.

11.3.1 One-Point Estimation

This first simplified approach (Box 1 in Figure 11.12) is essentially the same as
described in Section 10.3.1. This method is conservative for nth-order reactions,
but the situation is more complex for autocatalytic reactions. This is due to the
presence of an induction period in autocatalytic reactions that gives rise to two
contradictory arguments:

• With autocatalytic reactions, the induction period causes a shift of the peak
measured in a dynamic DSC experiment toward higher temperature. Since
the reference point is the detection limit of the instrument, the heat release
rate of, for example, 10 W kg−1 is taken at a higher temperature: this is
non-conservative.

• On the other hand, using a zero-order kinetics, as it is done in this approach, is
equivalent to neglecting the induction period, which results in a shorter tmrad.
This is conservative.
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Thus the final results depend on the relative weight of both arguments. There-
fore this method may be used as a first rough approach, but should never be
applied alone.

11.3.2 Characterization Using Zero-Order Kinetics

This method (Box 2 in Figure 11.12) consists of recording a series of isothermal
DSC thermograms at different temperatures for the determination of activation
energy and the estimation of the time to maximum rate:

tmrad =
c′p ⋅ R ⋅ T2

q′
(T) ⋅ E

(11.9)

This expression was established for zero-order reactions, but can also be used
for other reactions, if the influence of concentration on reaction rate can be
neglected. In the case of autocatalytic reactions, it also neglects the induction
period, since everything is treated as the maximum heat release rate takes
place from the beginning, which is obviously not the case (see Figure 11.13):
the maximum heat release rate is reached at nonzero conversion, and thus
conversion can no longer be ignored. Thus the assessment of the probability of a
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Figure 11.12 Logical tree for the evaluation for the determination of tmrad for autocatalytic
reactions. The box numbers correspond to the descriptions in Sections 11.3.1–11.3.4.
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Figure 11.13 Isothermal DSC thermograms and Arrhenius diagram.

runaway by using a zero-order reaction model may be too cautious. Moreover,
since the maximum of the heat release rate is used to obtain an estimate of the
tmrad, the obtained tmrad is definitely too short. The resulting risk assessment
is therefore too conservative and may even endanger the development of a
profitable process.

Worked Example 11.1 tmrad from Zero-Order Approximation

A series of three isothermal DSC experiments was performed (Figure 11.13). The
natural logarithms of maximum heat release rates determined on each thermo-
gram are plotted as a function of the inverse temperature in an Arrhenius diagram
with the temperature axis scaled using inverse temperature.

From this diagram, the activation energy and the heat release rate for every tem-
perature can be calculated. As an example, in Figure 11.13, we take two points for
a hand calculation: 80 W kg−1 at 120 ∘C and 16 W kg−1 at 100 ∘C. With these values
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we calculate the activation energy as

E =
R ⋅ ln

(q2

q1

)
1

T1
− 1

T2

=
8.314 ⋅ ln

(80
16

)
1

373
− 1

393

≈ 98 150 J mol−1

Of course in a real case, we take all available points and perform a linear regression
for ln q

′ = f (1/T). Using this energy of activation and heat capacity of 1.8 kJ kg−1 K−1,
the tmrad can be estimated according to Eq. (11.9) for a temperature of 80 ∘C, where
the heat release rate is 2.7 W kg−1 (from Arrhenius diagram in Figure 11.13):

tmrad =
c′p ⋅ R ⋅ T2

0

q′
(T0)

⋅ E
= 1800 × 8.314 × 3532

2.7 × 98 150
= 7037 seconds ≈ 2 hours

To obtain a tmrad longer than eight hours, the temperature must not exceed 65
and 50 ∘C for a tmrad longer than 24 hours.

11.3.3 Characterization Using a Mechanistic Approach

To obtain a more realistic estimation of the behavior of an autocatalytic reac-
tion under adiabatic conditions, it is possible to identify the kinetic parameters
of the Benito–Perez model from a set of isothermal DSC measurements (Box 3
in Figure 11.12). Two cases are distinguished:

• The weak autocatalysis: Assuming that at the beginning of the experiment, the
heat release rate is governed by the initiation reaction, the rate constant of the
initiation

k1 =
q′

0

Q′
d

(11.10)

and the rate constant of the autocatalytic step given by the maximum heat
release rate:

k2CA0 =
4q′

max

Q′
d

(11.11)

• The strong autocatalysis (for which the rate constants are obtained from a
plot as in Figure 11.14) obtained during the study of the decomposition of
2,4-dinitrophenol [5]:

ln X
1 − X

= ln
k1

k2CA0
+ k2CA0t (11.12)

If this plot gives a straight line, the slope delivers k2 and the origin the constant k1.
In the example shown in Figure 11.15, the effect of neglecting the induction

time assumes a zero-order reaction, leading to a factor of over 15 during the time
to maximum rate. Since this factor strongly depends on the initial conversion
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or concentration of “catalyst” initially present in the reaction mass, this method
must be applied with extreme care. The sample must be truly representative of
the substance used at industrial scale. For this reason, the method should only be
applied by specialists.

11.3.4 Characterization by Isoconversional Methods

These methods (Box 4 in Figure 11.12) were presented in Section 10.4.3. In
their principles, isoconversional methods do not use an explicit function of
conversion in the rate equation, but consider an apparent activation energy and
pre-exponential factor as a function of conversion that are directly determined
from the experimental data recorded at different heating rates (non-isothermal)
or temperatures (isothermal mode) [19]:

ln
(

dX
dtX

)
= ln[k0,Xf (X)] −

EX

R
1

TX
(11.13)

Solving this equation for each degree of conversion allows for the identification
of the unknown ln[k0, Xf (X)] and EX ; hence the autocatalytic nature of a reac-
tion is implicitly accounted for (as far as the reaction presents this behavior). The
advanced kinetic and technology solutions (AKTS) software allows to calculate
the confidence interval of the results [20]. In the example shown in Figure 11.16,
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the tmrad was calculated at 24 hours, and the 95% confidence interval ranged from
19 to 30 hours. This again shows that the values of tmrad should be used with care,
since, under adiabatic conditions, errors are amplified.

11.3.5 Characterization by Adiabatic Calorimetry

Since autocatalytic reactions often show only a low initial heat release rate, the
temperature rise under adiabatic condition will be difficult to detect. Therefore,
the sensitivity of the adiabatic calorimeter must be carefully adjusted. A small
deviation in temperature control may lead to large differences in the measured
time to maximum rate. This method should only be applied by specialists and is
often used to confirm results obtained by other methods [21].

Worked Example 11.2 Kinetic Study of an Autocatalytic Decomposition

A reaction mass is to be concentrated by vacuum distillation in a 1600 l stirred
tank. Before distillation, the contents of the vessel are 1500 kg, containing 500 kg
of product. The solvent should be totally removed from the solution at 120 ∘C,
with a maximum wall temperature of 145 ∘C (5 bar steam). In order to evaluate the
thermal stability of the concentrated product, a dynamic DSC experiment was per-
formed (Figure 11.17).
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Figure 11.17 Dynamic DSC thermogram of 12.3 mg concentrate in a gold-plated
high-pressure crucible. The scan rate is 4 K min−1. The energy is 500 J g−1.

Since this thermogram shows a steep peak, the autocatalytic nature of the
decomposition is likely. Thus, two isothermal DSC experiments were performed at
240 and 250 ∘C in order to confirm this hypothesis and to evaluate the probability
of triggering the decomposition (Figure 11.18). The results can be summarized as
follows: at 240 ∘C the initial heat release rate is 8.5 W kg−1, and the maximum heat
release rate 260 W kg−1. At 250 ∘C, the measured heat release rates are 15 and
360 W kg−1, respectively.
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Figure 11.18 Isothermal DSC thermograms recorded with 25.2 mg sample at 240 ∘C and
23.4 mg at 250 ∘C in gold-plated high-pressure crucibles. For both experiments, the energy
was close to 500 J g−1.

Questions

How do you assess the severity of a runaway of this concentrate?
How do you assess the probability of triggering it?

Potential: With a specific heat capacity of 1.7 kJ kg−1 K−1, the adiabatic tempera-
ture rise is

ΔTad = Q′

c′p
= 500

1.7
= 294 K

Thus, the severity is “high” and the probability of triggering the decomposition
must be assessed.

As a first attempt, the zero-order approximation may be used. Hence the activa-
tion energy is calculated from the maximum heat release rates:

E =
R ⋅ ln(q′

1∕q′
2)

1
T1

− 1
T2

=
8.314 × ln(360∕260)

1
513

− 1
523

≅ 70 000 J mol−1

The activation energy extrapolates the heat release rate:

q′(T) = q′
ref ⋅ exp

[
−E
R

(
1
T

− 1
Tref

)]
which in turn calculates tmrad :

tmrad =
c′pRT2

q′
(T)E

The results are summarized in Table 11.1. The accepted stability limit (T D24)
is c. 95 ∘C; thus the process is compromised. Nevertheless, since this results
from a zero-order approximation, a kinetic model could lead to a more realistic
prediction, which could “save” the process.
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Table 11.1 Heat release rate and tmrad as a function of temperature.

Temperature (∘C) q′ (W kg−1) tmrad (h)

90 0.27 27
100 0.51 15
110 0.93 8.7
120 1.6 5.2
130 2.8 3.2
140 4.7 2.0
150 7.6 1.3

Using the simplified Benito–Perez model, Eq. (11.6), a more accurate prediction
can be made. This requires determining the kinetic parameters k10, E1 and k20, E2.
The initiation reaction parameter can be found from the initial heat release rate:

240∘C∶k1 =
q′

0

Q′
D
=

8.5 W kg−1

500 000 J kg−1
= 1.7 × 10−5 s−1

250∘C∶k1 =
q′

0

Q′
D
=

15 W kg−1

500 000 J kg−1
= 3 × 10−5 s−1

This gives an activation energy E1 of 120 kJ mol−1 and a pre-exponential factor of
k10 = 2.7 × 107 s−1 or 1011 h−1. Thus

k1 = 2.7 × 107 exp
[−14 433

T

]
s−1

The kinetic parameters of the autocatalytic step are (Eq. (11.4))

240∘C∶k2CA0 =
4 ⋅ q′

max

Q′
D

=
4 × 262 W kg−1

500 000 J kg−1
= 2.1 × 10−2 s−1

250∘C∶k2CA0 =
4 ⋅ q′

max

Q′
D

=
4 × 360 W kg−1

500 000 J kg−1
= 2.9 × 10−3 s−1

This gives an activation energy E2 of 70 kJ mol−1 and a pre-exponential factor of
k10 = 2.8 × 104 s−1 or 108 h−1. Thus

k2CA0 = 2.8 × 104 exp
[−8420

T

]
s−1

With these data it is possible to calculate the reaction rate as a function of
temperature and conversion. This is at the basis of modeling using the simplified
Benito–Perez model consisting of two balances:

Heat balance:

dT
dt

=
q′

c′p
(K s−1)

Mass balance:
dX
dt

= k1(1 − X) + k2CA0X(1 − X) (s−1)
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The heat release rate is:

q′ = dX
dt

Q′
D(W kg−1)

The rate constants are

k1 = k10 exp
[−E1

RT

]
= 2.7 × 107 exp

[−14 433
T

]
s−1

k2CA0 = k20 exp
[−E2

RT

]
= 2.8 × 104 exp

[−8420
T

]
s−1

These differential equations can be integrated over time and give the temperature
course under adiabatic conditions. The results are illustrated in Figure 11.19.
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Figure 11.19 Adiabatic temperature course obtained using the kinetic data from the DSC
thermograms from different starting temperatures: 120, 130, 140, and 150 ∘C.

The conclusions of the worked example are as follows:

• The evaluation using the zero-order approximation neglects the induction
period of the reaction and leads to a strong overestimation of the risks:
T D24 = 95 ∘C.

• The use of a kinetic model leads to more realistic prediction of the behavior of
the distillation residue under adiabatic conditions: T D24 = 145 ∘C.

• In the case of total failure of the system, the heat exchange system will become
inactive, and the vacuum pump also stops: the temperature of reactor contents
will equilibrate with the reactor itself. Thus the temperature would reach a level
somewhat above 120 ∘C. The tmrad is longer than 24 hours.

• The failure of the vacuum pump stops the evaporation cooling, and the temper-
ature of the product may reach 145 ∘C or a tmrad of c. 24 hours.

• In such a case, it is recommended to limit the heat carrier temperature and to
install a trip between pressure (vacuum) and the heating system.

• It is also recommended to use a liquid heat carrier rather than steam, which
ensures cooling when the temperature gradient is inversed.
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11.4 Practical Safety Aspects for Autocatalytic
Reactions

11.4.1 Specific Safety Aspects of Autocatalytic Reactions

Autocatalytic reactions are by definition catalyzed by their reaction products.
Thus, fresh material can be contaminated when mixed with material that under-
went thermal stress and thus contains some decomposition product. The tmrad of
a substance decomposing by an autocatalytic mechanism depends therefore not
only on the temperature but also strongly on the thermal history [5]. This was
exemplified by Dien [22] where 1,3-dinitrobenzene was exposed to 390 ∘C dur-
ing a first period of time, then cooled to a lower temperature during 10 minutes,
and again heated at 390 ∘C in a DSC to measure the isothermal induction time
(Figure 11.20) as the sum of the first and second heating period. Since it remains
constant, the catalyst formed during the first heating period is stable and survives
during the cooling period, shortening the induction time measured in the second
heating period.

In addition, autocatalytic reactions may also be catalyzed by impurities, for
example, by heavy metals or acids. As an example, it is known that the decom-
position of dihydroxydiphenyl sulfone is catalyzed by iron [2]. In a diagram, as
represented in Figure 11.21, the maximum allowed iron concentration can easily
be defined. This gives a reliable way of establishing a critical limit for the process,
which can also easily be checked before a batch is started.

For this reason, it is strongly recommended to check for thermal stability in case
the raw material supplier is changed or in case previous reaction steps did not
follow specifications. Therefore, it is also recommended to check for the thermal
history of the material, especially when abnormally long holding times of storage
at higher temperature were used before handling the material again.

It is also a good practice to check the sensitivity to metals by adding metal turn-
ings to a sample analyzed by DSC or Calvet calorimetry as explained in Section
5.3.3.3. The choice of the metal is guided by the material of construction of the
industrial equipment.
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Figure 11.20 Isothermal induction time measured in six experiments with a first heating
period at 390 ∘C with a variable duration (gray), followed by a 10 minutes cooling period
(white) and again heated at 390 ∘C (black).
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Figure 11.21 Time to reach 200 ∘C from process temperature in the synthesis of
dihydroxydiphenyl sulfone under adiabatic conditions as a function of the iron contents of the
reaction mixture.

11.4.2 Autocatalytic Decompositions in the Industrial Practice

Once it is known with certainty that a decomposition follows an autocatalytic
mechanism, it is recommended to proceed as follows for an assessment at
industrial scale:

Calculate the tmrad according to the conservative model mentioned above
using the results of isothermal measurements. If the resulting tmrad turns out
to be critical, which is less than 24 hours (for a reaction, not for storage), the
following points have to be clarified:

• Can contamination of the material or mixture in question, by heavy metals, be
excluded? Examples are Ni, Cr or Fe in the form of rust.

• Do analytical specifications exist for the materials, mixture, or chemicals tak-
ing part in the mixture?

• Can mixing of thermally stressed material with fresh material be excluded?
• Do isothermal measurements from the past exist, and if yes, does the observed

isothermal induction time remain constant?

If the answer to all these questions is yes, then the autocatalytic model for the
decomposition can be used with some reliability to predict the adiabatic behavior.
This has to be done by specialists.

11.4.3 Volatile Products as Catalysts

There are cases where the decomposition product, which acts as a catalyst, is
volatile. This property may be used as an advantage. A known case is DMSO that
forms methyl mercaptan, a volatile compound. As long as the system is open to
atmosphere or even better under active vacuum, the volatiles leave the reaction
medium and do not catalyze the decomposition. The induction time of the auto-
catalysis becomes longer. In the case history presented at the beginning of the
chapter, this was the case up to the instant when the distillation flap was closed.
Then the catalyst formed remained in the DMSO and accelerated the decompo-
sition, which explains the short time to maximum rate of 30 minutes observed.
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Thus vacuum may be a measure to avoid catalysis and preserve a system from
decomposition. Nevertheless, when such a measure is applied, its reliability must
be duly guaranteed.

11.5 Exercises

11.1 Why is the zero-order approximation for the reaction kinetics especially
conservative in the case of autocatalytic reactions?

11.2 What do you think about the statement: “For a strongly autocatalytic reac-
tion, the isothermal induction time is close to tmrad?”

11.3 A product is to be purified by distillation: the desired product is obtained
as a distillate, and secondary products remain as a concentrated tar in the
distillation vessel. It is known that this residue decomposes following an
autocatalytic mechanism. In order to save time and handling operations,
the plant manager decides to leave the residue in the distillation vessel and
to charge the following batch over the residue of the previous one. The
residue should be emptied only after every five batches. What do you think
about this practice?

11.4 Show that for the Prout–Tompkins model, the activation energy calcu-
lated from the heat release rate and from the isothermal induction time
is the same.

11.5 A series of isothermal DSC experiments were performed on a sample. The
samples were contained in pressure-resistant tight gold-plated crucibles.
The oven of the DSC was previously heated to the desired temperature with
the reference in place. At time zero, the sample crucible was placed in the
oven. The maximum heat release rate and the time at which it appeared
were measured. The results are summarized in Table 11.2.
Calculate the activation energy from the maximum heat release rate and
from the isothermal induction time. What conclusions could be drawn?

Table 11.2 Results of isothermal experiments.

Temperature (∘C) q′
max(W kg−1) 𝝉 iso (min)

90 51 566
100 124 234
110 287 102
120 640 45
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12

Heat Accumulation

Case History

A solid product is formulated by blending different solids, the blend being gran-
ulated and dried before packing into 25-kg bags. This process was run for several
years in a relatively small plant unit, processing in one pass, that is, without an
intermediate storage operation. The product, becoming more in demand, had to
be processed in a larger unit, but the process required intermediate storage before
being grinded. This storage was made in 3 m3 mobile containers that were stored
in the basement of the building before transporting them to a silo located on the
upper floor. During the first warm weekend in May, in the night of Saturday to
Sunday, one of the containers began emitting fumes. The fire brigade isolated the
container, but it was the first that had been filled and was located close to the wall
behind all the others. They eventually were able to bring it outside the building
and flood it with water to stop the start of a runaway reaction. In the next night, of
Sunday to Monday, a second container began emitting fumes. It was then decided
to empty all the containers onto plastic tarpaulins on the floor outside the building
to allow the contents to cool.

Lessons Drawn

Heat transfer in large volumes of solid is poor; thus a reactive solid may slowly raise
the temperature to a level where runaway is unavoidable.

Appreciating such heat confinement situations requires specific knowledge.

Introduction

In Section 12.1, different typical heat accumulation situations, also called heat
confinement, encountered in the process industry are reviewed and analyzed.
Section 12.2 introduces different mechanisms of heat transfer: forced convection,
natural convection, and conduction, governing the heat balance of heat confine-
ment situations. A special Section 12.2.1 deals with the use of time scales for the
heat balance, which provides an easy to use assessment technique. Section 12.3
is devoted to heat balances with reactive material and purely conductive heat

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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removal. The chapter closes with Section 12.4 on practical aspects for the assess-
ment of industrial heat confinement situations and presents a decision tree allow-
ing a comprehensive and economic assessment of heat accumulation situations.

12.1 Heat Accumulation Situations

In the chapters devoted to reactors, a situation was considered thermally stable
thank the relatively high heat removal capacity of reactors compensating for the
high heat release rate of the reaction. In the case of a cooling failure, adiabatic
conditions constitute good approximation for the prediction of the reacting mass
temperature course. This is true, in the sense that it represents the worst-case
scenario. Between these two extremes, the actively cooled reactor and adiabatic
conditions, there are situations where even a reduced heat removal rate may suf-
fice to control the situation, when a slow reaction produces a small heat release
rate. These situations with reduced heat removal, compared with active cooling,
are called heat accumulation conditions or thermal confinement.

Thermal confinement situations are encountered as “nominal” conditions in
storage and transport of reactive material. They may also happen in case of failure
of production equipment, such as loss of agitation, pump failure, and so on.

The heat accumulation problems during transportation are regulated by the
United Nations (UN) in the orange book [1]. A criterion called self-accelerating
decomposition temperature (SADT) was established and used to assess the
thermal safety during transport of reactive substances. The determination of the
SADT is treated in Chapter 13.

In practice, truly adiabatic conditions are difficult to achieve (see also
Chapter 4), being seldom encountered and then only for short-time periods.
Therefore, considering a situation to be adiabatic is an approximation leading to
a pointlessly severe assessment. This may cause abandoning a process, which in
fact would have been possible to carry out safely, if a more realistic judgment
had been made.

As an introduction, it is worth qualitatively analyzing some common industrial
situations. In an analogy to the two film theory (Section 14.2.1), we consider
three situations and analyze the contributions to the resistance against heat
transfer [2]:
1. Agitated jacketed vessel: The main resistance to heat transfer is located at the

wall, since there is practically no resistance to heat transfer inside the reac-
tion mass – due to agitation, there is no temperature gradient in the reactor
contents. Only the film near the wall presents a resistance. The same happens
in the reactor jacket, where film likewise presents a resistance. The wall itself
also presents a resistance. In summary, the resistance against heat transfer is
located at the wall.

2. Unstirred non-insulated storage tank containing a liquid: The main resistance
to heat transfer is located at the outside of the wall – without agitation, natural
convection will equalize the contents temperature. The wall itself, since it is
not insulated, represents a weak resistance to heat transfer. The outside air
film with natural convection represents a comparatively larger resistance.



12.2 Heat Balance 313

Table 12.1 Effect of the container size on heat accumulation.

Heat release
rate (W kg−1) T (∘C) Mass 0.5 kg Mass 50 kg Mass 5000 kg Adiabatic

10 129 191 ∘C after 0.9 h 200 ∘C after 0.9 h 200 ∘C after 0.9 h 200 ∘C after 0.9 h
1 100 5.8 ∘C after 8 h 200 ∘C after 7.4 h 200 ∘C after 7.4 h 200 ∘C after 7.4 h
0.1 75 0.5 ∘C after 12 h 13.2 ∘C after 64 h 200 ∘C after 64 h 200 ∘C after 64 h
0.01 53 0.7 ∘C after 154 h 165 ∘C after 632 h 200 ∘C after 548 h

3. Storage silo containing a solid: The main resistance to heat transfer is located
in the bulk of the product contained in the silo. The resistance of the wall and
the external film are low compared with the conductive resistance of the solid.

In these examples, the degree of confinement increases from the first to
last case. In general, when the heat transfer mechanism is conduction, it
contributes significantly to the resistance. Thus, the nature of the reacting mass
and its contents must be considered first in the assessment of a confinement
situation.

Besides this, the thermal behavior of the reacting mass and the dimensions of its
containment play a key role in the analysis. This is illustrated in the example given
in Table 12.1. Here the ambient temperatures were chosen in such a way that the
heat release rate differed by 1 order of magnitude in each line [2]. The temper-
ature course in the different containers was simulated numerically using a finite
elements model (see Section 12.3.3). To simplify the calculations, the containers
were considered spherical. The heat accumulation conditions increase with the
size of the container, that is, from left to right.

It can be observed in one line that under severe heat accumulation conditions,
there is no difference in the time scale that corresponds to the time to maximum
rate under adiabatic conditions (tmrad). Thus, severe heat accumulation condi-
tions are close to adiabatic conditions. At the highest temperature, even the small
container experienced a runaway situation. Even at this scale, only a small fraction
of the heat release rate could be dissipated across the solid: the final temperature
was only 191 ∘C instead of 200 ∘C. For small masses, the heat released is partly
dissipated to the surroundings, which leads to a stable temperature profile with
time. Finally, it must be noticed that for large volumes, the time scale on which
the heat balance must be considered is a long time scale. This is especially critical
during storage and transport.

12.2 Heat Balance

In this section, we reconsider the heat balance from the specific viewpoint of
heat accumulation. Three different mechanisms of heat transfer are considered:
forced convection, natural convection, and conduction. Before considering these
mechanisms, we introduce the heat balance by time scales.
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12.2.1 Heat Balance Using Time Scale

A practical approach of heat balance, often used in assessment of heat accumu-
lation situations, is the time-scale approach. The principle is as in any race: the
fastest wins the race. For heat production, the time frame is obviously given by
the time to maximum rate under adiabatic conditions. Then the heat removal is
also characterized by a cooling time that is dependent on the situation, and this
is defined in Sections 12.2.2–12.2.4. If the tmrad is longer than the cooling time,
the situation is stable, that is, the heat removal is faster. At the opposite, when
the tmrad is shorter than the characteristic cooling time, the heat release rate is
stronger than cooling, and so runaway results.

12.2.2 Forced Convection, the Semenov Model

In an agitated vessel, with heat transfer through the wall, the heat removal is
given by

qex = U ⋅ A ⋅ (Tc − T) (12.1)

Compared with the heat release rate by a reaction, which follows Arrhenius law,
one obtains the Semenov diagram (Figure 2.5). From this diagram, we can calcu-
late the critical temperature difference (Eqs. (2.27)–(2.29)). But this also calcu-
lates the critical heat release rate as a function of the heat release rate at cooling
medium temperature (q0):

qcrit = q0 ⋅ e
−E
R

(
1

Tcrit
− 1

T0

)
(12.2)

and placing into the heat balance, we find

𝜌 ⋅ V ⋅ Q ⋅ k0 ⋅ e
−E
R

(
1

Tcrit
− 1

T0

)
= U ⋅ A ⋅ ΔTcrit (12.3)

Since, from Eq. (2.29), ΔTcrit =
RT2

0

E
, a simplification can be introduced:

−E
R

(
1

Tcrit
− 1

T0

)
≈ −E

R

(
T0 − Tcrit

T2
0

)
= 1 (12.4)

and the balance becomes

Q ⋅ 𝜌 ⋅ V ⋅ k0 ⋅ e = U ⋅ A ⋅
RT2

0

E
(12.5)

Dividing by 𝜌 ⋅ V ⋅ c′p, this expression can be rearranged:

k0 ⋅ e ⋅ ΔTad = U ⋅ A
𝜌 ⋅ V ⋅ c′p

⋅
RT2

0

E
(12.6)

where we recognize the inverse of the thermal time constant

𝜏 =
𝜌 ⋅ V ⋅ c′p

U ⋅ A
by introducing the thermal half-life

t1∕2 = ln(2) ⋅ 𝜏
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and noticing that

1
k0 ⋅ ΔTad

⋅
RT2

0

E
= tmrad (12.7)

we obtain

tmrad = e
ln(2)

⋅ t1∕2 = 3.92 ⋅ t1∕2 (12.8)

Therefore a stable situation corresponds to the following condition:

tmrad ≥ 3.92 ⋅ t1∕2 (12.9)

This expression compares the characteristic time of runaway (tmrad) with the
characteristic cooling time. Thus, knowing the mass, specific heat capacity, heat
transfer coefficient, and heat exchange area allows the assessment. It is worth
noting that, since the thermal time constant contains the ratio V /A, heat losses
are inversely proportional to the characteristic dimension of the container.

12.2.3 Natural Convection

When a liquid warms up, its density decreases, which results in buoyancy, and
an ascendant flow is induced. Thus, a reactive liquid will flow upward in the cen-
ter of a container and flow downward at the walls, where it cools: this flow is
called natural convection. Thus, at the wall, heat exchange may occur to a cer-
tain degree. This situation may correspond to a stirred tank reactor after loss of
agitation. The exact mathematical description requires the simultaneous solution
of heat and impulse transfer equations. Nevertheless, it is possible to use a sim-
plified approach based on physical similitude. The mode of heat transfer within
a fluid can be characterized by a dimensionless criterion, the Rayleigh number
(Ra). As the Reynolds number does for forced convection, the Rayleigh number
characterizes the flow regime in natural convection:

Ra =
g ⋅ 𝛽 ⋅ 𝜌2 ⋅ c′p ⋅ L3 ⋅ ΔT

𝜇 ⋅ 𝜆
(12.10)

For convection along a vertical plate, Ra> 109 indicates that turbulent flow is
established and heat transfer by convection dominates. For smaller values of the
Rayleigh number, Ra< 104, the flow is laminar, and conduction dominates. Thus,
the Rayleigh number discriminates between conduction and convection [3].

For natural convection, a correlation was established between the Nusselt crite-
rion, which compares convective and conductive resistances to heat transfer and
the Rayleigh criterion, which compares buoyancy forces with viscous friction:

Nu = Cte ⋅ Ram (12.11)

with

Nu = h ⋅ L
𝜆

The Rayleigh criterion can also be written as a function of the Grashof crite-
rion, which compares convective with conductive heat transfer and the Prandtl
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criterion, which compares the momentum diffusivity (kinematic viscosity) with
the thermal diffusivity:

Ra = Gr ⋅ Pr

with

Pr = 𝜈

a
=
𝜇 ⋅ c′p
𝜆

Gr =
g ⋅ 𝛽 ⋅ L3 ⋅ 𝜌2 ⋅ ΔT

𝜇2

(12.12)

For natural convection along a vertical surface, the following correlations can
be used [4]:

Ra > 109 turbulent flow Nu = 0.13 ⋅ Ra1∕3

104
< Ra < 109 intermediate flow Nu = 0.59 ⋅ Ra1∕4

Ra < 104 laminar flow Nu = 1.36 ⋅ Ra1∕6
(12.13)

In practice, the calculation of the Rayleigh criterion essentially serves to decide
if a turbulent flow occurs in the film along the wall. If turbulent flow occurs,
heat exchange by natural convection is likely to take place. For lower values it is
conservative not to rely on natural convection. With high containers, layering
may occur, meaning that the upper zone of the container contents keeps a higher
temperature than in the bottom. Therefore, the length (L) used in the Rayleigh
criterion must be chosen as rather short (typical value: 1 m). If the physical
properties used for the calculation of the film heat transfer coefficient in agitated
vessels (𝛾) are known (Section 14.2.3), the Rayleigh criterion can be rearranged
to make this coefficient appear as

h = 0.13 ⋅ 𝛾 ⋅ 3
√
𝛽 ⋅ ΔT

with

𝛾 = 3

√
𝜌2 ⋅ 𝜆2 ⋅ c′p

𝜇

(12.14)

In general, and to give an order of magnitude, the film heat transfer coefficient
with natural convection is approximately 10% of the heat transfer coefficient
with agitation [5].

12.2.4 High Viscosity Liquids, Pastes, and Solids

Here we consider the case of a viscous or even solid reactive material contained
in a vessel of known geometry. In this case, heat transfer takes place by pure
conduction: there is no flow within the reactive material. The situation is sta-
ble, when the heat losses by conduction compensate for the heat release in the
material. Thus, the following questions must be answered: “Under which con-
ditions may a thermal explosion (runaway) be triggered? Under which condi-
tions is the heat transfer by conduction sufficient to compensate for the heat
release?”.
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Conductive heat transfer does not require any motion of atoms or molecules,
as only the interactions between atoms or molecules transfer heat. The heat flux
expressed in W m−2 can be described using Fourier’s law:

−→q = −𝜆 ⋅ −→∇T (12.15)

This equation expresses the proportionality of the heat flux to the temperature
gradient in the material considered. The transfer takes place in the opposite direc-
tion to the temperature gradient, and the proportionality constant is the thermal
conductivity of the material, 𝜆 in W m−1 K−1. If we consider the heat transfer
along one axis (one-dimensional problem), the expression becomes

−→q = −𝜆 ⋅
−→
𝜕 T
𝜕x

(12.16)

If we consider the heat balance on a slice of thickness dx and section A, the heat
accumulated in the slice is equal to the difference of the entering flux minus the
leaving flux (Figure 12.1):(−→q x+dx −

−→q x
)
⋅ A ⋅ dt =

𝜕
−→q x

𝜕x
A ⋅ dx ⋅ dt

= −𝜆 ⋅
⎡⎢⎢⎢⎣
𝜕T
𝜕x

||||x+dx
− 𝜕T
𝜕x

||||x
𝜕x

⎤⎥⎥⎥⎦ ⋅ A ⋅ dx ⋅ dt (12.17)

Thus
𝜕qx

𝜕x
= −𝜆 ⋅ 𝜕

2T
𝜕x2

||||x
Applying the first principle of thermodynamics, we find that the rate of tem-

perature change is

q = 𝜌 ⋅ c′p ⋅
𝜕T
𝜕t

⋅ A ⋅ dx (12.18)

x x + dx

A

q(X) q(x + dx)

dx

Figure 12.1 Heat balance in a slice of thickness dx.
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By combining Eqs. (12.17) with (12.18) and assuming a constant thermal conduc-
tivity, we obtain the second Fourier law:

𝜕
2T
𝜕x2 =

𝜌 ⋅ c′p
𝜆

⋅
𝜕T
𝜕t

= 1
a
⋅
𝜕T
𝜕t

(12.19)

Here

a = 𝜆

𝜌 ⋅ c′p
and a represents the thermal diffusivity expressed in m2 s−1, which has the same
dimensions as a diffusion coefficient used in Fick’s law. The mathematical similar-
ity of both laws is worth noting: the mathematical treatment is exactly the same.

A dimensionless criterion, the Biot number, is often used in transient heat
transfer problems by comparing the heat transfer resistance within the body with
the resistance at its surface:

Bi =
h ⋅ r0

𝜆

(12.20)

A high Biot number means that the conductive transfer is small compared with
convection and the situation is close to that considered by a Frank-Kamenetskii
situation (see Section 12.3.1). Inversely, a small Biot number, that is Bi< 0.2,
means that the convective heat transfer dominates and the situation is close to a
Semenov situation as described in Section 12.2.2.

Conductive problems described by Eq. (12.19) can be solved algebraically or
graphically using nomograms based on dimensionless coordinates [6], where the
dimensionless time is given by the Fourier number:

Fo = a ⋅ t
r2 (12.21)

The dimensionless temperature profile is described as a function of the Biot num-
ber and Fourier numbers [4, 6].

12.3 Heat Balance with Reactive Material

The problem of conductive heat transfer in an inert solid, meaning that there is
no heat source within the solid, can be solved algebraically. Nevertheless, this
problem is not sufficient for our considerations about thermal confinement: we
are interested in the thermal behavior of a reactive solid, that is, a solid comprising
a heat source in itself, which requires specific mathematical treatment.

12.3.1 Conduction in a Reactive Solid with a Heat Source,
the Frank-Kamenetskii Model

This problem was addressed and solved by Frank-Kamenetskii [7–9], who estab-
lished the heat balance of a solid with a characteristic dimension r, an initial
temperature T0 equal to the surrounding temperature, and containing a uniform
heat source with a heat release rate q function of temperature following Arrhenius
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Figure 12.2 Temperature profile in a reactive solid.

law and expressed in W m−3. The objective is to determine under which condi-
tions a steady state, meaning a constant temperature profile with time, can be
established. It is further assumed that there is no resistance to heat transfer at
the wall, in other words there is no temperature gradient at the wall. The second
Fourier law can be written as (Figure 12.2)

𝜆
𝜕

2T
𝜕x2 = qrx (12.22)

The border conditions are

T = T0 at the wall x = r0
𝜕T
𝜕x

= 0 at the center x = 0 (symmetry) (12.23)

The solution of this differential equation, when it exists, describes the tempera-
ture profile in the solid. In order to solve this equation, we must assume that the
exothermal reaction taking place in the solid follows a zero-order rate law: the
reaction rate is independent of the conversion. Then the variables can be changed
to dimensionless coordinates, thus generalizing the solutions:

Temperature:

𝜃 =
E(T − T0)

RT2
0

(12.24)

Space coordinate:

z = x
r0

(12.25)

The differential equation then becomes

∇2
z𝜃 = −𝛿 ⋅ e𝜃 (12.26)

𝛿 =
𝜌0 ⋅ q0

𝜆

⋅
E

RT2
0
⋅ r2

0 (12.27)
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The parameter 𝛿 is called the form factor or the Frank-Kamenetskii number.
When a solution of Eq. (12.26) exists, a stationary temperature profile can be
established, and the situation is stable. When there is no solution, no steady state
can be established, and the solid enters a runaway situation. The existence, or not,
of a solution to the differential equation (12.26), depends on the value of param-
eter 𝛿, which therefore is a discriminator. The differential equation can be solved
for simple shapes of the solid body, for which the Laplacian can be defined:

Slab of thickness 2r0 and infinite surface:
d2
𝜃

dz2 = −𝛿 ⋅ e𝜃 𝛿crit = 0.88 and 𝜃max,crit = 1.19 (12.28)

Cylinder of radius r0 and infinite length:
d2
𝜃

dz2 + 1
z

d𝜃
dz

= −𝛿 ⋅ e𝜃 𝛿crit = 2.0 and 𝜃max,crit = 1.39 (12.29)

Sphere of radius r0:
d2
𝜃

dz2 + 2
z

d𝜃
dz

= −𝛿 ⋅ e𝜃 𝛿crit = 3.32 and 𝜃max,crit = 1.61 (12.30)

Hence for a given container shape, Eq. (12.27) can be solved for r. This means
that the critical radius can be calculated using the geometric characteristics of
the vessel, the physical properties of the contents, and the kinetic characteristics
of the reaction taking place in the solid:

rcrit =

√
𝛿crit ⋅ 𝜆 ⋅ RT2

0

𝜌 ⋅ q′
0 ⋅ E

(12.31)

This expression is useful in practice, since it calculates the greatest dimension
of the vessel, allowing a stable temperature profile for a given surrounding tem-
perature T0 (Figure 12.3), or knowing the dimension of the vessel r, the highest
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Figure 12.3 Critical radius as a function of temperature. This curve was calculated for a q′
ref

of

10 W kg−1 at 150 ∘C, E = 75 J mol−1, c′p = 1800 J kg−1 K−1, 𝜌 = 1000 g m−3, 𝜆 = 0.1 W m−1 K−1,
and 𝛿crit = 2.37.
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Figure 12.4 Temperature at the center of a solid submitted to heat confinement for six
different surrounding temperatures: 111, 112, 113, 114, 115, and 116 ∘C. The system “switches”
from a stable situation at 114 ∘C to runaway at 115 ∘C. This strong variation in the behavior of
the system for a small variation of one parameter (the surrounding temperature) illustrates the
parametric sensitivity.

surrounding temperature can be calculated. In the second case, an iterative solu-
tion is required since q′

0 is an exponential function of temperature (Arrhenius).
Due to the strong nonlinearity of q′

0 = f (T) (Eq. (12.31)), the system is paramet-
rically sensitive, meaning that for small variations of one of the parameters, the
system may “switch” from stable to runaway (Figure 12.4). Consequently, here
again we find the parametric sensitivity of the systems that is characteristic for
thermal explosion phenomena: for each system, there is a limit beyond which
the system becomes unstable and enters a runaway situation. In the example
given in Figure 12.4, the container is a sphere of 0.2 m radius filled with a
solid having a heat release rate of 10 W kg−1 at 150 ∘C and an activation energy
of 160 kJ mol−1.

As for agitated systems, we may express the heat balance in terms of charac-
teristic times, comparing the characteristic time of the reaction runaway (tmrad)
with the characteristic cooling time of the solid:

r2
crit =

𝛿crit ⋅ 𝜆

𝜌 ⋅ c′p
⋅ tmrad = 𝛿crit ⋅ a ⋅ tmrad (12.32)

For simple geometric shapes, the stability criteria can be expressed as
sphere

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

tmrad >
0.3 ⋅ r2

a

infinite cylinder
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

tmrad >
0.5 ⋅ r2

a

slab
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

tmrad >
1.14 ⋅ r2

a
(12.33)

It is worth noting that the dimension of the container (r) appears squared in
the equations: in other words, the heat losses decrease with the square of the
dimension. This is different from agitated vessels, where it increases proportional
to r (see Section 12.2.2). Further on, the temperature of the outermost element
of the reactive solid, that is, the element closest to the wall, retains a temperature
that is close to the surrounding temperature. This has a practical meaning:
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self-heating of the bulk material cannot be detected by measuring the wall
temperature. Moreover, it is useless to cool the wall if a runaway is detected,
since practically no heat can be removed from the reacting solid by this means.
This is the reason for which, in the Case History presented at the beginning of
the chapter, the contents of the containers were spread on tarpaulins on the
floor to allow cooling: this changed the characteristic dimension of the solid that
became a slab with a small thickness presenting improved heat losses.

For the treatment of practical cases, it is often necessary to assess other shapes
other than a slab, infinite cylinder, or sphere. In such a case, it is possible to cal-
culate the Frank-Kamenetskii criterion for some commonly used shapes. For a
cylinder of radius r and height h, the critical value of the Frank-Kamenetskii cri-
terion is given by [8]

𝛿crit = 2.0 + 3.36
[

h
r
(ad + 1)

]−2

(12.34)

In this expression, the parameter ad is equal to 1, if the bottom is adiabatic, and 0
in other cases. The radius of a sphere that is thermally equivalent to a cylinder is

rsph = rcyl

√
3.32
𝛿crit

(12.35)

In the specific case of “chemical drums” with a height equal to three times
the radius, the Frank-Kamenetskii criterion is 𝛿crit = 2.37 [2]. A cube with
a side length 2r0 can be converted to its thermally equivalent sphere. The
Frank-Kamenetskii number then becomes

𝛿crit =
3.32( rsph

r0

)2 (12.36)

The radius of the thermally equivalent sphere is rsph. Different analogies used for
this conversion are summarized in Table 12.2: the best approximation of the cube
is obtained with a sphere of radius rsph = 1.16r0. The Frank-Kamenetskii number
then is 2.5 for a cube with a side length 2r0.

Table 12.2 Approximation of a cube by a thermally equivalent sphere.

Analogy
Equivalent
sphere radius Justification

Inscribed cube R = r0 Subcritical V <V sphere

Circumscribed cube R = 1.73r0 Overcritical V >V sphere

Cube with identical surface R = 1.38r0 Overcritical V >V sphere

Cube with identical volume R = 1.24r0 Overcritical S> Ssphere

Approximation R = 1.16r0 Cube with side length a = 2r0
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12.3.2 Conduction in a Reactive Solid with Temperature Gradient
at the Wall, the Thomas Model

In the Frank-Kamenetskii model, the surrounding temperature is set equal to
the initial temperature of the reacting solid, and it is assumed that there is no
resistance to heat transfer at the wall. Thus, there is no temperature gradient
between this element and the wall. This makes the Frank-Kamenetskii model
conservative as long as the heat transported to the wall is smaller than the heat
removal through the wall. This simplification establishes the above described
criteria, but it is not really representative of a certain number of industrial situa-
tions. In fact, there are numerous situations where the surrounding temperature
is different from the initial product temperature, for example, discharging of a
hot product from a dryer to a container placed at ambient temperature, and so
on. Therefore, Thomas [8] developed a model that accounts for heat transfer at
the wall. He added a convective term to the heat balance:

𝜆
dT
dx

+ h(Ts − T0) = 0 at x = r0 (12.37)

In this equation, h is the convective heat transfer coefficient at the external side
of the wall and Ts the temperature of the surroundings. In this equation, the heat
capacity of the wall is ignored, which is justifiable in most industrial situations.
The border conditions are the same as for the Frank-Kamenetskii model, that is,
the problem is considered symmetrical:

dT
dx

= 0 at x = 0 (12.38)

Dimensionless variables are introduced:

z = x
r0

𝜃 =
E(T − T0)

RT2
0

(12.39)

For a zero-order kinetic law, we obtain

∇2
z𝜃 = d2

𝜃

dz2 + k
z

d𝜃
dz

= d𝜃
𝜏

− 𝛿e𝜃 (12.40)

The variable 𝜏 is the dimensionless thermal relaxation time, or Fourier number:

𝜏 = a ⋅ t
r2

0
= 𝜆 ⋅ t
𝜌 ⋅ c′p ⋅ r2

0
(12.41)

Thomas showed that this equation has solutions for values of 𝛿 below a limit 𝛿crit :

𝛿crit =
1 + k

e ⋅
(

1
𝛽∞

− 1
Bi

) (12.42)

The Biot number is defined in Eq. (12.20) as Bi = h⋅r0

𝜆

.
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The parameter 𝛽∞ is called the effective Biot number, and k is a shape coefficient
defined as follows:
k = 0 for the infinite slab of thickness 2r0 with 𝛽∞ = 2.39
k = 1 for the infinite cylinder of radius r0 with 𝛽∞ = 2.72
k = 2 for the sphere of radius r0 with 𝛽∞ = 3.01

The Frank-Kamenetskii number, or parameter 𝛿, characterizing the reaction is

𝛿 =
𝜌0 ⋅ q′

0

𝜆

⋅
E

RT2
0
⋅ r2

0 (12.43)

A situation can be assessed by calculating both parameters 𝛿 and 𝛿crit : if 𝛿 > 𝛿crit ,
runaway takes place. Inversely, for 𝛿 < 𝛿crit , a stable temperature profile will be
established. It is also possible to define the highest temperature allowing a stable
situation in a given container, by searching for at which temperature T0, both
parameters 𝛿 and 𝛿crit are equal. This equation must be solved by iterations since
𝛿 is an exponential function of the temperature.

Further developments allowing to treat containers with different geometries
with surface cooling were proposed by Boddington [9, 10]. He postulates that
for every arbitrary geometry there exists a thermally equivalent sphere, which
behaves as the studied container. Rather than entering in such a degree of com-
plexity concerning the geometry, probably the greater approximation is due to
the assumed zero-order rate equation. For nth order reactions the depletion of
reactant may decrease the heat release rate before the whole volume enters the
runaway regime. Moreover the induction time of autocatalytic reactions may
delay the runaway sufficiently to avoid a critical situation. Complex geometry as
well as real kinetics can be treated in an efficient way with finite elements models.

12.3.3 Conduction in a Reactive Solid with Formal Kinetics, the Finite
Elements Model

The solutions of conductivity problems shown in Sections 12.3.1 and 12.3.2
were obtained for zero-order kinetics. When the approximation of zero-order
kinetics is not justified, which is the case, especially for autocatalytic reactions,
a numerical solution is required. Here the use of finite elements is particularly
efficient. The geometry of the container is described by a mesh of cells, and the
heat balance is established for each of these cells (Figure 12.5). The problem
is then solved by iterations. As an example, a sphere can be described by a
succession of concentric shells (like onion skins). In each cell, a mass and a
heat balance are established. This gives access to the temperature profile if
one considers the temperature of the different cells, or the temperature and
conversion may be obtained as a function of time.

Moreover, the conversion in the different cells, which can be an important
parameter for assessing the “quality loss” of the product, is also obtained. An
example of such a calculation is given in Figure 12.6. In Figure 12.6a, starting
from an initial temperature of 124.5 ∘C, self-heating of the reactive substance
is observed with a maximum temperature of c. 160 ∘C. This would mean a
loss of quality, but the temperature stabilizes again. In Figure 12.6b, starting
from an initial temperature of 124.75 ∘C, that is, only 0.25 ∘C above the previous
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Figure 12.5 Finite elements with heat balance.
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Figure 12.6 Temperature profiles obtained by the finite elements method. Panel (a) is
obtained with an initial temperature of 124.5 ∘C, Panel (b) with an initial temperature of
124.75 ∘C.

temperature, leads to a thermal explosion, which may have serious consequences.
Here again the parametric sensitivity is enhanced. In Figure 12.6, it is also worth
noting that the elements close to the container wall do not show any significant
temperature increase: an ongoing thermal explosion would not be detected by
monitoring the wall temperature.

Such problems can be elegantly solved using advanced kinetic and technology
solutions (AKTS) as developed by Roduit [11–13]. The simulation is based on
finite elements, and since the kinetics are obtained using the isoconversional
method, it allows for complex kinetics, especially autocatalytic reactions. An
enhanced graphical output greatly facilitates the understanding of the thermal
behavior of reactive chemicals in containers of different shapes and sizes.

12.4 Assessing Heat Accumulation Conditions

12.4.1 Thermal Explosion Models

The assessment of heat accumulation situations starts with a first question about
the model to use. The two basic families of models for thermal explosion are the
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Table 12.3 Semenov and Frank-Kamenetskii thermal explosion models.

Model Semenov Frank-Kamenetskii

Fluid characteristics Well stirred Viscous liquid, paste, or solid
Reactant temperature
distribution

Uniform Distributed (approx. parabolic)

Thermal resistance At the wall Throughout the reactant
Heat transfer mode Convection Conduction
Surface temperature Abrupt drop to ambient Ambient
Biot number 0 ∞

Semenov (Section 12.2.2) and Frank-Kamenetskii (Section 12.3.1) models. They
describe two extreme situations: the well stirred mass for the Semenov model
at one end and the solid for the Frank-Kamenetskii model at the other end. The
specificities of both thermal explosion models [14] are summarized in Table 12.3.

12.4.2 Assessment Procedure

As in every safety study, the solution of heat accumulation problems can be
undertaken by applying the two commonly used principles of simplification and
worst-case approach, as described in Section 3.4.1. A typical procedure following
these principles is illustrated with the example of a decision tree with six steps
for the assessment of the risks linked with thermal confinement (Figure 12.7):

The first step is to assume adiabatic conditions. This is obviously the most penal-
izing assumption since it is assumed that no heat loss occurs. Under these
conditions, the confinement time is compared with the characteristic time of a
runaway reaction under adiabatic conditions that is tmrad. If the tmrad is signif-
icantly longer (usually four times) than the confinement time, for example, the
intended storage time, the situation is stable, and the analysis can be stopped
at this stage. The only data required for this assessment step is the tmrad as a
function of temperature. In such a case, heat losses improve the situation. Since
the heat losses were ignored, they are not required to ensure safe conditions. If
a situation is found to be safe at this stage, depending on the energy potential
of the reactive substance, product temperature monitoring is recommended.
If the condition is not fulfilled, that is, tmrad is too close or even shorter than
the confinement time, a more detailed data set is required.

In the second step, the question is to check the stability of an agitated system by
comparing the tmrad with the characteristic cooling time of an agitated system.
Obviously, this comparison is only meaningful when the system is agitated, or
at least it can be stated that an agitation is required to ensure safe conditions.
In addition to the tmrad as a function of temperature, the data set also com-
prises the heat exchange data, that is, overall heat transfer coefficient and heat
exchange area. When there is no agitation, or no agitation can be installed as
for solids, a more detailed data set is required.
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Figure 12.7 Decision tree for the assessment of thermal confinement situations.

The third step checks if natural convection is sufficient to maintain heat losses,
to provide a sufficient cooling capacity. The additional data required in this
step comprises the variation of density as a function of temperature (𝛽), the
viscosity, and the thermal conductivity. This again is only meaningful as long
as the reacting mass has a low viscosity allowing for buoyancy. If this data set
is not sufficient or the natural convection cannot be established, as for solids,
the system must be considered as purely conductive.

In the fourth step, we consider a purely conductive system with an ambient tem-
perature equal to the initial temperature of the reacting mass, corresponding
to the Frank-Kamenetskii conditions. Besides the knowledge of the tmrad as a
function of temperature, the additional data required are the density and the
thermal conductivity of the product and the geometry of the vessel containing
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the reacting mass, that is, the form factor 𝛿 and the dimension of the vessel.
If the situation is found to be stable under these relatively severe confinement
conditions, the procedure can be stopped at this stage. In case the situation is
assessed to be critical, the next step is required.

In the fifth step, heat exchange with the surroundings is also considered: the
ambient temperature is different from the initial temperature of the reactive
mass. This assessment also requires the heat transfer coefficient from the wall
to the surroundings and uses the Thomas model. If the situation is assessed to
be critical under these conditions, real kinetics can be used in order to give a
more precise assessment.

In the sixth and last step, the system is still considered as purely conductive, with
heat exchange at the wall to the surroundings, but the zero-order approxima-
tion of the kinetics is replaced by a more realistic kinetic model. This technique
is very powerful for autocatalytic reaction, since a zero-order approximation
leads to the very conservative assumption that the maximum heat release rate
is realized at the beginning of the exposure and maintained at this level, respec-
tively increasing with temperature, during the whole time period (Chapter 12).
In reality, the maximum heat release rate is delayed and only achieved later on.
Thus, heat losses may lead to a decreasing temperature during the induction
time of the autocatalytic reaction.

By proceeding successively with these six steps, it is guaranteed that all required
data are used but without wasting time and experimental effort in the determi-
nation of useless data.

Worked Example 12.1 Storage Tank

An intermediate product with a melting point of 50 ∘C should be stored during
two months in a cylindrical tank at 60 ∘C. The tank is a cylinder with vertical axis
equipped with a jacket on the vertical wall allowing hot water circulation, but no
agitator. The bottom and the lid are not heated. The volume is 2 m3, the height
1.8 m, and the diameter 1.2 m. The corresponding shape factor is 𝛿crit = 2.37. The
overall heat transfer coefficient of the jacket is 50 W m−2 K−1.

The physical properties of the product are

c′p = 1800 J kg−1 K−1

𝜌 = 1000 kg m3

𝜆 = 0.1 W m−1 K−1

𝜇 = 100 mPa s
𝛽 = 10−3 K−1

A slow exothermal decomposition with a high energy potential of 400 kJ kg−1

takes place in the product. The decomposition kinetics are characterized by the
tmrad : 3500 days at 20 ∘C, 940 days at 30 ∘C, 280 days at 40 ∘C, 92 days at 50 ∘C,
32 days at 60 ∘C, and 12 days at 70 ∘C.
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Question
Assess the thermal safety of the intended storage. Propose technical solutions to
improve the safety.

Solution
The problem can be treated using the decision tree in Figure 12.7.

Step 1 is to assume adiabatic conditions: at 60 ∘C, the tmrad is 32 days, which is
significantly shorter than the intended storage time of 2 months, thus assuming
adiabatic conditions lead to a runaway situation.

Step 2 consists in assessing the heat exchange in an agitated system, and since
the tank is not equipped with a stirrer, this solution is not practicable.

Step 3 assumes natural convection. This may be difficult, because at 10 ∘C above
the melting point, the viscosity may be too high for an efficient natural convection.
This can be checked by calculating the Rayleigh criterion. The height of the tank is
1.8 m, but since it is not always full, a height of 0.9 m can be taken. We calculate the
Rayleigh number

Ra =
g ⋅ 𝛽 ⋅ L3 ⋅ 𝜌2 ⋅ c′p ⋅ ΔT

𝜇 ⋅ 𝜆
= 1.3 × 109

This Rayleigh number corresponds to a turbulent film along the wall, but its value
is close to the lower end of turbulent flow. If, for example, the viscosity increases
to 1000 mPa s, the Rayleigh criterion is only 108. Moreover, it is not certain that the
convection will be established on the total height of the cylinder, that is, layering
may occur. Thus, heat transfer by natural convection cannot be guaranteed.

Step 4: The system can be considered purely conductive following the
Frank-Kamenetskii model. The thermal diffusivity is

a = 𝜆

𝜌 ⋅ c′p
= 0.1

1000 × 1800
= 5.56 × 10−8 m2 s−1

This leads to a characteristic cooling time of

tcool =
0.5 ⋅ r2

a
= 0.5 × 0.62

5.56 × 10−8
= 3.24 × 106 seconds ≃ 900 hours

This time corresponds to 37.5 days and is too short. Alternatively, the situation can
be assessed using the critical radius:

rcrit =

√
𝛿crit ⋅ 𝜆 ⋅ RT2

0

𝜌 ⋅ q′
0 ⋅ E

=
√

2.37 ⋅ 0.1 ⋅ 8.314 ⋅ 3332

1000 ⋅ 0.006 ⋅ 100 000
= 0.603 m

This radius is only slightly larger than the radius of the tank, so no stable tempera-
ture profile will be established, and a runaway develops.

Step 5: The heat exchange at the wall with the overall heat transfer coefficient
of 50 W m−2 K−1 can also be considered, following the Thomas model. Thus,
the Frank-Kamenetskii criterion (𝛿) is to be compared with the Thomas criteria
(𝛿crit):
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The Biot criterion is

Bi =
h ⋅ r0

𝜆

= 50 × 0.6
0.1

= 300

For a cylinder

𝛿crit =
1 + k

e ⋅
(

1
𝛽∞

− 1
Bi

) = 1 + 1

2.718 18 ×
(

1
2.72

− 1
300

) = 1.983

the reaction is

𝛿 =
𝜌0 ⋅ q′

0

𝜆

⋅
E

RT2
0

⋅ r2
0 = 1000 × 0.006

0.1
× 100 000

8.314 × 3332
× 0.62 = 2.34

Thus, since 𝛿 > 𝛿crit , the situation is instable, and runaway will develop. Both crite-
ria would have the same value at 55 ∘C, showing that the storage is close to the
stability limit.

As a first conclusion, the thermal risk linked to the storage, as it is intended,
appears to be high: The severity is high, and the probability of occurrence is high
too. Thus, the situation must be improved.

A first attempt could be to decrease the storage temperature, but this would
mean decreasing the temperature to 50 ∘C, which corresponds to the melting
point and so is not feasible.

A second attempt could be to install a stirrer in the tank.
With a stirrer, the overall heat transfer coefficient could be increased to

200 W m−2 K−1. Since the heat transfer area for the filled tank is 2.26 m2, the
thermal time constant is

𝜏 =
𝜌 ⋅ V ⋅ c′p

U ⋅ A
= 1000 × 4 × 1800

200 × 2.26
= 1.6 × 104 seconds ≃ 4.4 hours

and the half-life is

t1∕2 = ln(2) ⋅ 𝜏 = 0.693 × 4.4 = 3.1 hours

Since the tmrad must be longer than 3.92 times the half-life, a tmrad of 12.1 hours is
required. This value is reached at 105 ∘C. Thus, the heat release rate of the decom-
position can easily be removed at 60 ∘C. Nevertheless, an additional heat input by
the stirrer must also be accounted for. This solution is feasible. An alternative could
be to circulate the tank contents through an external heat exchanger.

A third attempt could be to improve the natural convection. This could be
achieved by a higher storage temperature that would also lead to a lower viscos-
ity increasing the Rayleigh criterion. But this would also lead to an exponential
increase of the heat release rate and affect the product quality. Hence the situation
cannot be improved in this way.

A fourth attempt could be to use a smaller tank, such as a tank with a diameter of
only 1 m that would lead to a stable situation in the frame of the Frank-Kamenetskii
model: the radius of 0.5 m is smaller than the critical radius of 0.603 m. But this
solution means installing a new tank.
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As a fifth attempt, an increase of the heat transfer at the wall in the Thomas
model is not practicable and would not be efficient, since the major part of the
resistance to heat transfer is the conductivity in the product itself, as shown by the
high value of the Biot criterion, 300, which is closer to Frank-Kamenetskii condi-
tions than to Semenov conditions.

Then it is interesting to use a finite elements model to assess the situation.
Such a calculation was performed with 40 concentric elements. The results are
represented graphically in Figure 12.8. This shows that the situation is less critical
than assumed, using the more conservative models. The temperature passes a
maximum at 68 ∘C after approximately 1700 hours, that is, 70 days. It is worth
noticing the long time scale. Nevertheless, another point must also be considered:
after 60 days of storage, the conversion is about 12%, meaning a significant loss in
quality.
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Figure 12.8 Temperature profiles in the tank at different positions: T c at the center, T 1/4r at
25% of the radius, T 1/2r at 50% of the radius, T 3/4r at 75% of the radius, and T p at the wall.
T amb is the surroundings temperature. The heat transfer at the wall is 50 W m−2 K−1.

As a final recommendation, with respect to the high energy potential, the tem-
perature should be monitored and provided with an alarm that would start a stirrer
or a loop passing through an external heat exchanger. Since the phenomena are
slow, the cooling system could be started manually. Moreover, for natural convec-
tion, the temperature should be monitored at the center of the tank as close as
possible to the upper liquid surface, which is problematic in cases where the fill-
ing level of the tank changes. Thus, several temperature probes at different levels
should be installed.
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12.5 Exercises

12.1 A tubular reactor is to be designed in such a way that it can be stopped
safely. The reaction mass is thermally instable, and a decomposition reac-
tion with a high energetic potential may be triggered if heat accumulation
conditions occur. The time to maximum rate under adiabatic conditions
of the decomposition is 24 hours at 86 ∘C. The activation energy of the
decomposition is 100 kJ mol−1. The operating temperature of the reactor
is 120 ∘C. Determine the maximum diameter of the reactor tubes, result-
ing in a stable temperature profile, in case the reactor is suddenly stopped
at 120 ∘C.
Physical properties of the reaction mass:

𝜌 = 800 kg m−3

𝜆 = 0.12 W m−1 K−1

c′p = 1800 J kg−1 K−1

Hint: Consider that the heat transfer is purely conductive when the flow is
stopped and the reactor wall remains at 120 ∘C.

12.2 A reactive resin is to be discharged from a reactor to drums (radius 0.3 m,
height 0.9 m). In order to obtain a low viscosity allowing a practicable
transfer time, the discharge temperature should be above 75 ∘C. It is
known that the heat release rate of the resin is 10 W kg−1 at 180 ∘C and
the activation energy of the reaction is 80 kJ mol−1.
Data
𝜌 = 1100 kg m−3

𝜆 = 0.1 W m−1 K−1

c′p = 2100 J kg−1 K−1

𝛿c = 2.37
Question
1. Is this operation thermally safe?

12.3 A liquid is stored in a 10 m3 tank (cylinder with vertical axis, diameter
2 m). The lower part of the tank is equipped with a jacket (height 1 m).
At the storage temperature of 30 ∘C, the liquid shows a heat release rate of
15 mW kg−1. The tank is stirred with a propeller-type agitator.
Data
𝜌 = 1000 kg m−3

𝜆 = 0.1 W m−1 K−1

c′p = 2000 J kg−1 K−1

𝜇 = 10 mPa s
𝛽 = 10−3 K−1

Question
1. Would natural convection be sufficient to ensure a stable temperature

in case of failure of the stirrer?
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Physical Unit Operations

Case History

In a production unit for nitro compounds, the boiler of the distillation unit had to
be cleaned. The residues were never removed for 30 years and no procedure for
cleaning was available. The residues contained in a specific tank were sucked back
into the boiler before the cleaning operation. The residues in the boiler were then
about 30–35 cm high. The cleaning was initiated, and work permits filled out. To
liquefy the sludge heating was necessary. Based on flash point data, a temperature
limit of 90 ∘C was specified. Nobody was conscious that the temperature sensor did
not reach the sludge. Thus the heating coil was heated at full power. The steam
could have had 180 ∘C. The relief was set at 6.6 bar but operated at 9 bar. Two men
started to remove sludge via manhole.

A sudden decomposition and spontaneous decomposition of the sludge
occurred with a vertical flame jet as high as the distillation column and a hori-
zontal flame jet that impinged on an office building and caused a secondary fire.
The control building of the unit was severely damaged. Four men working in the
control room died. One women was overcome by smoke in the office building
and died later in the hospital. Two persons suffered reportable injuries and 15
persons remained with minor injuries or shock. Additionally 81 cases of illness by
toxic effects or infectious disorder were reported [1].

Additional Information

Nitro compounds can be considered as highly energetic material: the enthalpy of
decomposition of a nitro group is around −360 kJ mol−1. Moreover, these com-
pounds often present an autocatalytic decomposition behavior and a limited ther-
mal stability.

Lessons Drawn

The maintenance operations should be considered as being an integrated part
of the production process. The maintenance frequency should be specified
in the operating manual. In this case no cleaning during 30 years is certainly
questionable.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Heating a sludge containing residues of nitration processes should be carefully
analyzed in a risk analysis. Samples of the sludge should have been analyzed prior
to the cleaning operation.

The exact geometry of the equipment is a part of the risk analysis: here the posi-
tion of the thermometer that was not reaching the sludge was ignored.

Introduction

After Section 13.1, where the specificities of the risk assessment for physical unit
operations are introduced, Section 13.2 presents a review of the specific safety
data required for the risk assessment and the corresponding tests. Then two types
of unit operations: solid processing and liquid processing operations are distin-
guished. Section 13.3 is devoted to solid processing with a focus on thermal haz-
ards. The specific case of self-reactive materials showing decomposition reaction
propagating through the bulk material after local initiation (deflagration) is stud-
ied in detail. Section 13.4 dedicated to liquid processing presents an assessment
procedure for distillation operations. The chapter closes with Section 13.5 about
thermal risks during transport of dangerous goods and presents methods for the
determination of the self-accelerating decomposition temperature (SADT).

13.1 Thermal Hazards in Physical Unit Operations

13.1.1 Introduction to Physical Unit Operations

Historically, the concept of unit operations stems from the beginning of the twen-
tieth century as it was recognized that very different industries, for example, food
processing and dyestuff production, used the same type of operations. They were
called unit operations by A.D. Little. A defined unit operation follows the same
physical laws independently of the industrial background. This constitutes the
principles of chemical engineering, which studies physical laws and establishes
rules for the design of such operations. Thus it is legitimate to study process haz-
ards using the concept of unit operations. In Chapters 2–12, the focus was on
chemical reaction processes, which constitute by themselve a special type of unit
operation. In the present chapter the focus is on physical unit operations, which
are operations without intended chemical reaction. Chemical engineering unit
operations consist of five classes:
1. Fluid flow processes, including fluids transportation, filtration, and solids flu-

idization and transportation.
2. Heat transfer processes, including evaporation and heat exchange.
3. Mass transfer processes, including gas absorption, distillation, extraction,

adsorption, and drying.
4. Thermodynamic processes, including gas liquefaction and refrigeration.
5. Mechanical processes, including solids transportation, crushing and pulver-

ization, screening, and sieving.
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Thus the physical unit operations are very diverse and require specific pro-
cedures to identify, assess the pertinent thermal risks, and then elaborate safe
processing conditions.

13.1.2 Hazards in Physical Unit Operations

The thermal hazards involved in physical unit operations are essentially due
to triggering unwanted exothermal or gas-producing reactions. The fire and
explosion risks as well as the toxicity issues are not in the scope of the present
book. Often unwanted exothermal reactions produce fires, smoldering nests, or
hot surfaces, which subsequently may ignite explosive atmospheres and cause
explosions.

Unwanted reactions may be triggered either thermally or mechanically. The
thermal initiation occurs essentially by exposure to heat through contact with
hot surfaces or hot gases. This is the case, for example, in drying, distillation
and evaporation operations. Unwanted reactions are sometimes oxidation
reactions that may be favored by the presence or intense contact with air as,
for example, in a fluidized bed. But an important and often underestimated
thermal initiation is heat accumulation or thermal confinement as treated in
Chapter 12. This risk is essentially present during storage and transport opera-
tions. Mechanical initiation is possible when a sensitive product is exposed to
shock or friction by moving parts as it may happen in grinding, mixing, or certain
dryer types.

A special category of decomposition reaction is the deflagration, also called
spontaneous decomposition. This type of reaction is initiated locally by a hot
spot and then propagates as a reaction front, finally touching the whole mate-
rial present. This type of decomposition may cause great damage since glowing
particles may escape and build hot spots in other containers or flammable decom-
position gases may form explosive atmospheres. The propagation velocity is in
the order of magnitude of some millimeter or centimeter per second. This spon-
taneous decomposition differs from the deflagration in the context of explosions
in that it does not require any oxygen. It generally concerns material showing a
high decomposition energy (500 J g−1) [2]. This type of decomposition requires a
special testing procedure and special risk reducing measures.

13.1.3 Assessment Procedure for Unwanted Exothermal Reactions

The general procedure for assessing thermal hazards in physical unit operations
is the same as for the assessment of the thermal stability in reactive systems:

• The severity is assessed using the adiabatic temperature rise (ΔTad) and the
potential pressure buildup as detailed in Chapter 5.

• The probability of triggering an unwanted reaction is assessed using the tmrad,
which is compared to the adequate exposure time. Here the 24 hours limits
may be exchanged for more representative durations.

Adequate limits and testing procedures are presented in Sections 13.2–13.5.
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13.1.4 Specificities of Physical Unit Operations

Physical unit operations are operations where no chemical reaction is intended.
Thus, from the viewpoint of thermal risks, this is a favorable situation since the
heat release rate in the processed product is a priori low. Depending on the oper-
ation, heat removal may also be low, especially if we consider deviation from
normal conditions as we do in the frame of risk analysis, and the heat balance
may abruptly change from stable conditions to a runaway.

Hence the definition of safe processing conditions must take the thermal sta-
bility issues into account, which requires a profound knowledge of the behavior
of the product under the specific conditions met in physical operations. For this
purpose, special tests were established (Section 13.2). The objective is to define
the conditions avoiding decomposition reaction entering a runaway situation.

13.1.5 Standardization of the Risk Assessment

A positive factor in physical unit operations is that the type of equipment used
is well defined and often standardized in the fine chemicals and pharmaceutical
industries. Thus the deviations from “normal” operating conditions are also well
known. This allows for a standardization of the risk analysis procedure for a type
of equipment, for example, a type of dryer, or even a specific making of dryer.
Such a standardized risk analysis comprises the following points:

• Equipment description to define the scope of the documentation.
• Hazards due to process deviations, or malfunction of the equipment, or to

the intended operation, especially the exposure of the product to shock, heat,
mechanical stress, and so on.

• Safety data allowing for a characterization of the product to be processed as,
for example, its thermal stability.

• Risk assessment by combining the product characteristics with the constraints
to which it is submitted in the equipment chosen. In this step it is essential to
interpret the safety data with respect to these constraints.

• Definition of risk reducing measures and/or of safe process conditions: the pro-
cess parameters are established in such a way as to avoid triggering a decompo-
sition reaction or an explosion. Where this cannot be guaranteed, the objective
is the mitigation of the consequences of such an event.

13.2 Specific Testing Procedures

In this section, we consider the safety data related to thermal stability. Fire behav-
ior and explosion characteristics and toxicological and eco-toxicological data are
out of the scope of this book. Most of the tests presented are empirical, and their
results are mostly of qualitative or semiquantitative nature rather than quan-
titative. Thus, their use for the risk assessment is also empirical, based on the
practical experience gained during a long-term practice of their application to
common industrial situations. For this reason the interpretation of some results
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may vary from one company to another; nevertheless certain tests, especially
those devoted to storage and transportation, are standardized on an international
level, for example, by the United Nations [3]. The tests presented here are some
of those commonly used in the Swiss chemical and pharmaceutical industry [4].
The descriptions originate from the safety laboratories of TÜV-SÜD Schweiz AG
(former Swissi) and are used with the permission of TÜV-SÜD Schweiz AG.

13.2.1 Shock Sensitivity: The Falling Hammer Test

The test substance is placed below the falling weight of an impact apparatus
(falling hammer). By variation of the falling height, the impact sensitivity of
the test substance is evaluated. For each falling height, six trials, each with a
fresh sample, are carried out. In each trial, it is observed whether the sample
shows a distinct reaction, for example, a bang, evolution of smoke, flames,
or sparks.

Recommendations for the industrial practice (after Bundesanstalt für Materi-
alprüfung (Berlin) (BAM) method) are as follows:

• Substances that show a distinct reaction in at least one out of six trials are
considered as “shock sensitive” at the respective energy.

• Substances that show a distinct reaction with an impact energy of 39 J are con-
sidered as “shock sensitive” according to the classification, labelling, packaging
(CLP) Regulation [5]. They must be labeled as “explosive.”

13.2.2 Friction Sensitivity

A dried sample of approximately 10 mm3 is put onto a fixed porcelain plate
(25 mm× 25 mm) with fine grooves. A porcelain plug is pressed against the
support plate with a force of 360 N. Then the sample is mechanically moved
under the plug with a velocity of 7 cm s−1, and it is observed whether friction
causes a reaction on the sample.

If ignition, crackling, or a bang occurs at a load of 360 N, the test substance is
classified as sensitive to friction according the CLP Regulation [5]. The load is
then reduced until no reaction is observed. If a reaction occurs at a load of 80 N
or below, the test substance is too hazardous for transport.

13.2.3 DSC Dynamic

The sample is heated at a constant heating rate under a controlled atmosphere, in
most cases in a closed pressure-resistant crucible as described in Section 4.3.1.
Both endothermic and exothermic signals are evaluated, and the temperature
range, peak temperature, peak height (heat release rate), and specific energy of
each thermal signal are determined and calculated.

Solids, presenting a differential scanning calorimetry (DSC) thermogram with
an endothermal melting peak, followed by a sharp exothermal decomposition
with high energy (Figure 13.1), are particularly prone to spontaneous decompo-
sition behavior (see Sections 13.1.2 and 13.2.7).
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Figure 13.1 Dynamic DSC thermogram with an abrupt transition from the endothermal
melting to exothermal decomposition.

13.2.4 Decomposition Gases

Determination of the volume of decomposition gas under isoperibolic
conditions:

1 g of the test substance is filled into a glass tube. The tube it connected to a gas
meter and then lowered into a heated aluminum block. The test is carried out
in two modes: at 220 ∘C for eight hours and at 350 ∘C for five minutes.

Flammability of the decomposition gas:

1 g of the test substance is filled into a glass tube. The glass is lowered into an
aluminum block heated to 350 ∘C. The flammability of the released gases is
determined by a glowing platinum wire (approximately 1000 ∘C) at the top
of the glass tube (lowered into the tube not more than 5 mm). It is observed
whether the gas is ignited within five minutes.

13.2.5 Dynamic Decomposition Test (RADEX)

Four samples of the test substance (2–3 g each) heated with constant rate
(45 K h−1) under different test conditions (open, closed, with and without
contact to oxygen). For each sample the temperature difference between the
sample and the oven (ΔT signal) is recorded and plotted against the oven
temperature. The lowest temperature at which the ΔT signal deviates from
the baseline in positive direction is defined as the begin (onset) of the first
exothermic reaction. From the differences between the ΔT curves obtained
under different test conditions, the thermal decomposition of the test substance
can be characterized. RADEX ovens may be calibrated to determine the heat
release rate from ΔT values. The detection limit of a RADEX oven is around
2 W kg−1 (see Table 4.2).

Onset values can be used to determine safe drying temperatures. Depending
on the dryer type the recommended maximum drying temperature is about
100–150 ∘C below the onset of the first exothermic reaction in this test. Very
often these values are too conservative (because they result from a simple
screening test). For a more precise evaluation of safe drying temperatures,
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additional tests, e.g. isoperibolic tests in a Dewar flask or in 400 ml wire baskets,
are recommended.

The maximum ΔT value (dTmax) and the temperature at which the maximum
occurs (peak) are also determined. If dTmax > 4 ∘C and the maximum increase
rate of ΔT (slope) is >20 ∘C h−1, the substance should be submitted to a special
test for “spontaneous decomposition.”

13.2.6 Mini Autoclave

Approximately 2 g of the test substance is heated at a constant rate in an autoclave
under a controlled atmosphere. The temperature difference between the sam-
ple and the reference (ΔT signal) and the pressure in the autoclave are recorded
and plotted against the oven temperature. The oven temperature at which the
ΔT signal deviates from the baseline in positive direction indicates the onset of
an exothermic reaction. This temperature can be used to determine safety pro-
cess temperatures. In general, the maximum permissible temperature for ther-
mal processes (reactions, distillations, drying operations) is approximately 100 ∘C
below the onset of the first exothermic signal. This is a conservative estimate and
more detailed investigations often show that higher temperatures are still safe. If
during this test the pressure increases very fast (>150 bar s−1 at a heating rate of
2.5 K min−1), this indicates that the substance may show a spontaneous decom-
position or that it has explosive properties.

13.2.7 Spontaneous Decomposition

This test is used to determine whether the test substance shows a spontaneous
decomposition (deflagration) upon local ignition.

13.2.7.1 Deflagration Tube
For the test 200 ml of the substance is filled into a vertical glass tube with a
diameter of 40 mm. The decomposition is then initiated with a glow plug
(800 ∘C, 60 W, energy input max. 16 kJ). It is then observed whether the reaction
propagates through the entire tube. The temperature is recorded with three
thermocouples in different distance from the plug.

Based on the following parameters and observations, spontaneous decompo-
sitions are classified into three classes (three being the most dangerous class):
combustibility index in air, decomposition energy, energy required to initiate the
decomposition, velocity of the reaction front, quantity, and combustibility of the
decomposition gas.

13.2.7.2 Test in Dewar
Approximately 250 ml of the test substance is filled into a Dewar (18–20 cm high,
inner diameter 48 mm), such that the upper level is 2 cm below the top of the
Dewar. The decomposition is initiated with a gas flame with a length of at least
20 mm. The propagation of the reaction front is observed visually and by mon-
itoring the temperatures with two thermocouples 5 and 10 cm below the top of
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the Dewar. Two trials are made and the shorter spread time, i.e. the higher prop-
agation velocity is used for the assessment:

• “Fast”: Velocity> 5 mm s−1

• “Slow”: >5 mm s−1 velocity> 0.35 mm s−1

• “None”: Velocity< 0.35 mm s−1 or the reaction front stops

The same test can also be performed in a nitrogen stream.

13.2.8 Grewer Oven and Decomposition in Airstream

Approximately 8 ml of the test substance and of graphite powder as reference is
filled into small wire baskets and then heated in an airstream surrounding the
sample with constant rate (as a rule 1.2 ∘C min−1). The temperature difference
between the sample and the reference (ΔT signal) is recorded and plotted against
the reference temperature. The test can be carried out in a temperature range up
to 10 ∘C below the melting point.

The lowest temperature at which the ΔT signal deviates from the baseline in
positive direction is defined as the begin (onset) of the first exothermic reaction.
This value can be used to determine safe drying temperatures in convection dry-
ers (e.g. fluidized bed dryers, spray dryers). Depending on the dryer type, the
recommended maximum drying temperature is about 60–110 ∘C below the onset
of the first exothermic reaction in this test. Very often these values are too con-
servative (because they result from a simple screening test). For a more precise
evaluation of safe drying temperatures, additional tests, e.g. isoperibolic tests in
a 400 ml wire basket, are recommended.

13.2.9 RADEX Isoperibolic Test

A sample of 2–3 g is exposed during at least eight hours to a constant elevated
temperature. The temperature difference between the sample and the oven (ΔT
signal) is recorded and plotted against time. A positive ΔT signal indicates an
exothermic reaction. In some cases the exothermic reaction occurs only after a
certain induction time. Such reactions are called “autocatalytic” independent of
the true reaction mechanism.

If no exotherm is detected, this indicates that the exothermic reaction produces
less than about 2 W kg−1 heat release rate at the test temperature.

Depending on the dryer type, the recommended maximum drying tempera-
tures are 40–70 ∘C below the highest temperature at which no exotherm can be
detected in this test. Very often these values are too conservative (because they
result from a simple screening test). For a more precise evaluation of safe drying
temperatures, additional tests, e.g. isoperibolic tests in a Dewar flask or in 400 ml
wire baskets, are recommended.

13.2.10 Self-Ignition Test in a 400 ml Basket

The test substance (sample) is filled into a wire basket and then put into a heat-
ing chamber with fresh air inlet (2 l min−1), where it is exposed to a constant
temperature. The temperature difference between the sample and the air in the
chamber (i.e. the ΔT signal) is recorded and plotted against time.
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If during the test a positive ΔT signal is observed, this indicates an exothermic
decomposition, most probably due to oxidation.

The self-ignition temperature (SIT) is determined based on criteria for max-
imum ΔT value observed. The relevant ΔT criteria vary in different standards.
For example, the highest temperature (rounded to multiples of 10 ∘C) at which the
ΔT signal does not exceed +5 ∘C is determined (called basket limit temperature
[BLT]). Carrying out the test with different basket sizes, SIT for big bulk contain-
ers may be obtained by extrapolation. Safe drying temperatures are defined based
on SIT taking into consideration the bulk dimensions in the dryer and consider-
ing safety margins for uncertainties in the extrapolation.

13.2.11 Warm Storage Test in a Dewar

The test substance is filled into a Dewar vessel (half-life time for temperature loss
>8 hours) and then exposed to a constant elevated temperature. The temperature
difference between the sample and the air in the heating chamber (ΔT signal) is
recorded and plotted against time. If the ΔT signal deviates from the baseline
in positive direction, this indicates an exothermic reaction. In some cases the
exotherm occurs only after a certain induction time during which no thermal
signal is detected. Such reactions are called “autocatalytic” independent of the
true reaction mechanism.

The “Dewar limit temperature” (DLT) is the highest temperature (rounded
to multiples of 10 ∘C), at which the ΔT signal does not exceed +5 ∘C during
the exposure time. DLT may be used to determine safe drying temperatures in
contact driers (vacuum driers). Depending on the dryer type, the recommended
maximum drying temperature is about 0–10 ∘C below DLT . For unloading
dryers into containers up to 1 m3, the maximum safe unloading temperature is
50 ∘C below DLT .

According to the UN Recommendations on the Transport of Dangerous
Goods, the SADT for a 50 kg package is the lowest temperature, at which the ΔT
signal in a 500 ml Dewar (with 400 ml substance) exceeds +6 ∘C.

13.3 Hazards Associated to Solid Processing

13.3.1 Pneumatic and Mechanical Conveying Operations

Risk factors encountered during solids handling by mechanical means as in
screw conveyors are due to mechanical stress, shock, or friction. Trapped metals
like screws that may enter the product can generate a hot spot through friction,
which in turn may be at the origin of unwanted reactions. This is especially the
case for products prone to spontaneous decomposition. In pneumatic transport,
fast-acting valves may produce shocks that can initiate unwanted reactions.

13.3.2 Blending

In blending operations, the same types of hazards due to mechanical stress as in
handling operations are present, but with an aggravating factor: the large volume
of solid that may add the risk of heat accumulation. Sensitivity to oxygen (air)
must also be considered.
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13.3.3 Storage

Solid storage can be done in very diverse types of containers: drums, big bags,
silos, etc. With large dimension, the heat accumulation conditions become more
severe. Thus the thermal behavior of the solid must be duly analyzed as described
in Chapter 12. It must not be forgotten that after blending, grinding, milling, or
drying, the solid may enter the container at a temperature above ambient (see
Section 13.3.6).

13.3.4 Drying

In drying operations, the solid is submitted to heat, that is, thermal stress, but the
intensity of the thermal stress strongly depends on the type of dryer. To exemplify
this, two commonly used types of dryers are presented: the paddle dryer and the
fluidized bed dryer.

13.3.4.1 Paddle Dryer
The paddle dryer is a contact dryer built as a horizontal heated cylinder with
a heated rotor. It works under vacuum and the contact time is relatively long,
typically 24 hours, but may last until 72 hours. The rotor rotation is slow; thus
the mechanical stress is limited. However the bearing of the stirrer shaft may run
hot due to friction. The main hazard is the long-lasting thermal exposure that may
initiate unwanted reactions and the discharge of hot product to containers that
create heat accumulation conditions (see Section 13.3.6). The maximum allowed
safe dryer wall temperature (Tmax) can be defined based on standard thermal
testing subtracting a safety margin from the test result (distance rule). An example
extracted from worksheets prepared by G. Suter [6] is given in Table 13.1.

In Table 13.4 the tests are ranked in order of increasing sensitivity (top down);
thus the required safety margin decreases.

The tmrad used in Table 13.1 is determined as described in Chapter
10 or may be estimated from the onset of a dynamic DSC thermogram:
TD24 (∘C) ≈ 0.7 T(10W kg−1)(∘C) − 46 ∘C.

Table 13.1 Maximum allowed heat carrier temperature for a paddle dryer determined from
different standard testing procedures.

No deflagration Deflagration class 1 or 2

Test
Non-autocatalytic
(∘C)

Autocatalytic
(∘C)

Non-autocatalytic
(∘C)

Autocatalytic
(∘C)

DSC dynamic Tmax = Tiso − 50 ∘C −70 −70 −80
DSC isotherm closed Tmax = Tiso − 50 ∘C −70 −70 −80
RADEX isoperibolic Tmax = Tiso − 30 ∘C −50 −40 −60
Dewar storage Tmax = DLT − 10 ∘C −10 −10 −10
tmrad

a) Tmax = TD24 − 10 ∘C −10 −10 −10

a) The tmrad must be chosen according to the duration of the drying operation or the time
required for an intervention in case of decomposition. TD24 − 10 ∘C is a standard value.
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Table 13.2 Maximum allowed air inlet temperature for a fluidized bed dryer
determined from different standard testing procedures.

Test No deflagrationa) Deflagration class 1 or 2

Grewer oven Tair = Tonset − 90 ∘C −110 ∘C
RADEX isoperibolic Tair = Tiso − 20 ∘C −40 ∘C
Basket Tair = BLT − 10 ∘C −20 ∘C
DSC tmrad Tair = TD24 TD24

DSC isotherm Tair = Tiso − 50 ∘C −50 ∘C

a) Deflagration also called spontaneous decomposition (see Section 13.2.8).

This is an example showing how the safety margins depend on the sensitiv-
ity of the test. These tests must be performed following standard procedures as
specified in Section 13.2.

13.3.4.2 Fluidized Bed
The fluidized bed technique is used in fluidized bed dryers as well as in granula-
tors. The thermal risks are the same for both, drying or granulating operations.
In this type of process, the solid is suspended in hot air, which causes an intense
mass transfer between the solid particles and the air. The thermal stability must be
ensured in air; thus specific test allowing the detection of oxidative phenomena
is used. The maximum safe air inlet temperature can be determined based on the
results of different standard tests by subtracting a safety margin [6] (Table 13.2).
A special hazard is related to the failure of air supply when the solid is hot. The
fluidized bed collapses and a heat accumulation situation results (Chapter 12).

In Table 13.2 the tests are ranked in order of increasing sensitivity (top down);
thus the required safety margin decreases.

The temperature based on DSC in closed cups shall only be used if the operation
is performed under inert conditions (oxygen concentration< 5%). In this case
the oxygen concentration must be monitored, and the air inlet must be reliably
stopped in case the 5% limit is surpassed.

13.3.5 Milling and Grinding

These operations cause strong mechanical impact on the product. There are also
fast rotating elements in the equipment, which may cause a hot spot by fric-
tion, for example in bearings. This is especially critical with deflagrating prod-
ucts. In such cases, the bearings must be protected against friction, for example,
by a dust-tight construction, or flushed with nitrogen or lubricated. An alter-
native solution is monitoring the bearings’ temperature, with alarm. The alarm
level is determined based on different test results by subtracting a safety margin
(Table 13.3) [6].

In Table 13.4 the tests are ranked in order of increasing sensitivity (top down);
thus the required safety margin decreases.
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Table 13.3 Maximum temperature of bearings in a mill
determined from different standard testing procedures.

Test Tmax bearings

DSC isotherm Tmax = Tiso − 50 ∘C
RADEX isoperibolic Tmax = Tiso − 20 ∘C
Basket Tair = BLT − 10 ∘C

Table 13.4 Maximum product temperature for hot
discharge to vessel <200 l determined from different
standard testing procedures.

Test Maximum product temperature

Grewer oven Tmax = Tonset − 150 ∘C
Basket Tair = BLT − 50 ∘C
Dewar hot storage Tair = DLT − 50 ∘C
tmrad Tmax = TD24 − 40 ∘C

When unloading the product from a mill, its temperature is above room tem-
perature, which may cause heat accumulation conditions in the container receiv-
ing the product. This problem is treated in Section 13.3.6.

13.3.6 Hot Discharge

When a hot solid is discharge from a dryer or a mill to a vessel with a volume
less than 200 l, as a first approach, the maximum allowed discharge temperature
can be determined based on the results of standard test using distance rules as
summarized in Table 13.4 [6].

In Table 13.4 the tests are ranked in order of increasing sensitivity (top down);
thus the required safety margin decreases. For volumes above 200 l, special meth-
ods for assessing heat accumulation conditions as described in Chapter 12 are
required.

13.4 Hazards During Liquid Processing

13.4.1 Transport Operations

Pumping or transport in insulated and trace heated piping systems may present
thermal hazards. As long as the flow is maintained, the heat exchange between
the product and the wall of the pipe takes place through forced convection. Thus
it is efficient as long as the product flows. When the flow stops due to pump
stopping or valve closing, the heat exchange proceeds through natural convec-
tion, which leads to a decrease of the overall heat transfer coefficient by a factor
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of approximately 10. This may result in heat accumulation conditions. The risk
assessment can be performed using the decision tree in Figure 12.7. The assess-
ment using the critical radius or the calculation of the Rayleigh number for nat-
ural convection is probably best suited.

An important point, when using trace heating, is the nature of the heating
source: it may be electrical tracing, steam tracing, or tracing using a liquid heat
carrier. These three heat sources differ in their behavior in case of stopped flow
with an operative trace heater:

• Electrical heating continues to heat even in case of stopped flow and may lead
to high surface temperatures of the wall. This may be very critical: if the product
is sensitive to heat, a runaway situation may occur. The assessment is per-
formed by using the maximum surface temperature of the pipe and calculating
the tmrad at this temperature. The tmrad is then compared to the exposure
duration (tconf ) as defined in the risk analysis of the process applying a safety
factor: tmrad > 4 tconf .

• With steam tracing, in case of stopped flow and if there is an exothermal reac-
tion occurring in the product, its temperature will increase and surpass the
steam dew (or condensation) temperature. Then there is no heat transfer any-
more between product and steam. This results in close to adiabatic conditions
and may cause a runaway situation. This case is treated by, as above, comparing
the tmrad to the exposure duration (tconf ) as defined in the risk analysis of the
process applying a safety factor, tmrad > 4 exposure time.

• With a liquid heat carrier in the tracing system, if the product temperature sur-
passes the heat carrier temperature, the temperature gradient changes direc-
tion and cooling starts. This may save the situation that is assessed using a heat
balance with natural convection on the inner wall of the tube.

Hence when thermally sensitive products must be transported in heat traced
piping systems, the use of a liquid heat carrier with a well-chosen temperature
may avoid a runaway situation.

Another critical situation from the thermal viewpoint is a pump working
“against” a blocked flow. The blockage may be due to solidification, closed valve,
etc. In such a situation, if the pump continues working, a great part of the motor
power is degraded to heat. To give an example, if 50% of the power of a 2 kW
motor is converted to heat and the pump contents is 1 kg, the specific power
input is 1 kW kg−1, which results in a temperature increase rate of approximately
0.5 K s−1 or 30 K min−1. This heat input may trigger unwanted reactions in a
relatively short time. Incidents are known, where a pump housing was destroyed
as the pump exploded due the decomposition of its contents (Figure 13.2).

13.4.2 Operations with Heat Exchange

In heat exchange operations, the important parameter is obviously the wall
temperature of the heat exchanger in contact with the product. Thus we consider
heating operations. During nominal operation, the intensive heat exchange
capabilities allow for an easy control a commencing decomposition. Thus the
probability of triggering an unwanted reaction remains low. Nevertheless, a safe
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Figure 13.2 Pump after a decomposition of its contents due to runaway of its contents due to
blocked flow. It is worth noticing that the bolts holding the housing ruptured.

process is a process that also is robust in case of failure. The different failure
modes that must be considered are detailed in Section 13.4.4.

13.4.3 Evaporation and Distillation

In distillation and rectification processes, the thermal risk is essentially located
at the evaporator, or column sump, where the thermal stress is more impor-
tant. The evaporators, which in essence are heat exchangers, present excellent
heat exchange capabilities that allow for a high power input that may seem to
be critical for thermal safety. Different with the heat exchangers presented in
Section 13.4.2, the evaporation is an endothermal phenomenon that allows stabi-
lizing the temperature at the boiling point. This is true only as long as the system
can be considered as an open system, which means that the produced vapor can
freely escape toward the condenser. As a consequence, the thermal risks linked
with evaporators depend on the type of evaporator and its geometry and also on
the capacity of the system to leave the vapor escape without critical pressure loss.

Some important hints concerning the thermal safety of distillation processes
are the following:

• The increasing concentration of the sump may lead to precipitation of solids,
or crust formation and finally cause hot spots, or hinder the heat exchange.

• Contents presenting a decomposition following an autocatalytic reaction
scheme may be submitted to thermal stress during a long time, which
increases the catalyst concentration and shortens the induction time. The
practice consisting in leaving the residue in the vessel and proceed to the next
operation is particularly questionable in this context (Exercise 11.3).

• In the case of vacuum distillation, the boiling point of the evaporator contents
increases; thus evaporative cooling may not be feasible. Another important
point is that in the case of loss of vacuum, an air ingress is possible that may
create an explosive atmosphere in the equipment. To avoid this a nitrogen flush
should be applied immediately in the case of loss of vacuum.
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• The samples for thermal analysis must be prepared under mild conditions typ-
ically in high vacuum 30 or 40 ∘C below the intended process temperature and
tested in closed pressure-proof crucibles. This ensures that no significant heat
is released during the sample preparation and the measured energy is repre-
sentative for the industrial situation.

• The residue and concentrate left after evaporation or distillation are often vis-
cous, which require heat traced piping and storage vessel. Since often they are
also thermally sensitive, the temperature of the tracer must be chosen with
care, for example, using the Frank-Kamenetskii model or more sophisticated
approaches as described in Chapter 12.

The thermal risks linked to different types of distillation processes are reviewed
hereunder: first the different types of equipment are described, and then the dif-
ferent failure modes are reviewed. The limitations of the vapor flow capacities are
treated in Section 14.3 on evaporative cooling.

13.4.3.1 Batch Distillation from a Stirred Tank
The stirred tank vessel is typically used in multipurpose plants as boiler for batch
distillation or rectification. In these operations, the composition of the vessel con-
tents and the temperature vary with time since there is no steady state. For this
reason, the first step of a thermal hazard analysis is to identify the most critical
composition–temperature pair. The analysis then focuses on this composition. In
case of failure in rectification processes, the holdup of the column may rain down
to the evaporator and dilute the sump with cold volatiles that may help to avoid
triggering unwanted reactions.

Typically at the beginning of the distillation, the volume of the contents is
important, and the temperature is low and volatiles that may allow for evapo-
rative cooling are present. At the end of the distillation, the volume decreased,
and the temperature is higher and less volatiles are present. The situation can be
assessed using the tmrad of a sample of the vessel contents.

13.4.3.2 Continuous Distillation
In continuous distillations, different types of evaporators are used, each with spe-
cific failure modes.

The circulation evaporator, working following the principle of a thermosiphon
or with a circulation pump, is constructed as a vertical tubular heat exchanger
where the liquid is evaporated in the tubes. A mixture of vapor and liquid leaves
from the top of the exchanger. The vapor flows upward to the column or to the
vapor tube, and the liquid falls to the bottom and is recycled through the tubes.
The two-phase flow in the tubes allows for good heat transfer coefficients. Since
there is no mechanical part, a power failure has no effect on the evaporator itself.

The falling film evaporator is also constructed as a tubular heat exchanger,
but the circulation is ensured by a pump that brings the liquid to the top of the
tubes where flows downward as a film on the tube walls where it evaporates
(Figure 13.3a). The two-phase mixture flows downward to the bottom of the
column where the phases separate, the vapor flowing upward to the column and
the liquid being recycled by the circulation pump.



350 13 Physical Unit Operations

M

Condenser

vacuum

(a) (b)

Feed

Concentrate

residue

Feed

Figure 13.3 Schematic representation of distillation equipment. (a) Rectification column
equipped with a falling film evaporator and (b) thin film evaporator.

The thin film evaporator is built as a hollow tube containing a fast rotating rotor
(Figure 13.3b). The liquid is fed to the top of the wall, and the rotor equipped
either with baffles or with whippers disperses the film on the wall and ensures for
a turbulent flow increasing the heat transfer coefficient. The great advantage of
this type of evaporator is that only a small mass is exposed to high temperature
during only a short time. This allows processing thermal sensitive products.

13.4.4 Failure Modes of Heat Exchangers and Evaporators

The different failure modes are summarized in Table 13.5 for the different types
of equipment. The letters in the cells correspond to a detailed description of the
failure scenario:

Table 13.5 Failure modes for the different types of equipment.

Equipment
Power
failure

Agitation
failure

Product
flow failure

Heat carrier
flow failure

Temperature
controller

Heat exchanger a, c — f, c g, c i
Stirred tank a, b e — h, b j
Circulation evaporator a, c — c h, b j
Falling film evaporator a, c — c h, b j
Thin film evaporator a, d d — h, d j
Column bottom b — b — j
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(a) Power failure: Pumps and agitation (if applicable) stop. Thus the product flow
or agitation stops, and the heat carrier flow stops. Forced convection ceases,
and only natural convection may ensure some heat exchange between hot
and cold parts of the system. After a certain time, fluids, product, and heat
carrier as well as the wall equilibrate in temperature, which means that the
product temperature increases and then is submitted to heat accumulation
conditions. This failure mode may be critical. The maximum safe temperature
of the heat exchanger is defined based on the tmrad determined as defined
in Chapters 10 and 11. The resulting equilibrium temperature (Teq) can be
estimated from a heat balance:

Teq =
mp ⋅ c′p,p ⋅ Tp + mw ⋅ c′p,w ⋅ Tw + mc ⋅ c′p,c ⋅ Tc

mp ⋅ c′p,p + mw ⋅ c′p,w + mc ⋅ c′p,c
(13.1)

with the index p for the product, w for the wall, and c for the heat carrier.
(b) Heat accumulation in a stirred tank: For batch distillation, at the beginning of

the distillation, there is a large volume with volatiles that may allow for evap-
oration cooling. Toward the end of distillation, the situation can be analyzed
using the tmrad of the residues.

(c) Heat accumulation conditions in a tube: The situation may be assessed using
the Frank-Kamenetskii model with the critical radius approach. The max-
imum allowable safe temperature is chosen such that the tmrad fulfills the
condition

tmrad >
0.5r2

a
(13.2)

The factor 0.5 corresponds to the cylindrical geometry, and r is the internal
radius of the tubes. The solution is found by iterations since tmrad contains
the power that is an exponential function of the temperature.

(d) Rotor failure in a thin film evaporator: The film is no more turbulent and
becomes thicker toward the bottom of the evaporator. The product may be
submitted to heat accumulation conditions, and the case can be treated sim-
ilarly to the circulation evaporator but with the geometry of the slab:

tmrad >
1.14r2

a
(13.3)

The radius r is the half thickness of the film, typically 2–3 mm. The solution
is found by iterations since tmrad contains the power that is an exponential
function of the temperature.

(e) Stirrer failure: Only the stirrer stops, and the heating system remains active.
This may impact the nucleation of vapor bubbles that often takes place at the
agitator tips. The consequence may be boiling delay with pressure increase.
To avoid this, heating must be stopped or injection of nitrogen at the bottom
of the vessel may help.

(f ) Failure of the product flow in a heat exchanger, the heat carrier flow
remaining unchanged: Depending on the wall temperature, the product
may be overheated, which may lead to an unwanted reaction. Depending
on the nature of the heat carrier, the product may be submitted to heat
accumulation conditions. This case must be studied with care, and the



352 13 Physical Unit Operations

maximum allowed heat carrier temperature must be defined based on the
tmrad of the product.

(g) Heat carrier flow failure in a heat exchanger, the product flow remaining
unchanged: There is no or only poor heat exchange with the heat carrier, and
the product temperature does not increase to the desired value. This creates
a processing problem but remains uncritical for the safety viewpoint.

(h) Heat carrier flow failure in an evaporator, for example, due to a circulation
pump failure: The evaporation stops and the product temperature may
decrease. This situation is not critical as long as volatiles are present at the
beginning of the distillation. At the end of the process, since the volatiles
were distilled off, the residue is submitted to heat accumulation conditions.

(i) Temperature controller failure in a heat exchanger: This failure may be crit-
ical since the product may be heated beyond the desired temperature. This
situation can be avoided by physically limiting the heat carrier temperature.
Depending on the risk level, this limitation must be reliable and installed
following the rules of standard IEC 61511 [7] with the appropriate safety
integrity level (SIL). In case the temperature of the heat carrier cannot be reli-
ably limited, the heat exchanger must be protected against overpressure by an
appropriate pressure relief system sized for this scenario including two-phase
flow if required (see Chapter 16).

(j) Temperature controller failure in an evaporator: The worst case is that the
temperature controller fails allowing the full heating power to be applied to
the vessel contents. The evaporation rate increases that may cause swelling
in the vessel and flooding of the vapor tube and condenser. The consequence
is a pressure increase that in turn lead to bursting of the equipment caus-
ing a loss of containment and secondary room explosion if flammable vapor
escapes. Two types of measures may be applied: a reliable temperature limita-
tion probably with high reliability, following the IEC 61511 Standard [7], or an
emergency pressure relief system designed for this scenario (see Chapter 16).

13.4.5 Risk Reducing Measures

The first priority is to define a safe heat carrier temperature that results in an
acceptable equilibrium temperature: Teq <TD24.

Thermal sensitive products working under vacuum decrease the boiling tem-
perature. In this context, the use of a thin film evaporator may also be an efficient
solution: the mass of product exposed to high temperature is small, and the expo-
sure duration is short.

For really sensitive products the molecular distillation, also called short path
distillation, may be a solution. This type of process allows working under high vac-
uum (10−2 to 10−3 mbar), which results in low process temperatures. Such high
vacuum is possible thanks to the construction of an evaporator similar to a thin
film evaporator, but with a concentric condenser at a distance of the evaporator
surface that is shorter than the mean free path of the molecules.

To avoid severe heat accumulation conditions, the choice of a liquid heat carrier
rather than steam or an electrical system may help avoid a runaway.
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If this cannot be achieved, for distillation processes, emergency measures may
be applied as an emergency flushing with a cold solvent that can be the distillate.
This has two effects: firstly it dilutes the contents of the evaporator, which slows
ongoing reactions, and secondly it acts as a coolant due to the temperature differ-
ence (sensible heat). The detailed design of such measures is treated in Chapter
15. As a last line of defense an emergency pressure relief system may be consid-
ered. In these cases the measure must be designed following the rules of the art
as described in Chapter 16.

13.5 Transport of Dangerous Goods and SADT

The concept of SADT was developed by the United Nations for the assessment of
the exothermal decomposition risk of dangerous goods especially for packaged
material during transport. The determination of SADT is based on the monitor-
ing of the temperature of the sample with a uniform initial temperature T0 and
packed into a vessel of arbitrary shape. At time t0, the surrounding temperature
of the investigated material is increased to Te, which initiates the heat transfer
between the packaged material and its surroundings. The SADT, as defined by
the United Nations SADT test H1 [2], is the lowest ambient temperature at which
the center of the material within the package heats to a temperature 6 ∘C higher
than the surrounding temperature Te after seven days or less. This period is mea-
sured starting from the time when the temperature in the center of the packaging
reaches 2 ∘C below the surrounding temperature (Figure 13.4).

The original test H1 consists of a series of tests with the full-scale packag-
ing, and each test is performed at a new temperature by steps of 5 ∘C with
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Figure 13.4 Temperature course during a SADT experiment. Source: From Roduit et al.
2016 [8].
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a new packaging. Depending on the SADT, restrictions concerning package
volume or temperature control during transportation may be applied.

The H1 testing procedure is reliable, but rarely used since it is expensive
and cumbersome: it uses large quantities of material, which sometimes are not
available in early stages of development. Moreover in some cases decomposing
several kilograms of energetic material may become really dangerous. Therefore
small-scale tests were developed. One of these tests is the H4 test, which replaces
the commercial package by a Dewar flask containing 400 ml of substance placed
in a temperature-controlled oven. The heat losses expressed per unit of mass of
the Dewar are assumed to be the same as for the commercial package. Obviously
this assumption is critical in the sense that the use of a Dewar with higher heat
losses will false the results [9].

Depending on the SADT, restrictions concerning transport conditions package
volume or temperature control during transportation are applied [2]:

– Substances must be classified as self-reactive if the decomposition energy is
greater as 300 kJ kg−1 and the SADT is below 75 ∘C for a 50 kg package.

– A self-reactive substance must be subject to temperature control if its SADT
is less than or equal to 55 ∘C.

In fact the SADT results from a heat balance, which contains essentially two
terms that determine the results: the heat release rate of the material to be trans-
ported and the heat loss properties of the package itself [10]:

i. The intrinsic properties of the material are its kinetic parameters (activation
energy and pre-exponential factor for the Arrhenius equation and kinetic
model of the reaction). The physical properties are thermal conductivity,
specific heat capacity, density, the heat of reaction, and the existence of liquid
or solid state in the temperature range of the SADT.

ii. The extrinsic properties of the material are its mass, the geometry of the pack-
aging, the thermal properties characterizing its heat loss, and the temperature
mode applied during the experiment.

All these parameters can be adjusted in numerical simulation performed, for
example, with the AKTS software [8].

13.6 Exercises

13.1 Fluidized Bed Dryer
A product is to be dried in a fluidized bed dryer.
Questions
1. What are the risks linked to this operation?
2. What characteristics of the product must be known in order to assess

the risks? Give tests that allow for the determination of these charac-
teristics.

3. Which operating parameters are to be defined as a result of the risk
assessment?
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13.2 Paddle Dryer
A product presenting a significant energy potential must be dried in a
paddle dryer and then discharged to 60 l drums. The product was tested
by dynamic DSC revealing an energy of 550 J g−1 and an onset at 180 ∘C.
An autocatalytic behavior is suspected. A Dewar storage test was also
performed and the Dewar limit temperature is 130 ∘C.
Questions
1. What is the maximum heat carrier temperature allowed for this drying

operation?
2. What is the maximum product temperature before discharging to the

drums?

13.3 Thin Film Evaporator
A thin film evaporator is used to concentrate a reactive resin that is stored
in drums (Figure 13.3b). This operation consists of evaporating volatiles
at a wall temperature of 150 ∘C. The concentrate then flows through a
barometric tube to the drums. The barometric tube has a diameter of
30 mm and is trace heated at 100 ∘C. The product enters the upper end
of the tube at 150 ∘C and is cooled to 100 ∘C that will be the temperature
of the product in the drums before cooling. The drums have a radius of
0.3 m and are filled to a height of 0.9 m. The resin polymerizes with a heat
of 500 kJ kg−1.
Data
The tmrad is 3.7 hours at 150 ∘C and 42 hours at 100 ∘C (TD24 = 110 ∘C).

𝜌 = 900 kg m−3

𝜆 = 0.1 W m−1 K−1

c′p = 1700 J kg−1 K−1

Question
1. Assess the thermal risk of this operation.

13.4 An intermediate for a pharmaceutical synthesis (p-nitrophenyl allyl
ether) must be isolated from its solvent by a batch distillation in a 4 m3

stirred tank with a heating medium temperature of 110 ∘C. A dynamic
DSC thermogram is presented in Figure 13.5.
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Figure 13.5 DSC thermograms of the concentrated intermediate. (a) Dynamic at 4 K min−1
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Questions
1. Assess the thermal risk linked to the performance of this operation.
2. Estimate the tmrad under operating conditions.
3. What are your recommendations for the plant management?
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14

Heating and Cooling Industrial Reactors

Case History “Process Transfer”

A Vilsmeier reaction was performed over several years in a reactor equipped with
a water circulating jacket. The reaction proceeds in two steps: First the Vilsmeier
complex is formed at 35 ∘C by slow addition of phosphorus oxychloride (POCl3)
to the reactants. In a second step, the reaction mass is heated to 94 ∘C within one
hour and maintained at this temperature for a given time. This process was then
transferred to another plant, where the first batch led to a runaway reaction dur-
ing the heating phase. The temperature was not stabilized at the required 94 ∘C,
continuing to rise, leading to a gas release to the environment. The polyvinyl chlo-
ride (PVC) ventilation line also melted due to the high gas temperature, causing an
eruption of the reaction mass, resulting in heavy damage to the plant.

The analysis of the incident showed that this reactor was equipped with an
indirect heating–cooling system with oil circulation and computerized tempera-
ture control. In this plant, to obtain a “nervous” temperature control, the control
algorithm of the cascade controller (see Section 14.1.4.3) was adjusted to have an
on–off behavior, by calculating the set temperature of the jacket proportional to
the squared difference between the actual and set values of the reaction medium
temperature as

Tc,set = Tc + G ⋅ (Tr,set − Tr)2 ⋅
Tr,set − Tr|Tr,set − Tr|

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The temperature curves of the initial reactor and the incident batch are shown
in Figure 14.1. In the initial reactor, where the water circulation operated at atmo-
spheric pressure, the jacket temperature was physically limited to 100 ∘C. Further,
the control algorithm made the jacket start to cool at a reactor temperature of
around 90 ∘C. In the new reactor, the jacket temperature reaches higher tempera-
tures, which begin decreasing only as the reactor temperature reaches 94 ∘C. Since
it takes time for the jacket to decrease below the reactor temperature, the cool-
ing effect only starts as the reactor temperature reaches 97 ∘C. Then the reaction
was so fast that the cooling capacity was not sufficient to compensate for the heat
released by the reaction. The reaction was no longer controllable, and runaway
was inevitable.
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Figure 14.1 Comparison
of temperature curves in
the initial reactor (a) and
in the new reactor (b).
Dashed line, jacket
temperature; solid line,
reactor temperature as a
function of time.

Lessons Drawn

Changing the parameters and the properties of the temperature control system
was sufficient to cause an incontrollable reaction course. If the temperature of the
jacket had simply been limited to 100 ∘C, the incident would have been avoided
(Figure 14.2). This case history shows how important the dynamics of the temper-
ature control system are.
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Figure 14.2 Temperature profile in the new reactor with a limitation of jacket temperature
at 100 ∘C. Dashed line, jacket temperature; solid line, reactor temperature as a function of
time.

Introduction

In order to control the reaction course and so avoid a runaway incident, it is
essential to understand how heating–cooling systems of reactors work and what
their performance is. These topics are reviewed in this chapter, where different
heating and cooling systems are reviewed from the particular implications on
process safety. In Section 14.1, the different heating and cooling techniques are
presented with their particular features. A novel technique, for taking the dynam-
ics of industrial reactors into account during process development, is presented.
Section 14.2 is devoted to heat exchange across the reactor wall and Section 14.3
to evaporative cooling. Section 14.4 deals with the interaction between reaction
kinetics and the dynamics of the heat exchange system.

14.1 Temperature Control of Industrial Reactors

14.1.1 Technical Heat Carriers

14.1.1.1 Steam Heating
The most common heat carrier for heating industrial reactors is steam, providing
an efficient and simple means. The efficiency of steam is due to its high latent heat
of condensation (ΔvH′ = 2257 kJ kg−1 at 100 ∘C). For saturated steam, the temper-
ature can be controlled by its pressure. Some values are presented in Table 14.1.
The pressure and latent heat of evaporation corresponding to a given temperature
may easily be approximated using Regnault’s law:

P(bar) =
[

T(∘C)
100

]4

ΔvH′(kJ kg−1) = 2537 − 2.89 ⋅ T(∘C) (14.1)
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Table 14.1 Temperature as a function of pressure for saturated steam.

Temperature (∘C) 100 125 150 163 175 200
Pressure (bar a) 1 2.3 4.8 7 8.9 15.5

TC

C

S

TC

C

S

Figure 14.3 Reactor with steam heated jacket (S,
steam; C, condensate).

The temperature is controlled by a pressure control valve, which provides a
technically simple system. The condensate drains from the jacket via a purge,
which continues to maintain the required pressure in the system when the con-
densate is drained off (Figure 14.3). The drawback is that for high temperatures,
the valves and piping system become heavy and expensive, for example, 240 ∘C
requires a pressure of over 30 bar. Another important point is that when the tem-
perature of the reactor contents surpasses the dew temperature, practically no
heat exchange takes place between the reaction mass and the jacket: steam does
not cool.

14.1.1.2 Hot Water Heating
Heating, using hot water circulation, may be used either open to the atmosphere,
in this case limited to 100 ∘C, or under pressure, in which case the limitations are
the same as for steam. The circulating water may be heated either by direct steam
injection into the circulation (Figure 14.4), or indirectly by a heat exchanger. This
system can easily switch from heating to cooling by closing the steam valve and
opening the cold-water inlet valve. Opposite to steam heating, in case the reactor
temperature surpasses the jacket temperature, the heat flow reverses, that is, the

LC

TC

Steam

Water drain

Cold water

Figure 14.4 Hot water circulation with direct
steam injection.
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jacket cools the reactor. Thus, for safety reasons, this system is preferred to direct
steam heating into the jacket, since it provides passive safety.

14.1.1.3 Other Heating Media
In industrial systems, other thermal fluids are used in heat transport, such as
mineral oils, organic liquids (i.e. Dowtherm, an eutectic mixture of diphenyl and
diphenyl oxide), Marlotherm, or silicon oils. These liquids are selected, essentially
for their stability and physical transport properties, which confer on them good
heat transport capabilities over a broad temperature range, also reaching below
ambient temperatures. Temperatures above 200 ∘C are reached for certain fluids
if the circulation system is protected against oxidation by, for example, nitrogen.
They are used in a closed-loop system (see Section 14.1.2.4) that allows heating
as well as cooling with the same fluid. These fluids may also be used in electri-
cal heating systems. They can be useful where water needs to be excluded, as in
the case when alkaline metals are processed or for organometallic synthesis. In
certain cases, molten salts are used in high temperature systems, but these are
special cases.

14.1.1.4 Electrical Heating
Electrical heating can be achieved by using a resistor in a protection tube, directly
immersed into the reaction mass. In these systems, overheating due to a high sur-
face temperature of the tube may be a hazard. Therefore, in most cases, electrical
heating is achieved indirectly using a secondary circulation system with a heat
carrier, as described in Section 14.1.1.3. The heat carrier then flows through the
electrical heater and/or a cooled heat exchanger, allowing a smooth transition
from heating to cooling, or reversely cooling to heating. The main hazard with
electrical heaters is that they may achieve high temperatures. Thus, the maximum
temperature must be limited by appropriate technical means.

14.1.1.5 Cooling with Ice
In the past, ice was often used as a coolant, poured directly into the medium
that needed to be cooled. This is obviously only possible when the chemistry is
compatible with water, since the medium soon becomes diluted by molten ice.
Ice acts by releasing its latent heat by melting ΔmH ′ = 320 kJ kg−1. The amount
of ice used must be taken into account during this process. Ice cooling may be
interesting as an emergency coolant.

14.1.1.6 Other Heat Carriers for Cooling
The most common cooling medium is water, which may be used for temperatures
from c. 5 ∘C to above 100 ∘C, if the circulation system is closed and works under
pressure. Other fluids are also used for cooling, for example, brine, a solution of
sodium chloride in water, which may reach −20 ∘C, or calcium chloride in water
for temperatures down to −40 ∘C. These fluids have a major drawback, causing
corrosion due to the presence of chloride ions. Other mixtures of alcohols with
water, or polyethylene glycols, sometimes with water, are often used in industrial
systems. With ethylene glycol and water at 1 : 1, a temperature of −36 ∘C can be
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achieved. The heat carrier is cooled by a refrigerating system using freons (chlo-
rofluorocarbons [CFCs]), now replaced by more environmentally friendly fluids
or ammonia. In this case, the heat exchanger is an evaporator. With such cool-
ing systems, great care must be used to avoid the decreased wall temperatures
below the solidification temperature of the reaction mass. If this should happen,
the consequences would be formation of a viscous film or even a solid on the wall,
impinging the heat transfer and thus the cooling capacity. Too much cooling may
well achieve these adverse effects.

14.1.2 Heating and Cooling Techniques

Different technical solutions are used in the temperature control of industrial
reactors. The heat carriers mentioned in Section 14.1.1 may be used by different
technical means:

• the direct way whereby the heat carrier is directly mixed with the reaction
mass,

• internal or external coils,
• jacket, simple circuits, and
• indirect systems with a double circulating system.

These techniques with their advantages and drawbacks, in terms or process
safety, are reviewed in the following Sections 14.1.2.1–14.1.2.4.

14.1.2.1 Direct Heating and Cooling
Direct heating means that steam is directly condensed in the reactor contents.
For cooling, either cold water or ice is directly mixed with the reactor contents.
This principle is simple to use and efficient since there is no heat transfer across
the wall. Moreover, a certain agitation effect is also attained by this injection.
Nevertheless, the reactor contents are diluted by water (or condensed steam),
which implies that water needs to be compatible with the reaction or it may also
lead to contamination of the reaction mass with impurities. Direct cooling can
be advantageous in emergency cooling (see Section 15.3) but is seldom used as
an operational heating or cooling technique.

14.1.2.2 Indirect Heating and Cooling
The temperature control of stirred tank reactors can be attained by heat exchange
across the reactor wall, where a jacket or external coils are used. The jacket is
mainly used on glass-lined vessels, whereas external welded half coils are used
on stainless steel reactors. The jacket generally presents a more important surface
coverage, but the circulation of the heat carrier inside the jacket is less precisely
defined than with external coils. This generally leads to lower overall heat trans-
fer coefficients for jackets compared with coils. Nevertheless, techniques using
injectors and baffles that correct this behavior are available on the market. The
coils may allow higher fluid pressures than a jacket, which is essential in cases
where high temperatures must be achieved with steam heating. The main limi-
tation of this technique is that the heat exchange area is defined by the reactor
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geometry, for example, a 1 m3 reactor has a heat exchange area of only 3–4 m2

and cannot be extended.
In order to provide a higher heat exchange area, internal coils may also be used.

This technique may double the heat exchange area. Even if this technique is by
itself very simple to apply, it also presents important drawbacks: The internal coil
takes up a significant part of the reaction volume, it may be sensitive to corro-
sion, and it makes cleaning operations more difficult. Finally, it is more difficult to
achieve good internal circulation of the reaction mass, that is, the agitator design
must be carefully prepared for that purpose (see Case History in Chapter 9).

Another technique is to add an external loop with a circulation pump that
passes the reaction mixture over an external heat exchanger. In this case, the heat
exchange area can be significantly increased for a given reactor volume, since it
can be designed independently from the reactor geometry. By using this tech-
nique, high specific cooling capacities can be achieved. Nevertheless, the tech-
nique is more complex and reserved for strongly exothermal reactions. Another
safety aspect must be considered with this type of reactor, in case of pump fail-
ure or plugging in the line, whereby a heat confinement situation may result (see
Chapter 12 and Figure 13.2).

14.1.2.3 Single Heat Carrier Circulation Systems
In this configuration, which is the simplest for indirect heating and cooling, steam
is injected into the jacket or external coil for heating and cold water for cooling.
Since steam condenses while delivering its latent heat of condensation, the con-
densate must be removed from the jacket in order to avoid accumulation. This
is achieved by a purge that keeps the jacket closed under steam saturation pres-
sure, while condensate is released to a drain that recycles the treated water to the
boiler (Figures 14.5 and 14.6). Thus during the heating period, the jacket is under

Figure 14.5 Heating cooling
system with single circuit. The
valves are as follows: (1) steam
inlet, (2) cooling water outlet, (3)
purge, (4) cold water inlet, and (5)
condensate outlet.

1 2

3
5

Purge

Factory

water 
Condensate

Waste

water Steam

4



366 14 Heating and Cooling Industrial Reactors

Steam
Compressed

air

Brine
outletWaste

water

Condensate

To brine tank

Purge

Brine inlet

Factory water

Figure 14.6 Single circuit heating cooling system with steam, water, and brine.

pressure and contains steam admitted from the top, with the condensate flowing
to the bottom where it is removed. During cooling, the water is injected from
the bottom of the jacket and drained from the top in order to avoid any air plug.
Therefore, when switching from heating to cooling, or from cooling to heating,
several intermediate operations have to be carried out: the steam pressure must
be relieved before the cold water is admitted. When switching from cooling to
heating, the water contained in the jacket must first be drained off before steam
is admitted. These operations are performed by automatic valves, as described in
Table 14.2.

Single circuit systems can also be used with two different cooling media, water
for the range between, say, 20 and 100 ∘C and brine for lower temperatures. In
such cases, the valve system becomes more complex (Figure 14.6). Care must be

Table 14.2 Valve switching for a single circuit heating cooling system (see Figure 14.5).

Function valve 1 2 3 4 5

Heating Controlled Closed Closed Closed Open
Purge Closed Open Open Closed Closed
Cooling Closed Open Closed Controlled Closed
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taken to avoid brine loss to the water system and to totally purge the water before
brine is admitted to avoid icing. This requires additional intermediate operations,
with purges with compressed air or nitrogen. The major problem with these sys-
tems is that time is required when switching from heating to cooling, or cooling
to heating. This can become critical from a safety point of view, for example, in
case an exothermal reaction is performed, as in a polytropic batch operation (see
Section 7.4). When reaching the process temperature after a heating period, the
reactor must be immediately cooled, in order to avoid a temperature overshoot
that could result in runaway. Thus, when designing a batch process for a reactor
with the type of heating cooling system described here, great care must be taken
to provide process conditions with sufficient time between heating and cooling
phases.

A more flexible arrangement is to use a single circuit with pressurized water
and steam injection into this circulation (Figure 14.7). Such a system can achieve
temperatures up to 200 ∘C with 16 bar of steam. When cooling is required, the
steam injection is shut off and cold water injected into the circuit. An expansion
vessel separates steam from water and maintains a constant water level in the
system. This allows a fast and smooth transition between heating and cooling
phases and gives more flexible temperature control.

Steam

Compressed
air

Brine
outlet

Waste
water

Factory waterPurge

Brine inlet
To brine

tank

Expansion
vessel

Mixing
nozzle

Figure 14.7 Single circuit heating cooling system with pressurized water circulation.
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Figure 14.8 Heating cooling system with secondary circulation loop.

14.1.2.4 Secondary Circulation Loop Temperature Control Systems
This technique consists of circulating a heat carrier, such as organic heat trans-
fer oil (see Sections 14.1.1.3 and 14.1.1.6), through the reactor jacket or coils
and through different heat exchangers (Figure 14.8). There are at least two heat
exchangers, one heated by steam or electricity and one cooled by water. Often
a third heat exchanger, cooled by brine, is used. The temperature control of the
circulating heat carrier acts by controlling the position of the different control
valves, allowing the heat carrier to flow through the hot heat exchanger when
heating is required and inversely through the cold heat exchanger when cooling
is required. This gives a smooth transition between heating and cooling, with no
idle time between heating and cooling. Moreover, a precise and flexible temper-
ature control is achieved over a broad temperature range. This type of system is
also useful when the reaction medium is not compatible with water. In such cases,
an inert heat carrier is chosen, giving great safety, even in the case of reactor wall
breakthrough. Nevertheless, the investment is more important for this type of
equipment than for single circuit systems.

14.1.3 Temperature Control Strategies

14.1.3.1 Isoperibolic Temperature Control
This is the simplest strategy for temperature control of a reactor: only the jacket
temperature is controlled and maintained constant, leaving the reaction medium
following its temperature course as a result of the heat balance between the heat
flow across the wall and the heat release rate due to the reaction (Figure 14.9).
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Figure 14.9 Isoperibolic temperature control with a secondary circulation loop.

This simplicity has a price in terms of reaction control, as analyzed in Sections
7.6 and 8.5. Isoperibolic temperature control can be achieved with a single heat
carrier circuit, as well as with the more sophisticated secondary circulation loop.

14.1.3.2 Isothermal Control
Performing a reaction under isothermal conditions is somewhat more complex. It
requires two temperature probes, one for the measurement of the reaction mass
temperature and a second for the jacket temperature. Depending on the internal
reactor temperature, the jacket temperature is adjustable. The simplest method is
to use a single heat carrier circuit to act either on the flow rate of cooling water or
on the steam valve. With a secondary heat carrier circulation loop (Figure 14.10),
the temperature controller acts directly on the heating and cooling valves by using
a conventional PID (proportional integral differential) system. This type of tem-
perature control requires careful tuning of the control parameters, in order to
avoid oscillations, which may lead to loss of control of reactor temperature in
cases where an exothermal reaction is carried out. The main advantage of the
isothermal control is to give a smooth and reproducible reaction course, as long
as the controller is well tuned.

14.1.3.3 Isothermal Control at Reflux
This type of temperature control is simple to achieve. As for isoperibolic control,
only the jacket temperature is controlled, and the reaction is performed at
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Figure 14.10 Isothermal control with a secondary heat carrier circulation loop.

boiling point, that is, at a constant temperature, which is physically limited
(Figure 14.11). If a temperature below boiling point is required, a vacuum
may be applied to the system. Besides its simplicity, the main advantage of
this temperature control strategy is that the main heat exchange takes place
in the reflux condenser, where high heat exchange capacities can be achieved
(see Section 14.3). This strategy is often used when a volatile product has to
be eliminated during the reaction, for example, azeotropic water elimination.
This provides a safe way of controlling the reaction temperature, but special
care is required in systems where the boiling point varies with conversion, here
the temperature no longer remains constant, but may increase if volatiles are
removed or converted to higher boiling compounds.

14.1.3.4 Non-isothermal Temperature Control
This strategy is not only the most complex but also the most versatile. In fact,
with this type of strategies, all the previous modes are accessible without further
modification. The temperature set point corresponds to a predefined function
of time (Figure 14.12). Polytropic conditions can be achieved (see Section 7.4).
The reactor is heated up at a temperature lower than that of the reaction and
is then run under adiabatic conditions; finally, cooling is started to stabilize the
temperature at the desired level. By doing so, energy is saved because the heat of
reaction is used to reach the process temperature. Moreover, for batch reactions,
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qrx

qreflux

Figure 14.11 Reactor temperature control at reflux.

the cooling capacity is not oversized, since the low temperature at the beginning
of the reaction diminishes the heat production rate. Other control strategies are
possible, such as the ramped reactor, where the temperature varies with time (see
Sections 7.6 and 8.5).

With all these control strategies, but perhaps mostly with the latter, the dynam-
ics of the temperature control system plays an important role. This is analyzed in
Section 14.1.4.

14.1.4 Dynamic Aspects of Heat Exchange Systems

14.1.4.1 Thermal Time Constant
If we consider a stirred tank filled with a mass (m) of a liquid with a specific heat
capacity (c′p) and where no reaction takes place, a simplified heat balance can be
written with only the heat accumulation and the heat exchange terms:

qac = qex (14.2)
If we also consider that the reactor is heated to a constant heat carrier temper-

ature (Tc), the heat balance in Eq. (14.2) becomes

m ⋅ c′p ⋅
dT
dt

= U ⋅ A ⋅ (Tc − T) (14.3)
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Figure 14.12 Reaction under programmed temperature conditions.

Obviously, this equation is also valid for cooling with (Tc < T), the derivative of
the temperature becoming negative. Equation (14.3) can be rewritten as a func-
tion of the temperature gradient across the reactor wall:

(ΔT = Tc − T) so that d(ΔT) = dT

as
m ⋅ c′p
U ⋅ A

⋅
d(ΔT)

dt
= ΔT (14.4)

Equation (14.4) is a simple first-order differential equation, simply expressing that
the rate of variation of the reactor temperature is proportional to the tempera-
ture gradient between reactor contents and cooling medium. The ratio

m⋅c′p
U⋅A

that
appears in Eq. (14.4) is called the thermal time constant of the reactor:

𝜏c =
m ⋅ c′p
U ⋅ A

=
𝜌 ⋅ V ⋅ c′p

U ⋅ A
(14.5)

The thermal time constant of a reactor characterizes the dynamics of the evolu-
tion of the reactor temperature. In fact, since it contains the ratio of the mass,
which is proportional to the volume (L3) to the heat exchange area (L2), it varies
nonlinearly with the reactor scale, as is explained in Section 2.3. Some values
of the time constant obtained with normalized stainless steel reactors [1] are
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Table 14.3 Time constants of normalized stainless steel reactors.

V (m3) 0.1 0.25 0.4 0.63 1 1.6 2.5 4 6.3 10 16 25
A (m2) 0.63 1.1 1.63 2.05 2.93 4.2 6 7.4 10 13.5 20 24
A/V (m−1) 6.3 4.4 4.1 1.7 2.9 2.6 2.4 1.9 1.6 1.3 1.2 1
𝜏 (h−1) 0.37 0.53 0.57 0.72 0.8 0.89 0.97 1.26 1.47 1.73 1.87 2.43

The reactors are considered to be filled to their nominal volume with water (𝜌 = 1000 kg m−3 and
c′p = 4.2 kJ kg−1 K−1) and a heat transfer coefficient of 500 W m−2 K−1.

summarized in Table 14.3. The variation by a factor of about 7, over the range
considered here, is critical during scale-up. The heating or cooling times are often
expressed as the half-life, the time required for the temperature difference to be
divided by 2:

t1∕2 = ln 2 ⋅ 𝜏c ≈ 0.693 ⋅ 𝜏c (14.6)

The thermal time constant, defined in Eq. (14.5), is useful for calculating heating
and cooling times, which often take up a considerable amount of the cycle time
of batch and semi-batch reactions.

14.1.4.2 Heating and Cooling Time
We start from Eq. (14.4) that, after variable separation, combines with Eq. (14.5),
to become

d(ΔT)
ΔT

= −dt
𝜏c

(14.7)

With the initial conditions:

t = 0 ↔ ΔT = ΔT0 = Tc − T0 (14.8)

it can be integrated to give
ΔT
ΔT0

= e−t∕𝜏c (14.9)

This expresses that the reactor contents temperature approaches the heat carrier
temperature asymptotically, following an exponential law (Figure 14.13).

From Eq. (14.9), different practical useful forms can be derived:

• Calculation of the reactor contents temperature (T) as a function of time, when
heated with a heat carrier at a constant temperature (Tc):

T = Tc + (T0 − Tc)e−t∕𝜏c (14.10)

• Calculation of the time required for the reactor contents to reach a temperature
(T), starting from (T0) when heated with a constant heat carrier temperature
(Tc):

t = 𝜏c ⋅ ln
ΔT0

ΔT
= 𝜏c ⋅ ln

T0 − Tc

T − Tc
(14.11)
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Figure 14.13 Heating curve of a reactor heated with a constant heat carrier temperature of
100 ∘C.

• Required heat carrier temperature (Tc) to reach the temperature (T), starting
from (T0) within a given time (t):

Tc =
T − T0 ⋅ e−t∕𝜏c

1 − e−t∕𝜏c
(14.12)

Obviously all these expressions are also valid for cooling, then (Tc <T). They
are useful in process design, for calculating cycle times, where heating and
cooling phases are often time-consuming. Of course, their use requires knowl-
edge of the overall heat transfer coefficient U . Its determination is described
in Section 14.2.

The thermal time constant is only one aspect of reactor dynamics. In prac-
tice, the heat carrier temperature cannot be adjusted instantaneously at industrial
scale, as it has its own dynamics, depending on the equipment and the tempera-
ture control algorithm. These aspects of the dynamics of the heat exchange and
temperature control systems are considered in Sections 14.1.4.3.

14.1.4.3 Cascade Controller
In order to achieve an accurate control of the internal reactor temperature, a
cascade controller can be used. In this type of controller, temperature control
is managed by two controllers arranged in cascade, that is, in two nested loops
(Figure 14.14). The external loop, called the master, controls the temperature of
the reaction mixture by delivering a set value to the slave, the inner loop, which
controls the temperature of the heat carrier (Tc).

The set point of the heat carrier temperature is calculated proportionally to the
deviation of the reactor temperature from its set point:

Tc, set = Tc + G(Tr, set − Tr) (14.13)

The constant G is the gain of the cascade. This is an important parameter for tun-
ing the dynamics of the temperature control system: too low a gain results in slow
temperature control where the set point may be surpassed, causing a hazardous
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Figure 14.14 Principles of a cascade controller. The master controller controls the reactor
temperature (T r); the slave controls the cooling system temperature (T c).

situation (see Section 7.8.3). On the other hand, too high a gain results in oscil-
lations that may cause loss of control of the reactor temperature.

14.2 Heat Exchange Across the Wall

14.2.1 Two Film Theory

In a reactor working under normal operating conditions, meaning the heat
exchange system is working as designed, the mechanism of heat transfer is
forced convection [2]. The reaction mixture is agitated or flows through a tube,
and the heat carrier also flows through the coil or jacket. In the immediate
neighborhood of the wall, the accommodation of the fluid results in a film with
a slow flow rate, increasing the resistance to heat transfer. This phenomenon
occurs on both sides of the reactor wall. This gave rise to the two film model, that
is, the overall resistance to heat transfer consists of three resistances in series:
the resistance of the internal film, the resistance of the wall itself with conductive
heat transfer, and the resistance of the external film.

1
U

= 1
hr

⏟⏟⏟

depends on
reaction mass

+ d
𝜆

+ 1
hc

⏟⏟⏟

depends
on reactor

= 1
hr

+ 1
𝜑

(14.14)

The first term depends entirely on the physical properties of the reactor contents
and degree of agitation. It represents resistance to heat transfer of the internal film
and of eventual deposits at the wall, which may determine the overall heat trans-
fer [3]. Therefore, the reactor should be regularly cleaned with a high-pressure
cleaner or other appropriate means. Both last terms depend on the reactor itself
and on the heat exchange system, that is, reactor wall, fouling in the jacket, and
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external liquid film. They are often grouped under one term: the equipment heat
transfer coefficient (𝜑) [4, 5].

14.2.2 The Internal Film Coefficient of a Stirred Tank

For description of the heat transfer coefficient of the internal film, there are sev-
eral correlations available. The most popular of them is presented by [2]

Nu = Cte ⋅ Re2∕3 ⋅ Pr 1∕3 ⋅
(
𝜇

𝜇w

)0.14

(14.15)

The last term in Eq. (14.15) represents the ratio of the viscosity of the reaction
mass at reaction temperature (bulk) to its viscosity at wall temperature. It
accounts for the changes of the heat transfer coefficient, when switching from
heating to cooling. This produces an inversion of the temperature gradient
and therefore affects the viscosity of the product close to the reactor wall. If
reactions are in solvents, it can usually be ignored but may become important
in the case of polymers. The viscosity of the reaction mass is often important,
and its temperature dependence may give this term a value that can no longer be
ignored. This expression is valid for Newtonian fluids; therefore its validity with
polymers or suspensions must be verified. In this correlation, the dimensionless
numbers are defined in

Nu =
hr ⋅ dr

𝜆

Re =
n ⋅ d2

s ⋅ 𝜌
𝜇

Pr =
𝜇 ⋅ c′p
𝜆

(14.16)

Here the Reynolds number is expressed for a stirred tank where the flow rate
corresponds to the tip speed (n⋅ds) of the agitator.

14.2.3 Determination of the Internal Film Coefficient

By grouping the terms, the equation can be solved for hr , the heat transfer coeffi-
cient of the reaction mass. This can be written as a function of the technical data
of the reactor and the physical–chemical properties of the reaction mass:

hr = Cte n2∕3d4∕3
s

drg1∕3

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

technical data
of the reactor

3

√
𝜌2𝜆2c′pg
𝜇

⏟⏞⏞⏞⏟⏞⏞⏞⏟

physical − chemical data
of the reaction mass

= z ⋅ 𝛾 (14.17)

Thus for a given reaction mass, the heat transfer coefficient of the internal film
can be influenced by the stirrer speed and its diameter. The value of the equip-
ment constant (z) can be calculated using the geometric characteristics of the
reactor. The value of material constant for heat transfer (𝛾) can either be calcu-
lated from the physical properties of the reactor contents – as far as they are
known – or measured by the method of the Wilson plot in a reaction calorimeter
[4, 5]. This parameter is independent of the geometry or size of the reactor. Thus,
it can be determined at laboratory scale and used at industrial scale. The Wilson
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Figure 14.15 Wilson plot obtained for toluene in a reaction calorimeter, 1/U as a function of
the stirrer speed to power −2/3. The reference stirrer speed n0 is taken as 1 s−1.

plot determines the overall heat transfer coefficient as a function of the agitator
revolution speed in a heat flow reaction calorimeter:

1
U

= 1
z ⋅ 𝛾

+ 1
𝜑

= f (n−2∕3) (14.18)

The Wilson plot (Figure 14.15) allows for checking the validity of the correlation
in Eq. (14.18): the measured points must fit on a straight line. The intercept with
the ordinate represents the reciprocal heat transfer coefficient of the equipment,
𝜑, representing the wall and external cooling system of the calorimeter. The slope
is the product of z by 𝛾 , which determines either one of these parameters. Know-
ing z from a calibration using a solvent with known physical properties, the slope
of the straight line obtained from linear regression with the data points measured
with the actual reaction medium delivers 𝛾 .

The value of z, characterizing the internal part of the equipment factor, can be
calculated using the geometric characteristics of the reactor. Some typical values
of the agitator constant (Cte) are given in Table 14.4 [2].

Table 14.4 Typical values of the agitator constant
for Eq. (14.17).

Agitator Constant

Plate stirrer 0.36
Rushton turbine 0.54
Rushton turbine with pitched blades 0.53
Propeller 0.54
Anchor 0.36
Impeller 0.33
Intermig (Ekato) 0.54
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Figure 14.16 Cooling experiment in a full-scale reactor. The heat balance is calculated
between the two instants, t1 and t2.

14.2.4 The Resistance of the Equipment to Heat Transfer

The resistance of the reactor wall d/𝜆 and external film hc can be determined in a
cooling experiment using the production reactor filled with a known mass m of
a substance with known physical properties. The temperature of the contents Tr
of the reactor and the average temperature of the cooling system Tc are recorded
during this experiment. A heat balance is calculated between two instants, t1 and
t2 (Figure 14.16):
Heat removed from the system:

Q = m ⋅ c′p ⋅ (Tr1 − Tr2) (14.19)
Average cooling power:

qex = U ⋅ A ⋅ ΔT (14.20)
Average temperature difference:

ΔT = 1
2
⋅ [(Tr1 − Tc1) + (Tr2 − Tc2)] or ΔT =

(Tr1 − Tc1) − (Tr2 − Tc2)
ln(Tr1 − Tc1) − ln(Tr2 − Tc2)

(14.21)
Heat Balance:

Q = qex ⋅ (t2 − t1) (14.22)
Placing (14.19) and (14.20) into (14.22) and solving for U gives

U =
m ⋅ c′p ⋅ (Tr1 − Tr2)

A ⋅ ΔT ⋅ (t1 − t2)
(14.23)

A more accurate method determines the thermal time constant from a plot of the
natural logarithm of temperature difference (ΔT) between the reactor contents
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(Tr) and the heat carrier (Tc) as a function of time. This is an application of
Eq. (14.11):

ln
(

ΔT
ΔT0

)
= − t

𝜏c
(14.24)

where ΔT0 is the initial temperature difference between reactor contents and the
heat carrier. This gives a linear plot where the slope is the inverse of the thermal
time constant. An example of such a linear fit is represented in Worked Example
9.1. Since the mass (m), the specific heat capacity of the contents (c′p), and the
heat exchange area of the reactor (A) are known, the only unknown is the over-
all heat transfer coefficient (U). As during heating and cooling experiments, the
reactor contains a known substance with known physical properties hr , which
can be calculated from Eq. (14.17). Knowing the overall heat transfer coefficient
U , from Eq. (14.23) or (14.24), the only unknown that remains is the equipment
heat transfer 𝜑, determined from

1
𝜑

= 1
U

− 1
hr

(14.25)

For the calculation of the heat transfer coefficient of the external film, some mod-
els are also available [2], describing the hydraulics of the flow in the jacket or in
the half-welded coils. The results depend strongly on the technical design of the
equipment. Thus, the direct experimental determination is mostly preferred.

14.2.5 Practical Determination of Heat Transfer Coefficients

The determination of the overall heat transfer coefficient, across the wall of a
stirred vessel, is based on Eq. (14.18). Thus, two steps are required:

1. The heat transfer coefficient of the internal film is determined from:
(a) The equipment constant z, calculated from the geometric and technical

data of the reactor.
(b) The material constant for heat transfer 𝛾 calculated from the physical

properties or determined in a reaction calorimeter using the Wilson plot.
2. The equipment heat transfer coefficient determined from a cooling (or

heating) experiment performed in the industrial reactor containing a known
amount of a compound with known physical properties.

Some typical values of heat transfer coefficients are given in Table 14.5. The
values provided for hr without stirrer and hc without flow show the influence of
failure of the stirrer or of the cooling system on the heat transfer.

Worked Example 14.1 Determination of a Heat Transfer Coefficient

A 2.5 m3 stainless steel stirred tank reactor is to be used for a reaction with a
batch volume of 2 m3 performed at 65 ∘C. The heat transfer coefficient of the
reaction mass is determined in a reaction calorimeter by the Wilson plot as
𝛾 = 1600 W m−2 K−1. The reactor is equipped with an anchor stirrer operated at
45 rpm. Water, used as a coolant, enters the jacket at 13 ∘C. With a contents volume
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Table 14.5 Factors influencing the heat transfer with some typical values of heat transfer
coefficients in an agitated reactor.

Type Influencing factors Typical values W m−2 K−1

Internal film hr forced
convection

Stirrer: speed and type Water 1000
Reaction mass Cp, 𝜆, 𝜌, 𝜇 Toluene 300
Physical data especially
𝜌 = f (T)

Glycerol 50

hr natural convection
(stirrer failure)

Water 100
Gases 10
With d = 1 mm

Polymer deposit Thermal conductivity 𝜆 Polyethylene (PE) 300
Thickness of deposit PVC, polystyrene (PS) 170

With d = 10 mm
Reactor wall 𝜆/d Construction Iron 4800

Wall thickness (d) Stainless steel 1600
Construction material Glass 100
Coating Glass lined 800

With d = 0.1 mm
Fouling at external wall Thermal conductivity 𝜆 Gelatine 3000

Thickness of deposit Scale 5000
External film hc Jacket Water

Construction, flow rate With flow 1000
Heat carrier, physical
properties, phase change

No flow 100

Condensation 3000
Welded half coil Water
Construction, flow rate With flow 2000
Physical properties No flow 200

of 2 m3, the heat exchange area is 4.6 m2. The internal diameter of the reactor is
1.6 m. The stirrer diameter is 1.53 m. A cooling experiment was carried out in the
temperature range around 70 ∘C, with the vessel containing 2000 kg water. The
results are represented in Figure 14.16.

The physical properties of water at 70 ∘C are [2]:

𝜌 = 978 kg m−3

c′p = 4.19 kJ kg−1 K−1

𝜆 = 0.662 W m−1 K−1

𝜇 = 0.4 mPa s
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The material constant for heat transfer of water at 70 ∘C is

𝛾 = 3

√
𝜌2𝜆2c′pg
𝜇

= 3

√
9782 × 0.6622 × 4.19 × 9.81

0.4 × 10−3
≅ 35 000 W m−2 K−1

The equipment constant is

z = Cte n2∕3d4∕3
s

drg1∕3
= 0.36 ×

(
45
60

)2∕3
× 1.534∕3

1.6 × 9.811∕3
= 0.153

Thus the heat transfer coefficient of the internal water film is

hr = z ⋅ 𝛾 = 0.153 × 35 000 = 5355 W m−2 K−1

The cooling experiment can be evaluated as above, determining the thermal time
constant from the plot of the natural logarithm of the temperature difference
between T r and T c as a function of time. For this, the average coolant temperature
is calculated as an arithmetical mean between the jacket inlet and outlet tem-
peratures (Figure 14.17). The slope given by the linear regression is 0.167 min−1,
which corresponds to a time constant of 59.5 minutes. From the known mass and
properties of the contents, the overall heat transfer coefficient is calculated as

U =
m ⋅ c′p
𝜏 ⋅ A

=
2000 kg × 4190 J kg−1 K−1

59.5 min × 60 s min−1 × 4.6 m2
= 510 W m−2 K−1

This overall heat transfer coefficient is valid for the reactor containing water. The
average cooling capacity around 70 ∘C during this experiment was 105 kW or
52 W kg−1. In order to calculate the heat transfer coefficient with the reaction
mass, the equipment heat transfer, that is, reactor wall and external film, must be
determined:

1
𝜑

= 1
U

− 1
hr

= 1
510

− 1
5355

⇒ 𝜑 ≈ 564 W m−2 K−1

With the reaction mass, the heat transfer coefficient becomes

1
U

= 1
z𝛾

+ 1
𝜑

= 1
0.153 × 1600

+ 1
564

⇒ U ≈ 170 W m−2 K−1

This heat transfer coefficient gives the reactor a cooling capacity of approximately
35 kW or 18 W kg−1 under reaction conditions. This was calculated with a cooling
medium temperature of 25 ∘C. In this example, it is worth noting that with water in
the reactor, the main resistance to heat transfer is in the equipment, whereas with
the reaction mass, it is in the internal film. This is not surprising since water has
excellent heat transfer capabilities, 𝛾 = 35 000 W m−2 K−1, and the reaction mass
rather poor, 𝛾 = 1600 W m−2 K−1. Thus, it is strongly recommended to estimate the
heat transfer coefficient of a reactor for the reaction mass to be processed, before
running a reaction.
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Figure 14.17 Example of linearized cooling curve recorded with a 2.5 m3 reactor filled with
2000 kg water. The linear regression was performed only on the data points before
50 minutes.

14.3 Evaporative Cooling

Cooling by solvent evaporation is an efficient method. On one hand, it is indepen-
dent of the heat transfer at the reactor wall, and on the other hand, the condenser
can be sized independently of the reactor geometry. This reaches relatively high
specific cooling powers. In case a reaction cannot be performed at boiling tem-
perature, it is possible to work under partial vacuum to decrease the boiling point
and to work at reflux. Evaporative cooling can be used as the main cooling sys-
tem for a reactor under normal operating conditions, as well as for emergency
cooling, if the boiling point is reached during temperature increase after a cool-
ing system failure. In such a case, delay in boiling must be avoided, for example,
by stirring or ensuring a regular bubble nucleation by gas injection (nitrogen).
Nevertheless, this is only possible provided the condenser is equipped with an
independent cooling system and the equipment has been designed for this pur-
pose.

Some technical aspects and limitations must be considered in the design of
such cooling systems:
• Mass of solvent being evaporated: This is a function of the energy release of

the reaction or decomposition reaction.
• Boiling rate of the solvent: Depending on the instantaneous heat release rate

of the reaction, this point will govern the whole design of the reflux system.
• Flooding of the vapor tube: When the condensate flows countercurrent to the

rising vapor, flooding may occur.
• Swelling of the reaction mass: The apparent volume varies due to the presence

of bubbles in the reaction mass.
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• Cooling capacity of the condenser: This is a standard engineering task, which
will not be treated here.
These different points are reviewed in detail in Sections 14.3.1–14.3.5.

14.3.1 Amount of Solvent Evaporated

If the boiling point is reached during runaway as in criticality classes 3 and 4, it
may be possible to stabilize the temperature at the boiling point if there is enough
solvent present in the reaction mixture to compensate for the energy release. This
is only feasible if the solvent can be distilled off in a safe way, to a catch pot or a
treatment system. A possible secondary effect of the solvent evaporation is the
formation of an explosive vapor cloud, which in turn, if ignited, can lead to a
severe room explosion. The thermal stability of the concentrated reaction mixture
must also be ensured. In general, it is preferable to reflux the condensed solvent to
the reactor. This avoids concentration of the reaction mass and allows additional
cooling with the sensible heat of the cold condensate.

The amount of solvent evaporated can easily be calculated using the energies
of the reaction and of the decomposition, as follows (see also Section 5.2.3):

mv =
Qr

ΔvH′ =
mr ⋅ Q′

r

ΔvH′ (14.26)

All these considerations are purely static aspects. Only the amount of vapor was
calculated, and there was no concern about the dynamic aspects, especially the
rate of evaporation. This is considered in Section 14.3.2.

14.3.2 Vapor Flow Rate

This second aspect is important when the capacity of a distillation system must
be assessed, or when such a system must be designed. The capacity is sufficient
if all the vapor produced by an exothermal reaction can be conducted from the
reactor to the condenser, where it must be entirely condensed:

ṁv =
q′

r ⋅ mr

ΔvH′ (14.27)

As a first approximation, under pressure conditions close to atmospheric, the
vapor can be considered as an ideal gas; thus its density is given by

𝜌g =
P ⋅ MW

R ⋅ T
(14.28)

Thus, the vapor velocity can be calculated from the cross section (S) of the vapor
tube:

ug =
qr

ΔvH𝜌gS
(14.29)

ug =
4 ⋅ R
𝜋

q′
rmrT

ΔvH′d2PMW
= 106 ⋅

q′
rmrT

ΔvH′d2PMW
(14.30)

The vapor velocity is essential information for the assessment of reactor safety
at boiling point. This is particularly the case when cooling by evaporation under
normal operating conditions or if the boiling point is reached after a failure.
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Figure 14.18 Flooding the vapor tube due to the condensate flow counter current with the
vapor.

14.3.3 Flooding of the Vapor Tube

When the vapor flow rises in the liquid and cold condensate flows down in
counter currents, waves build up at the liquid surface, which may even form
bridges (Figure 14.18) across the tube, causing flooding. When the vapor tube
diameter is too narrow for a given vapor release rate, the high vapor velocity
results in a pressure increase in the reactor, leading to an increase in boiling
temperature and further acceleration of the reaction. The consequence will be
a runaway reaction until the rupture of weak equipment parts allows pressure
relief. In order to avoid this type of reaction course, it is important to know
the maximum vapor velocity admissible in a given tube and consequently the
maximum admissible heat release rate for the reaction. To predict if flooding
will occur in existing equipment, an empirical correlation was established exper-
imentally [6]. The experimental study was performed in the laboratory, at the
pilot plant, and at the industrial scale with various organic solvents and water for
tubes with an inside diameter between 6 and 141 mm. The maximum allowable
heat release rate is obviously a function of the latent heat of evaporation and of
the tube cross section:

qmax = (4.52ΔvH′ + 3370)S (14.31)

with ΔvH′ the latent heat of evaporation expressed in kJ kg−1 and S the cross
section of the vapor tube in m2. The vapor limit superficial velocity ug,max can
be calculated from the physicochemical properties of the solvent:

ug,max =
4.52ΔvH′ + 3370

ΔvH′𝜌G
(14.32)
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Figure 14.19 Maximum heat release rate with respect to flooding as a function of the vapor
tube diameter for different solvents.

Table 14.6 Maximum vapor velocity of different solvents in a tube with liquid in counter
current.

Solvent Water Methanol Ethanol Acetone
Dichloro-
methane

Chloro-
benzene Toluene

m-
Xylene

ΔvH (kJ kg−1) 2260 1100 846 523 329 325 356 343
Tb (∘C) 100 65 78 56 40 132 111 139
Mw (g mol−1) 18 32 46 58 85 112 92 106
𝜌g (kg m−3) 0.59 1.15 1.60 2.15 3.31 3.37 2.92 3.13
ugmax (m s−1) 10.2 6.6 5.3 5.1 4.5 4.4 4.8 4.6

The calculations were performed at atmospheric pressure (1013 mbar).

Equation (14.31) calculates the maximum admissible heat release rate compat-
ible with the flooding limit (Figure 14.19). Calculations performed for different
common solvents show that the limiting velocity is characteristic for the different
solvent classes. These calculations are shown in Table 14.6. The vapor veloci-
ties calculate the required vapor tube diameter for a given heat release rate as a
function of the nature of the solvent, or inversely, the maximum admissible heat
release rate for a given equipment.

14.3.4 Swelling of the Reaction Mass

During boiling of a reacting mass, vapor bubbles form in the liquid phase and rise
to the gas–liquid interface. During the time they travel to the surface, they occupy
a certain volume in the liquid, which results in an apparent volume increase of
the liquid in the reactor. This is called level swell and sometimes results in a
two-phase flow into the vapor tube. The apparent volume increase or level swell of
the reaction mass can be estimated using the two-phase flow models established
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by Wallis [7]. The model is easy to use and experimentally found. The principle
is to compare the limit bubble ascending velocity with the vapor velocity at the
surface of the liquid. The bubble ascending velocity is given by

u∞ = 𝜅

[𝜎 ⋅ g ⋅ (𝜌l − 𝜌g)]0.25√
𝜌l

(14.33)

with the constant 𝜅 = 1.18 for bubbly flow model that is to be used for dynamic
viscosities above 0.1 Pa s and 𝜅 = 1.53 for the churn turbulent model that is to be
used for viscosities below 0.1 Pa s. The vapor velocity at the liquid surface is calcu-
lated from Eq. (14.29) with d the internal diameter of the reactor. These velocities
are compared as a ratio:

Ψ =
ug

u∞
(14.34)

This dimensionless velocity is correlated with the void fraction in the reactor
(level swell) by the Design Institute for Emergency Relief Systems (DIERS) model
[8, 9], see details in Section 16.2.3:

churn turbulent ∶ Ψmax =
2𝛼0

(1 − C0𝛼0)

bubbly flow ∶ Ψmax =
𝛼0(1 − 𝛼0)2

(1 − 𝛼3
0)(1 − C0𝛼0)

(14.35)

The coefficient C0 is chosen equal to 1.01 to be conservative for both flow types, or
1.2 for bubbly flow and 1.5 for churn turbulent flow as determined experimentally
in the DIERS project [8, 9].

𝛼0 =
Vmax − Vl

Vmax
(14.36)

Thus, by knowing the maximum admissible level increase, depending on the
degree of filling of a reactor, it is possible to calculate the maximum admissible
vapor velocity across the liquid surface in the reactor (Figure 14.20), which gives
access to the maximum allowable heat release rate before the liquid level reaches
the vapor tube due to swelling.

14.3.5 Practical Procedure for the Assessment of Reactor Safety at the
Boiling Point

A practical and systematic procedure for the assessment of the safety of chemi-
cal reactions at boiling point is presented in Figure 14.21. This procedure allows
one to predict the behavior of a reactor at boiling point. The assessment may be
performed in two different situations:

1. The heat release rate at boiling point is known, and the equipment has to be
designed to cope with this requirement.

2. The maximum admissible heat release rate has to be determined for existing
equipment (rating).
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Figure 14.20 Maximum admissible vapor velocity at the gas–liquid interface as a function of
the allowed relative volume increase for different solvents (water: dashed line, toluene:
solid line). The constant C0 is 1.2 for bubbly flow and 1.5 for churn turbulent flow.
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Figure 14.21 Systematic procedure for the assessment of the behavior of a reaction mass at
boiling point.

As an example, for a 6.3 m3 stirred tank filled with 6.3 m3 acetone at 20 ∘C, the
maximum heat release rate at boiling is as follows:

• 35 W kg−1 with a 200 mm vapor tube – the diameter of the vapor tube is limit-
ing.

• 62 W kg−1 with a 300 mm vapor tube – the swelling of the reaction mass is
limiting at 8 m3.
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Such considerations allow adapting the equipment or the process, that is, the
degree of filling of the reactor, to the safety requirements. The controlled depres-
surization often allows running processes under safe conditions, whereas a stan-
dard assessment would consider them as critical. They are based both on easily
accessible physical–chemical properties of the boiling solvent and on geometric
data of the reactor.

14.4 Dynamics of the Temperature Control System
and Process Design

14.4.1 Background

The thermal characteristics of a reaction, including its heat production rate, the
necessary cooling power, and the reactant accumulation, are fundamental for
safe reactor operation and process design. A successful scale-up is achieved, only
when the different characteristic time constants of the process, such as reaction
kinetics, thermal dynamics of the reactor, and its mixing characteristics, are in
good agreement [10]. If we focus on the reaction kinetics and thermal dynamics,
that is, we consider that the reaction rate is slow compared with the mixing rate,
in principle, there are two ways to predict the behavior of the industrial reactors:

1. Determine the reaction kinetics and use numerical simulation.
2. Determine the thermal dynamics of the reactor and perform an experimental

simulation at laboratory scale.

This second approach is preferred because it avoids the tedious determina-
tion of the reaction kinetics. This is replaced by the determination of the reactor
dynamics.

The background of this approach is that an industrial chemical reactor behaves
according not only to the kinetics of the reaction but also to the dynamics of
its temperature control system. This is essentially due to two reasons. First the
heat transfer area to volume ratio decreases as the size of the reactor increases,
leading to serious limitations of the heat transfer capacity of large reactors. The
second deals with problems due to the thermal inertia (long time constant) of the
jacket wall [11]. Moreover, reaction enthalpies, kinetic parameters, and hence
product selectivity and global safety are known to be temperature dependent.
Therefore, only the combination of both reaction kinetics and reactor dynam-
ics allows describing and predicting the behavior of an industrial reactor with
respect to productivity, selectivity, and safety. Since, in the fine chemicals and
pharmaceutical industries, the process development consists more of adapting
a process to an existing plant, than building a new plant for a given process, a
specific approach is required that takes the plant equipment characteristics into
account (see Chapter 18).

Such an approach, based on experimental simulation of an industrial reactor
at laboratory scale, was proposed by Zufferey [12, 13]: the scale-down approach.
In order to simulate the thermal behavior of full-scale equipment at laboratory
scale, it is necessary to combine process dynamics and calorimetric techniques.
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14.4.2 Modeling the Dynamic Behavior of Industrial Reactors

The characteristics of industrial reactors are identified in a series of heating and
cooling experiments, as described in Section 14.2.4, building a dynamic model of
the reactor:

(mrc′p,r + cw)
dTr

dt
= qex + qst + qloss (14.37)

Here cw represents the heat capacity of the equipment that is to be identified in
the experiments, together with the heat losses. The stirrer power is calculated
according to Eq. (2.18). The heat exchange term is

qex = UA(Tc − T) (14.38)

where the overall heat transfer coefficient U is developed using Eq. (14.14), in
which the external film heat transfer coefficient is expressed as a linear function
of temperature:

he(T) = p1T + p2 (14.39)

The dynamics of the jacket in the heating and cooling modes is represented by
a first-order differential equation using two time constants 𝜏h for heating and 𝜏c
for cooling:

dTc

dt
=

Tc,set − Tc

𝜏c
for cooling

dTc

dt
=

Tc,set − Tc

𝜏h
for heating (14.40)

The temperature controller works with a proportional integral differential
(PID) algorithm:

Tj,set = Tset + G
[
(Tset − T) + 1

I ∫

t

0
(Tset − T)dt + D

(Tset − T)
dt

]
(14.41)

The five parameters G, I, D, 𝜏h, and 𝜏c are identified in a heating and cooling
experiment realized at full scale [14]. The set point of the jacket is changed by
steps, two steps in heating and two in cooling (Figure 14.22). The temperature
course of the jacket and of the reactor contents allows identifying the model
parameters.

Cases with a so-called P-band controller that requires full cooling or heating
capacity when the temperature is far from the set point and a proportional control
when the temperature lies within a certain range close to the set point can also be
characterized. Such systems can be described as two first-order dynamic systems
using only one time constant. All the model parameters are identified using a
least squares fitting with the experimental data and can be stored in a database
comprising the different reactors available in a plant. Then the thermal behavior
of any plant reactor that could be used for full-scale production can be simulated.



390 14 Heating and Cooling Industrial Reactors

Reactor

Jacket

Set

343

333

323

313

303

293

T
e
m

p
e
ra

tu
re

 (
K

)

0 1 2 3 4

Time (h)

5 6 7 8 9

Figure 14.22 Temperature curves recorded during a heating–cooling experiment performed
in an industrial reactor.

14.4.3 Experimental Simulation of Industrial Reactors

The principle of the scale-down methodology, using a reaction calorimeter, is as
follows:

1. Observe online the instantaneous heat production rate of a chemical reaction
in the reaction calorimeter.

2. Use this value in a numerical simulation model for the calculation of the tem-
perature that would result in the plant reactor with the same heat release rate.

3. Deduce the evolution of the jacket and reaction medium temperatures from
the plant reactor model as if this chemical reaction took place in it.

4. Force the reaction calorimeter to track the calculated reaction medium tem-
perature evolution by changing the set point to the calculated temperature.

5. Repeat the first four points during the entire course of the chemical reaction.

By doing so, the reaction calorimeter mimics the behavior of the industrial
reactor that optimizes the process without any information, neither about the
stoichiometry nor about the reaction. The results of such an experiment can be
evaluated by classical analytics or in process control.

As an example, a series–parallel reaction of the type⎧⎪⎨⎪⎩
A + B

k1−−→P

P + B
k2−−→ S

(14.42)

should be performed in a 4 m3 batch reactor with thermal initiation. The reactants
are charged at 30 ∘C, and the reactor should be heated to 90 ∘C with 15 ∘C min−1.
The kinetic parameters are unknown. This reaction was studied at laboratory
scale in a reaction calorimeter and gave selectivity in the desired product P of
95%. The same process, run in the reaction calorimeter simulating the 4 m3 plant
reactor, gave selectivity of only 82% (Figure 14.23). This difference is due to the
temperature control dynamics that lead to an overshoot of the desired tempera-
ture by 10 ∘C and higher temperatures during the heating phase. It is worth noting
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Figure 14.23 Example of series–parallel reaction in a batch reactor. Temperature on left scale,
selectivity on right scale.

that these results were obtained in a reaction calorimeter at laboratory scale. By
changing the process conditions to a slower temperature ramp of 10 ∘C min−1

and a final set point of 85 ∘C only, selectivity of 89% can be obtained. Thus, the
scale-down method predicts the final product distribution at laboratory scale,
avoiding expensive full-scale experiments, and without the explicit knowledge of
the reaction kinetics. This method is very powerful in the case of non-isothermal
processes, as here or for isoperibolic processes.

14.5 Exercises

14.1 Heat Transfer, Fast Reaction
Consider a reaction in a 16 m3 reactor at 100 ∘C. At this temperature, using
a feed time of at least one hour, the reaction is feed controlled. The feed rate
must be adapted to the cooling capacity of the vessel. There are 15 000 kg
of reaction mass in the vessel, the specific heat of reaction is 200 kJ kg−1

final reaction mass. During the reaction, the heat exchange area remains
constant at 20 m2. Ambient pressure is 1013 mbar.
The cooling capacity of the reactor was determined by means of a cooling
experiment, where the vessel was filled with 16 000 l of 96% sulfuric acid.
The melting point of the reaction mass is 65 ∘C. Therefore, to avoid crys-
tallization at the wall, the wall temperature was kept above 70 ∘C, and the
cooling experiment was performed using a coolant inlet temperature of
70 ∘C. Two points of the resulting cooling curve are shown in Table 14.7.
The material constant for heat transfer of the reaction mass at 100 ∘C was
determined in the reaction calorimeter: 𝛾 = 6700 W m−2 K−1 at 100 ∘C. The
relevant physical properties of 96% sulfuric acid are as follows:
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Table 14.7 Two points extracted from the cooling experiment.

Time (h) 0.5 1.5
Temperature of reaction mass (∘C) 107 91
Coolant inlet temperature (∘C) 70 70
Coolant outlet temperature (∘C) 78 74

Dynamic viscosity 𝜇 = 4.2 mPa s
Specific heat capacity c′p = 1640 J kg−1 K−1

Density 𝜌 = 1740 kg m−3

Thermal conductivity 𝜆 = 0.375 W m−1 K−1

The data of the reaction vessel

Internal vessel diameter dr = 2.80 m
Diameter of stirrer ds = 1.40 m
Stirrer speed n = 45 rpm
Stirrer constant Cte = 0.36

Calculate
1. The overall heat transfer coefficient during the cooling experiment (U).
2. The reactor part of the heat transfer coefficient, that is, the contribution

from its jacket and cooling system (𝜑).
3. The overall heat transfer coefficient (U).
4. The shortest admissible feed time. Assume a mean coolant temperature

of 75 ∘C.

14.2 Reflux Cooling
A reaction should be performed at reflux in a 4 m3 reactor with an inter-
nal diameter of 1.8 m. The maximum heat release rate of the reaction is
400 kW. The reactor contains 4 m3 of reaction mass; the vapor tube has a
diameter of 200 mm.
Questions
Assume a heat exchange area of the reactor of 6 m2 and an overall heat
exchange coefficient of 500 W m−2 K−1.
1. Is the cooling capacity by the reactor jacket sufficient to remove the heat

of reaction?
2. Can the reaction heat be removed by reflux cooling using water as sol-

vent?
3. Repeat Question 2 with toluene as solvent.

The relevant physical properties of water and toluene are summarized
in Table 14.8.
Hint: Consider three elements.
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Table 14.8 Physical properties of water and toluene.

Property Water Toluene

Molecular weight (g mol−1) 18 92
Specific heat of evaporation (kJ kg−1) 2260 356
Boiling point (∘C) 100 110
Swelling limit (cm s−1) 18 14

First element: Flooding of vapor tube. Calculate the necessary cooling
capacity by the reactor jacket and compare it to the limit for flooding of
the heat release rate, or calculate the velocity of the solvent vapor and
compare it to the vapor velocity limit for flooding.
Second element: Swelling of the reaction mass. Swelling is determined
by the flow of vapor across the surface of the reaction mass.
Third element: Capacity of the reflux condenser. For the reflux con-
denser, assume a heat transfer coefficient of 1000 W m−2 K−1. The mean
coolant temperature is 30 ∘C. Calculate the necessary heat exchange
area of the condenser.

14.3 Neutralization
The neutralization of a reaction mixture by hydrochloric acid releases
120 kJ l−1 of final reaction mixture. The reaction temperature should not
surpass the initial temperature of the reaction mixture: 50 ∘C. The batch
size is 2000 l of final reaction mass in a glass-lined stirring vessel equipped
with a jacket for cooling with water entering the jacket at 17 ∘C. The
maximum temperature for the water leaving the system is 30 ∘C.
Data
Heat exchange area: A = 5 m2 (assumed to be constant)
Heat transfer coefficient of internal film hr = 1000 W m−2 K−1

Heat transfer coefficient of the external film (cooling water/wall)
he = 1500 W m−2 K−1

Thermal conductivity of glass: 𝜆 = 0.5 W m−1 K−1; thickness 2 mm
Thermal conductivity of steel: 𝜆 = 50 W m−1 K−1; thickness 5 mm
Questions
1. How fast can the addition of hydrochloric acid be (shortest addition

time)?
2. What is the required water flow rate in the jacket?

14.4 Epoxy Resin and Amine
An epoxy compound is to be condensed with an amine at 40 ∘C. The reac-
tion is fast and will be performed in a 4 m3 reactor cooled with water. The
process is semi-batch operation, the solvent 800 kg isopropanol and 240 kg
of the epoxy compound are initially charged, and 90 kg of amine is added
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at a constant rate during 45 minutes, while the temperature is not allowed
to surpass 40 ∘C.
Data
Specific heat of reaction Q′

r = 130 kJ kg−1 (exothermal)
Specific heat capacity c′p = 2.1 kJ kg−1 K−1

Overall heat transfer coefficient U = 310 W m−2 K−1

Heat exchange area (assumed to be constant) A = 5.5 m2

Mean cooling water temperature Tc = 20 ∘C
Latent heat of evaporation (isopropanol) ΔvH′ = 700 kJ kg−1

Questions
1. Is the cooling capacity sufficient?
2. What other solution could you suggest, knowing the temperature must

be kept at a maximum of 40 ∘C and the addition time at a maximum of
45 minutes?

14.5 Summer Winter
A fast exothermal reaction is to be performed in a semi-batch reactor. In
order to control the temperature course of the reaction, one of the reac-
tants is added at a constant rate, producing a constant heat flow. The reac-
tor is cooled with water from a river (at 15 ∘C in winter). The cooling water
should not be rejected at a temperature higher than 30 ∘C.
Data
Specific heat of reaction Q′

r = 100 kJ kg−1 (exothermal)
Charge: 3000 kg initially charged, 2000 kg added
Heat exchange area (average during addition) A = 6 m2

Overall heat transfer coefficient U = 400 W m−2 K−1

Specific heat capacities: Water c′p = 4.2 kJ kg−1 K−1

Added reactant c′p = 1.8 kJ kg−1 K−1

Questions
Hint: Use arithmetic mean to calculate the average temperature differ-
ences.
1. What is the shortest addition time allowing to maintain a reaction tem-

perature of 50 ∘C, if the added reactant is heated to 50 ∘C before addi-
tion?

2. What will the required cooling water mass flow rate be?
3. Same questions if the added reactant is at room temperature of 25 ∘C?
4. Same questions in summer with a cooling water temperature of 25 ∘C.

14.6 Diagnostics
An industrial stainless steel reactor with a nominal volume of 4 m3 is to be
used for a strongly exothermal reaction. In order to optimize the reaction
time, the overall heat transfer coefficient should be improved. Therefore a
cooling experiment was performed with the reactor containing water. The
thermal time constant was found to be 1.26 hours (4536 seconds).
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Data

Equipment constant z of the reactor z = 0.146
Material constant of water 𝛾 = 31 100 W m−2 K−1

Material constant of reaction medium 𝛾 = 3000 W m−2 K−1

Mass of contents water during experiment m = 4000 kg
Specific heat capacity of water at 50 ∘C c′p = 4180 kJ kg−1 K−1

Heat exchange area A = 7.4 m2

Questions
1. What is the limiting resistance during the cooling experiment?
2. What is the overall heat transfer coefficient with the reaction medium?
3. What is the limiting resistance during the reaction?
4. What do you suggest to improve the situation?
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15

Risk Reducing Measures

Case History

During the risk analysis of an exothermal batch process, runaway was identified as
the major risk of the process. Therefore, great efforts were made to design a series
of measures for avoiding such an event, and so a three protection level system was
designed (Figure 15.1). As first level, the cooling system was improved by installing
a backup pump in the cooling circuit. In addition, a third pump was installed, pow-
ered by an emergency power supply network independent of other utilities. As
second level, since the reaction was catalytic, it was decided to install an inhibitor
injection system. This consisted of a small vessel containing the inhibitor placed
above the reactor and under nitrogen pressure of 5 bar g. The inhibitor injection
was triggered by a temperature alarm, which opened an automatic valve. An addi-
tional hand-operated valve was placed in parallel, to allow a manual injection. As
third level, a bursting disk was installed that led to a catch tank.

However, this three-level system failed. The first level failed due to an error in
design of the electrical connections to the pumps. The two main pumps were pow-
ered by the main power system, and the third pump was powered by the emer-
gency network as planned. However, the control systems of all three pumps were
powered by the emergency network. On the day of the incident, maintenance
work on the emergency power system was planned. Since this should not have
affected the main power system, it was decided to start a batch despite the missing
emergency power system, as nobody was aware of the fact that the pump control
systems would be out of use. As the emergency power system was disconnected,
the circulation pumps in service stopped, and none of the other pumps could be
started. The temperature of the batch increased rapidly, and the inhibition system
was triggered, but the inhibitor failed to inject into the reactor. An operator opened
a hand valve, but this also had no effect.

The importance of a reliable temperature measurement for triggering the
inhibitor injection was duly recognized during the risk analysis. A thick tube
was installed for the temperature probe, providing not only a high mechanical
resistance but also a high time constant for the thermometer! Hence, as the

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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temperature probe reached the alarm level, the actual temperature of the
reaction mass was higher than designed, causing a higher vapor pressure above
5 bar g at the time it was triggered (Figure 15.2). The inhibitor could not flow into
the reactor. At the third protection level, the pressure relief system failed because
it was not designed for two-phase flow. The reaction mass was discharged to the
environment, causing heavy spillage with toxic material.

TC

Pset = 6 bar

TCA+S+

P = 5 bar

Inhibitor

P1

P2

P3

Figure 15.1 Three protection levels for a batch reactor.
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Lessons Drawn

This example shows that the design of protection systems must be careful and
“thought through” to be efficient in any emergency. Further, it also enhances the
fact that technical measures may fail. Absolute reliability can never be guaranteed.

Introduction

To take into account emergencies that could occur due to a sudden technical
failure, the strategy of protection of reactors against runaway is of primary impor-
tance. This chapter is devoted to the presentation of typical protection measures.
Section 15.1 gives some hints on the strategy of choice. Sections 15.2–15.4
present various measures that can be applied: first avoiding runaway occurring
by eliminating measures, then stopping a developing runaway by preventive
measures, and finally mitigating the consequences by emergency measures.
Section 15.5 is devoted to the design of protection measures, based on the data
defining the cooling failure scenario.

15.1 Strategies of Choice

A discussion about risk reducing measures is presented in Section 1.2.7. When
reducing risks linked to a runaway reaction, the same principles apply. Thus, the
first priority should be implementing measures that avoid runaways. As a sec-
ond priority, preventive measures should then be applied in case a runaway has
been triggered. As a last resort, emergency measures should mitigate the conse-
quences of a runaway that cannot be avoided. Of course, the priority is to “avoid
the problem rather than to solve it” [1].

The international standard IEC 61511 [2] gives advice on the design of safety
instrumented systems (SIS) and presents a “layer concept” to achieve reliability of
protection systems. These principles can be applied to the protection of chemical
reactors [3]. Figure 15.3 represents a simplified version of this protection layer
principle. The first layer is the process itself, meaning that it should be designed
in such a way that it cannot give rise to a runaway reaction. Some concepts for
achieving this objective are reviewed in Section 15.2.

Inherently safer process

Technical preventive measures 

Control / alarm and operators 

Emergency Measures

Figure 15.3 Layer design of protection systems for a batch reactor.
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These different categories of measures are reviewed in Sections 15.2–15.4 with
a focus on runaway reactions.

15.2 Eliminating Measures

Eliminating the risk of a runaway reaction means reducing the severity (see
Section 3.2.2). If we follow the evaluation criteria for such severity, we see that
the energy released, by the desired as well as secondary reactions, should be
reduced to a level leading to an adiabatic temperature rise below 50 K. This
temperature increase would lead to a smooth temperature increase and not a
runaway reaction. Different possibilities exist to reduce the energy release:

The first possibility is to reduce the adiabatic temperature rise by dilution. Even
if this strategy is efficient in terms of risk reduction, it is not economic since
it reduces productivity. Moreover, it may also cause environmental problems, if
large amounts of solvent must be handled.

The same goal may be achieved by using a semi-batch reactor, which by limita-
tion of the accumulation of non-converted reactants can significantly reduce the
runaway potential of a reaction, as was extensively showed in Chapter 8.

Another far more fundamental approach is to reduce the absolute energy
released by the reaction. This is achieved in different ways according to the prin-
ciples of the design of inherently safer processes [1, 4–7]. Kletz, who promoted
these ideas, gave some principles to follow for the reduction of severity.

The first principle is substitution, consisting of choosing an appropriate synthe-
sis route, which avoids the use of hazardous materials, instable intermediates, or
highly energetic compounds. This implies that decisions involving process safety
aspects are made at very early stages of process development. In this frame, the
methods of screening for the energetic aspects of reactions or compounds by
microcalorimetric methods, for example, differential scanning calorimetry (DSC)
or Calvet calorimetry (see Chapter 4), may be very useful. Thus, it is advantageous
to take safety and environmental aspects into account from the beginning of pro-
cess development, following the principles of integrated process development [7].
This practice also requires methods that can be used in early development stages
[8–10], at the time when process knowledge is small, but degrees of freedom left
for even radical changes are the greatest.

The second principle is process intensification, consisting of limiting the
quantity of hazardous material by scale reduction, that is, the absolute energy
potentially released is reduced accordingly. This objective can be achieved by
using continuous processes [11, 12] that generally use smaller reactor volume
(see Chapter 9). The extreme in scale reduction is to use microreactors that are
able to maintain a reaction mass under isothermal conditions, even with a high
heat release rate [13, 14]. In general, smaller reactors are also easier to protect or
to build with resistance to high pressure that helps to makes them fail safe. In
addition, in the case of material release, since the amount is reduced, it is easier
to contain, which avoids large-scale consequences.

The third principle is the principle of attenuation, which consists of using a
hazardous material in a safer form. As an example, the use of diphosgene instead
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of phosgene for a chlorination reaction follows this principle. Diphosgene is less
volatile than phosgene and so is easier to handle, improving the process safety.

These measures have one point in common, in that they do not limit the effect of
failures by adding protective equipment, but instead by process design or chang-
ing the process conditions. It is a huge advantage in avoiding to rely on protective
equipment, but instead to make the process intrinsically safe.

Kletz also considers that the technical design of the process has a positive
impact on its safety. Here too he quotes several principles to improve process
safety by technical design:

• Simplification, as complex plants provide more opportunities for human error
and contain more equipment that can go wrong.

• Avoiding cumulative or domino effects.
• Making the state of equipment, such as open or shut, clear.
• Designing equipment that is able to withstand incorrect installation or opera-

tion.
• Making equipment easy to control.
• Making incorrect assembly difficult or impossible.

15.3 Technical Preventive Measures

In this section, the focus is on technical measures, with the objective of avoiding
a runaway being triggered or stopping it before it takes a non-controllable course.

15.3.1 Control of Feed

In semi-batch or continuous operations, the feed rate controls the reaction course
at least at a certain extent. Hence, it plays an important role in the safety of the
process. With exothermic reactions, it is important to be able to limit the feed
rate by technical means. Some methods are as follows:

• Feed by portions: This method, presented in Section 8.6.1, is obviously applica-
ble primarily to discontinuous processes as semi-batch. It reduces the amount
of reactant present in the reactor, that is, the accumulation and therefore the
energy that may be released by the reaction in the case of loss of control. The
amount allowed in one portion can be determined in such a way that the max-
imum temperature of the synthesis reaction (MTSR) does not reach a critical
level as the maximum temperature for technical reasons (MTT) or the temper-
ature at which secondary reactions become critical (TD24). The difficulty is to
ensure that an added portion has reacted away, before adding the next portion.
Generally, the feed control is not only performed by the operator but can also
be automated. For continuous tubular reactors, the feed can be split and fed
at different positions, which correspond to different space times. With such a
feed strategy, the concentration profile along the tubular reactor becomes close
to the concentration profile during time in a semi-batch reactor [15].

• Feed tank with control valve and gravimetric flow: The desired flow rate
is ensured by the appropriate opening of the valve, that is, the actuator of
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a control loop using the weight or level of the reactor or of the feed tank
contents or a flow meter as input. The maximal feed rate can be limited by the
clearance of the valve or by a calibrated orifice.

• Feed tank with centrifugal pump: The centrifugal pump replaces the gravity,
positioning the feed tank even below the reactor level. Since a centrifugal pump
is not volumetric, it is necessary to provide an additional control valve to limit
the flow rate. The flow control strategies are the same as described above.

• Feed tank and metering pump: The flow rate through such a pump can be con-
trolled by a stroke adjusting mechanism or a variable speed drive acting on the
stoke frequency. Control can be achieved by a fixed adjustment or through a
flow meter.

• In case a control valve is used for the control of the feed rate, one should not
forget that a control valve must not be tight when closed. Its function is pri-
marily to control the volume flow rate and not to stop the flow. Therefore it is a
good practice to use a second on–off valve in series in order to ensure a reliable
flow stop.

It is state of the art to interlock the feed to a reactor with its temperature inter-
rupting the feed, either for too high or too low temperatures (avoiding accumu-
lation). For stirred reactors the feed must also be interlocked with the stirrer in
order to avoid accumulation due to lack of mixing. These interlocks are a part of
the “golden rules” for a safe semi-batch reactor in Section 8.6.3.

In cases where it is required, the maximum amount of reactant contained in
the feed tank can also be limited, for example, by an overflow.

15.3.2 Emergency Cooling

Emergency cooling replaces the normal cooling system in the case of failure. This
requires an independent source of cooling medium, generally cold water, which
flows through the reactor jacket or through cooling coils. The cooling medium
must also be able to flow in the case of utilities failure, especially electrical power,
often a common cause of cooling failure. The time factor is very important for
emergency cooling, which must be applied before the heat release rate of the
reaction that is to be controlled is higher than the cooling capacity of the sys-
tem. The concept of time of no return (tnor), presented in Section 2.4.6, is very
useful in this respect.

For emergency cooling, it is critical that the temperature does not fall below the
solidification point of the reaction mass. Otherwise a crust will form, resulting in
reduced heat transfer, which again may favor a runaway situation. The remedia-
tion may then have worse effects than the initial failure.

Agitation of the reaction mass may also be critical in such a situation: without
agitation, cooling being provided by natural convection only, leads to a consider-
able reduction of the heat transfer coefficients. Generally, by natural convection,
the heat transfer coefficient is reduced to 10% of its value with stirring [16].
Nevertheless, this is only valid when natural convection is established, that is,
for smaller vessels and contents with moderate viscosity (see Section 12.2.3).
Large non agitated reaction masses behave almost adiabatically, even if cooled
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from the outside. Here the injection of nitrogen into the bottom of the reaction
mass has proved helpful for emergency mixing. However, this method must be
tested under practical conditions.

15.3.3 Quenching and Flooding

Some reactions can be stopped by adding a suitable component. This is some-
times possible for catalytic reactions where a “catalyst killer” can be added in small
amounts. For pH-sensitive reactions, a pH modification may also slow down or
even stop the reaction. In these cases, the addition of only a small amount of a
compound will suffice. Agitation is a critical factor, especially to ensure that a
small amount of inhibitor is dispersed homogeneously in a large volume of reac-
tion mixture. In order to achieve a fast and homogenous dispersion, the vessel
containing the inhibitor is often pressurized, for example, nitrogen and nozzles
are used to spray it into the reaction mass.

For other reactions a greater amount of an inert and cold material is required
to flood the reaction mass. Flooding has two effects, dilution and cooling, by
lowering the concentration and/or the temperature to slow down or stop the
reaction. If flooding is to be at a temperature above the boiling point of the fluid,
a pressure relief system must be provided. For flooding, the critical factors are
the amount, the rate of addition, and the temperature of the quenching material.
Obviously, the required empty volume must also be available in the reactor, which
may limit the batch size and consequently the productivity.

Calorimetric methods are of great help in designing such measures, since they
measure the heat of mixing, which is often important. They also verify that the
resulting mixture is thermally stable.

Worked Example 15.1 Emergency Flooding

A reaction should be stopped by flooding with a cold solvent. The amount of sol-
vent needs to be sufficient to cool the reaction mass to a thermally stable level. To
test this theory, flooding was tested in a Calvet calorimeter (Figure 15.4). The exper-
iment showed that the dilution is endothermal with a heat release of −18 kJ kg−1

of mixture (reaction mass and solvent). The reaction mass (2230 kg) has a specific
heat capacity of 1.7 kJ kg−1 K−1 and a temperature of 100 ∘C. The dilution is done
with 1000 kg of a solvent at 30 ∘C, with a specific heat capacity of 2.6 kJ kg−1 K−1.
The resulting mixing temperature (T m) can be calculated from a heat balance:

Tm =
mr1 ⋅ cp1 ⋅ Tr1 + mr2 ⋅ cp2 ⋅ Tr2 + (mr1 + mr2) ⋅ Q′

r

mr1 ⋅ cp1 + mr2 ⋅ cp2

Tm = 2230 × 1.7 × 100 + 1000 × 2.6 × 30 + 3230 × (−18)
2230 × 1.7 + 1000 × 2.6

≈ 62∘C

To assess the thermal stability of the quenched mixture at 62 ∘C, a reference heat
release rate of 2 W kg−1 can be read at a temperature of 180 ∘C (Figure 15.4b).
With a conservative activation energy of 50 kJ mol−1, the decomposition becomes
uncritical below T D24 = 145 ∘C, that is, the quenched reaction mass can be
considered stable at 62 ∘C, even if the potential (520 kJ kg−1) is still high.
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Figure 15.4 Example of thermograms obtained during flooding of a reaction mass with a
cold solvent (a). The thermal stability is checked by a heating ramp after flooding (b).

15.3.4 Dumping

This measure is similar to quenching, except that the reaction mass is not retained
in the reactor, but transferred into a vessel containing the inhibitor or diluting
compound. This vessel must be prepared to receive the reaction mass at any
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instant during the process. The assessment of the suitability of dumping as a
preventive measure against runaway is the same as for quenching. The advan-
tage of dumping is that the reaction mass may be transferred to a safer place,
thus protecting the plant where the reactor is located.

The transfer line is critical for the success of this measure: plugging or closed
valves must be totally and reliably avoided. It must be designed to permit an emer-
gency transfer, even if there is a breakdown in utilities. The presence of diluting
agent or quenching fluid in the receiving vessel must be assured. This measure
is particularly suitable in cases where the final reaction mass must normally be
quenched or transferred for workup.

15.3.5 Controlled Depressurization

This measure is different from emergency pressure relief. A controlled depres-
surization is activated in the early stages of the runaway, while the temperature
increase rate and the heat release rate are slow.

If a runaway is detected at such an early stage, a controlled depressurization
of the reactor may be considered. As an example, during an amination reaction,
a 4 m3 reactor could be cooled from 200 to 100 ∘C within 10 minutes without
external cooling just by using a controlled depressurization allowing evaporative
cooling. Obviously, the scrubber and the reflux condenser must be designed to
work with independent utilities.

Worked Example 15.2 Controlled Depressurization

This is the continuation of Worked Example 5.1. If there is loss of control of an
amination reaction, the temperature could reach 323 ∘C (MTSR), but the maximum
allowed working pressure of 100 bar g would be reached at 240 ∘C (MTT). Thus,
the question is: “If the reaction can be controlled by depressurizing the reactor
before the safety valve opens, that is, before 240 ∘C is reached, what would the
vapor release rate be?” To answer this question, information about the reaction
kinetics is required. The only information is that at 180 ∘C, a conversion of 90% is
reached after eight hours. If we consider the reaction to follow a first-order rate
equation, justified by the fact that ammonia is in large excess, we can calculate the
rate constant at 180 ∘C:

dX
dt

= k(1 − X) ⇒ k = − ln(1 − X)
t

= − ln(0.1)
8

≅ 0.288 h−1 = 8.10−5 s−1

Thus the heat release rate is

qrx = k(1 − X) ⋅ Qrx = 8 × 10−5 × 1 × 175 × 2000 = 28 kW

This is calculated at 180 ∘C for the charge of 2 kmol and for a conversion of zero,
which is conservative. It would be reasonable to interrupt the runaway at its very
beginning, for example, at 190 ∘C. If we consider that the reaction rate doubles for
a temperature increase of 10 K, the heat release rate would be 56 kW at 190 ∘C. The
latent heat of evaporation can be estimated from the given Clausius–Clapeyron
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expression:

ln(P) = 11.46 − 3385
T

⇒ ΔvH = 3385 × 8.314 ≅ 28 kJ mol−1

Thus, the vapor release rate is

ṄNH3
= 56 kW

28 kJ mol−1
= 2 mol s−1

with a molar volume of

0.0224 m3 mol−1 × 463
273

= 0.038 m3 mol−1

At atmospheric pressure and 190 ∘C, the volume flow rate is

v̇ = 0.076 m3 s−1

and in a pipe with a diameter of 0.1 m, the vapor velocity is

u = 0.076 ×
√

4

π × 0.12
= 0.86 ms−1

which is a low velocity allowing for scrubbing without any problems, provided
the scrubber works in the case of failure. Thus, using a controlled depressuriza-
tion is a technically feasible measure. The depressurization must be slow enough
to avoid two-phase flow that would entrain reaction mass with the vapor. In this
estimation, we considered that the vapor is only ammonia; in fact, water will also
be evaporated, but since the latent heat of evaporation of water is higher than for
ammonia, the estimation remains on the safe side. We also neglected the reactant
depletion due to conversion (zero-order approximation) that also decreases the
heat release rate.

15.3.6 Alarm Systems

When applying the measures described in Sections 15.3.2–15.3.5, it is shown how
important an early intervention is in the case of runaway. Whatever the measure
considered, the sooner it becomes active the better. An exothermal reaction is
obviously easier to control at its beginning, before the heat release rate becomes
too great. This is true for emergency cooling as well as for controlled depressur-
ization. Thus, the idea arose to detect a runaway situation by an alarm system. The
first attempt in this direction stems from Hub [17, 18], who proposed evaluating
the second time derivatives of the reactor temperature and the first derivative
of the temperature difference between reactor and jacket, giving a criteria for a
runaway:

d2Tr

dt2 > 0 and
d(Tr − Tc)

dt
> 0 (15.1)

One important difficulty is that the noise of the temperature signals in the
industrial environment is amplified by the derivation, which is at the cost of the
accuracy of the method. These criteria give an alarm between 20 and 60 minutes
before runaway [18], which is a short time, that is, the runaway is well-developed
when the alarm is activated.
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A more sophisticated method to construct an early warning detection system
(EWDS) is proposed by the research group led by Stozzi and Zaldivar in the
frame of a European research project [19–23]. This approach uses a divergence
criterion applied on the state space describing a temperature trajectory. By doing
so, it is possible to use only one process variable, generally the temperature,
but pressure was tested too. Despite its complex mathematical background, this
approach is very promising and easy to implement in an industrial environ-
ment. Nevertheless, an alarm always detects a runaway but cannot prevent it.
Moreover, it assumes that measures are provided that will be able to stop the
commencing runaway.

15.3.7 Time Factor

Time plays a primary role in the effectiveness of a measure. The following steps
must be taken as soon as a failure occurs until regaining control over the process
(Figure 15.5):

• When a failure or a malfunction occurs, first it needs to be detected. The detec-
tion time is influenced by the choice of appropriate alarm settings or by the
use of more sophisticated alarm systems, as described in Section 15.3.6. Most
important is the choice of the appropriate parameter, which must be monitored
to detect a malfunction. The design of alarms, interlocks, and control strategies
is an important part of process design and should always follow the principles
of simplicity in the concept of inherently safer processes (see Section 15.2 and
18.1).

• Once the alarm is switched on, there is some time before remedial measures
can be applied. Quenching or dumping requires significant time for the trans-
fer of the quenching fluid or of the whole reaction mass. An emergency cooling
must be switched on, and the cooling medium must flow at the required tem-
perature with the required flow rate to initiate this cooling.

Time to discovery

Time to action

Time to effect

Time to maximum rate 

t

T

Effect
Alarm level

Figure 15.5 Typical temperature course during a runaway with time scales for detection,
action, and effect.
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• The measure must become effective. There is also some time between the
instant where measures are applied and their effects on the process. Here the
process dynamics again play a determining role.

This time factor must be estimated for the effective design of safety measures
and compared with the time to maximum rate under adiabatic conditions (tmrad),
giving the upper limit of the time frame. In fact, by applying van’t Hoff rule “the
reaction rate doubles for a temperature increase of 10 K,” if a temperature alarm
is typically set at 10 K above the process temperature, half of the tmrad will have
already been spent to activate the alarm, and the measure needs to become effec-
tive as soon as possible before the runaway develops. Thus, the time left for the
measure to become effective is rather short. This also explains the time crite-
ria (8 and 24 hours) used to assess the probability of triggering a runaway (see
Section 3.2.3).

15.4 Emergency Measures

Emergency measures should only be used as a last resort when runaway cannot
be prevented. Thus, they should only be considered after all other approaches
have been tried and found to be unsuccessful.

15.4.1 Emergency Pressure Relief Systems

Emergency pressure relief systems are treated in Chapter 16.

15.4.2 Containment

A method that may mitigate the consequences of a runaway reaction is con-
tainment. Containment can be in the reactor itself, providing it is designed to
withstand the maximum pressure after runaway. The contents of the reactor must
be treated in an appropriate way afterward. Where practicable, this passive mea-
sure reduces the consequences of a runaway.

There are also other forms of containment to consider. The first is mechanical
protection in the sense that it protects the environment from missiles or fly-
ing debris when the reactor bursts, for example, by placing the equipment in a
bunker. This approach is often used for high-pressure laboratory equipment but,
in principle, may also be used for industrial equipment, for example, explosive
production. The bunker is generally open to a “safe place,” where nobody can be
harmed.

A tight closed room can also be used as a containment area, providing enough
volume for the effluent to be contained, giving time for the subsequent treatment
of relieved material by, for example, a scrubber system. These types of measures
should only be considered as a last resort, since they are linked with heavy damage
to the equipment. An alternative is the safe-bag retention system proposed by
Siemens-Axiva [24].
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15.5 Design of Technical Measures

The choice and design of technical protection measures against runaway is in
accordance with the risk level. This means that the consequences and controlla-
bility of the commencing runaway must be assessed. The criticality classes, based
on four characteristic temperatures, are at the root of this assessment and serve
in the design of protection measures.

15.5.1 Consequences of Runaway

A runaway reaction may have multiple consequences. The high temperature by
itself may be critical, as the higher the final temperature, the worse the effects
of the runaway. In the case of a large temperature increase, some components of
the reaction mixture may be vaporized, or some gaseous or volatile compounds
may be produced. This, in turn, may lead to further consequences, a pressure
increase in the system that may led to bursting of the equipment with possibly
flying debris that may injure persons. The pressure increase may also lead to a
loss of containment with release of gases or vapor, which may cause secondary
damage due to toxicity, flammability, or even secondary room explosion.

15.5.1.1 Temperature
The adiabatic temperature rise, proportional to the reaction energy, represents an
easy criterion for the evaluation of the severity of an uncontrolled energy release
from a runaway reaction (see Section 3.2.2). The adiabatic temperature rise can
be easily calculated by dividing the heat of reaction by the specific heat capacity:

ΔTad = Q′

c′P
(15.2)

In criticality classes 1–3, the energy to be considered is the reaction energy
(Q′

rx) only, whereas in classes 4 and 5, the energy to be considered is the total
energy, that is, the sum of the reaction and decomposition energies (Q′

rx + Q′
dc).

The temperature increase may represent a threat in itself, but in most cases, it
will result in a potential pressure increase.

15.5.1.2 Pressure
The pressure increase depends on the nature of the pressure source, that is, gas or
vapor pressure. Further, the characteristics of the system, that is, if the reactor is
closed or open to the atmosphere, will determine the consequences. In an open
system, the gas or vapor will be released from the reactor, whereas in a closed
system, the result of a runaway will be a pressure increase. The resulting pressure
can be compared with the set pressure of the pressure relief system (Pset) or to
the maximum allowed working pressure (Pmax) or also to the test pressure (Ptest)
of the equipment.

15.5.1.3 Release
In an open system, since the gas or the vapor will be released from the reactor, the
consequences depend on the length of time of the release and on the properties of
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the gas or vapor (e.g. toxicity or flammability). The extension can be assessed by
using the volume of the toxic cloud and calculating its dilution to a critical limit.
For toxicity, the limit may be taken as the immediately dangerous to life and health
(IDLH) or other limits defined by law (for example, acute exposure guideline lev-
els [AEGL] that describe the human health effects from once-in-a-lifetime, or
rare, exposure to airborne chemicals). In case the gas or vapor is flammable, the
lower explosion limit (LEL) is the critical limit. Since it is easier to have a good
representation of a distance than of a volume, it is proposed to use the radius of
a half sphere to describe the extension of the gas or vapor cloud. Such a simple
approach has nothing to do with dispersion calculation using complex models
and meteorological information but is useful to assess the risks due to a runaway.

In the following, four different cases are considered:

1. Closed gassy system: Gas release in a closed reactor.
2. Closed tempered system: Vapor pressure in a closed system.
3. Open gassy system: Gas release in an open system.
4. Open tempered system: Vapor release in an open system.

15.5.1.4 Closed Gassy Systems
The volume of gas potentially released by a reaction (including secondary reac-
tions in criticality classes 4 and 5) can be known from the chemistry or mea-
sured experimentally by appropriate calorimetric methods, for example, Calvet
calorimetry, mini-autoclave, Radex, or reaction calorimetry (as V ′

g at Tmes and
Pmes). It must be corrected for the temperature to be considered, MTSR (class 2),
MTT (class 3 or 4), or Tf (class 5). Where the gas stems from the main reaction,
only the accumulated fraction (X) will be released:

Vg = mr ⋅ V ′
g ⋅ X ⋅

T(K)
Tmes(K)

(15.3)

This volume can be converted into a pressure increase by taking the available free
volume for the gas in the reactor (V r,g):

P = P0 +
Vg

Vr,g
⋅ Pmes (15.4)

15.5.1.5 Closed Vapor Systems
In this case, the pressure increase is due to the vapor pressure of volatile com-
pounds. Often the solvent can be considered as the volatile compound, so its
vapor pressure can be obtained from a Clausius–Clapeyron equation

P
P0

= exp
[−ΔvH

R

(
1
T

− 1
T0

)]
(15.5)

or from an Antoine equation

log P = A − B
C + T

(15.6)

For complex systems it may be obtained from a phase diagram P = f (x) or cal-
culated with specialized software for the estimation of physical properties like
PPDS and DIPPR [25].
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15.5.1.6 Open Gassy Systems
In an open system with gas production, the volume of gas can be obtained from
Eq. (15.3), at room temperature since it will be diluted in the atmosphere, and the
volume calculated either for a toxicity limit as, for example, the level called IDLH
or AEGL:

Vtox =
Vg

IDLH
⇒ r = 3

√
3 ⋅ Vtox

2𝜋
(15.7)

or from the LEL:

Vex =
Vg

LEL
⇒ r = 3

√
3 ⋅ Vex

2𝜋
(15.8)

In these equations, the extension is calculated as the radius of a half sphere, as it
is easier to estimate a distance than a volume. This geometry is used to give an
approximate idea of the order of magnitude of the area that may be affected by
gas or vapor release. This calculation is purely static and has nothing to do with
emission and dispersion. Other shapes could also be considered. The assessment
is by comparing the extension to characteristic dimensions, for example, of the
equipment, plant, and site.

15.5.1.7 Open Vapor Systems
An open tempered system is a system in which the latent heat of evaporation
is used to halt the temperature increase, that is, to temper the system. This can
be achieved at atmospheric pressure by reaching the boiling point or at higher
pressure by applying a controlled pressure relief. The first step is to calculate the
mass of vapor that may be relieved from the latent heat of evaporation and the
characteristic temperatures:

mv =
(Tmax − MTT) ⋅ c′p ⋅ mr

ΔvH′ (15.9)

The maximum temperature (Tmax) can be either the MTSR for class 3 or Tf for
classes 4 and 5. This mass is converted into a volume by using the vapor density
that may be estimated as an ideal gas:

𝜌v =
PMw

RT
(15.10)

and the extension is calculated in a similar way as for open gassy systems by using
either a toxicity limit or the LEL, as in Eqs. (15.7) and (15.8). The relevant con-
centration limits may also be found in material safety data sheets.

15.5.1.8 Extended Assessment Criteria for Severity
The assessment criteria based on energy, pressure, and release extension are sum-
marized in Table 15.1. The energy is assessed using the same criteria as presented
in Table 3.1. Additionally, the pressure effect is assessed by using the characteris-
tic pressure limits of the equipment: the set pressure of the pressure relief system
(Pset), the maximum allowable working pressure (Pmax), and the testing pressure
of the equipment (Ptest). The extension is assessed using the characteristic dimen-
sions of the situation: equipment (generally several meters), the plant (generally
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Table 15.1 Assessment criteria for the severity, using the energy
(ΔT ad), the pressure for closed systems, and the extension for open
systems.

Severity 𝚫Tad (K) P Extension (r)

Serious >400 >Ptest >Site
Critical 200–400 Pmax −Ptest <Site
Medium 50–200 Pset −Pmax <Plant
Negligible <50 <Pset <Equipment

10–20 m), and the site (generally above 50 m). In case more than one criterion
applies, the highest rating is taken (worst case) to assess the severity.

15.5.2 Controllability

For the controllability assessment, no quantitative failure rates will be used, but a
semiquantitative approach based on the probability of keeping a runaway under
control at the level MTT is used instead. The principle is that the thermal activity
at a given temperature as MTT , for example, is estimated with the aim of predict-
ing the behavior of the reacting mixture at this temperature level. A low activity
means that the temperature course is easy to control, whereas a high activity
makes it difficult, so loss of control is probable. It is assumed that the same reac-
tion that releases heat also releases gas and obviously the evaporation of volatiles.
This assumption can be verified experimentally by comparing heat release rate
and pressure increase rate in closed cell measurements. If the assumption is not
valid, the gas release rate must be derived from a kinetic analysis of gas release
rate as a function of temperature. The heat release can be compared directly to
the cooling capacity of an emergency cooling system. The control of gas or vapor
release is assessed using the maximum gas or vapor velocity in the equipment.

15.5.2.1 Activity of the Main Reaction
Starting from process temperature (Tp), the reaction is accelerated by the temper-
ature increase to MTT following Arrhenius law. But at the same time reactants
are converted, which results in a depletion of the reactant concentration and con-
sequently in reduction of the reaction rate. Thus, two antagonistic factors play at
the same time: acceleration with temperature and slowing down by the reactant
depletion. Both effects may be summarized in an acceleration factor (f acc) that
multiplies the heat release rate. Thus,

q(MTT) = q(Tp) ⋅ exp
[

E
R

(
1

Tp
− 1

MTT

)]
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

increases reaction rate

⋅
MTSR − MTT

MTSR − Tp
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

decreases reaction rate

= q(Tp) ⋅ facc

(15.11)
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Figure 15.6 Acceleration factor f acc = q(MTT)/q(TP) as a function of the position x of MTT
between T p (x = 0) and MTSR (x = 1), calculated for different values of the accumulation (ΔT ad)
based on an activation energy of 100 kJ mol−1.

In this equation, the conversion term for a first-order reaction (1−X) is expressed
as a function of the characteristic temperature levels of the scenario. First order is
a conservative approximation, since for higher reaction orders the reactant deple-
tion is even higher. Zero order would even be more conservative but is generally
unrealistic.

The heat release rate of the reaction at process temperature can be estimated
from an experiment in a reaction calorimeter. If it is unknown, as in a worst-case
assumption, the cooling capacity of the reactor can be used instead, since for an
isothermal process the neat heat release rate of the reaction is certainly inferior
to the cooling capacity. Some examples of the acceleration factor are represented
graphically in Figure 15.6. Here again the importance of mastering a runaway at
its beginning is evident.

15.5.2.2 Activity of Secondary Reactions
For cases where the secondary reaction plays a role (class 5), or if the gas release
rate must be checked (class 2 or 4), the heat release rate can be calculated from the
thermal stability tests (DSC or Calvet calorimeter). Secondary reactions are often
characterized using the concept of tmrad. A long time to maximum rate means
that the time available to take risk reducing measures is sufficient. However, a
short time means that the runaway may not be halted at the given temperature.
The heat release rate at the temperature at which tmrad is equal to 24 hours may
be calculated from

q′
D24 =

c′p ⋅ R ⋅ T2
D24

24 ⋅ 3600 ⋅ Ed
(15.12)

Note that in this case, the equation is solved for q, an algebraic solution, whereas
solving for T (as required for the determination of TD24) results in a transcenden-
tal equation, since the heat release rate is an exponential function of temperature.
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This would require an iterative procedure. This heat release rate may serve as a
reference for the extrapolation:

q′
(T) = q′

D24 ⋅ exp
[Ed

R

(
1

TD24
− 1

T

)]
(15.13)

15.5.2.3 Gas Release Rate
If we consider that thermal effects are the driving force of a runaway, we may
assume that the gas release is due to the same reaction. Thus, the gas release rate
can be calculated from

v̇g = V ′
g ⋅ mr ⋅

q′
(MTT)

Q′ (15.14)

Here the heat release rate and the energy represents the sum of all active reac-
tions. It may be only the main reaction (class 3) or both main and secondary
reactions (class 5). This calculates the gas velocity in the equipment:

ug =
v̇g

S
(15.15)

The gas velocity serves in the assessment of three possible limits:

• The friction losses in the piping system: In this case the section to be used is
that of the narrowest part of the pipe system.

• The swelling of the reactor contents due to the presence of bubble in the liquid
(Section 14.3.4): In this case the section to be used is the liquid surface in the
vessel.

• The scrubber: The capacity of a scrubber is often expressed as a volume flow
rate, which can be used directly.

15.5.2.4 Vapor Release Rate
The vapor mass flow rate is proportional to the heat release rate and can be cal-
culated in a similar way, as explained in Section 14.3.2:

ṁv =
q′
(MTT) ⋅ mr

ΔvH
(15.16)

The vapor mass flow rate can be converted to a volume flow rate by using the
vapor density calculated in Eq. (15.10), which calculates the vapor velocity in the
equipment using the section of the vapor tube:

uv =
ṁv

𝜌vS
(15.17)

The assessment of the equipment vapor flow capacity should also take the cool-
ing capacity of the condenser into account. This can be directly compared with
the heat release rate. Further, the swelling of the reaction mass, due to the pres-
ence of bubbles, may also become critical for high degrees of filling (see Section
14.3.4 and 16.2.3). The section to be used for swelling issues is the surface of the
liquid in the vessel. When both vapor and gas are released, obviously the sum of
both velocities must be used in the assessment.
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Table 15.2 Assessment criteria for the controllability of a runaway reaction.

Controllability
tmrad (h)
from MTT

q′ (W kg−1)
stirred

q′ (W kg−1)
unstirred

u (m−1 s−1)
pipe

u (cm−1 s−1)
vessela)

Unlikely <1 >100 >10 >20 >50
Difficult 1–8 50–100 5–10 10–20 20–50
Marginal 8–24 10–50 1–5 5–10 15–20
Feasible 24–50 5–10 0.5–1 2–5 5–15
Easy 50–100 1–5 0.1–0.5 1–2 1–5
Unproblematic >100 <1 <0.1 <1 <1

a) Allowing the assessment of swelling effects.

15.5.2.5 Extended Assessment Criteria for the Controllability
The effectiveness of the implemented measures obviously depends on the techni-
cal environment in the plant unit where the process is to be implemented. Thus,
the technical characteristics must be known for the assessment. The assessment
of the controllability is based on the time scale of the runaway reaction (tmrad),
on the achievable pressure level, and on the gas or vapor velocities. A proposal
for these assessment criteria is summarized in Table 15.2:

• The time period for the action of the planned measure is given by the reaction
kinetics; tmrad gives a good indication; the longer the time, the more control-
lable the process.

• In a closed system, the characteristic pressure limits will serve in the assess-
ment. Unfortunately, this criterion is usually not discriminating, since when
the equipment presents a high degree of filling, even with a very small gas
release, the pressure may increase critically.

• For an open system, the vapor or gas velocities serve as assessment criteria.
These velocities may be adapted, and so are different of those encountered in
emergency pressure relief, since here the aim is to control a runaway before it
becomes critical. Criteria are provided for the velocities in a piping system and
for the velocity across the liquid surface in a vessel by assessing the swelling
effect.

These criteria may be adapted to fit the specific plant conditions.

15.5.3 Assessment of Severity and Probability for the Different
Criticality Classes

Obviously not all the parameters described above need to be evaluated for each
scenario. In this context, the criticality classes are a useful tool in that they help
in selecting the required data for the assessment of severity and probability (see
Section 3.2). The criticality classes also give backbone to the systematic design
procedure (Table 15.3). The procedure to follow for this assessment is presented
below for each criticality class.
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Table 15.3 Required data set for the different criticality classes.
+ means “is required” and (+) means “may be required.”

Classa) 1 2 3 4 5

Gas main reaction V ′
g,rx

b) + + + + +
Gas sec. reactionV ′

g,dc
b) (+) (+) + +

Vapor (Pvap)b) + + +
Power main reaction q′

rx + + (+)
Power sec. reaction q′

dc (+) +

a) The determination of the class requires the knowledge of four
temperature levels: Tp, MTSR (that is, Xac), MTT , and TD24.

b) Besides the volume or vapor pressure, the toxicity limit or the LEL
must be known. The calculation of the velocities also requires
information about the diameter of the piping system.

15.5.3.1 Criticality Class 1
In this class, neither the MTT is reached nor are secondary reactions triggered.
Only if the reaction mass is maintained over a longer time under heat accumu-
lation conditions at the MTSR can the secondary reaction lead to a slow tem-
perature increase. It is recommended to check for gas production, which could
lead to a pressure increase if the reactor was closed or to a vapor or gas release
if the reactor was opened. This can be done by using the procedure represented
in Figure 15.7. In general, the gas release rate will be low due to the fact that
MTT < TD24.

15.5.3.2 Criticality Class 2
The situation is similar to class 1, except that the MTT is above TD24. This means
that under heat accumulation conditions, the activity of secondary reactions can-
not be neglected, leading to a slow but significant pressure increase or gas or
vapor release. Nevertheless, the situation may become critical only if the reac-
tion mass is left for a longer time at the level MTT . The assessment can be made
using the same procedure as for criticality class 1, represented in Figure 15.7. The
gas or vapor flow rate is an important parameter for the design of the required
protection measures such as condenser, scrubber, or other treatment units.

For semi-batch reactions, it is important to check if the rating as class 2 is due to
the control of the accumulation by the feed rate. Often reactions belong to class
5 if the feed is not immediately halted when a failure occurs. It is important to
recognize these “shifting class reactions,” since they require a reliable interlock
to stop the feed, in the case of deviation from the desired temperature toward
higher and lower temperature, in order to avoid any undesired accumulation of
reactant.

15.5.3.3 Criticality Class 3
In this class, the level MTT will be reached first, in the case of loss of control
of the main reaction. Thus, the potential for pressure rise and gas or vapor
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Figure 15.7 Assessment
procedure for criticality classes 1
and 2.
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release must be assessed using the energy of the main reaction only, since the
secondary reactions are not triggered by the loss of control of the main reaction.
The thermal activity at MTT can be determined by Eq. (15.11), since it is only
due to the main reaction. The heat release rate can be converted to gas or vapor
release rate by using Eqs. (15.14)–(15.17). This assesses the controllability of the
runaway by stabilizing the temperature at the level MTT , eventually by using a
controlled depressurization or hot cooling (cooling by evaporation). The gas or
vapor velocities are also useful for the design of protection measures, such as
condenser, scrubber, or other gas or vapor treatment equipment. The procedure
is depicted in Figure 15.8.

15.5.3.4 Criticality Class 4
This situation is similar to class 3, except that the MTSR is above TD24, meaning
that if the temperature cannot be stabilized at MTT , a secondary reactions could
be triggered. Thus, the potential of the secondary reactions cannot be neglected
and must be included in evaluation of the severity. The calculation of the potential
due to produced gas must also take into account the secondary reaction. The final
temperature is given by

Tf = Tp + Xac ⋅ ΔTad,rx + ΔTad,d (15.18)
Then the stabilization of the temperature at MTT can be assessed in a

similar way as for class 3 by using the determined thermal activity, following
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Figure 15.8 Assessment procedure for criticality class 3.

the procedure represented in Figure 15.9. Here the thermal activity of the
secondary reaction may be ignored, but it should be checked whether the gas
production rate by the secondary reaction remains uncritical. This assesses
the controllability of the runaway by using controlled depressurization or hot
cooling (cooling by evaporation). The gas or vapor velocities are also useful for
the design of protection measures, such as condenser, scrubber, or other gas or
vapor treatment equipment.

15.5.3.5 Criticality Class 5
In this class, in the case of loss of control of the main reaction, the secondary
reactions will be triggered. Thus, the severity is assessed by taking the potential
of both main and secondary reactions into account as in class 4. Nevertheless, the
difference with class 4 is that the level MTT is in the range where the secondary
reaction is active. Thus, the chance of stabilizing the temperature at MTT is poor.
In order to assess the thermal activity at MTT , two cases must be considered. In
the first case, the MTT is below MTSR, that is, the main reaction is not completed
as MTT is reached, but the secondary reaction is already active. Hence both the
main and the secondary reactions must be taken into account. In the second case,
MTT is above MTSR; thus the main reaction is completed at MTT , and only the
secondary reaction is taken into account. Nevertheless, generally the gas or vapor
velocities are found to be too high to allow a stabilization at MTT .

Emergency measures, such as pressure relief or containment, must be taken
to mitigate the consequences of a runaway that can no longer be avoided.
Nevertheless, by far a better measure is to redesign the process to reduce the
MTSR to a level below TD24. This may be achieved, for example, by using a
semi-batch reactor instead of a batch reactor and ensuring that the feed rate is
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Figure 15.9 Assessment procedure for criticality classes 4 and 5.

properly limited and interlocked with the temperature and the stirrer to main-
tain the accumulation of reactant at an acceptable level. A lower concentration
could achieve the same result, but at a cost to the process economy. Of course,
other process changes should be considered, including continuous reactors
and other synthesis route avoiding instable reaction masses (increase TD24).
Again, this shows how important it is to perform this assessment during process
development, when there is enough time left to change the process.

Worked Example 15.3 Criticality and Control Measures

An exothermal reaction is to be performed in a 2.5 m3 stirred tank reactor as
an isothermal semi-batch process at 80 ∘C. The specific heat of the reaction is
180 kJ kg−1, the specific heat capacity of the reaction mass is 1.8 kJ kg−1 K−1, and
the accumulation is 30%. The reaction is performed at atmospheric pressure and
the boiling point is 101 ∘C (MTT). There is a secondary reaction (decomposition)
that is uncritical below 105 ∘C, that is, T D24 = 105 ∘C. The decomposition energy is
150 kJ kg−1, and this decomposition releases 5 l of a toxic, but not flammable, gas
per kg reaction mass, measured at 25 ∘C and atmospheric pressure.

Data for the solvent, methylcyclohexane

Tb = 101∘C
Mw = 98.2 g mol−1

ΔvH′ = 357 kJ kg−1

IDLH = 1200 ppm
LEL = 1.2%vol
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Data for the decomposition gas

IDHL = 200 ppm, not flammable

Data for the reactor

Charge 2000 kg (final reaction mass)
Void volume 1 m3

Vapor tube diameter 150 mm from reactor to condenser
Gas tube diameter following the condenser: 80 mm
Set pressure of bursting disk 1 bar g
Maximum allowed working pressure 3.2 bar g
Test pressure 6 bar g

The cooling capacity of the reactor at 80 ∘C is estimated to be 60 kW.
Limits for the assessment of the extension: site, 50 m; plant, 20 m; equipment,

5 m.
Question
Assess the risk linked to triggering a runaway of the reaction and propose risk

reducing measures.

Solution
The first step is to assess the energy potential and the severity linked to vapor and
gas release.

From the specific heat of reaction of 180 kJ kg−1 and the specific heat capacity of
the reaction mass of 1.8 kJ kg−1 K−1, we find an adiabatic temperature rise of 100 K.
Since the accumulated energy is 30%, the MTSR is

MTSR = 80 + 0.3 × 100 = 110∘C

The criticality class is 4 (T p <MTT < T D24 <MTSR). Thus, the secondary reaction
could theoretically be triggered and the total energy release is

Q′ = XacQ′
rx + Q′

d = 0.3 × 180 + 150 = 204 kJ kg−1

Then from Eq. (15.18) the final temperature is

Tmax = Tr + Xac ⋅ ΔTad,rx + ΔTad,d = 80 + 0.3 × 100 + 83 ≈ 193∘C

This represents a temperature rise of 113 ∘C, corresponding to a medium severity
(Table 15.1).

The potential due to vapor release can be assessed by calculating the volume of
flammable vapor that may be released from Eqs. (15.8)–(15.10).

The mass of vapor is

mv =
(Tmax − MTT) ⋅ c′p ⋅ mr

ΔvH′ = (193 − 101) × 1.8 × 2000
357

≈ 928 kg

Its density at 101 ∘C is

𝜌v =
PMw
RT

=
1.013 × 105 Pa × 0.0982 kg mol−1

8.314 J mol−1 K−1 × 374 K
≈ 3.2 kg m−3
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Thus the volume of pure methylcyclohexane vapor is

V =
mv
𝜌v

= 928
3.2

= 290 m3

and the volume diluted to the LEL is

Vex =
Vg

LEL
= 290

0.012
= 24 167 m3

This represents an extension calculated as half sphere of

r = 3

√
3 ⋅ Vex

2𝜋
= 3

√
3 × 24 167

2𝜋
≅ 23 m

This extension is larger than the plant (20 m), but would remain within the site
perimeter (50 m). Thus, the severity based on flammable vapor is rated as “critical”;
thus, it is important to control the vapor release.

The same calculation using the IDLH (10% of LEL) for the assessment of the toxic
vapor release gives a 10 times larger volume and an extension of 50 m, which
reaches the site fence. The release of toxic vapor is rated “serious.”

From Eq. (15.3), the volume of gas released by the decomposition is

Vg = mr ⋅ V ′
g ⋅ X ⋅

T(K)
Tmes(K)

= 2000 × 0.005 × 1 × 466
303

≅ 15.4 m3

Diluted to the IDLH we get the volume

Vtox =
Vg

IDLH
= 15.4

200 × 10−6
≅ 77 000 m3

which gives an extension of about 33 m calculated as a half sphere. The release of
toxic decomposition gas is rated “critical.”

If the system was closed, the gas volume would be compressed to the available
volume in the reactor, resulting in a pressure of

P = P0 +
Vg

Vrg
= 1.013 + 15.4

1
≅ 15.4 bar g

The vapor pressure can be estimated from a Clausius–Clapeyron equation

P = P0 ⋅ e
−ΔvH′ ⋅Mw

R

(
1

Tf
− 1

MTT

)
= 1013 × e

−357 000×0.0982
8.314

(
1

466
− 1

374

)
= 9.4 bar abs

Since these pressures (gas or vapor) are far above the maximum allowed work-
ing pressure, and even the test pressure of the reactor, the severity based on this
criterion is rated as “serious.”

In summary, the severity is rated:

• “Medium” in terms of energy release.
• “Critical” in terms of flammable vapor.
• “Serious” in terms of toxic vapor.
• “Critical” in terms of toxic gas release.
• “Serious” in terms of pressure in a closed system.
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Thus, the system must be kept open to allow vapor to escape and condense.
Since the gas is toxic, a scrubber, which works in the case of cooling failure, must
be provided. The condenser must also work after a cooling failure, such as an inde-
pendent cooling system. In order to check the feasibility of these measures, it is
important to assess the controllability of the runaway at MTT : the objective is to
control the reaction course by providing evaporative cooling.

Since the system is in criticality class 4, the main contribution to the activity
at MTT stems from the synthesis reaction. Nevertheless, the contribution of the
decomposition reaction should also be checked, since MTT and T D24 are close
together.

To use Eq. (15.11), we must know the heat release of the reaction under normal
operating conditions and its activation energy. Since the heat release rate is not
given, we assume that the heat release rate is no higher than the cooling capacity.
Thus,

q′
rx =

qex

mr
= 60 kW

2000 kg
= 30 W kg−1

The activation energy is used to extrapolate the heat release rate to higher tem-
peratures; thus a high value should be used to be conservative, 100 kJ mol−1:

q(MTT) = q(Tp) ⋅ exp

[
E
R

(
1

Tp
− 1

MTT

)]
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

increases reaction rate

⋅
MTSR − MTT

MTSR − Tp
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

decreases reaction rate

q(MTT) = 30 × exp
[100 000

8.314

( 1
353

− 1
374

)]
× 110 − 101

110 − 80
= 30 × 6.78 × 0.3 = 61 W kg−1

The heat release rate of the secondary reaction can be estimated from the T D24,

using Eq. (15.12). Since the activation energy is unknown, we use a low value of
50 kJ mol−1 when extrapolating to lower temperatures:

q′
D24 =

c′p ⋅ R ⋅ T2
D24

24 ⋅ 3600 ⋅ Ed
= 1800 × 8.314 × 3782

24 × 3600 × 50 000
≅ 0.5 W kg−1

Extrapolating to MTT we obtain

q′
(T) = q′

D24 ⋅ exp
[Edc

R

(
1

TD24
− 1

MTT

)]
= 0.5 × exp

[50 000
8.314

( 1
378

− 1
374

)]
= 0.4 W kg−1

Thus, the main contribution is by the synthesis reaction, but the heat release rate of
the decomposition will be used to calculate the gas release rate. The heat release
rate of 61.4 W kg−1 would lead to a fast temperature increase under adiabatic con-
ditions (tmrad < 1 hour). The question is as to whether or not the reaction may be
controlled at the boiling point.

Vapor mass flow rate:

ṁv =
q′ ⋅ mr
ΔvH′ =

61.4 W kg−1 × 2000 kg
357 kJ kg−1

≅ 0.34 kg s−1 = 1238 kg h−1
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The cross section of the vapor tube (diameter 150 mm) is 177 cm2, which gives
a vapor velocity of

u =
ṁv
𝜌v ⋅ S

=
0.34 kg s−1

3.2 kg m−3 × 0.0177 m2
≈ 6.2 m s−1

This vapor velocity may lead to flooding of the vapor tube and so requires an active
condenser.

The gas release rate is calculated from the conversion rate of the decomposi-
tion reaction. This is equivalent to assuming that the same reaction, which releases
heat, also produces the gas:

v̇g = Vg ⋅
dX
dt

= Vg ⋅
q′

d

Q′
d

v̇g = 12.3 m3 ×
0.4 W kg−1

150 000 J kg−1
= 3.4 × 10−5 m3 s−1 ≈ 118 l h−1

Thus, the gas release is very slow, and the gas velocity in the vent line (diameter
80 mm) is negligible.

The assessment of the controllability of the runaway at the boiling point, using
the criteria in Table 15.2, gives the following:

• Thermal runaway, tmrad < 1 hour: The controllability is rated “unlikely.” Runaway
will occur, so adiabatic conditions must be avoided.

• Emergency cooling with stirrer requires 65 W kg−1: The controllability is rated
“difficult.” Emergency cooling will probably not work.

• Evaporation cooling, vapor velocity 6.2 m s−1: The controllability is rated
“marginal.” Evaporation cooling may work, but the velocity it somewhat
beyond flooding.

• Gas release rate, velocity <1 m s−1: The controllability is rated “unproblematic.”
The gas release will not cause any pressure build-up. Due to its toxicity, it must be
treated before release to atmosphere. The low gas flow rate makes this operation
“unproblematic.”

Due to the high vapor velocity at boiling point, it is recommended to reduce the
accumulation of reactant to a lower value. As an example, an accumulation of 25%
instead of 30% reduces the vapor flow rate to 3.3 m s−1, which should not cause
any flooding.

15.6 Exercises

15.1 Diazotization
This is a continuation of Exercise 3.1.
A diazotization is performed in aqueous phase by slow addition of sodium
nitrite in a 2.5 mol kg−1 solution of an aniline derivative. The process
temperature is 5 ∘C and the reaction considered fast at this temperature.
Nevertheless, for the safety analysis, an accumulation of 10% is considered
realistic. The industrial charge is 4000 kg of final reaction mass in a 4 m3
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glass-lined reactor. This vessel is protected against overpressure by a
safety valve with a set pressure of 0.3 bar g. The total empty volume of the
vessel is 5.5 m3. The vent line has an internal diameter of 50 mm, and the
maximum allowed working pressure of the reactor is 0.3 bar (g).
Thermal data

Reaction −ΔHr = 65 kJ mol−1 c′p = 3.5kJ kg−1 K−1

Decomposition −ΔHd = 150 kJ mol−1 TD24 = 30 ∘C

Questions
1. Estimate the gas release rate at MTSR (assess its controllability).
2. Does the process require protection measures against runaway?

15.2 Condensation
This is a continuation of Exercise 3.2.
A condensation reaction is performed in a stirred tank reactor in the
semi-batch mode. The solvent is acetone, the industrial charge (final
reaction mass) is 2500 kg, and the reaction temperature is 40 ∘C. The
second reactant is added in a stoichiometric amount at a constant rate
over two hours. Under these conditions, the maximum accumulation is
30%. The reaction does not produce any gas and its heat release rate is
20 W kg−1. The reactor is equipped with a condenser with a cooling power
of 250 kW, and the vapor tube has a diameter of 250 mm. The reactor can
be considered open.
Data

Reaction Q′
r = 230 kJ kg−1

c′p = 1.7 kJ kg−1 K−1

Decomposition Q′
d = 150 kJ kg−1

TD24 = 130 ∘ C

Physical data Acetone
Mw = 58 g mol−1

Tb = 56 ∘ C
ΔvH = 523 kJ kg−1

LEL = 1.6% v/v

Questions
1. Estimate the volume and extension of the flammable vapor cloud,

approximated as an isotropic half sphere, which would be released.
Assess the consequences.

2. Estimate the vapor flow rate at MTT (assess its controllability).
3. Suggest appropriate risk reducing measures.

15.3 Sulfonation
This is a continuation of Exercise 3.3.
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A sulfonation reaction is performed as a semi-batch reaction in 96%
sulfuric acid as a solvent. The total charge is 6000 kg with a final concen-
tration of 3 mol l−1. The reaction temperature is 110 ∘C, and Oleum 20% is
added in stoichiometric excess of 30% at a constant rate over four hours.
Under these conditions, the maximum accumulation of 50% is reached
after approximately three hours’ addition. At this time, the heat release
rate is 10 W kg−1. The stainless steel reactor is equipped with a 50 mm
diameter vent line. The maximum allowed working pressure is 6 bar g and
the test pressure is 8 bar g.
Data

Reaction Q′
r = 150 kJ kg−1 c′p = 1.5 kJ kg−1 K−1

Decomposition Q′
d = 350 kJ kg−1 TD24 = 140 ∘C

The decomposition of the sulfonic acid produces SO2 (IDLH = 100 ppm).
Questions
1. Estimate the resulting toxic cloud volume (diluted to IDLH) and the

extension.
2. Estimate the gas release rate at MTT . What will the consequences be?
3. What are your recommendations to the plant management?
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16

Emergency Pressure Relief

Case History “Nitro Aniline”

After 40 years of accident-free production of nitro aniline, an explosion occurred
with severe consequences for the building and its surroundings. A part of the auto-
clave weighing 6 tons was catapulted 70 m [1].

Subsequent enquiries revealed the following:

• The batch causing the accident had a massive overcharge of chloronitroben-
zene and thus an undercharge of ammonia, despite the large molar excess 4 : 1
of ammonia. This raised the reaction energy of the starting material mass and
the reaction speed and, as a consequence of the lower concentration of the
ammonia, reduced its partial pressure and lowered the total pressure below the
specified pressure.

• Kinetic studies of the defective batch showed that the jacket cooling was capa-
ble of dissipating the amination heat up to approximately 190 ∘C.

• Due to an impact at one end of the scale, the temperature registration (0–200 ∘C)
inaccurately indicated 194 ∘C.

• The autoclave was equipped with a separate pressure relief system consisting of
a rupture disk and a safety valve connected in series (set pressure 50 bar in each
case). It was clear from the debris that these mechanisms have been activated.

• Thermal balance calculations show that the reactor could have been relieved via
gas flow, that is, one-phase flow, through the rupture disk and safety valve up
to 250 ∘C and 65 bar. When the accident happened, the mass was not capable
of being relieved, even at lower temperatures, because a two-phase flow had
occurred, since the gas entrained liquid.

• It must be assumed that pressure had built up between the rupture disk and the
safety valve due to faulty seals (i.e. in the worst case the actual set pressure of
the relief system could have amounted to 2× 50 = 100 bar).

• It may be concluded from thermal studies that the heat release due to decom-
position attributed to the nitro group made a substantial contribution to the
destructive power of the thermal explosion from 350 to 400 ∘C.

A reconstructed temperature/time profile is represented in Figure 16.1.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 16.1 Evolution of
temperature during the
incident batch.

Lessons Drawn

• As extensively developed in Chapter 7, this is an example showing how sensitive
batch reactors are to charging errors: In a batch reactor, the reaction course is
only governed by the temperature, and charging raw material is equivalent to
“charge an energy potential” into the system. Hence a batch reactor requires
emergency measures.

• The secondary decomposition reactions were not or insufficiently identified.
The whole energy potential must be known and taken into account when
designing a protection strategy.

• Protective systems must be designed properly: Here deviations from normal
operating conditions must be carefully identified by risk analysis, and protec-
tion systems must be designed accordingly. Here two-phase flow was ignored,
and the space between the bursting disk and safety valve was not monitored.

Introduction

Emergency relief system (ERS) are very commonly used to protect vessels against
overpressure. They are even imposed by regulations. Besides the Case History
presented above, there are many cases where the emergency relief system did not
work properly. The main reason is probably that the sizing scenario was not cor-
rectly identified or its definition was not accurate enough. After an overview of
some general aspects like the position of the emergency relief system in a pro-
tection strategy and regulatory aspects and a short description of the protection
devices, an important section is devoted to the preliminary design steps, namely,
the identification and definition of the design case and the choice of the flow
model to be used for ERS design. Experience has shown that this part is of pri-
mary importance and takes approximately 80% of the total effort in an ERS design
project. Section 16.3 is devoted to the design calculations themselves, and finally
Section 16.5 describes some effluent treatment systems.
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16.1 General Remarks on Emergency Relief Systems

16.1.1 Position of Emergency Relief Systems in a Protection Strategy

Emergency pressure relief consists of protecting a reactor against overpressure,
by stopping the pressure increase through opening a vent line via a safety valve
(SV) or a bursting disk to allow gases or vapor to escape. The design of venting
lines, for reactions with thermal potential, is a complex matter, which is devel-
oped in this chapter using the knowledge presented in previous Chapters 2, 3,
5–11, and 15. It is important to keep in mind that as its name states, an emer-
gency relief system remains an emergency measure and thus represents the last
line of defense in a protection strategy. As such it should only be considered after
other measures like eliminating measures and preventive measures were taken
(see Chapter 15). The reason is that during pressure relief, the reaction mass or
parts of it will leave the reactor and may lead to secondary incidents like fire,
explosion, or atmospheric dispersion.

Emergency pressure relief cannot be used in every case: there have been not
only examples where pressure relief was able to protect reactors from an explo-
sion but also cases where a reactor exploded, even with an open manhole (see
Case History in Chapter 5). This measure only applies to reaction systems where
the pressure increases significantly for small temperature increases above the
normal operating conditions. In addition, the discharge line must end in a safe
place, for example, in a catch tank or a scrubber, to avoid spillage of possibly toxic
or flammable material. Thus an emergency relief system must often comprise an
effluent treatment system.

16.1.2 Regulatory Aspects

In many countries the protection of closed and heated vessels against overpres-
sure is required by the regulations. The objective is to protect the equipment,
meaning that if the pressure exceeds a defined value, an emergency relief system
opens and allows the pressure rise to be stopped, avoiding bursting of the vessel.
The regulations specify the obligation to install an emergency relief if the product
of pressure× volume> given limit.

Pressure vessels are usually constructed following a pressure vessel code like
the British Standard BS 5500 [2], the American ASME VIII [3], or the German
AD2000 [4]. The equipment have been assigned a design pressure, a maximum
allowed working pressure (MAWP), and a testing pressure. Usually a temporary
increase of the pressure above the MAWP by typically 10% of the gauge pres-
sure is allowed. This pressure increase is also called accumulated pressure [5].
Thus the emergency relief system must be designed in such a way that during
pressure relief, the pressure is allowed to reach, but not surpass, the maximum
accumulated pressure. Another important parameter is the pressure at which the
pressure relief system opens: this pressure is called the set pressure.
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16.1.3 Protection Devices

For vessel’s overpressure protection, different devices are used: bursting disk,
safety valves, sometimes in combination.

16.1.3.1 Bursting Disks
A bursting disk is an intentional “weak point” in the vessel to be protected. It
is usually built as a metal membrane or a graphite disk, which bursts when the
differential pressure across it exceeds a defined value: the bursting pressure. The
actual bursting pressure may vary between ±5% and 10% of the nominal gauge
bursting pressure. Bursting disks exist also for vacuum operation.

The great advantage of a bursting disk is that when it opens it immediately
opens its full section. But a bursting disk will never close again, which means that
the protected system will be depressurized until the pressure is equilibrated with
the downstream pressure, usually atmospheric pressure. The minimum opening
pressure of a bursting disk is temperature dependent and may also be affected
by repetitive pressure cycling (fatigue). Thus this parameter must be taken into
account during the design procedure.

16.1.3.2 Safety Valves
Safety valves are spring-loaded valves that begin to lift at the set pressure. For
“normal” safety valves, the lift is complete at 110% of the set pressure called relief
pressure. Different characteristics for the lift as a function of the pressure are
available (Figure 16.2):

• The normal opening with a proportional lift from set pressure (Pset) to about
107% of the set pressure (Pp) and then a fast opening range reaching the full
stroke at 110% (Pc).

• The full stroke valve with a short proportional stroke to 102% (Pp) of the set
pressure, then full stroke at 105% (Pc).

• The proportional safety valve with a linear characteristic from set pressure
(Pset) to full stroke at 110% (Pc).

Obviously the safety valve reseats when the pressure decreases below the set
pressure. The pressure at which it reseats is inferior to the set pressure leading to
a hysteresis. It must also be noticed that a safety valve may not be tight when reset.
As a consequence of its principle, the protected vessel will remain at a pressure
above the atmospheric, close to the set pressure. If the source of pressure buildup
has not ceased, the pressure increases again, the safety valve opens, etc., and this
cycling may continue. If the frequency of these cycles (opening/closing) is close to
the resonance frequency, the valve chatters, what may lead to its destruction [6].
For this reason, the last step in the sizing procedure of a safety valve is checking
its function stability (see Section 16.3.6).

16.1.3.3 Combined Systems
Different combinations of protection devices may also be installed. The most fre-
quent is a bursting disk and a safety valve in series: the bursting disk protects
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Figure 16.2 Opening
characteristics of safety valves.
(a) Normal safety valve, (b) full
stroke valve, and (c)
proportional valve. Source:
Adapted from Leser technical
documentation.
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the safety valve against splashes and presents an easy cleaning surface on the
vessel side. In this case the set pressures are the same, or very close to each other.
Another common combination is bursting disk and safety valve in parallel: the
safety valve has the lower set pressure and protects the vessel against minor relief
scenarios like pressure due to volume displacement. Scenarios requiring more
important discharge capacities are taken by the bursting disk at higher pressure.

16.1.3.4 Other Systems
The devices described in the previous Sections 16.1.3.1–16.1.3.3 are all mechan-
ically driven. In special cases it is also possible to use controlled valves to open a
closed vessel allowing for its depressurization. Great care is to be devoted to the
reliability of the system (Chapter 17). Such protection systems may be designed
using classical elements or commercial built controlled pressure relief valves
(PRV).
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Table 16.1 Steps of the sizing procedure for bursting disks and safety valves.

Step Bursting disk Safety valve

1 Definition of the design case Definition of the design case
2 Determination of the flow regime

(one- or two-phase flow)
Determination of the flow regime
(one- or two-phase flow)

3 Calculation of the mass flow rate
required to be discharged from the
pressurized system

Calculation of the mass flow rate
required to be discharged from the
pressurized system

4 Determination of the dischargeable
mass flux through an ideal nozzle
(discharge capacity)

Determination of the dischargeable
mass flux through an ideal nozzle
(discharge capacity)

5 Correction for friction losses Calculation of the required discharge
area and diameter

6 Calculation of the required discharge
area and diameter

Checking function stability taking
pressure losses into account

16.1.4 Sizing Methods

An essential point, when considering emergency relief, is that as the relief
system suddenly opens, reaction mass may be entrained by the gas or vapor,
leading to two-phase flow that decreases the relief capacity of the system. Thus,
in cases where two-phase flow occurs, the methods developed by the Design
Institute of Emergency Relief Systems (DIERS) should be used [5, 7–10]. These
methods together with the omega method by J. Leung [11] and its extension for
non-equilibrium after Diener–Schmidt [12] as described in the ISO 4126-10
Standard [13] are presented in the next Sections 16.2 and 16.3.

The sizing methods described here cover the sizing of bursting disks and safety
valves for tempered systems, where the pressure stems from the vapor pressure
of the system, for gassy systems where the pressure is due only to gas release,
and hybrid systems where the pressure is due to both, vapor and gas. The sizing
methods used for one-phase flow are also summarized [14–20].

The systematic sizing procedure as describes in the ISO 4126-10 Standard [13]
is followed (Table 16.1).

16.2 Preliminary Steps of the Sizing Procedure: The
Scenario

16.2.1 Step 1: Definition of the Design Case

All reasonably conceivable deviations from normal plant operation shall be con-
sidered to identify the design case. Whether or not it is required to consider
malfunction as reasonably possible can depend on the hazard potential and local
regulatory requirements. The choice of the design case is of key importance for
the sizing of an ERS and often more important than the calculation itself.
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The design case is generally identified in a process risk analysis, e.g. Hazard
and Operability Study (HAZOP), preliminary hazard analysis (PHA), event tree
analysis or failure tree analysis or checklist, etc. All these procedures provide a
means to assess the causes for a pressure increase. These causes can be related
to changes in mass and energy transfer to or from the pressurized system, or a
deviation from the normal reaction system, e.g. when a thermal runaway reaction
occurs.

Relief scenarios are classified into two main categories: physical scenario and
chemical scenario.

• Physical scenario additional mass or heat input as:
∘ Gas input into closed reactor
∘ Liquid input into closed reactor
∘ Fire: vessel submitted to fire
∘ Solar radiation
∘ External heating, e.g. due to failure of the temperature control system
∘ Thermal expansion of enclosed liquids

• Chemical scenario
∘ Gas production by reaction
∘ Runaway reaction and pressure increase

The variation of the thermal power with temperature is totally different if we
compare external heating, with chemical scenario (Figure 16.3). With external
heating, the power linearly decreases with temperature since the temperature dif-
ference between the heating system and the vessel contents decreases, whereas
with a chemical reaction, it increases exponentially.

Further on, the system can be characterized by the source of pressure increase:

• Tempered: The pressure is due only to the vapor pressure of the system.
• Gassy: The pressure is due only to gas production or release within the vessel.
• Hybrid: The pressure stems from both vapor pressure and gas.

The pressure increase as a function of time under relief conditions strongly
depends on the tempering behavior of the system.

Figure 16.3 Variation of
power as a function of
temperature. External

heating

Reaction

T

q
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16.2.2 Step 1: Quantifying the Relief Scenario

Quantifying a relief scenario requires the knowledge either of the thermal power
input for scenarios involving external heating or exothermal reactions, or a
volume flow rate for scenarios with volume displacement or reactions with gas
release.

Quantifying the relief scenario is the most critical task in a sizing procedure
especially with chemical systems, since it requires a profound knowledge of the
behavior of a reactive system under conditions deviating from the normal oper-
ation conditions.

16.2.2.1 Volume Displacement
Volume displacement scenarios are physical scenarios where a gas or a liquid is
fed to a closed reactor, for example, after the vent was not properly opened before
starting the feed. For such scenario, one must know the maximum feed rate into
the vessel, which usually requires a pressure drop calculation at a control valve,
or the knowledge of a volumetric flow rate through a pump. The pressure drop
is calculated from upstream pressure to the set pressure in the reactor. These
calculations are basic engineering calculations and are not detailed here.

In such scenarios, if the feed enters the reactor above the liquid surface, the flow
is most likely to be one-phase flow, since there is not bubble generation within
the liquid, hence no swelling of the liquid.

16.2.2.2 External Heating: Fire Cases
In case a pool fire occurs beneath a vessel containing a volatile compound, the
pressure in the vessel increases as its temperature increases. The vapor flow rate
generated in the vessel is proportional to the effective heat input in watt, which
is calculated using an experimentally established standard equation [21].

q = C ⋅ F ⋅ A0.82 (16.1)

The proportionality constant C was determined experimentally and takes two
different values depending on the firefighting capabilities: 43 200 if adequate
drainage and prompt firefighting are available and 70 900 if this is not provided.
The environment factor F takes the thermal insulation into account: F = 1 if
there is no insulation, and lower values are listed in Ref. [21]. The area of the
vessel wall wetted by the liquid and exposed to the fire is given by A0.82 where the
exponent 0.82 stands for the fact that engulfment by fire is not total. In addition
the wetted area should be taken only to a height of 7.5 m above the ground of the
pool fire.

16.2.2.3 External Heating: Maximum Heating
The failure of the temperature control system of a heated vessel may lead to over-
heating and pressure increase if a volatile compound is present in the vessel. The
heat input is calculated using Eq. (2.12):

q = UA(Tc − T0) (16.2)

where Tc is the temperature of the heating medium and T0 is the boiling temper-
ature at the set pressure of the safety valve or bursting disk. For external heating,
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the power input decreases as the vessel contents temperature increases. Thus it
is conservative and recognized good engineering practice to use the power at the
set pressure. The heat exchange area can be taken from the manufacturer data.
The choice of the overall heat transfer coefficient is critical: it should be chosen
rather high to be conservative and to account for its increase due to the bubble
formation at the wall. It is also a good practice to check if the heat input is not
limited by the steam supply using the Cvs of the steam control valve.

In case of external heating, the bubble generation takes place at the wall, which
leads to less swelling and makes disengagement more likely to occur.

16.2.2.4 Chemical Scenario Without Gas Release
Compared with the external heating scenario, a chemical scenario presents two
great differences: (i) The thermal power increases exponentially with tempera-
ture, which is totally different from the external heating scenario as described in
the previous Section 16.2.2.3. (ii) The bubble generation takes place in the bulk
of the reaction mass leading to a homogeneous dispersion of the bubbles in the
volume, which makes swelling and two-phase flow more likely to occur. In the
case of reactions without gas release, the pressure increase results from the vapor
pressure of the system. Therefore in the case of depressurization, the volatile com-
pounds will evaporate, which represents an endothermal contribution to the heat
balance and may cause a so-called tempering effect. This may stabilize the tem-
perature of the system and stop a commencing runaway and consequently the
pressure increase. For this reason it is essential to choose a set pressure as low as
practicable in order to avoid the reaction to increase to critical values. If properly
designed, pressure relief is a very efficient means to protect the reactor against
overpressure.

The required data are essentially the heat release rate of the reaction that will
result in an evaporation and thus in a discharge flow rate. The determination of
the heat release rate of a reaction under relief conditions is best performed using
a low phi adiabatic calorimeter as the Vent Sizing Package (VSP; Section 4.5.5).
With this instrument, the temperature and pressure course are measured under
close to adiabatic conditions, which allows to extract directly the temperature
and pressure increase rates [22]:

q = m ⋅ c′p
dT
dt

(16.3)

Alternatively other techniques such as the Calvet calorimeter (Section 4.3.2)
allow for a simultaneous measurement of heat flow and pressure. In this case the
power under relief conditions is calculated from the reaction kinetics.

q = k0 ⋅ e
−E
RT ⋅ f (X) ⋅ Q (16.4)

The isoconversional approach (Section 10.4.3) has proven to be very powerful in
this task [23].

16.2.2.5 Chemical Scenario with Gas Release
Reactions with gas production are more critical to control by pressure relief. The
reason is that the exponential increase of the reaction rate cannot be limited by
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Figure 16.4 Typical
temperature and pressure
course during pressure relief.

an endothermal evaporation, and the reaction will accelerate to its maximum
rate under adiabatic conditions (Figure 16.4). This may lead to extremely high
gas flow rates, rendering the pressure relief non-practicable. If a volatile com-
pound is present in the reaction mass, the pressure increase may result from both
the vapor pressure and gas release. Such systems are called hybrid systems. They
may temper or not depending on the properties of the system and the relief set
pressure; therefore it is essential to verify experimentally the tempering effect in
an open VSP test, where the pressure relief is simulated by opening a valve as
the set pressure is reached. Such an experiment allows verifying the efficiency
of the tempering effect, as well as measuring the mass of liquid and the volume
of non-condensable gas discharged (Figure 16.5). A similar technique consist of
performing a “scaled blowdown” test to verify the adequacy of a particular vent
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Figure 16.5 VSP experiment simulating a pressure relief with measurement of the mass of
liquid and volume of non-condensable discharged. Source: Used with permission of Fauske
and Associates LLC.
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size, or to determine two-phase flow regime based on the extent of two-phase
discharge due to entrainment of liquid from the VSP cell.

For a gassy system the mass flow rate to be discharged is calculated from the
volume flow rate and the density. The volume flow rate must be expressed under
relief conditions (pressure and temperature):

ṁ = 𝜌 ⋅ v̇g (16.5)

16.2.3 Step 2: Determination of the Flow Behavior

In this section we consider vessels built as a vertical cylinder. The flow behav-
ior in an emergency relief system depends on the degree of filling of the reactor
(Figure 16.6), which in turn depends on the density and reactor geometry as spec-
ified above. The void fraction in the reactor is given by

𝛼0 = 1 −
Vl

Vmax
(16.6)

The bubble rise velocity is calculated from

ug =
v̇g +

q′ ⋅ mr

ΔvH′ ⋅ 𝜌v

Ar
(16.7)

where Ar is the area of the internal cross section of the reactor.
The bubble rise velocity is an important parameter: during the time the bubble

travels from the bulk of the liquid to the surface, it occupies a certain volume,
which results in a level swell of the liquid in the reactor. If the liquid level reaches
the nozzle where the pressure relief system is installed, liquid is entrained in the
relief system, which means that the flow regime is two-phase flow. This in turn
results in significantly larger sizing for the relief system and also requires an efflu-
ent treatment system to catch the discharged liquid.

In order to discriminate between one-phase and two-phase flow, the bubble rise
velocity is compared with the limit bubble rise velocity, which is a function of only
the physical properties of the system. Two models are used for the calculation of
the limit bubble rising velocity:

Figure 16.6 Degree of filling and characteristic volumes:
Level 1 represents the liquid volume at stagnation
conditions, level 2 represents the maximum allowable
volume before two-phase flow occurs, and level 3
represents the total volume for gas, which must include
connected equipment.
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• Churn turbulent, essentially for low viscosities (𝜇 < 0.1 Pa s) and heating from
the wall:

u∞ = 1.53
[𝜎 ⋅ g ⋅ (𝜌l − 𝜌g)]0.25√

𝜌l
(16.8)

• Bubbly flow, essentially used for high viscosity (𝜇 > 0.1 Pa s) or heating in the
bulk (runaway):

u∞ = 1.18
[𝜎 ⋅ g ⋅ (𝜌l − 𝜌g)]0.25√

𝜌l
(16.9)

In order to compare the bubble ascending velocity given by Eq. (16.7) with the
limit velocity given by Eq. (16.8) or (16.9), the ratio also called dimensionless
velocity is used:

Ψ =
ug

u∞
(16.10)

This value is then compared with the maximum dimensionless velocity leading to
the limit of disengagement for a given void fraction in the reactor. These expres-
sions contain a correlation parameter C0 that was obtained experimentally during
the DIERS project [7, 24, 25].

The maximum dimensionless velocity for the churn turbulent flow model is

Ψmax =
2𝛼0

1 − C0𝛼0
(16.11)

The correlation parameter C0 describes the radial distribution of bubbles. A typi-
cal range for C0 is between 1.01 and 1.5, where the value of 1.01 represents a uni-
form radial distribution of bubbles and therefore gives the highest level swell and
is conservative for tempered systems. The uniform radial distribution of bubbles
is representative for exothermic chemical reactions and flashing due to depres-
surization. The value C0 = 1.5 corresponds to the best fit to DIERS experimental
data for churn turbulent flow with nonviscous (𝜇 < 0.1) and non-foamy contents
[8]. It is conservative for non-tempered systems [5].

For the bubbly flow model the level swell is obtained as a function of the void
fraction:

Ψmax =
𝛼0(1 − 𝛼0)2

(1 − 𝛼3
0)(1 − C0𝛼0)

(16.12)

In this flow model, the parameter C0 is typically between 1.01 and 1.2, where
C0 = 1.01 represents homogeneous flow or foamy flow. Consequently is conserva-
tive for tempered systems. The value C0 = 1.2 represents bubbly flow with viscous
systems (𝜇 > 0.1–0.2 Pa s). It is conservative for non-tempered systems.

The solutions of the level swell calculations with both models churn turbulent
flow and bubbly flow are represented graphically in Figure 16.7 for different values
of the correlation parameter.

The choice of the adequate flow model depends on the physics characterizing
the design case and on the results of the level swell calculations. The dimension-
less velocity obtained from the design case (Ψ) in Eq. (16.10) is compared with the
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Figure 16.7 Flow models: maximum velocity as a function of the degree of filling.

maximum dimensionless velocity (Ψmax) obtained with the void fraction in the
reactor (𝛼0) for the adequate model (see Eqs. (16.11) and (16.12)). If, with the void
fraction in the reactor, the dimensionless velocity obtained for the design case is
greater than the maximum dimensionless velocity for the model (Ψ>Ψmax), then
the flow is two phase.

16.3 Sizing Steps: Fluid Dynamics

16.3.1 Step 3: Mass Flow Rate to Be Discharged

In tempered systems, during a pressure relief, the temperature is stabilized by
evaporation cooling. Since the power input is depending on temperature and
the temperature varies between the set pressure and the maximum accumulated
pressure, the choice of the power to be used in the design calculations requires
some care as was discussed in Section 16.2.2. Since often extrapolations are
required, the methods presented in Section 15.5.2.1 for the main reaction and
Section 15.5.2.2 for secondary reactions are useful for ERS design.

16.3.1.1 Mass Flow Rate for Vapor Relief with One-Phase Flow
If we consider one-phase flow with a vapor, the mass flow rate to be discharged
is proportional to the thermal power that leads to evaporation as described in
Section 15.5.2.4:

ṁ =
q

ΔvH
=

q′ ⋅ m
ΔvH

(16.13)
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16.3.1.2 Mass Flow Rate for Vapor Relief with Two-Phase Flow
If two-phase flow occurs in a tempered system, the mass flow rate to be
discharged is determined using the Leung’s method [11, 26]:

ṁ =
q′ ⋅ mr[(Vtot ⋅ ΔvH

mr ⋅ vlv

)0.5

+ (cvΔT)0.5

]2 (16.14)

With the latent volume change

vlv =
1
𝜌v

− 1
𝜌l

(16.15)

In the derivation of Eq. (16.14), the following assumptions are made:

• The mass flow rate is constant between Pset and Pmax.
• The heat input (q′) is constant.
• Constant physical properties cv, ΔvH , vfv.
• No slip: vapor and liquid flow at the same velocity.
• No disengagement: flow remains two phase.

These assumptions are conservative and allow to use only data relative to the
stagnation conditions.

16.3.1.3 Mass Flow Rate for Gas Relief with One- or Two-Phase Flow
The gas mass flow rate must be known from the definition of the design case.
If it is generally calculated from the volume flow rate under relief conditions as
described in Section 15.5.2.3, this means at relief pressure and temperature that

ṁ = v̇g ⋅ 𝜌 (16.16)

16.3.1.4 Mass Flow Rate for Hybrid Systems with Two-Phase Flow
For hybrid systems, the calculation of the temperature increase during pressure
relief must account for the formation of gas that leads to lower temperature
increase since the maximum accumulated pressure is reached sooner. This
results in two corrections that must be applied: The available volume for the
vapor is reduced by the presence of a gas, and the overheating must be corrected,
accounting for the presence of the gas:

ṁ =
m0 ⋅ q′[(Vtot

m0

ΔvH′

vfg

Pv

P

)0.5

+ (cp ⋅ ΔTH)0.5

]2 (16.17)

Pv

P
=

v̇v

v̇v + v̇G
(16.18)

ΔTH =
Pmax − Pset(

ΔP
ΔT

)
closed

(16.19)

(ΔP
ΔT

)
closed

=
dPv

dT
+

dPG

dt
dT
dt

=
dPv

dT
+

dPG

dt
cp

qset
(16.20)
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dPv

dT
=

Pv

P
Pmax − Pset

Tmax − Tset
(16.21)

dPG

dt
=

Pset ⋅ v̇G

𝛼0 ⋅ Vtot
(16.22)

Even if these expressions appear to be complex, their calculation only requires
sparse data: besides the data used for the tempered system and the characteristic
relief conditions such as pressures Pset and Pmax and temperatures Tset and Tmax,
only the vapor pressure Pv and the gas volume flow rate under relief conditions
(v̇G) must be known.

16.3.2 Step 4: Dischargeable Mass Flux Through an Ideal Nozzle

16.3.2.1 One-Phase Flow
For one-phase flow, we assume the pressure relief system to be an ideal nozzle and
calculate the mass flux as an isentropic compressible flow as described in different
standards [4, 14, 15, 17, 27, 28], then corrected by a discharge factor as provided
by the valve manufacturers. Thus the first step is to check if the flow is sonic
or subsonic. First the critical pressure ratio (back pressure Pb over stagnation
pressure P0) is calculated from the isentropic exponent

(
𝛾 = cp

cv

)
:[Pb

P0

]
crit

=
[

2
𝛾 + 1

] 𝛾

𝛾−1

(16.23)

Then for subsonic flow the flow function (Ψ) is obtained as a function of the pres-
sure ratio and isentropic exponent:[Pb

P0

]
crit
<

Pb

P0
⇒ 𝜓 =

√√√√ 𝛾

𝛾 − 1

[(Pb

P0

) 2
𝛾

−
(Pb

P0

) 𝛾+1
𝛾

]
(16.24)

or for sonic flow, where it is only function of the isentropic exponent:[Pb

P0

]
crit

≥
Pb

P0
⇒ 𝜓 = 𝜓max =

√
𝛾

𝛾 + 1

[
2

𝛾 + 1

] 2
𝛾−1

(16.25)

Finally the mass flux (G) is calculated from the density (𝜌):

G = 𝜓 ⋅
√

2 ⋅ P0 ⋅ 𝜌 (16.26)

16.3.2.2 Two-Phase Flow
The dischargeable mass flux is calculated using the omega model [11]. Leung
developed an equation of state for a two-phase mixture, which describes the
relationship between density of the mixture and pressure. This equation of state
presents only one parameter: the omega factor (𝜔) representing the compressibil-
ity. The strength of the method is that it bases only on a one-point extrapolation,
thus requiring only data at design pressure. Therefore all parameters appear with
the subscript 0. For a tempered system Leung proposed different expressions:

𝜔 =
𝛼0

𝛾

+
cpT0Pv0

v0

( vfv

ΔvH

)2

(16.27)



442 16 Emergency Pressure Relief

In the above calculation of the compressibility, one of the assumptions is that
thermal and thermodynamic equilibrium are reached in the nozzle. Since in a
safety valve the nozzle is short and the flow velocity high, during the time spent
for the expansion, the thermodynamic equilibrium cannot be achieved, which is
equivalent to considering that a boiling delay takes place. This results an appar-
ent decrease of the compressibility. Diener and Schmidt [12] solved this problem
by multiplying the compressibility as defined in Eq. (16.27) with a correction
factor:

N =

[
ẋ0 + P0 ⋅ cvf ,0 ⋅ T0 ⋅

vv,0 − vf ,0

ΔvH2
0

⋅ ln
(

1
𝜂c

)]a

(16.28)

where the exponent (a) is equal to 0.4.
For a gassy system, since there is no evaporation, the compressibility is only a

function of the void fraction (𝛼0) and the isentropic exponent:

𝜔 =
𝛼0

𝛾

(16.29)

The critical pressure ratio (𝜂c) for frictionless chocked flow in an ideal nozzle is
calculated from

𝜂
2
c + (𝜔2 − 2𝜔)(1 − 𝜂c)2 + 2𝜔2 ln 𝜂c + 2𝜔2(1 − 𝜂c) = 0 (16.30)

The critical pressure ratio compared with the available pressure ratio allows to
determine whether the flow is sonic or subsonic. Then from the compressibility
and critical pressure ratio, the dimensionless mass flux can be calculated:

For sonic flow

G∗
c =

𝜂c√
𝜔

(16.31)

For subsonic flow

G∗
c =

√
−2[𝜔 ln 𝜂c + (𝜔 − 1)(1 − 𝜂c)]

𝜔

(
1
𝜂c
− 1

)
+ 1

(16.32)

Finally the mass flux is given as

Gc = G∗
c

√
P0

v0
(16.33)

and the critical pressure is

Pc = 𝜂c ⋅ P0 (16.34)

16.3.3 Step 5 for Bursting Disk: Correction for Friction Losses

The discharge capacity obtained in the previous Section 16.3.2 corresponds to
an ideal nozzle and must be corrected by the friction losses, which are calcu-
lated using the inclination number depending on the relief piping geometry.
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Table 16.2 Common friction coefficients.

Fitting 𝜻 f Fitting 𝜻 f

Entrance from reservoir 0.50 Reducer square edged 2/3 0.30
90∘ elbow R/D = 1.0 0.40 Reducer conical 30∘ 2/3 0.10
90∘ elbow R/D = 1.5 0.30 Reducer rounded 0.10
90∘ elbow R/D = 3.0 0.18 Below (estimated) 0.10
90∘ elbow R/D = 5.0 0.16 Tee standard along run 0.40
45∘ elbow R/D = 1.0 0.30 Tee standard L entering run 1.00
45∘ elbow R/D = 1.5 0.20 Tee standard L entering branch 1.00
Full port ball valve 0.10 Tee square edged 1.20
Full port gate valve 0.17 Bursting disk conservative 2.40
Outlet 1.00 Bursting disk real 1.60

A “standard” friction coefficient is used for two-phase flow in pipes (4f = 0.02),
and the friction loss factor is expressed as a function of the length of piping (L)
and the pipe diameter (D) as usual:

𝜁 = 4f L
d

(16.35)

For fittings, the commonly used friction coefficients are summarized in
Table 16.2.

Thus for a typical piping system

𝜁 = 0.5 + 4f L
d
+
∑

i
𝜁f ,i (16.36)

where 0.5 accounts for the inlet from reservoir into the piping, the second term
accounts for the straight pipe sections, and the third term is the sum accounting
for all fittings, elbows, etc. The equivalent length is obtained from

Le =
d ⋅

∑
i
𝜁i

4f
(16.37)

The inclination number allows to take the losses due to liquid height into account:

Fi =
𝜌0 ⋅ g ⋅ h(

4fL
d

)
P0

(16.38)

and solving the integral equation for Gcorr

4f L
D

= −
∫

𝜂2

𝜂1

[(1 − 𝜔)𝜂2 + 𝜔𝜂]
(

1 − G2
corr

𝜔

𝜂2

)
d𝜂

G2
corr

2
[(1 − 𝜔)𝜂 + 𝜔]2 + 𝜂2Fi

(16.39)

gives the friction corrected mass flux and thus the discharge capacity of the bust-
ing disk and its discharge piping system.
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16.3.4 Step 6 for Bursting Disk: Calculation of the Required Relief Area

The required relief area is then calculated from the mass flow rate to be discharged
(ṁ) and from the friction corrected dischargeable mass flux as (Gcorr):

A = ṁ
Gcorr

Of course this area is rounded to fit the next commercially available rupture
disk size.

16.3.5 Step 5 for Safety Valve: Calculation of the Required Relief Area

The required relief area is obtained from the mass flow rate to be discharged (ṁ)
and the mass flux (G) as calculated previously, corrected with a derated discharge
factor (Kdr):

A = ṁ
Kdr ⋅ G

(16.40)

For one-phase flow, the discharge factor is directly taken from the manufacturer’s
information. For two-phase flow, in the original work by J. Leung [11], it is recom-
mended to use the discharge coefficient for gas flow. In the ISO 4126-10 [13], it
is recommended to use a weighted average between both coefficients for gas and
for liquid flow, calculated as follows. The safety valve producers provide discharge
coefficients for liquid (Kdrl) and for gas or vapor flow (Kdrv). The coefficient for
two-phase flow is calculated as an average weighted with the void fraction at the
seat. This requires the knowledge of the fluid properties at the seat, essentially
the void fraction (𝛼seat), which is obtained as follows from the “quality” or mass
fraction of the gas or vapor as a function of properties at stagnation conditions
(void fraction [𝛼0], specific volume of the vapor [vv0] and of the liquid [vl0])

x0 =
𝛼0 ⋅ vl0

(1 − 𝛼0)vv0 + 𝛼0 ⋅ vl0
(16.41)

and from the specific volume of the two-phase mixture:

v0 = x0 ⋅ vv0 + (1 − x0)vl0 (16.42)

The void fraction at seat is then calculated using the compressibility:

𝛼seat = 1 −
vl0

v0

[
𝜔

[
1
𝜂

− 1
]
+ 1

] (16.43)

Finally the two-phase discharge coefficient:

Kdr2ph = 𝛼seat ⋅ Kdrv + (1 − 𝛼seat) ⋅ Kdrl (16.44)

This coefficient is called a derated coefficient since to take a safety margin, the
coefficient as obtained experimentally is derated by a factor 0.9 following the pre-
scription of standards [14].
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16.3.6 Step 6 for SV: Checking Function Stability

The discharge capacity obtained in Step 4 (Section 16.3.2) corresponds to an ideal
nozzle. The sizing procedure is not complete with the calculation of the required
relief area, but additionally requires that conditions to ensure a stable valve oper-
ation are fulfilled. If the pressure drop upstream a safety valve is too high, it leads
to insufficient flow rate to maintain the valve open, and the valve begins to cycle
(opening and closing again). This cycling may reach high frequencies causing the
valve to chatter, which may destroy it, leading to high damage since the contents
of the vessel are then discharged to the room. In a similar way, too high a pressure
drop in the downstream section may cause the same effects. For this reason con-
ditions on the allowed pressure drop were established upstream and downstream
of the safety valve.

• Upstream the safety valve, the pressure drop must not surpass 3% of the relative
set pressure. This rule was established for one-phase flow. For two-phase flow,
presently there is no valid rule, and this topic is in discussion among specialists
in the field. Despite these uncertainties, the 3% rule is generally applied.

• Downstream the safety valve, the pressure drop must not surpass 10% of the
relative set pressure for conventional safety valves and may be up to 35% for
balanced valves. This must be verified using manufacturer data.

16.3.6.1 Calculation of the Actual Mass Flow Rate in a Safety Valve
Since the discharge coefficient given by the manufacturers is derated by a factor
0.9, this means that the discharge capacity is lowered, allowing for a safety margin
of 10% in the discharge capacity. Hence when assessing the pressure losses in the
discharge line, the discharge capacity of the safety valve must be overestimated
in order to keep on the safe side.

The actual discharged mass flow rate (ṁact) is calculated using the actual or
installed nozzle cross section (A) and the discharge coefficient (Kdr2ph) divided by
the derating factor Df with the dischargeable mass flux (Gc)as calculated before:

ṁact =
Kdr2ph

Df
⋅ Anozzle ⋅ Gc (16.45)

16.3.6.2 Calculation of the Inlet Pressure Loss
The inlet pressure loss is calculated using the cross section area of the inlet piping
and the specific volume (v0) of the two-phase mixture at stagnation conditions:

ΔPin = 1
2

(ṁact

Ain

)2

v0 (16.46)

The critical exit pressure (Pc,out) is calculated using the exit pipe cross-sectional
area (Aout) as

Pc,out =
ṁact

Aout

√
P0 ⋅ 𝜔 ⋅ v0 (16.47)
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The pressure at the outlet (Pout) is taken as the maximum between backpressure
Pb and the exit choking pressure Pc,out . The maximum allowed exit pressure (Pmax)
takes the liquid head loss into account:

Pmax = Pset ⋅ K + Pout − 𝜌2ph ⋅ g ⋅ h (16.48)

The calculation of the pressure drop is performed taking the relief piping geom-
etry and the fittings into account. A “standard” friction coefficient is used for
two-phase flow in pipes as explained in Section 16.3.3 for the bursting disk.

16.3.6.3 Calculation of Friction Losses Downstream a Safety Valve
The longest equivalent pipe length that can pass the actual flow at a given pipe
diameter is derived from the momentum equation and expressed as the maxi-
mum allowed friction coefficient:

4f L
d
= 2

P0𝜌0

(ṁact∕Aout)2

{
𝜂1 − 𝜂2

1 − 𝜔
+ 𝜔

(1 − 𝜔)2 ⋅ ln
[
(1 − 𝜔)𝜂2 + 𝜔
(1 − 𝜔)𝜂1 + 𝜔

]}
− 2 ln

[
(1 − 𝜔)𝜂2 + 𝜔
(1 − 𝜔)𝜂1 + 𝜔

(
𝜂1

𝜂2

)]
(16.49)

This friction coefficient is compared with the friction coefficient of the installed
discharge line, taking all pipe length and fittings into account as above.

16.4 Sizing ERS for Multipurpose Reactors

16.4.1 Principle of Sizing Procedure

Multipurpose reactors are common in the fine chemicals or pharmaceutical
industries. The production is organized in campaigns of sometimes several days
mostly several weeks. A given reactor serves to produce different products. On
the other hand a given process may be performed in different reactors from one
campaign to the next. Thanks to the flexibility or versatility of stirred tank reac-
tors, such changes can be performed without major change in the equipment.
The problem with ERS sizing is that it is based on a precise scenario as defined in
the process hazard analysis (PHA). This would mean that the ERS sizing must be
revised for every campaign since undersizing or oversizing may both be critical.
Undersizing a pressure relief system may lead to surpassing the design pressure
of the equipment, which may lead to a critical loss of containment. In this case the
ERS does not fulfill its mission, since it does not protect the equipment against
overpressure. At the other hand, oversizing a pressure relief system may lead to
larger flow rates that cannot be handled by the system, especially by the effluent
treatment system. This may lead to dispersion of flammable or toxic material
and cause severe secondary incidents. Thus, the objective is to find a reasonable
practicable and traceable sizing procedure. The procedure must be reasonable in
order to avoid oversizing or undersizing, practicable in the sense that it requires
only a minimal engineering effort at the campaign changes and traceable, being
well documented and allowing for fast check of the installed capacity.
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16.4.2 Choice of the Sizing Scenario

Due to the multipurpose nature of the reactor, the sizing cannot be performed
based on a chemical scenario. So the scenario of choice must be physical and as
representative as possible of the behavior of the reactor under relief conditions.
The scenario “maximum heating on a volatile solvent” fulfills these requirements.
This is a realistic type of failure, and for checking the relief capacity with a chem-
ical system, the thermal power will be the criterion: the thermal power of the
reaction getting out of control must not surpass the power of the heating system
used for the sizing. The sizing is performed with the homogeneous flow model
to be conservative and to take two-phase flow into consideration. The system
can be considered as tempered; thus two models can be used: the homogeneous
equilibrium model (HEM) and the homogeneous non-equilibrium model after
Diener–Schmidt (HNE-DS).

For the exact definition of the scenario, several assumptions must be made
concerning the properties of the contents of the reactor, as well as for some of
its technical characteristics. Therefore it is important to identify the most sensi-
tive data.

16.4.3 Sensitivity Analysis of the Design Data

The nature of the solvent used for the sizing stems from the solvents commonly
used in the plant. Nevertheless it is important to make a choice, covering as well
as possible the parametric field essentially in terms of volatility and latent heat of
evaporation (Figure 16.8).

The technical characteristics of the reactor are defined by the installed equip-
ment. An example of such a dataset for a 4 m3 stainless steel reactor is given in
Table 16.3.
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Figure 16.8 Latent heat of evaporation and normal boiling of a choice of common solvents.
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Table 16.3 Technical characteristic of a 4 m3 reactor.

Set pressure 4000 mbar
Maximum accumulated pressure 4300 mbar
Backpressure 1013 mbar
Maximum heating medium temperature 150 ∘C
Vessel diameter 1.8 m
Heat exchange area 7.4 m2

Overall heat transfer coefficient 1000 W/m−2 K−1

Maximum volume for swelling 5.525 m3

SV discharge coefficient for liquid 0.45
SV discharge coefficient for gas/vapor 0.67
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Figure 16.9 Required specific area with different solvents (methanol, acetone,
dichloromethane, ethanol, water, and tetrahydrofuran) for a maximum heating scenario with
homogeneous equilibrium model (HEM) and homogeneous non-equilibrium model after
Diener–Schmidt (HNE-DS).

For the complete specification of the sizing scenario, the initial filling volume
is chosen as the nominal volume (in the example 4 m3) at 25 ∘C. The volume
expansion is calculated for the relief temperature. With this scenario sizing cal-
culations are performed to define the requested relief area with several solvents
and both models HEM and HNE-DS. The results are expressed as specific area
in mm2 kW−1 (Figure 16.9). The gain of using the non-equilibrium model is evi-
dent. Dichloromethane requires the largest relief area, which is essentially due to
its low latent heat of evaporation.

A set of physical properties, latent heat of evaporation, density, isentropic expo-
nent, and specific heat capacity is tested in a sensitivity analysis (Figure 16.10).
The value of the properties is increased and decreased by 50%, and the result of
the variations is calculated as specific area expressed in mm2 kW−1. Clearly the
most sensitive property is the latent heat of evaporation. Since the latent heat is
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Figure 16.10 Effect of the variation by ±50% of the value of a set of physical properties: latent
heat of evaporation, density, isentropic exponent, and specific heat capacity.

a function of temperature, it is important to use the right value corrected for the
temperature at relief conditions.

Beside the nature of the solvent, the variations of some of the technical char-
acteristics also have an influence on the results. A sensitivity analysis with vari-
ation of the value by ±50% for the total volume (swelling), for the set pressure,
and for the maximum accumulated pressure reveals that the definition of the set
pressure has the greatest influence on the results also expressed in mm2 kW−1

(Figure 16.11). The choice of the right set pressure is important to keep the pres-
sure in the admissible range. A lower a set pressure used during sizing requires
a larger vent area and may also cause sporadic unwanted activations of the relief
system. For the protection against runaway reactions, the set pressure should be
chosen as low as possible in order to avoid a strong acceleration of the reaction
with temperature.

16.4.4 Checking the Relief Capacity

For a multipurpose reactor, the ERS is sized with a scenario “maximum heating
of a solvent.” The relief capacity is expressed as a power (kW) at the set pres-
sure and at the corresponding temperature, which, for a tempered system, is the
boiling point at relief pressure. This sizing calculation can be repeated for differ-
ent pertinent solvents. Concerning the choice of solvent, the priority should be
given to a low boiling point and low latent heat, which corresponds to the lower
left corner of plot in Figure 16.8. If the ERS is already installed, the sizing calcula-
tion can be performed in the “rating” mode, that is, the power is varied until the
required relief area corresponds to the installed safety valve. The data used and
the assumption made must be duly documented.
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Figure 16.11 Effect of the variation by ±50% of the value of a set of technical data: total
volume (swelling), set pressure, and maximum accumulated pressure.

When a process must be performed in the reactor and the process risk analy-
sis requires the ERS as a measure against runaway, the capacity of the installed
pressure relief system must be checked. This means that the thermal power cor-
responding to the relief capacity of the system, as determined during sizing with
the adequate solvent, is compared with the heat release rate of the reaction under
relief conditions. If required, changes must be made either on the relief system,
or on the process conditions. The determination of the heat release rate under
relief conditions must be performed by experts, following the method described
in Section 16.2.2.4 for tempered systems. If the reaction also produces gas, the
system will probably be a hybrid system. In this case, the sizing must be per-
formed from the beginning with the method described in Section 16.2.2.5.

This procedure ensures a clear and well-documented sizing accounting for
two-phase flow with a minimum of engineering effort.

16.5 Effluent Treatment

As stated in the introduction, the mass relieved during emergency pressure relief
may be flammable, toxic, or reactive. Therefore, in most cases, it is impossible to
relieve directly to the environment; in other words, the stream must be treated.
There are many ways of treating a relieved stream before final venting to the
atmosphere [8, 29]. A relief stream may be contained, collected, treated, dis-
posed, or dispersed. The choice depends on many parameters and also on the
specific situation of the plant. For example, if a flare is available, the treatment is
different from cases where the relieved stream must be vented to the atmosphere
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eventually after being treated. The design of such effluent treatment systems is
not developed in detail here, but some commonly used systems are described
together with their function, choice criteria, and design principles.

16.5.1 Initial Design Step

The very first design step is to calculate the mass flow rates of both liquid and
vapor or gas phases at the effluent treatment system. During discharge from the
vessel to be protected to the treatment system, which is usually at a pressure close
to atmospheric, the pressure decreases, leading to an expansion of the gas phase
and, in case of two-phase flow, an evaporation of the liquid. Thus the physical
properties and eventually the quality of the stream, which is described as the mass
fraction of gas or vapor in the stream, change along the relief line. The mass flow
rates of both phases are usually determined using a flash calculation.

16.5.2 Total Containment

An alternative strategy to protect a vessel against overpressure is to use total
containment, that consists of containing the reacting system within the vessel
to be protected. This avoids any release of hazardous material, and there is no
transfer of hazardous material from one equipment to another. This solution
appears the simplest but obviously is not applicable in every case. It implies that
the reactor is designed to resist to the conditions following a departure from the
nominal process conditions, which may mean high temperature and high pres-
sure. It also implies an accurate study of the behavior of a reacting system under
such conditions. The cooling failure scenario and the criticality classes with their
characteristic temperatures (see Sections 3.3 and 3.4) are of great help in this task.

It is also possible to use the containment principle after pressure relief: the reac-
tor contents are expanded to the total volume of the reactor, of the (closed) catch
tank, and of the piping system. These elements must be designed to resist to the
resulting final pressure and temperature.

16.5.3 Passive Condenser

The effluent stream containing a vapor is passed through a cold liquid allowing
for direct condensation. The design of a passive condenser especially the determi-
nation of the required amount of the liquid pool implies a precise mass balance.
The vapor must be dispersed in fine bubbles giving a large contact area, which
allows for the condensation while the bubble is traveling to the free surface of the
liquid. The dispersion is obtained by a sparger, which must be carefully designed
with respect to dispersion (bubble size) and pressure drop. If no non-condensable
gases are present in the effluent, the condenser may be designed for total con-
tainment. The condenser must be able to contain the liquid initially present, the
condensed vapor, and the liquid entrained in case of two-phase flow.
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16.5.4 Catch Tank, Gravity Separator

The main function of a catch tank (also called dump tank) is to retain the relieved
stream. It is often designed as an empty vessel presenting sufficient volume to
contain the liquid phase, the gas phase being relieved either to a further treatment
system like a scrubber or a flare or directly to atmosphere if its composition is
compatible with environmental limits. Thus its design procedure must account
for the entrainment of liquid droplets in the escaping gas, and consequently, the
gas velocity above the surface of the liquid phase contained the tank is the design
parameter. Different design methods are available in the literature [30, 31].

16.5.5 Cyclone

A cyclone is a mechanical separator using centrifugal forces to separate gases or
vapor as a light phase from liquid as a heavy phase. The advantage of using a
cyclone is that the catch tank must only be designed to contain the liquid phase:
this often represents an appreciable gain in volume and consequently space in a
plant. The problem is that a cyclone must be designed for a certain velocity and
therefore for a well-defined mass flow rate. Nevertheless it was proven by Schmidt
and Giesbrecht [32] that for emergency relief purposes the design criteria may fit
for a large range of mass flow rates.

16.5.6 Quench Tank

The function of a quench tank is to retain the liquid phase like a catch tank and
additionally to stop an ongoing reaction either chemically or by cooling and by
dilution. The design of such quench tanks is based on a heat balance (sensible
heat) and must also account for the heat of dilution and the heat of the quench
reaction. Therefore the thermal effects taking place during a quench must be
measured as described in Section 15.3.3. The quenching can be simulated exper-
imentally in a Calvet calorimeter using a mixing cell (Figure 15.4). An additional
important point is to verify the thermal stability of the resulting mixture.

In certain cases, the quench tank may also have the function of a scrubber: the
effluent stream reacts with the quench tank contents in order to make it harmless.
As an example an acid stream may be contacted with an alkaline liquid initially
contained in the quench tank in order to neutralize it. Or a reaction that is sen-
sitive to water is stopped by contacting it with water. In such quench tanks, the
incoming effluent is led below the liquid level initially contained in the tank and
often dispersed by a sparger. Here too the thermal effects taking place during the
quench must be carefully studied by calorimetry.

16.6 Exercises

16.1 Sizing for a Physical Scenario
A stirred tank reactor made of stainless steel with a nominal volume of 4 m3

is filled at 20 ∘C with 4.5 m3 acetone. As a consequence of a failure of the
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temperature control system, full heating capacity is applied to the vessel.
Hence the pressure increases (vapor pressure), which must be relieved by
a safety valve.

Equipment data

Contents: 4 m3 at 20 ∘C 3550 kg
Heat exchange area 7.4 m2

Overall heat transfer coefficient 1000 W m−2 K−1

Maximum heating medium temperature Tc,max 150 ∘C
Set pressure of PRV 2 bar g
Maximum allowed working pressure 3 bar g
PRV discharge coefficient 0.67
Vessel internal diameter 1.8 m
Volume up to two-phase flow 5.66 m3

Physical properties of acetone

Molecular weight 58.08 g mol−1

Boiling point at 1013 mbar 56.25 ∘C
Density at 20 ∘C 789 kg m−3

Density at 50 ∘C 756 kg m−3

Surface tension at 40 ∘C 0.021 16 N m−1

Specific heat capacity at 50 ∘C 2252 J kg−1K−1

Latent heat of evaporation at 56.25 ∘C 523 kJ kg−1

Latent heat of evaporation at 90 ∘C 471 kJ kg−1

Isentropic exponent 1.13

Vapor pressure after Antoine:

ln P(mbar) = A − B∕(C + T∘C) with A = 16.9406, B = 2940.46,
C = 237.22(−32∘C < T < 77∘C)

The condition at relief pressure may be derived from the vapor pressure
curve. The relief conditions are summarized hereafter.

Data at set pressure
Relief pressure Pset 3000 mbar
Relief temperature Tset 91.9 ∘C
Specific weight vapor at relief 𝜌v,set 5.74 kg m−3

Specific weight liquid at relief 𝜌l,set 710 kg m−3

Latent specific volume vfv,set 0.173 m3 kg−1
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Questions

Step 1: Definition of the design case
1. Define the design case and calculate the specific heating power at relief

pressure and at maximum accumulated pressure in W kg−1.

Step 2: Flow regime

2. Calculate the void fraction in the reactor.
3. Calculate the vapor velocity at the liquid surface in the reactor.
4. Which flow model will you use? Calculate the ascending bubble veloc-

ity.
5. Check for one-/two-phase flow.

Step 3: Mass flow rate to be discharged

6. The maximum accumulated pressure is 4300 mbar and the correspond-
ing temperature is 105.7 ∘C. Calculate the mass flow rate for homoge-
neous flow in kg s−1.

Step 4: Dischargeable mass flux

7. Calculate the compressibility (𝜔).
8. Determine the dischargeable mass flux.

Step 5: Sizing the valve

9. Calculate the required discharge area and diameter for the PRV (assume
a discharge coefficient of Kdr = 0.67).

16.2 Scenario with Chemical Reaction
Design case
A chemical reaction must be performed at 45 ∘C as semi-batch in a stirred
tank reactor. The reactor is made of stainless steel and has a nominal vol-
ume of 4 m3. The solvent is methanol, and the reaction is not totally feed
controlled. The risk analysis has revealed that in the case of a cooling or
stirrer failure, even if the feed is immediately stopped, the temperature
will continue to rise due to the accumulation of non-converted reactants.
This also results in a pressure increase, which in turn may trigger the safety
valve.
The study in a reaction calorimeter shows that the corresponding adiabatic
temperature rise is 100 K. At the time of maximum accumulation, the ther-
mal power of the reaction is 30 W kg−1, and the volume of reaction mass is
4.5 m3. There is no gas release, and the pressure increase is solely due to the
vapor pressure of methanol. Thus the system can be treated as a tempered
system.
Reaction data

Power of the reaction at the time of failure 30 W kg−1

Adiabatic temperature rise due to accumulation 100 K
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For the extrapolation of the reaction power, the Van’t Hoff rule may be
used: “The reaction rate doubles or triples for a temperature increase by
10 K.” This corresponds to an activation energy of 67.4 and 107 kJ mol−1 in
the temperature range considered.

Equipment data

Reactor contents at process
temperature

4.5 m3

3400 kg
Reaction temperature 45 ∘C
Set pressure PRV 2 bar g
Maximum allowed working pressure 2 bar g
Reactor internal diameter 1.8 m
Empty volume before flooding 5.66 m3

Maximum heat exchange area 7.4 m2

Overall heat exchange coefficient 400 W m−2 K−1

Maximum heating medium temperature 150 ∘C

Physical properties (methanol)

Molecular weight Mw 32.042 g mol−1

Specific heat capacity Cp,liq 2680 J kg−1 K−1

Temperature for Cp T (Cp) 50 ∘C

Boiling point Tb 64.7 ∘C

Pressure at boiling point P 1013 mbar a

Latent heat of evaporation at Tb Hv 1 100 000 J kg−1

Vapor pressure after Antoine Anta 18.874 85

ln Pmbar = A−B/(C +T (∘C)) Antb 3626.55
Antc 238.86
Antmin −16 ∘C
Antmax 95 ∘C

Surface tension 𝜎 0.032 33 N m−1

Temperature for 𝜎 T
𝜎

50 ∘C

Isentropic exponent Isentrope 1.203
Density Point 1 𝜌l1 792 kg m−3

at T rl,1 𝜌l,T1 20 ∘C
Point 2 𝜌l2 765 kg m−3

at T rl,2 𝜌l,T2 50 ∘C
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Questions
1. Determine the temperature at relief pressure and at maximum accumu-

lated pressure.
2. Calculate the thermal power of the reaction following Van’t Hoff rule:

“Doubling the reaction rate for a temperature increase by 10 K” as
zero-order reaction.

3. Calculate the remaining accumulation of reactants as relief pressure
and maximum pressure are reached.

4. Calculate the thermal power of the reaction as a first-order reaction.
5. How do these powers compare with the power of the scenario “maxi-

mum heating?”
Sensitivity analysis

6. Repeat Questions 2–4 for tripling the reaction rate for a temperature
increase by 10 K.

7. What would happen with an accumulation corresponding to an adia-
batic temperature rise of 50 K?

8. What would happen with a set pressure of 0.5 bar g?

16.3 Check the Function Stability of a Safety Valve
The safety valve calculated in Exercise 16.1 is installed following
Figure 16.12. The vertical pipe installed on the nozzle has a diameter of
100 mm and a length of 1 m up to the T followed by a horizontal pipe with
a diameter of 80 mm and a length of 2 m to an elbow (R/D = 1.0). This
horizontal branch comprises two T branches for the vacuum line and the
nitrogen supply. The safety valve is installed on top of a 0.5 m vertical pipe
(diameter 80 mm) following the elbow.
Additional data on safety valve to be installed: Leser 4431 DN 80/125
The nozzle diameter of the safety valve is 72 mm.
The set pressure is 3000 mbar a.
The backpressure is 1200 mbar a.
The allowed pressure loss is 3% of the set pressure (in bar g).
The derating factor of the safety valve is 0.9.
The discharge coefficient is assumed to be 0.67.
The calculated mass flux is 2689 kg m−2 K−1.
Question
1. Check if the friction losses are below the permitted limit of 3%. If

required, propose an alternative installation.

16.4 Multipurpose Reactor
A 10 m3 stainless steel reactor is to be used for different chemical reactions.
A safety valve must be sized to protect the reactor against overpressure.
The maximum allowed working pressure is 2 bar g, and the set pressure of
the safety valve should be at the same pressure: 2 bar g.
The scenario considered for sizing is maximum heating, with a maximum
heat carrier temperature of 150 ∘C. The overall heat transfer coefficient is
estimated at 1000 W m−2 K−1, and the heat exchange area is 13.5 m2. The
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Figure 16.12 Scheme of the reactor.

Table 16.4 Physical properties and relief conditions.

Acetone Methanol Water Toluene

Tset (3 bar) (∘C) 92 95 133 154
Tmax (4 bar) (∘C) 103 104 144 168
ΔvH (kJ mol−1) 29.84 36.87 36.81 32.17
Mw (kg mol−1) 0.058 0.044 0.018 0.092
ΔvH (kJ kg−1) 515 838 2045 350

solvents commonly used in the plant are acetone, methanol, water, and
toluene. The physical properties of the solvent and the relief conditions
derived from vapor pressure data are given in Table 16.4.

Questions
1. Calculate the maximum heat input from the heating system and the

resulting vapor mass flow rate for each solvent (assume one-phase flow).
2. Which solvent would you recommend to use for the sizing calculation?
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17

Reliability of Risk Reducing Measures

Case History “The Bhopal Disaster”

Facts

On 3 December 1984, over 25 tons of methyl isocyanate (MIC) escaped from a
storage tank leading to over 2000 fatalities and over 200 000 injuries. Most of the
victims were living in slums around the Union Carbide factory. The tragedy of
Bhopal is the worst chemical catastrophe that caused the highest number of
victims in the world.

Preliminaries

1969 Pressure from the Indian authorities for a 500 tons/yr insecticide project
1974 Production license
1976 Project presentation
1978 Start of production with imported MIC
1980 Local production of MIC at Bhopal, overcapacity
1982 Safety audit with 10 nonconform points
1984 Production with financial losses using 40% of the capacity

Searching buyer and toll manufacturer
December 1984 The catastrophe

Chronology of the Incident

21h15 An operator of the MIC plant and his supervisor start flushing a pipe with
water. This pipe is also connected to Tank 610, and unfortunately the valve to
Tank 610 is open, against safety prescriptions. Thus about 1000 l water enters
the MIC tank during three hours, which represents about 1000 l. This first fact
is contested, but the following facts are established as certain

22h20 Tank 610 is filled with MIC at 70% of its capacity. The internal pressure is
2 psi, which is within the allowed pressure range of 2–25 psi

22h45 The night shift takes over

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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23h00 An operator notices that the pressure in Tank 610 is 10 psi, hence five times
the value of one hour earlier. Since he was accustomed to the fact that many
instrument malfunction, he does not take account of this pressure rise by
400% within one hour. Some operators were inconvenienced by smelling and
reported an MIC leak. But this was also common and nobody noticed these
facts

23h30 The leak is identified and the operator is alarmed. He decided to look at the
problem after his break.

00h15 The pressure in Tank 610 continues rising and surpasses the allowed limit: it
reaches 30 psi and seems to continue increasing

00h30 The pressure now reaches 55 psi. The operator, despite the instruction not to
disturb his supervisor, calls him by phone. Then he goes out to observe the
tank, and he hears it shaking, while he feels a heat release. He panics. The
concrete cover breaks, and the safety valve opens, releasing a toxic cloud of
MIC

01h00 The supervisor arrives, notices the toxic gas release from tank 610, and sounds
the alarm

02h30 The safety valve reseats
03h00 The plant manager arrives and orders to inform the police, which was never

done before, since the policy of the plant was not to involve the local
authorities for minor working problems

Measures in Place

• The cooling system of the tanks was shut down for economic reasons.
• Temperature and pressure alarms were ignored by the operators since false

alarms were frequent due to lack of maintenance.
• Temperature alarm was inefficient since its triggering level was shifted to higher

temperatures.
• The scrubber on the relief line, operated with caustic soda, was out of service.
• The flare was shut down for repair.

Lessons Drawn

The initial engineering was of good quality with at least five layers of protection in
place. But with time these measures were made ineffective.

The best of the protection systems is useless if not permanently maintained and
verified. This requires a safety management system [1–3].

Introduction

The temptation is great after a process hazard analysis was performed and
documented in a report, to consider the task as completed. This is definitely
not the case, since describing the risk reducing measures in a document gives
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no guarantee whether they are sufficient to achieve the intended risk reduction.
Therefore a further step is essential: the assessment of the reliability that is to
verify and document that the planned measures are sufficient to reduce the risk
to the desired level. Methods for the analysis of the reliability of process control
measures in the process industry are described in the standard IEC 61551 [4].
The methods presented in this chapter stem from the standard and from the
German Standard VDI 2180 [5] and integrate the author’s own experiences
gained in the fine chemicals industry. The focus is on safety instrumented
systems (SISs), but other means of risk reduction such as mechanical devices or
organizational measures are also considered as additional protection layers.

Section 17.1 describes the basic features of reliability engineering: the statis-
tic bases are shortly presented as well as some useful definitions. Section 17.2
is devoted to the reliability of process control systems (PCS) and the means for
improving their reliability. Section 17.3 is devoted to the practice of the assess-
ment leading from the scenario description in process hazard analysis to the
assessment of the reliability of protection systems.

17.1 Basics of Reliability Engineering

17.1.1 Definitions

17.1.1.1 Process Control and Protection Systems
Once the severity and the probability corresponding to a scenario are estimated,
that is, the risk is assessed, a decision can be made on the nature of the protection
system to be implemented and on the number of Independent Protection Layers
(IPLs) to be used. An SIS consists of one or more control loops, each comprising a
sensor, a logical solver, and an actuator. The required reliability of the protection
system is determined based on the risk assessment, respective on the required
risk reduction and evaluated as so-called Safety Integrity Level (SIL). It is impor-
tant to notice that the SIL classification addresses only random failures and not
systematic failures as erroneous installation or fouling.

Concerning PCS, it is important to differentiate between systems used for the
normal control of the equipment called Basic Process Control System (BPCS) and
Safety Process Control System (SPCS). A particular characteristic of SISs is that
in many cases they work in a low demand mode, which means that only when the
measured process parameter reaches a certain level, the system is activated and
accomplishes its function. This has a major consequence in terms of reliability:
a failure of the system may only be discovered when it is activated and it does not
accomplish its function.

The BPCS also has alarm levels that are relatively close to the process parameter
value under normal operation. These alarms may automatically trigger an action,
for example, closing a feed valve when the temperature surpasses a certain level,
or only attract attention of the operator that a manual action is required. These
systems are always in function, and a failure would be detected sooner.
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Measured parameter

Operation
range

Non-allowed deviation
range

Allowed deviation
range

Action

Operation Control Protection Alarm levels 

–AHH

–AH

Figure 17.1 Variation of operating parameter with different ranges and actions. Operation
and control are realized in the BPCS; the protection may be realized in an SIS. AH, alarm high;
AHH, alarm high high.

Hence, for an operating parameter, different ranges can be distinguished
(Figure 17.1) [5]:

• The normal operation range controlled by the BPCS.
• The allowed deviation range where the alarm systems of the BPCS induce a

corrective action.
• The non-allowed deviation range, which is reached if the previous actions were

not successful, the SIS triggers a protection action.

Clearly the distinction must be made between the actions performed by the
BPCS and those performed by an SIS. Moreover as is shown below, these systems
must be independent and make up IPLs.

17.1.1.2 Reliability
On a mathematical point of view, the reliability (R) is measured as the probability
that an item will perform a required function under stated conditions for a stated
period of time [6]:

R(t) = P(E does not fail within [0, t]) (17.1)

The probability (P) is defined as a ratio: if an experiment is performed n times and
if the event A (the failure of an element) occurs on nA of these occasions, then the
probability of event A is

P(A) = lim
n→∞

nA

n
(17.2)

Thus the probability of event A is determined by experience based on failure data.

17.1.1.3 Failures
The failure is a state where the system is no more able to fulfill its task. Failures
are very diverse and they are characterized by their occurrence or by their mode.
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Table 17.1 Different failure modes with examples.

Failure Identification Example

Failure mode in operation:
the system is in use and fails

Situation may be identified
soon

Pump fails when it is operating

Failure to operate on
demand

This type of failure is
treacherous since it may be
discovered (too) late

The interlock “stop feed if
temperature is high” is inactive
and leads to a critical situation

Operation before demand:
the system performs its
action at a time it should not

Is immediately discovered,
but may be critical

Bursting disk opens at a too
low pressure

Operation after demand to
cease

Is immediately discovered,
but may be critical

A safety valve fails to close
when the pressure decreases
below the reseat pressure

It is important to notice that the failures considered here are random failures in oppo-
sition with systematic failure due, for example, to wrong installation.

The occurrence of a failure may be continuous or sudden; its extension may be
partial or total. There are also different failure modes, which are summarized in
Table 17.1.

Another difference is made between active and passive failures:

• An active failure is an unwanted activation: The safety function is activated
even though the activation conditions are not fulfilled. This reduces the avail-
ability of the plant.

• A passive failure is an undiscovered failure: The safety function is not per-
formed, even though the activation conditions are fulfilled. This reduces the
safety of the plant.

The fail-safe behavior is a property of a system to take a predefined safety posi-
tion from itself.

17.1.2 Failure Frequency

The failure rate as a function of the age of an equipment is depicted as a bathtub
curve (Figure 17.2). The failure rate is large at the very beginning of the system’s
life: during start-up the failures are revealed and then decrease to remain flat at
a hopefully low level until wear-out increases the failure rate again.

The availability A of an equipment E to be in shape to fulfill its task (system
is up) at a given time t and under given conditions is

A(t) = P[E did not fail at time t] (17.3)

After a failure the system is down A(t) = 1 − A(t). The concept of mean down
time (MDT) is useful in this context.
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Figure 17.2 Failure rate as a function of time: the bathtub curve.

If n equipment operates without replacement after a time t, the number that
survived is ns(t), and the number that failed is nf (t), then the probability of sur-
vival or reliability is

R(t) = 1 −
nf (t)

n
(17.4)

And the instantaneous hazard rate or failure rate is

z(t) = 1
n − nf

dnf (t)
dt

= −1
R(t)

⋅
dR(t)

dt
= −d[ln(R(t))]

dt
(17.5)

From this we get the following expressions:

• Cumulative hazard function

H(t) =
∫

t

0
z(t)dt (17.6)

• Reliability function

R(t) = exp
(
−
∫

t

0
z(t)dt

)
= exp[−H(t)] (17.7)

• Failure density function

f (t) = 1
n

dnf (t)
dt

= −dR(t)
dt

(17.8)

With a constant failure rate z(t) = 𝜆, the reliability function becomes
R(t) = exp(−𝜆t), which is the exponential distribution. The reciprocal failure rate
is called the mean time between failures (MTBF):

𝜆 = 1
MTBF

(17.9)

The statistical frequency of an event is based on a reference time period, usually
1 year, and the frequency is expressed as, for example, 1 event every 100 years:
f = 0.01 a−1.
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The failure rate is based on the actual period of use and is expressed as, for
example, one failure every 100 hours: 𝜆 = 0.01 h−1.

17.1.3 Failures on the Time Scale

Random failures appear randomly on the time scale. On the other hand, the main-
tenance is performed with a defined period (T). If a failure occurs, the system is
down until the next maintenance. Then it remains up until the next failure. These
events can be placed on a time scale and represented graphically (Figure 17.3),
allowing the definition of the characteristic time intervals:

MTBF Mean time between failure
MTTF Mean time to failure
MDT Mean down time
MUT Mean up time

It becomes clear that the maintenance period (T) governs the mean up time
(MUT) that must be maximized and the MDT that must be minimized. The MDT
is statistically half of the maintenance period. A random failure may appear ear-
liest shortly after the maintenance; then the system is down for the totality of the
maintenance period. It may also appear very late just before maintenance; then
the system is up for the totality of the maintenance period (Figure 17.4). Thus
statistically

MDT = 1
2

T (17.10)

The fractional dead time (FDT) that is also used in this frame is defined as

FDT = 1
2
𝜆T (17.11)

0

MTTF MUTMDT

MTBF

t

Failure FailureRepair

Figure 17.3 Events on a time scale. The characteristic intervals are MTTF (mean time to
failure), MTBF (mean time between failures), MDT (mean down time), and MUT (mean up time).

0 T 2T 3T 4T 5T 6T

Figure 17.4 Effect of the repair interval (T) on the MDT for random failures.
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Worked Example 17.1 Fire Without Alarm

A chemical storage hall is equipped with a fire alarm system. The maintenance is
performed yearly, the failure rate of the alarm system is 1/a, and statistically there is
one fire per year. What is the frequency of fires without alarm? Repeat the problem
with a monthly maintenance.

The FDT is given by FDT = 1
2
𝜆T = 0.5 × 1

a
× 1 a = 0.5 a.

The FDT is 50%, which means that statistically there is a fire without alarm every
two years.

With a monthly maintenance FDT = 1
2
𝜆T = 0.5 × 1

a
× 1

12
a = 0.04 a.

In this case the FDT is 4% of the time, which means that there is a fire without
alarm every 25 years.

This intentionally oversimplified example shows the effect of the maintenance
frequency on the performance of SISs.

17.2 Reliability of Process Control Systems

17.2.1 Safety Integrity Level

The standard IEC 61511 classifies the reliability of SISs as SILs ranging from
1 to 4 (Table 17.2). The probability of failure on demand (PFD) values are used for
systems working in the low demand mode that is the time between demands
longer than one year or twice the maintenance period (T). For the high demand
mode that is the time between demands less than one year or twice the mainte-
nance periods, the reliability is given in terms of failure frequency per hour. The
SIL applies only to SIS, not to mechanical devices or other systems. Nevertheless
an equivalent reliability can be defined for such systems. SIL 4 is not used in the
process industries. For such risk reduction factors (RRFs), other means of risk
reduction than the PCS have to be used.

17.2.2 Control Loops

In order to achieve a reliability corresponding, for example, to SIL 2 with an
SIS, it is not sufficient to build it with elements having all an SIL 2 classifica-
tion. The reason is that a control loop comprises at least three elements in series
(Figure 17.5):

Table 17.2 Safety Integrity Levels after IEC 61511.

SIL PFD
Failure frequency
per hour Risk reduction factor

4 ≥10−5 to <10−4 ≥10−9 to <10−8
>10 000 to ≤100 000

3 ≥10−4 to <10−3 ≥10−8 to <10−7
>1 000 to ≤10 000

2 ≥10−3 to <10−2 ≥10−7 to <10−6
>100 to ≤1 000

1 ≥10−2 to <10−1 ≥10−6 to <10−5
>10 to ≤100
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Figure 17.5 Typical control loop from
sensor to logical solver to actuators. TT,
temperature transmitter.

Actuator TT

Sensor TT

CPU

Input interface 

Output interface 

• The sensor measuring the parameter of interest.
• A logical solver that may be a central processing unit (CPU) or a simple relay.
• An actor, for example, a valve, a pump, etc.

Perhaps the transmission lines should also be considered. Hence the failure
rates of these elements must be added in order to get the failure rate of the whole
SIS. Reliability data for individual instruments or devices can be found in litera-
ture [4, 7, 8], but the preferred values are the company’s own statistics.

17.2.3 Increasing the Reliability of an SIS

There are several possibilities to increase the reliability of a control loop used in
an SIS. One is to reduce the maintenance period as described in Section 17.1.3.

The reliability of a control loop can also be increased by redundancy. This
means that instead of using, for example, one sensor to monitor a parameter,
two sensors are used together. If these are in an architecture 1oo2 (spelling one
out of two), it is sufficient that one of the sensors reaches the triggering level of
the SIS to activate its function. This architecture (1oo2) increases the reliability
but decreases the availability of the plant since the frequency of false alarms
increases. A 2oo2 architecture would solve the availability problem, but on the
cost of safety: both sensors must reach the triggering level to activate it. The
redundancy can also be improved by using diversity: the redundant element is
not simply doubled, but the second element is chosen from a different making,
or another parameter is chosen, as for example, a temperature and a pressure
or a level and a weight. This is called diversity and decreases the probability of
common mode failure and consequently increases the reliability.

More sophisticated architectures can be used to reduce the failure rate of a sys-
tem without decreasing the availability: voting systems. Basically the 1oo2 (poor
for availability) and 2oo2 (poor for safety) architectures mentioned above are
voting systems. An architecture of the type 2oo3 increases both reliability and
availability. In a 2oo3 architecture, three subsystems are redundant. The safety
action is triggered only if two subsystems simultaneously indicate a critical situ-
ation. The PFD is decreased (passive failures are detected), and the availability is
increased since less unwanted activations occur.

17.3 Practice of Reliability Assessment

17.3.1 Scenario Structure

The reliability assessment starts with the elaboration of a failure scenario. Great
care is demanded for the redaction and analysis of the scenario. For example,
the failure of a temperature controller during a distillation will not directly cause
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Initiating event
Conditional

modifier

Frequency Probability Probability

f0 P1 P2

Severity

Enabling

event

Consequences

damage

Figure 17.6 Scenario structure with initiating event, conditional modifier, and enabling event
leading to the consequences (severity).

fatalities. A more detailed analysis shows that a chain of events is required to
lead from the initiating event (the temperature control failure) to the top event
(fatalities). For the escalation, the overheating must be sufficient to produce a
pressure increase that leads to a loss of primary containment (LOPC) and to
produce an explosive atmosphere, then an ignition source is required to cause
an explosion, and finally persons must be present in the hazardous area. Thus
the scenario can be structured in an initiating event: the temperature controller
failure with a typical frequency. The subsequent events are called conditional
modifiers (operators in the hazardous area) or enabling events (ignition source):
they are required to scale the scenario, but would not by themselves cause the
top event (Figure 17.6) and are each characterized with a probability. It is impor-
tant that the scenario propagation is described in detail and leading to the worst
credible consequence.

Thus the frequency of the consequences is calculated as

f = f0 ⋅
∏

i
Pi (17.12)

An important point is that only independent events are present in the chain of
events. To illustrate this by an analogy with the fault tree (Section 1.4.6), this
means the events are linked with logical AND gates and represent only one
branch of a fault tree. If OR gates are present, a second independent scenario
must be elaborated.

17.3.2 Risk Matrix

The method presented hereafter is an intermediate method between purely qual-
itative risk assessment and truly quantitative risk analysis. It includes also the use
of non-SIS alternatives.

The risk matrix presented in Chapter 1, Figure 1.2 is used for the determination
of the risk reduction. The principle is to evaluate a scenario and to locate it in the
appropriate matrix cell (Figure 17.7): the severity of the consequences defines the
column (1–4), and the frequency defines the row (A–F). It is important to assess
the risk as naked risk, which means without any safeguards: the measures in place
are ignored as this stage. If the scenario is located in a dark gray cell, correspond-
ing to a non-acceptable risk, this risk must be reduced to an acceptable level by
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A f > 1/10 a 100 1000

B f ≤ 1/10 a 10 100 1000

C f ≤ 1/100 a 10 100 1000

D f ≤ 1/1000 a 10 100

E f ≤ 1/10 000 a 10 10
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Figure 17.7 Risk matrix with the required risk reduction factors (RRFs).

moving into white cells or at least to an as low as reasonably practicable (ALARP)
level represented by the light gray cells. This risk reduction can be achieved in two
ways: one is to reduce the severity moving to the left, and the other is to reduce
the frequency by moving downward in the matrix. If it is possible to reduce the
severity, this option must be preferred. The reason is that reducing the severity is
definitive in the sense of inherent safety, while reducing the frequency leaves the
consequences as a threat.

When reducing the frequency, the importance of the required risk reduction
factor, the RRF , depends on the gap between the actual frequency of the scenario
and the target frequency. In the matrix the frequencies are arranged such as to
reduce the frequency by 1 order of magnitude when moving one cell downward.
The numbers in the cells represent the required RRF to reach an acceptable risk
in severities 1–3 and the undesirable risk ALARP for severity 4. When the risk
reduction, or a part of the risk reduction, is achieved by an SIS, its SIL is obtained
from

SIL = log10(RRF) (17.13)

In the process industry, an RRF greater than 1000 cannot be realized with one
or more SIS: other non-SIS means of risk reduction are required in addition [4]
since SIL 4 is not used in the process industry.

17.3.3 Risk Reduction

In general, risk reduction may also be achieved by other means than an SIS, but it
must be proven that the applied risk reduction system presents the same quality
in terms of reliability than an SIS with the corresponding SIL.

The different SISs must constitute IPLs. This point is especially crucial in cases
where the initiating event is a failure in the BPCS. Therefore IPL cannot be real-
ized with the CPU of the BPCS, since this would lead to common mode failure.
Then an independent CPU, the SPCS is used to build the SIS.
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Remarks about risk reduction with the BPCS
The best PFD that can be achieved with a BPCS is 10−1, which is equivalent to SIL 1. This
performance can only be achieved with proven in use elements and architectures. If
the BPCS is the initiating event, it is possible to realize one protection layer within the
BPCS, and if the BPCS is not the initiating event, two protection layers may be real-
ized in the BPCS. The conditions for this are that the IPL does not share the same field
devices or I/O modules or processor modules. The last condition (independent pro-
cessor modules) requires a specific equipment. In general a dedicated Safety Process
Control System (SPCS) is preferred.

Worked Example 17.2 Risk Reduction

Consider an exothermal reaction performed in the semi-batch mode. During the
process risk analysis, the following scenario was identified: The failure of a cool-
ing medium circulation pump leads to a temperature and pressure increase in the
reactor more than 1.5 times the maximum allowed working pressure (MAWP) of
the reactor, causing a loss of containment (LOC) and finally two fatalities through
release of toxic material. This scenario can be structured in an initiating event, the
pump failure with its frequency, and the subsequent events are the conditional
modifier and enabling event (Table 17.3).

Table 17.3 Analysis of the scenario cooling failure during semi-batch reaction.

Event f or P Comment

The pump failure is the initiating
event with a frequency

f = 1/10 a Typical for pumps in clean service
with adequate maintenance

The loss of containment of the
reactor (enabling event)

P = 1/1 The pressure increase is by 1.5
MAWP, which causes a LOC

The presence of operators
(conditional modifier)

P = 1/10 Operators are only present during
control rounds: 10% of the time

Frequency of the top event f = 1/100 a

The scenario is positioned in cell C4 (frequency one event in 100 years) and the
consequences are at level 4 (fatalities). The RRF is taken from the matrix: 1000. This
reduction factor is best realized in two IPLs.

The measure already in place is an interlock of the feed for high temperature: if
the reactor temperature surpasses the set point by a certain amount, the feed is
halted. This IPL is realized with the BPCS; thus the RRF is 10.

To avoid the pressure increase, at least one other IPL is necessary. Two options
are possible:

The first option is an emergency relief system (ERS) as mechanical device. In view of
the toxicity, an effluent treatment must be installed. The safety valve is preferred
to the bursting disk since it reseats when the pressure decreases. If the system is
correctly sized for the scenario, the RRF is 100.
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The second option is an SIS loop closing an additional block valve in the feed line
installed in series with the existing. Its function is to stop the feed when the tem-
perature surpasses the set point by a defined amount. This IPL must be realized
in SIL 2 quality since an RFF of 100 is required. A good alternative in the sense
of diversity would be to use a pressure transducer to build the SIS: if the pres-
sure reaches a limit allowing not to surpass the MAWP, the block valve in the
feed stream is shut. This option is only possible if the accumulation of reactant
is low: the reaction must be halted immediately to avoid a critical overpressure.
The great advantage over the ERS is that the toxic release is avoided.

In addition, in view of the toxicity of the evolving cloud, personal protective
equipment (gas mask) reduces the risk of intoxication. This is an organizational
measure that only works if the toxic release is detected (sensor and alarm or odor);
then it contributes to the risk reduction.

The required RRF = 1000 can best be realized with a combination of PCS mea-
sures: one in the BPCS and the other in a SPCS in SIL 2 quality (Table 17.4).

Table 17.4 Protection strategy for the scenario cooling pump failure.

Safeguard RFF Comment

The temperature–feed interlock in the
BPCS

10 This is the highest allowed RFF
for BPCS control loops

SIS SIL 2 temperature high closes feed
or pressure high closes feed or ERS
with effluent treatment

100 In view of the toxicity, the SIS is
preferred to the ERS in order to
avoid dispersion of toxic material

Personal safety equipment (PSE):
respiratory protection

(<10) In addition to the technical
means, release must be detected
and operators must be trained

Overall risk reduction 1000

The SIL assessment method presented here is a layer of protection analysis
(LOPA) using a matrix from Appendix G in Ref. [4]. There are other methods
such as the calibrated risk graph and the layer of protection analysis (the original
LOPA) that can be used for SIL assessments.

17.3.4 Other Methods for Reliability Analysis

17.3.4.1 The Calibrated Risk Graph
The calibrated risk graph defines the risk as a combination of four criteria (Ref.
[4] in Part 3, Annex D):

• The severity of the consequences with four levels noted C1–C4.
• The occupancy with two levels noted F1 and F2.
• The probability of avoiding the hazard with two levels noted P1 and P2.
• The demand rate of the system with three levels noted W 1–W 3.
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Figure 17.8 Calibrated risk graph. (--): No SIL requirement. (a): No special safety requirement.
(b): Single SIF is not sufficient. (1), (2), (3), and (4): Required SIL.

The required SIL is determined by following the path corresponding to the cri-
teria from the adequate C entry to the appropriate W column (Figure 17.8). The
number in the cell gives the required SIL.

An example calibration [4] is given hereunder:

Consequence
C1 Lost time injury
C2 Serious Injury
C3 One to three fatalities
C4 More than three fatalities

Demand rate
W 1 Seldom <1 in 10 yr
W 2 Occasional ≥1 in 10 yr to <1 in 1 yr
W 3 Often ≥1 in 1 yr to <10 in 1 yr

Occupancy exposure
F1 Exposure< 10% of the time
F2 Exposure> 10% of the time

Possibility of escape
P1 Possibility of escape> 90% chance
P2 Possibility of escape< 90% chance
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17.3.4.2 The Layer of Protection Analysis
The LOPA is presented as a table detailing the risk assessment of the frequency of
the initiating event and then detailing the probability of all individual protection
layers such as technical, procedural, and SIS with their respective reliability:
• Process design
• BPCS
• Alarms
• Additional mitigation, restricted access
• IPL additional mitigation dikes, pressure relief

Finally the resulting frequency is compared with the target defined in function
of the consequences. If a gap exists, additional protection layers must be imple-
mented. This method is very similar to the matrix method presented above, which
is a simplified LOPA directly implemented in the risk matrix.

17.4 Exercises

17.1 Reliability and Availability
A chemical reactor is protected against runaway by injection of an
inhibitor, which is triggered by a temperature switch high (TISH). Since
the value of the batch is high, it is important to avoid false alarms (active
failures), which lead to unwanted inhibitor injection and to the loss of a
batch. On the other hand, process safety is important too, thus passive
failures (failure on demand) must be avoided. Consequently, for the
temperature sensor, a voting system with an architecture two out of
three (2oo3) was chosen.
Question
1. Explain qualitatively why a voting system of type 2oo3 represents a

good compromise between availability and reliability for triggering the
inhibitor injection.

17.2 Passive and Active Failures
The reliability of a process may be improved by using redundant systems.
This may impinge negatively the availability of the system.
Question
How do active and passive failures affect the reliability and availability
(only one answer):

1. Reliability is more affected by passive failures.
2. Availability is more affected by passive failures.
3. Reliability is more affected by active failures.
4. Availability is more affected by active failures.

◽ a: 1; 2
◽ b: 1; 4
◽ c: 2; 3

17.3 Voting System
Explain qualitatively why a voting system of type 2oo3 represents a good
compromise between availability and reliability for stopping a fluid. In
Figure 17.9 each color or letter represents one combined element.
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Figure 17.9 Stopping a fluid with a 2oo3
system.
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Figure 17.10 (a) Double block and bleed system. (b) Check valve.

17.4 Reliability of Measures
In hydrogenation processes it is important to avoid any contamination of
the nitrogen supply with hydrogen (the nitrogen is used for blanketing
with an inert gas). During the hydrogenation process, the hydrogen pres-
sure in the reactor is often higher than the nitrogen pressure of the supply
line. Two options are possible to avoid contamination (Figure 17.10):
First possibility: Double block and bleed system (the small arrows

indicate whether the valve is open [↑] or closed [↓] in the absence of
energy).

Second possibility: Nonreturn check valve. A nonreturn check valve is
a valve that normally allows fluid (liquid or gas) to flow through it in
only one direction.

Question
1. Compare the reliability of these possibilities. Which would you

recommend?
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18

Development of Safe Processes

Case History

Two companies decided to build a common plant for the production of aromatic
amines used as synthesis intermediates. Both companies had designed a classi-
cal synthesis route introducing the nitrogen atom by nitration and reducing the
nitro compound to the amine by hydrogenation. Nevertheless both companies
had differences in the process design: since the nitration reaction is not selective,
a mixture of isomers and other byproducts is obtained from the nitration. The first
company separated the nitro compounds by rectification in order to obtain the
desired component in a rather pure form, which avoids catalyst poisoning during
the hydrogenation reaction.

The second company had worked on the hydrogenation catalyst design to find
catalysts that allow for the direct hydrogenation of the mixture of nitro com-
pounds to a mixture of amines that were separated by liquid–liquid extraction
(Figure 18.1).

Nitration
(b)(a)

Hydrogenation SeparationNitration HydrogenationSeparation

Figure 18.1 Synthesis of amines by nitration and reduction. Two processes with different
thermal exposure profiles the process in (a) separates nitro compounds by rectification and
the process on (b) separated amines by liquid–liquid extraction.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Unfortunately the process of the first company was chosen and led to a severe
incident. Since the nitro compounds were solid at room temperature, the recti-
fication column was thermally insulated and trace heated by an oil circulation.
During the start-up a leak of the oil occurred that flew into the isolation mate-
rial and ignited. Then the rectification column treating the nitro compound was
heated by fire that caused a violent decomposition of the nitro compound, and
the column exploded, causing irremediable damage to the plant. Fortunately no
operators were killed nor injured. The consequences were severe economic losses.

Lessons Drawn

The thermal exposure profile of the nitro compounds is totally different in these
two process designs. The direct hydrogenation avoids the exposure of the nitro
compounds to high temperatures for the rectification, the separation being per-
formed on the amines at room temperature.

With this process (separation of the amines), the nitro compounds are not
exposed to high temperatures, and the incident simply could not have occurred
with this process design.

It is worth looking at energy potentials and exposure to high temperature at very
early stages of the process development.

Introduction

The concept of inherently safer processes serves as a guide through the different
steps of process development. In Section 18.1, the concept of inherently safer
process is presented together with a way to integrate it into process develop-
ment strategies. This leads to the concept of integrated process development
as described in Section 18.2. Then Section 18.3 treats the practical aspects of
integrated process development and the communication difficulties between dif-
ferent professionals and finishes with some remarks on the training of these pro-
fessionals.

18.1 Inherently Safer Processes

18.1.1 Principles of Inherent Safety

Inherent safety is an idea developed by Trevor Kletz [1, 2] in the late 1960s, con-
sisting of integrating the safety aspects in the process design as a yeast in the cake
rather as an icing on top of it. Inherent safety is defined as “a condition in which
the hazards associated with the materials and operations used in the process have
been reduced or eliminated and this reduction or elimination is permanent and
inseparable” [3]. Several basic principles support the initial idea and facilitate its
transfer to the practice of process development. These principles are described
hereafter together with their implication for the thermal safety of processes.
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Minimization, also called intensification, consists of reducing the inventory of
material submitted to harsh conditions. For example, using a continuous reactor
instead of a batch reactor reduces the inventory (see Worked Examples 9.1 and
9.2). This may even be pushed further by using microtechnology [4–6]. Another
variant of intensification is to merge several unit operations or to implement dif-
ferent functions in one equipment, for example, reactive distillation where the
reactor and the distillation unit are merged in one unique piece of equipment
[7, 8]. The concept of modular production plant [9] developed in the frame of
Industry 4.0 is also a way to minimization (and simplification) of production
plants. Whatever the strategic approach, reaction calorimetry is a tool of choice
for the determination of the thermal data of reactions and defining the operating
conditions of reactors (see Section 4.4.3).

Substitution consists of replacing a hazardous chemical by another less haz-
ardous. This strategy is essentially useful at the very beginning of research on a
new product. At this early stage of process life, the synthesis route must be cho-
sen. Here it is important to choose a route using as far as possible nonflammable
compounds and avoid high energetic material and strongly exothermal reactions.
The nature of solvent is also an important choice in that respect, since it may
affect reaction rates and thermal stabilities. For the identification of thermal haz-
ards, microcalorimetric methods like differential scanning calorimetry (DSC) are
well adapted: they use only small quantities of material and are fast. Thus differ-
ent process variants, synthesis routes, reactants involved, and solvents can be
studied in screening (see Section 4.3.1). An example of substitution is the alter-
native synthesis of carbaryl that had avoided the Bhopal tragedy. Carbaryl may
be obtained the following two routes (Figure 18.2): The Union Carbide synthesis
reaction of methylamine with phosgene to form methyl isocyanate reacts with
α-naphthol to form the carbaryl. The second route used by Makhteshim reacts
directlyα-naphthol with phosgene to form a chloroformate ester that is converted

OH OCOCl

OCONHCH3

CH3NH2 + COCl2 CH3OCN

OH

+ COCl2

CH3NH2

Figure 18.2 Two synthesis routes for carbaryl. The upper route used by Makhteshim in Israel
avoids methyl isocyanate that caused the tragedy of Bhopal.
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to carbaryl by reaction with methylamine. The huge difference between these two
routes is that Makhteshim in Israel totally avoids methylisocyanate. “What you
don’t have cannot leak” [10].

Attenuation or moderation is the art to choose a hazardous material in its
less hazardous form. For example, when using phosgene as a reactant, the ques-
tion should be asked whether diphosgene could be used instead. Phosgene is a
highly toxic gas (Tb = 8 ∘C), whereas diphosgene is liquid at ambient tempera-
ture (Tb = 128 ∘C). It is obvious that diphosgene is easier to handle and in case of
leakage the dispersion is less extensive than with phosgene. If the intended reac-
tion is also possible with diphosgene, this reactant should be preferred. Reaction
calorimetry or micro calorimetry, for example, Calvet calorimetry can be used to
test the reactivity of different reactants (see Section 4.3.2).

Simplification aims at making a process or an equipment tolerant against fail-
ures, in other words make it robust. A simplified plant provides less opportu-
nities for failures, technical or human failures, and is easier to control [2]. The
equipment is basically designed to withstand incorrect operation, which requires
that these incorrect operations have been identified, analyzed, and accounted
for in the process design. The cooling failure scenario presented in Section 3.2.1
addresses the problem of tolerance toward a critical failure of the cooling system.
In this sense answering the six key questions of the scenario gives a guarantee that
the essential aspects of thermal process safety are studied, which will result in a
thermally robust process. The way these concepts may be used along the process
life cycle is developed hereunder.

18.1.2 Safety Along Life Cycle of a Process

The life cycle of a process can be schematically described in eight steps:

(i) The process life begins with an innovation: the discovery of a new molecule,
an idea for a new product, or to improving an existing product. At this stage
the process is essentially an idea and has no materialized existence.

(ii) Then it starts the feasibility study, a stage where many of the “good” ideas
die. This study is conducted in research laboratories, and here clearly the
first question about thermal safety should be asked: the energy potential of
reactants and products can be determined at this stage. Asking the right
questions from the beginning gives a real chance to design an inherently
safer process. This approach is called Inherently Safer Design (ISD) [2]
or integrated process development. At this stage the working scale is
milligrams to grams.

(iii) The laboratory study will determine the process conditions; here questions
like thermal stabilities of reactants, products, and also intermediates
become crucial. The reactions are also studied in reaction calorimeters
with the objective to define a “scalable” process. Reaction calorimeters
have proven to be an extremely valuable tool for the optimization of
reaction conditions while providing the first information for engineers,
who start to be involved for the study of the scale-up issues [11]. The
criticality classes are determined at this stage and are the base for the
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definition of the protection strategy against unwanted thermal effects. The
data required for a first risk analysis are collected at this stage, even if the
equipment is not yet determined. The working scale is hectograms.

(iv) Pilot plant: For the first time, the process is performed at a larger scale
(kilogram, liter) with technical quality of the solvents and reactants. Before
the pilot campaign starts, a risk analysis must be performed. The thermal
aspects represent an important element of the analysis; hence the data
determined in the previous stages are essential. The objective of a pilot
plant study is to identify potential problems for the further scale-up to
industrial scale. Pilot plant reactors can be equipped with a heat balance
system, which make them to reaction calorimeters (see Section 4.4.3.5).
This technique allows to get an excellent information base for the future
production plant. The protection strategy and safety measures should be
verified at this stage.

(v) Engineering: Engineers define the type and size of the equipment, the
production capacities, process parameters, and control strategies. This is
also the time to perform and finalize a comprehensive process risk analysis
(Hazard and Operability Study [HAZOP] or similar). Here it is clear that
the heat transfer issues, the thermal behavior of reactions, chemicals, and
equipment play a central role.

(vi) Building and commissioning: The process becomes reality. The functional-
ities are tested and so should the risk reduction measures be tested for their
efficiency. For errors revealed at this stage, the correction is cost intensive
and leads to delay that may be fatal on a very active market.

(vii) Process operation: The process is working at full scale (tons, cubic meter),
and the company earns money. Some weaknesses of the process may be
revealed and corrected during process operation in a continuous optimiza-
tion procedure. The effect of changes in raw material or process conditions
on the thermal safety must be duly verified and documented. It is right that
ISD takes place at the very beginning of process life, but it is also true that
it is not limited to these stages, but it is also a tool later in process life as
change opportunities in the process are given [12].

(viii) Process death: The demand on product decreases, the product is replaced,
or a competitor has a better product – all these reasons lead to the death of
the process. The plant is decommissioned and the equipment dismantled.
These may also give rise to opportunity of incidents as in the Case His-
tory in Chapter 13 where a cleaning operation led to a severe incident or at
Bhopal (Case History in Chapter 17) where the plant was slowly degenerat-
ing, operator trainings skipped and staffing reduced, and the safety barriers
deactivated until the disaster happened [13].

18.1.3 Developing a Safe Process

The first question that arises when thinking about developing a safe process is:
“what is a safe process?” Depending on who is asking the question, the answers
and criteria may differ.
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For the management the answer may be digital in stating that the process is
safe or not. The focus of management is to find an optimum between the three
constraints that are the process economy, the environment protection, and safety.
Many companies have promoted safety principles as “safety shall not be compro-
mised by economy” as a guidance when management choices are required. Many
companies have also committed themselves to the Responsible Care® principles,
which require, among other topics, to strive for continuous improvement of pro-
cess safety. This requirement is part of the second element of Responsible Care
global charter and is a call to all actors to implement the principles of inherent
safer design.

For engineers the focus is on technical questions such as reaction control issues,
equipment design, material properties like corrosion or mechanical resistance,
and risk reducing measures: Which measures? Are they sufficient? Are they reli-
able? What process control strategy?

For scientists the questions are on chemical reaction rates (kinetics), thermal
stabilities (raw material, products intermediates), catalytic effects, physical prop-
erties of involved chemicals and materials, and safe process conditions.

The point about safe process conditions may sound odd, but experience has
shown that often the intended process conditions are defined, but there is no
information on how far from these conditions the process remains safe. Thus the
very first step in process design is to identify the parameter range where the pro-
cess remains safe and to define the critical limits. It appears clearly that a method
is required to achieve the objectives of process economy, environment protection,
and process safety that may sometimes appear conflicting.

18.2 Methodological Approach

18.2.1 Specificity of the Fine Chemicals Industry

Process development, as it is taught in chemical engineering courses, consists
of starting from a given chemistry, conceiving a process, and finally building a
plant to produce it. This approach is fully justified for bulk chemicals and large
tonnages, where dedicated plants are fully justified. In the fine chemicals indus-
try, with smaller tonnages, it is usual to work in multipurpose plants. Then pro-
cess development rather consists of adapting the process to fit into an existing
equipment while limiting as far as possible modifications of the equipment. These
approaches are totally different also for the thermal aspects of the process since a
stirred tank reactor is by far not an optimal solution as well for mixing as for heat
exchange. Here the tubular geometry has definitive advantages, but the flexibility
required for the multipurpose character gets lost. Thus often the heat exchange
capabilities of stirred tank reactors become the limiting factor (see Exercises in
Sections 8.9, 9.4, and 14.5).

18.2.2 Integrated Process Development

Integrating the safety aspects from the early stages of a process development gives
the best chances to achieve an inherently safer process. This way of developing a
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process is also called ISD that gives the best chances of designing a really prof-
itable process while reducing the development costs. The reasons for this are
multiple.

First, the knowledge about the process grows as the process progresses through
the different steps described above. As time passes, naturally the time left for
changes decreases. In order to reduce the time to market, decisions for obtaining
a scalable process must be made from early stages at a time the available informa-
tion is partial. Consequently, the art of process development is to take the right
decisions with only sparse information. In this context, calorimetry, and espe-
cially reaction calorimetry, is powerful to get insight into thermal and kinetic
data about a reaction that represent extremely valuable information [14, 15].

Another aspect is that the expenses increase as the process development
progresses through the different steps. Thus the degree of freedom for changes
decreases. Nothing is worse than realizing that after months of intense develop-
ment work, the process went into a dead end. To avoid this kind of misadventure
in the development of a process, it is important to systematically consider
alternatives early in the design. Even if these alternatives cannot be fully
developed, they should at least be thought through [1]. This does not cost a
lot and may really bring a lot of savings. Company internal procedures that
demand clear statement regarding the implementation of ISD principles at
each process development step are beneficial. As an example, a fine chemicals
company implemented an ISD evaluation step in the framework of a process
safety analysis. Thus after each development step, the project manager is forced
to comment on the considerations made regarding substitution, minimization,
attenuation, and simplification of the process as indicated in the following work
flow diagram (Figure 18.3).

By considering safety only during engineering and scale-up to the industrial
scale, all what can be done is to add on protective equipment to reduce the risk,
as a kind of end-of-pipe solution.

The process hazard analysis used in early development stages is also a tool help-
ing to identify weaknesses of the process and using these weaknesses to improve
the process by searching for optimized conditions rather than directly applying
safeguards. In this sense the process hazard analysis becomes an iterative proce-
dure allowing to optimize the process.

18.3 Practice of Integrated Process Development

18.3.1 Objectives and Data

The objective of integrated process development is to develop economic,
environment-friendly, and safe processes. The outcomes to be optimized are
quality, productivity, and robustness. A priori the process economy may appear
to be conflicting with environment and safety objective, but this must not be
the case.

One parameter of process economy is productivity. The productivity can
be increased by short cycle times, small reactor volume, fast reactions, high
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concentration, and high conversion. Short cycle times, small reactor volume,
and high conversion, also called process intensification, are favoring the process
safety. High reaction rate and high concentration appear to be in conflict with
safety issues: in such cases an optimization procedure may help.

Another parameter for the process economy is product quality, which may be
achieved by improving the selectivity and avoiding secondary reactions, which
reduces waste and also favors the thermal stability in the sense that secondary
reactions are avoided. The means to achieve a high selectivity are a rigorous con-
trol of the process parameters like temperature, pressure, pH, and concentrations.
In fact these objectives are all in line with process safety.

Further productivity also requires robustness of the process toward changes of
control parameters, reactant quality, or technical failures. Here too the objective
of robustness is fully in line with process safety.

Thus working for productivity also favors the thermal safety of the process.
Consequently taking the safety aspects as an integral part of the process develop-
ment helps to obtain a scalable process at early stages in the process development
in order to shorten significantly the time to market. Then the question arises:
what is a scalable process?

Here answers are multiple but could probably best be summarized in consid-
ering that the different characteristic dynamic aspects must be balanced. These
dynamic aspects are:
• The chemical reaction dynamics: Here the determining factors are the reaction

kinetics, temperatures, and concentrations. These effects can be studied by
calorimetric methods [14, 16]. A combination of different calorimetric meth-
ods allowing for the determination of kinetic parameter, even with a complex
reaction scheme, is described in Section 8.3.3 [17].
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Figure 18.3 Example work flow diagram for integrated process development.
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• The hydrodynamics: This means the mixing quality (micro- or macro-mixing),
phase contacting patterns, mechanical agitation, gas dispersion, solid suspen-
sion, emulsions, and the way different fluids are contacted, for example, when
comparing batch and semi-batch or continuous stirred tank reactor (CSTR)
with a plug flow reactor.

• The equipment dynamics: Not only the dynamics of temperature control as
described in Chapter 14 but also dynamics of pressure control may play an
important role. An example of characterization of the reactor control dynamics
is given in Section 14.4.
Once these dynamic aspects are known and the means for their control are

identified, they can be balanced at different scales: the process is scalable. This
is probably an idealistic view, but at least it should suggest some paths to be
followed during process development. Here again, the calorimetric methods are
very helpful.

18.3.2 Chemists and Engineers

Process development is a playground for professionals with different specialties,
different education, and cultural backgrounds. This may render the communica-
tion difficult. In order to illustrate this, we consider a hydrogenation reactor. The
chemists think on the selectivity, on the reaction mechanisms π-orbitals of the
double bond interacting with s orbitals of the hydrogen, and so on. The engineers
think on temperature and pressure control in the reactor, catalyst suspension,
gas dispersion, etc. In fact these two professionals see the same process from two
totally different scales: the chemist at the microscale or even nanoscale and the
engineers at the macroscale of an industrial reactor.

Experience has shown that looking at thermal aspects, for example, studying a
reaction in a reaction calorimeter, allows both viewpoints to merge: the thermal
effects are important for the temperature control and heat transfer at industrial
scale, as well as for the reaction kinetics and mechanisms at micro- or nanoscale
(Table 18.1).

Table 18.1 Data used in chemical engineering and process safety.

Data Chemical engineering Process safety

Reaction enthalpy Reactor design Runaway potential
Heat capacity Energy costs Adiabatic temperature rise
Thermal power Reaction control Cooling capacity
Reaction kinetics Selectivity, productivity Accumulation
Heat transfer Sizing Reactor stability
Viscosity Agitation, mixing Cooling capacity
Agitation power Agitator design Accumulation
Vapor pressure Unit operations Explosion, pressure
Latent heat Condenser, reflux sizing Pressure, evaporation cooling
Solubility Phase separation Segregation, accumulation
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18.3.3 Communication and Problem Solving

Thermal process safety is at the crossroads of several knowledge fields: physical
chemistry, chemical engineering, and equipment engineering. Thus it often
requires teamwork, with professionals having different backgrounds, which may
render the communication difficult. As an example, solving a thermal safety
problem requires several procedure steps with information transmissions across
interfaces between different departments in a company organization. From the
problem analysis made by the production or process development department,
the safety laboratory will design the experiments. The safety laboratory staff must
be able to understand the industrial problem in order to perform the experiments
that will deliver the information required to solve the problem. This is the first
interface. Then the actual experimental study is performed and results in physical
chemical facts (data, thermograms, etc.). These data must then be interpreted
in terms of risks at industrial scale (scale-up). This is the second interface.
The criticality classes described in Section 3.3.2 are helpful in this task. The
language used for the description of the cooling failure scenario also simplifies
complex concepts in a way to describe them by easy to understand, nevertheless
scientifically sounded concepts. For example, the enthalpy of reaction is trans-
formed into an adiabatic temperature rise that makes it easy to compare orders
of magnitude.

The basic rules of communications may serve as a guide in this context [18]:

thought
said
heard
understood
approved
implemented

is not
is not
is not
is not
is not
is not

said
heard
understood
approved
implemented
sustained

18.4 Concluding Remark

Training in process safety should be included in the training of chemical engi-
neers [10] and chemists. This is essential in order to favor the practice of inte-
grated process development. Process safety in general and thermal process safety
in particular are an integral part of the tasks of professionals in research, pro-
cess development, and production. Therefore the concepts presented in this book
should be integrated in the curricula of universities preparing the future profes-
sionals to their missions in the industry.

The diversity in the required knowledge and skills makes thermal process safety
a very interesting and attractive field. It also requires creativity to find solutions
to problems that at a first glance look impossible to solve.
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Solutions of Exercises

Chapter 1

1.1 1. Risk is an assessment based on two components, the severity and the
probability of occurrence of a scenario, while hazard is a potential to
cause harm (a threat) to human being, environment, or property.

2. The severity categories mentioned in this book are negligible, marginal,
critical, and catastrophic.

3. Life and health, environment, property, business continuity, image, or
reputation.

1.2 1. The priority should be given to the reduction of the severity: this
decreases the potential for causing damage.
Reducing the probability of occurrence has no effect on the potential of
damage, which means the threat is always present. For high severities the
reduction of the probability of occurrence requires measures with high
reliability.

1.3 The first priority is eliminating measures, since they discard the hazard or
reduce the severity of an incident. Therefore, no additional measures essen-
tially for the reduction of the probability of occurrence are required.
As a second priority we find the preventive measures: although the poten-
tial incident may take place, these measures allow reducing the probability
of occurrence or stop its development before critical consequences are real-
ized.
Emergency measures the incident that may occur, but the emergency mea-
sures aim at mitigating the damage caused.
As an example for a runaway scenario:
• Eliminating measures: Change the synthesis route in order to avoid high

severity, as, for example, avoid the use of highly energetic compounds.
• Preventive measures: The runaway may start, but its development

is stopped by technical means like emergency cooling, quenching,
controlled depressurization, etc.

• Emergency measures: The runaway develops, but its consequences such
as atmospheric dispersion are either contained, or emergency evacuation
plans are in place to protect the population.

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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1.4 Inductive: Example checklist or HAZOP starting from an initiating event
constructs the chain of successive events leading to the effect. Advantage:
The top event must not be known. Drawback: Combinations of events can-
not be systematically identified.
Deductive: Example fault tree analysis (FTA) starting from the top event and
searching for possible causes (parent events). Advantage: It identifies com-
binations of events and can be quantified. Drawback: The top event must be
known, complex to build a quantifiable tree.
Intuitive: Brainstorming with a creative stage followed by an analytical stage
gives no guarantee of comprehensiveness and difficult to trace back.

1.5 The checklist is well adapted to fine chemicals and pharmaceutical indus-
tries with batch processes often performed in multipurpose plants. Its focus
is on the process and is based on the operating mode.
The HAZOP is well adapted for continuous processes, its focus is on the
technical aspects, and it is based on the PID.

Chapter 2

2.1 1. The specific heat capacity of the mixture:

c′p =

∑
i

mic′pi∑
i

mi
= 200 × 1.8 + 400 × 3.2

600
= 2.73 kJ kg−1 K−1

The adiabatic temperature rise of the initial process:

ΔTad =
Q′

r

c′p
=

130 kJ kg−1

2.7 kJ kg−1 K−1
= 48 K

2. For the calculation of the adiabatic temperature rise for a different con-
centration, the molar enthalpy is required. This is calculated from the
data of the initial process:

Q′
r = 𝜌

−1C(−ΔrH) ⇒ −ΔrH =
𝜌Q′

r

C

=
0.860 kg l−1 × 130 kJ kg−1

1 mol l−1 = 112 kJ mol−1

The concentration of the new process:

C = 1 mol l−1 × 400
200

× 600
800

= 1.5 mol l−1

The specific heat capacity of the concentrated reaction mass is calculated
in the same way as for the initial concentration:

c′p = 2.5 kJ kg−1 K−1

The adiabatic temperature rise:

ΔTad =
(−ΔrH)CA0

𝜌 ⋅ c′p
= 112 kJ mol−1 × 1.5 mol l−1

0.86 kg l−1 × 2.5 kJ kg−1 K−1
= 78 K
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3. A concentration increase may lead to additional phenomena like precip-
itation or secondary reactions that would add other contributions to the
heat balance. Thus it is recommended to verify experimentally the result
obtained by calculation.

2.2 1. We verify that the stirrer is operated in the turbulent regime.

Re1 =
𝜌nd2

s

𝜇

=
1000 kg m−3 × 90

60 s
× 0.82 m

5 × 10−3 Pa s
= 1.92 × 105∶ turbulent regime

Re2 =
𝜌nd2

s

𝜇

=
1000 kg m−3 × 100

60 s
× 1.02 m

5 × 10−3 Pa s
= 3.33 × 105∶ turbulent regime

Since both agitators are operated in the turbulent regime and since they
are of the same type, they have the same power number (Ne), which can
be calculated for the first agitator:

Ne =
qag

𝜌n3ds
5 = 700 W

1000 kg m−3 ×
(

90
60 s

)3
× 0.85 m5

= 6.33 × 10−4

Thus the power dissipated by the second agitator is

qag = Ne𝜌n3ds
5 = 6.33 × 10−4 × 1000 kg m−3

×
( 100

60 s

)3
× 15 m5 = 2.93 kW

2. The first step is to calculate the heat loss coefficient. When equilibrium
is reached, the power dissipated by the agitator exactly compensates for
the heat losses:

qag = qloss

The characteristics of the first agitator are known, which allows writing
a heat balance where the unknown is the heat loss coefficient (𝛼):

𝛼(Tequil − Tamb) = qag

Thus

𝛼 =
qag

Tequil − Tamb
= 0.7 kW

(27 − 20) K
= 0.1 kW K−1

This coefficient is used in the heat balance of the new agitator:

𝛼(Tequil − Tamb) = qloss ⇒ Tequil = Tamb +
qloss

𝛼

= 20 ∘C + 2.93 kW
0.1 kW ∘C−1 = 49 ∘C

3. The boiling point of the reaction mass may limit the temperature
increase.
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2.3 The potential and therefore the severity are high: 800 kJ kg−1
>ΔTad =

400 ∘C.
Assuming a zero-order reaction (heat release rate independent of conver-
sion), the following scenario can be drawn.
With an initial heat release rate of 10 W kg−1 at 80 ∘C, the initial temperature
increase rate is

dT
dt

=
10 W kg−1

2000 J kg−1 k−1
⋅ 3600 s h−1 = 18 ∘C h−1

The time required to increase the temperature from 80 to 90 ∘C is about
1/2 hours.
According to van’t Hoff rule, in the next temperature interval from 90
to 100 ∘C, the thermal power will increase by a factor of 2. This result in
20 W kg−1 and consequently the time required will be divided by a factor of
2: 1/4 hours… and so on.
Estimation of adiabatic temperature curve:

Temperature (∘C) 80 90 100 110 120 … 480
Power (W kg−1) 10 20 40 80 160 …
Time required (h) 0.5 0.25 0.125 0.0625 … Σ = 1

The total time required is two times the first interval (geometric progres-
sion): one hour. This is a minimal estimation, because we assume the power
to remain constant at the minimum level during each time interval. If we
assume the upper limit for power, then the table gives values as follows:

Temperature (∘C) 80 90 100 110 … 480
Power (W kg−1) 20 40 80 160 …
Time required (h) 0 0.25 0.125 0.0625 … Σ = 0.5

Thus the total time required is only 0.5 hour.
In reality the induction time of the thermal explosion is between 0.5 and
1 hour. This means that the explosion occurs very soon after the cooling
failure and there is no time left to take measures like emergency cooling,
dumping, etc.

Chapter 3

3.1 1. Evaluation of thermal data

Reaction∶ ΔTad =
(−ΔrH) C′

c′p
=

65 kJ mol−1 × 2.5 mol kg−1

3.5 kJ kg−1K−1
= 46 K

The energy of the main reaction is rated as “low.”

Decomposition∶ ΔTad =
(−ΔrH) C′

c′p

=
150 kJ mol−1 × 2.5 mol kg−1

3.5 kJ kg−1 K−1
= 107 K

The energy of the decomposition reaction is rated as “medium.”
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2. Criticality class
MTSR = Tp + Xac ⋅ ΔTad = 5 ∘C + 0.1 × 46 ∘C = 9.6 ∘C

Since MTSR is below ambient temperature, MTSR will be taken as
MTSR = 25 ∘C:

Tf = 25 ∘C + 107 ∘C = 132 ∘C = 405 K
The technical limit is the boiling point (100 ∘C).
With the given accumulation of 10%, the criticality class is 2
(MTSR<TD24 <MTT).

3. Measures required
If the process was considered as full batch (100% accumulation), the
MTSR would be 51 ∘C, which means that the decomposition would be
triggered (TD24 = 30 ∘C) and a final temperature of 158 ∘C could be
reached. The criticality class would then be 5. This shows the crucial
role played by the temperature control during reaction. Hence, the
nitrite feed must be interlocked with the reactor temperature in order
to stop the feed if the temperature surpasses, for example, 15 ∘C.

3.2 1. Thermal potential

Reaction∶ ΔTad =
Q′

rx

c′p
=

230 kJ kg−1

1.7 kJ kg−1 K−1
= 135 K

Decomposition∶ ΔTad =
Q′

rx

c′p
=

150 kJ kg−1

1.7 kJ kg−1K−1
= 89 K

Assuming 100% accumulation, the decomposition would be triggered,
and the overall potential was rated “high.”

2. Criticality class
Take the accumulation into account:

MTSR = Tp + Xac ⋅ ΔTad = 40 + 0.3 × 135 = 81 ∘C
MTSR<TD24 = 130 ∘C; hence the decomposition will not be triggered
after a cooling failure, as long as the feed is immediately stopped.
The thermal potential is rated “low,” but the boiling point can be reached
(MTT = 56 ∘C = 329 K).
The criticality class is 3.

3. Measures required
In the criticality class 3, the boiling point may serve as a safety barrier,
which means that the condenser and the distillation system must be
designed for coping with the vapor generated by the reaction.
Recommendation 1: Size the refluxing system for the scenario described
above.
If the feed is not immediately stopped in case of failure, the maximum
achievable temperature would be

Tf = Tp + ΔTad,rx + ΔTad,dec = 40 + 135 + 89 = 264 ∘C
This shows how important it is to stop the feed by reliable means in case
of temperature increase.
Recommendation 2: Provide a reliable interlock between temperature and
feed.
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3.3 1. Energy potential

Reaction∶ ΔTad =
Q′

rx

c′p
=

150 kJ kg−1

1.5 kJ kg−1 K−1
= 100 K

Decomposition∶ ΔTad =
Q′

rx

c′p
=

350 kJ kg−1

1.5 kJ kg−1 K−1
= 233 K

As a first approach, without taking the accumulation into account, after
loss of control of the main reaction, the decomposition would be trig-
gered. The overall potential is high, rated “critical.”
Take the accumulation into account:

MTSR = Tp + Xac ⋅ ΔTad = 110 + 0.5 × 100 = 160 ∘C

MTSR>TD24 = 140 ∘C, i.e. the decomposition is triggered and leads to a
final temperature of 393 ∘C.

2. The criticality class is 5.
The severity with respect to the thermal aspects is rated “critical.”

3. For a criticality class 5, emergency measures are required or the process
must be reworked, reducing the accumulation. Besides the purely ther-
mal aspects, the gas release by the decomposition (SO2) is problematic.

Chapter 4

4.1 This thermogram is not representative of the reactor’s contents: the ther-
mogram was recorded on the solid, whereas the compound under study
will be used as a solution in toluene. The endothermal signal just before the
exothermal signal may be interpreted as a melting followed by the decom-
position of the molten compound. Thus it is likely that the decomposition
will take place at a lower temperature in the solution.
This thermogram shall not be used to assess the thermal risks linked with
the intended operation: a thermogram recorded with the solution should
be used instead.

4.2 1. Using the given specific heat capacity, the energies measured in the DSC
experiment leads to a temperature increase of:

ΔTad = Q′

c′p
• 100 K for the first peak in the temperature range from 150 to c. 180 ∘C.
• 400 K for the second peak in the temperature range from 200 to c.

270 ∘C.
By ARC, the chosen starting temperature corresponds to the given
MTSR, which is correct. The measured temperature increase of 50 K,
with a thermal inertia of 2 corresponds to an adiabatic temperature
rise of

ΔTad = Φ ⋅ ΔTmes = 2 × 50 = 100 K
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Taking also the temperature range into account, this would mean that
during the “adiabatic” experiment, only the phenomenon corresponding
to the first peak in the DSC was measured. In reality starting from
the MTSR at 120 ∘C, the final temperature reached after the first peak
is 220 ∘C; in other words, the second peak would immediately be
triggered, leading to a further temperature increase by 400 K. Basing on
solely the “adiabatic” experiment, wrong conclusions would be drawn:
“medium” energy potential (ΔTad = 100 K) instead of “high” potential
(ΔTad = 500 K).

2. In the ARC experiment, after the first peak, the instrument must be
switched to the “Heat, Wait, Search” mode in order to reach at least the
final temperature that would be obtained under truly adiabatic condi-
tions (220 ∘C). In such a way the second peak would also be triggered.
Obviously this part of the experiment may lead to high pressure and
requires some care.

3. The energy potential of 1000 J g−1 (ΔTad = 500 K) is very high and would
probably lead to a violent explosion. Furthermore, the time to explosion
(tmrad) is on the order of magnitude of one hour, indicating a high prob-
ability of occurrence. These data correspond to a criticality class 5 and
require process changes in order to decrease the MTSR.

4.3 1. and 2.
The following experiments are proposed:

1. DSC of the initial charge (solution of A) allowing for the determination
of the thermal stability (energy potential and estimate of tmrad) of the
reactor contents heated to 140 ∘C. This also gives a useful information
on the possibility to interrupt the process at this stage if required, e.g.
in case of malfunction or other logistic problems.

2. Performance of the reaction as described in the procedure in a reac-
tion calorimeter for the determination of the heat of reaction, maxi-
mum heat release rate, and the thermal accumulation allowing for the
calculation of the MTSR.

3. DSC sample of the reaction mass before heating to 150 ∘C allowing for
the determination of the thermal stability at this stage (energy poten-
tial and estimate of tmrad), where the reaction is probably not yet
completed.

4. DSC sample of the final reaction mass after the holding time at 150 ∘C
allowing for the determination of the thermal stability at this stage
(energy potential and estimate of tmrad); here only the decomposition
(if it exist) will be characterized.

5. DSC sample of the wet filter cake for the determination of the ther-
mal stability (energy potential and estimate of tmrad). This allows the
assessment of heat accumulation conditions in the filter.

3. The fact that the reaction mass is heated after the feed indicates accu-
mulation of unreacted material; thus the MTSR may be above the boiling
point (MTT): classes 3, 4, or 5. The fact that there is a long holding time
at 150 ∘C means that at this temperature the decomposition should not
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be very active, or TD24 >MTT , this eliminates class 5. The discrimina-
tion between classes 3 and 4 depends on relative position of TD24 and
MTSR.

4.4 1. True adiabatic conditions correspond to the curve with a thermal iner-
tia factor of 1.0. Large volumes are closer to adiabatic conditions than
smaller vessels; hence the curve with a thermal inertia factor of 1.05 rep-
resents the industrial scale, and the curve with a thermal inertia factor
of 2.0 represents the ARC.

2. Transforming one curve to the next requires the knowledge of the ther-
mal inertia (Φ). For the temperature scale the measured temperature
increase is multiplied by Φ. For the time axis, the transformation is more
complex and requires kinetic factors (k0, E, n) as in Eq. (4.15).

3. The interpretation of results obtained by adiabatic calorimetry strongly
depends on the thermal inertia. Therefore this factor must be determined
with precision.

4.5 1. The heat release rate is constant at 30 W mol−1 during the 30 min of the
feed. Thus the raw heat of reaction is ΔrH = 350 W mol−1 × 30 min ×
60 s min−1 = 630 kJ mol−1.
The convective cooling by the feed:

Qfd = 0.726 kg × 3 kJ kg−1 K−1 × (100 − 25) K = 163 kJ

Since the feed is 0.32 mol of dinitro compound, Qfd = 163 kJ
0.32 mol

=
509 kJ mol−1.
After correction of the convective heat of the feed, the heat of reaction
is 1139 kJ mol−1.

2. The rectangular shape of the thermogram indicates that the reaction is
fast and feed controlled under the conditions of the experiment. Thus
there is no accumulation of non-converted dinitro compound.

3. The reaction mass is 300 g+ 320 g+ 726 g = 1.346 kg.

The concentration∶ C′ = 0.32 mol
1.346 kg

= 0.24 mol kg−1

The specific heat of reaction∶ Q′
r = 1139 kJ mol−1

× 0.24 mol kg−1 = 273 kJ kg−1

The adiabatic temperature rise∶ ΔTad =
273 kJ kg−1

3 kJ kg−1 K−1
= 91 K

4. Since the reaction is feed controlled, the heat release stops as the feed is
stopped. Thus no temperature increase is observed. Moreover, the reac-
tion is performed at reflux, thus the temperature remains constant.

5. If the feed is not stopped, since the reaction is performed at reflux, the
heat released will lead to the evaporation of water. The evaporation must
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compensate for the enthalpy of the reaction, but not for the convective
cooling by the feed:

350 W mol−1 × 1.74 kmol = 609 kW

The mass flow rate of vapor is

ṁv =
609 kW

2240 kJ kg−1 = 0.27 kg s−1 ≃ 980 kg h−1

4.6 1. The severity is assessed using the adiabatic temperature rise:

ΔTad =
500 kJ kg−1

2 kJ kg−1 K−1
= 250 K

which means a high severity.
The accumulation of non-converted reactants at the end of the feed is
roughly 50%, which corresponds to an adiabatic temperature rise of
125 K; consequently the boiling point of t-butanol and acrylonitrile will
be reached, which could result in a pressure increase.

2. Acrylonitrile and the product t-butylacrylamide may polymerize (sec-
ondary reaction). This will add a thermal potential.

3. .• Toxicity: Acrylonitrile is toxic and carcinogenic.
• Explosion: t-butanol and acrylonitrile are both flammable with low

flash points, respectively 11 and −1 ∘C. Hence the explosion hazard
must be considered.

Chapter 5

5.1 Total volume of gas due to total decomposition:

Vgas = 0.2 m3 × 90
100

× 860 kg m−3 × 0.08 m3 kg−1 = 12.38 m3

The available volume for the gas:

Vempty = 0.2 m3 × 10
100

= 0.02 m3

The pressure:

Ptot =
12.34 m3

0.02 m3 ⋅ 1 bar = 619.2 bar

The allowable degree of decomposition:

X = 0.45 bar
619.2 bar

= 0.0007 = 0.07%

This is an extremely low conversion and the transport cannot be performed
as intended.
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5.2 .Overall potential Qtot (reaction+ decomposition) = 214 kJ kg−1

Total adiabatic temperature rise:

ΔTadiab =
ΔHtot

c′p
=

214 kJ kg−1

1.85 kJ kg−1 K
= 116 K

Temperature rise to Tb: 81− 8 = 73 ∘C corresponding to 135 kJ kg−1.
Remaining energy available for evaporation: 79 kJ kg−1

Mass of cyclohexane evaporated:

79 kJ kgRM−1

360 kJ kgCH−1 = 0.219 kgCH kgRM−1

Moles of cyclohexane evaporated:

0.219 kgCH kgRM−1

0.084 kgCH mol−1 = 2.61 molCH kgRM−1

Volume of pure cyclohexane vapor: 64 l
Dilution by air to the lower explosion limit: 64 l/0.013
Volume of resulting explosive vapor cloud: 4923 l (c. 5 m3) per kg reaction

mixture

5.3 1. Interpretation of the DSC thermogram
Endotherm at 50–80 ∘C: melting of starting materials
Exotherm at 100–200 ∘C: reaction
Exotherm at 300 ∘C: decomposition

2. Assessment of thermal risk
To assess the thermal risk of this process, we estimate the following:
(1) The severity of an incident

We consider the worst-case scenario:
(a) Failure of cooling or stirring, therefore no heat exchange with the

surroundings corresponding to the adiabatic case.
(b) The reaction starts only after 145 ∘C is reached.

The heat capacity of the reaction mixture is estimated to 2 kJ kg−1K−1.
The heat of reaction amounts to −150kJ kg−1; therefore the adiabatic
temperature rise due to the reaction itself is

150 kJ kg−1

2 kJ kg−1 K−1
= 75 K

The adiabatic end temperature due to the desired reaction is therefore
145 ∘C+ 75 ∘C = 220 ∘C
The decomposition reaction would contribute a further 65 K to the adi-
abatic end temperature. The temperature reaches 285 ∘C.
(2) Probability of an incident

Probability is related to the adiabatic induction time. There is no
information available.
The safety of this procedure should be further investigated.
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3. Additional measurements
To get to know the probability of an adiabatic runaway due to the decom-
position reaction, the heat release rate at 220 ∘C of this reaction should
be known as well as the activation energy. Therefore the kinetics of the
decomposition reaction should be studied by isothermal DSC measure-
ments.

4. Lowering of the operating temperature
The operating temperature cannot be lowered below the solidification
point of the mixture, i.e. 70 ∘C.

5.4 1. Starting from 30 ∘C, in case of a cooling failure, the temperature theo-
retically would reach 100 ∘C. But the boiling point is reached first, which
may stabilize the temperature, and the remaining energy is released as
evaporation of the solvent.
With ethanol the evaporation corresponds to the temperature increase
from 78 to 100 ∘C: 22 ∘C.
With methanol the evaporation corresponds to the temperature increase
from 65 to 100 ∘C: 35 ∘C.
Since the latent heats of evaporation and the heat capacities are com-
parable, the number of moles evaporated is directly proportional to the
temperature differences calculated above. The volume of methanol vapor
will be 1.59 larger than with ethanol.

2. The reaction rate will be two to four times faster at the boiling point of
ethanol (78 ∘C) than for methanol (65 ∘C). Thus the volume flow rate of
the vapor will be significantly larger in the case of ethanol.

3. The higher vapor flow rate may lead to pressure drop that in turn may
lead to a pressure increase. Thus we recommend to use a low boiling
solvent (alternatively a solvent with a boiling point above 100 ∘C, which
would avoid the evaporation).

Chapter 7

7.1 MTSR = 67 ∘C, just around the boiling point of the solvent. Since the reac-
tion mass is relatively small compared to the volume of the reactor, the
reactor cannot be considered to be adiabatic. Thus, the boiling point will
not be reached at plant scale. The severity is negligible, as triggering the
secondary reaction is almost impossible. This operation can be considered
thermally safe, as far as the amount of halogenated reactant used for the
initiation is strictly limited to the intended 2%.

7.2 1. The chloronitroaromatic compound is limiting. Its concentration is

C = 7150 mol
5800 kg

= 1.23 mol kg−1

The specific heat of reaction is
Q′

rx = C′
0(−ΔrH) = 1.23 mol kg−1 × −125 kJ mol−1 = 154 kJ kg−1
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The adiabatic temperature rise:

ΔTad =
154 kJ kg−1

2.8 kJ kg−1 K−1
= 55 K

Since the reaction is performed in the batch mode (one shot addition),
the maximum accumulation is 100% at the beginning of the reaction at
80 ∘C.
The MTSR is MTSR = 80 ∘C+ 55 K = 135 ∘C (ΔTad is a temperature dif-
ference; thus the units K and ∘C are equivalent). The energy potential of
the reaction is low, but since a pressure buildup will occur, the potential
must be rated medium or high.

2. At the MTSR = 135 ∘C, the vapor pressure of water is

P =
(135

100

)4
= 3.3 bar

In reality the vapor pressure over caustic soda is lower than for pure
water; hence the estimation is on the safe side: the true pressure is below
3.3 bar.

3. The energy in the system:

Qrx = 5800 kg × 154 kJ kg−1 = 893 200 kJ

The energy available for evaporation corresponding to the energy used
to heat from atmospheric boiling point 100 ∘C (assuming vapor pressure
of water) to the MTSR 135 ∘C:

Qv = m ⋅ c′p ⋅ ΔT = 5800 kg × 2.8 kJ kg−1 K−1 × (135 − 100)
= 568 400 kJ

The mass of water evaporated:

mv =
568 000 kJ

2200 kJ kg−1 = 258 kg

The amount of water in 17.5 kmol 30% NaOH is 1000 kg; hence there is
enough water available, and the temperature could be stabilized by evap-
oration cooling.

4. The condenser must be cooled using a cooling system, independent from
the jacket cooling.
The study above is a purely static study, which means that there were no
considerations made on the dynamic aspects. The vapor velocity in the
vapor tube and required power at the condenser must also be studied.
Moreover there is no information about thermal stability: these aspects
must be studied since secondary reaction may contribute to the poten-
tial.

7.3 1. The energy potential is

ΔTad =
(−ΔrH)C′

0

c′p
=

100 kJ mol−1 × 4 mol kg−1

2 kJ kg K−1 = 200 K
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Thus the potential is high. Concerning the control of the reaction course,
with the available information, we can calculate the reaction number B:

B =
ΔTadE

RT2
0

= 200 K × 100 000 J mol−1

8.314 J mol−1 K−1 × 3232
≃ 29

This high value of the B number indicates a poor controllability: the prob-
ability to trigger a runaway reaction is high.

2. A better way to control the reaction is to perform the reaction in the
temperature-controlled mode, as an example starting a slow temperature
increase from 50 to 100 ∘C. But the reaction is strongly exothermal and
difficult to control; hence emergency measures such as quench, dump,
or emergency cooling must be implemented.

7.4 1. The energy required to evaporate the totality of water is

Qv = 4600 kg × 2200 kJ kg−1 = 10.12 TJ

Using the concentration we can calculate the corresponding reaction
enthalpy:

−ΔrH = 10.12 TJ
0.4 mol kg−1 × 6000 kg

= 4217 kJ mol−1

This enthalpy is far above common reaction enthalpies; in other words,
there is by far enough water present to compensate for the reaction
enthalpy.

2. In the former reactor the ratio vent section to mass is
S
m

= 𝜋d2

4m
= 3.14 × 0.32

4 × 25 000
= 2.8 × 10−6 m2 kg−1

In the new reactor
S
m

= 𝜋d2

4m
= 3.14 × 0.152

4 × 6000
= 2.9 × 10−6 m2 kg−1

The vent lines are practically equally sized; thus the gas velocities are
comparable in both reactors. This means that since the process run with-
out problems in the larger reactor, it will do the same in the new one.

3. The thermal stability issues should also be considered.

Chapter 8

8.1 1. The adiabatic temperature rise:

ΔTad =
450 kJ kg−1

1.9 kJ kg−1 K−1
= 237 K

The MTSR:

MTSR = 40 ∘C + 0.06 × 237 = 54 ∘C

Hence the boiling point is not reached.
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2. The reaction is fast, which means that the feed time is limited by the
cooling capacity of the reactor.

Cooling power∶ qex = UA(Tr − Tc) = 0.4 kW m−2 K−1 × 10 m2

× (40 − (−10)) = 200 kW

Thus

tfd = Q
qex

=
4000 kg × 450 kJ kg−1

200 kW
= 9000 s = 2.5 h

The sensible heat due to the cold feed was neglected. Thus a safety margin
is given.

8.2 1. Due to the freezing point, the cooling medium temperature must be
above 50 ∘C, and we take 60 ∘C.
The cooling power:

qex = UA(Tr − Tc) = 0.3 kW m−2 K−1 × 20 m2 × (80 − 60) = 120 kW

The reaction mass after 45 min (qrx,max):

mr,max = 15 000 kg + 45
120

× 3000 kg = 16 125 kg

The power of the reaction:

qrx = mr,maxq′
rx = 16 125 kg × 30 W kg−1 ≃ 484 kW

Hence the cooling power is insufficient by a factor of 4.
2. The mass at the stoichiometric point is:

mr,st = 15 000 + 3000 × 1.8
2

= 17 700 kg

MTSR = Tp + (1 − Xst)ΔTad
mr,f

mr,st

= 80 ∘C + (1 − 0.62) ×
250 kJ kg−1

1.7 kJ kg−1 K−1
× 18 000

17 700
= 137 ∘C

The characteristic temperatures are Tp <TD24 <MTSR<MTT , which
corresponds to criticality class 5.

3. Besides the insufficient cooling capacity, the accumulation is too high:
MTSR>TD24.

4. The accumulation must be reduced in order to get an MTSR equal to or
below TD24 at least:

Xac,max ≤
(TD24 − Tp)

ΔTad
⋅

mr,st

mr,f
= 125 − 80

150
× 17 700

18 000
= 0.3

This may be obtained by a longer feed time and a higher temperature.
These two parameters must be optimized.
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8.3 1. The heat release rate is

qrx = (−rA)V (−ΔrH)
= 0.01 mol l−1 min−1 ⋅ 1000 l m−3

⋅
1

60
s min−1 ⋅ 5 m3 ⋅ 540 kJ mol−1 = 450 kW

2. Since the reaction has a constant rate, the jacket temperature is

qex = UAΔT ⇒ ΔT =
qex

UA
Tj = Tr −

qex

UA
= 80 ∘C − 450 kW

1 kW m−2 K−1 ⋅ 10 m2 = 35 ∘C

3. Means to control the reaction rate:
• Hydrogen pressure and feed
• Catalyst nature and concentration
• Mass transfer via stirrer speed

4. A reaction calorimetry experiment where these parameters are varied
may be proposed. A constant heat release rate indicates a mass transfer
controlled reaction. Pressure or stirrer speed can be varied, measuring
directly the effect on the heat release rate.

8.4 1. The cooling power:

qex = UA(Tr − Tc)
= 0.5 kW m−2 K−1 × 7.5 m2 × (100 − 30) = 262.5 kW

2. Heat of reaction:

Qrx = 3500 mol × 560 kJ mol−1 = 1 960 000 kJ

Since the reaction is feed controlled, the feed time is

tfd =
Qrx

qex
= 1 960 000 kJ

262.5 kW
= 7467 s = 2.07 h

Moles of hydrogen to be fed:

NH2
= 3 × 3500 = 10 500 mol

Mol flow rate:

ṄH2
= 10 500 mol

2.07 h
= 5062.5 mol h−1

Volume flow rate:

v̇H2
= 0.0224 m3 mol−1 × 5062.5 mol h−1 = 113.4 m3 h−1

3. Other safety issues: nitro decomposition, H2 explosion, pyrophoric cat-
alyst, and accumulation of hydroxylamine, but this is less probable here
since the reaction is feed controlled.



506 Solutions of Exercises

Chapter 9

9.1 1. The desired conversion of 90% was achieved in the laboratory experiment
with a flow rate of 10 ml min−1. In order to achieve the same conversion
at larger scale, the space time (𝜏) must be maintained constant.

𝜏 = V
v̇

= 300 ml
10 ml min−1 = 30 min

With a flow rate of 5 m3 h−1, the required volume is

V = 𝜏 v̇ = 0.5 h × 5 m3h−1 = 2.5 m3

2. In order to calculate the required cooling medium temperature, the heat
balance of the reactor must be established.
Power of the reaction:

qrx = 𝜌v̇Q′
rxXA

= 800 kg m−3 × 5 m3 h−1 × 270 kJ kg−1 × 0.9∕3600 s h−1

= 270 kW

Power due to the feed:

qfd = 𝜌v̇c′p(Tr − T0)
= 800 kg m−3 × 5 m3 h−1 × 1.8 kJ kg−1 K−1

× (100 − 25)∕3600 s h−1 = 150 kW

The difference is compensated by the cooling system:

qex = qrx − qfd = 120 kW

The cooling medium temperature:

Tc = Tp −
qex

UA
= 100 ∘C − 120 kW

0.5 kW m−2 K−1 × 6 m2 = 60 ∘C

3.

MTSR = Tp + (1 − X)ΔTad = 100 ∘C + 0.1 ×
270 kJ kg−1

1.8 kJ kg−1 K−1
= 115 ∘C

9.2 For a first-order reaction performed in a CSTR, the rate constant is given by

k = X
𝜏(1 − X)

(from Eq.(9.3))

Knowing the different flow rates and the corresponding power, we can cal-
culate the power corresponding to 100% conversion. As an example for the
first experiment,

qrx,X=1 = 𝜌v̇Q′
rx∕60 = 1000 g l−1 × 0.01 l min−1

× 210 J g−1 ÷ 60 s min−1 = 35 W
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The conversion is

X =
qrx,mes

qrx,X=1
= 32 W

35 W
= 0.91

The space time is given by

𝜏 = V
v̇

= 1 l
0.01 l min−1 = 100 min

The rate constant is

k = X
𝜏(1 − X)

= 0.91
100 min(1 − 0.91)

= 0.1 min−1

It can be verified that the other experiments deliver the same rate constant:

vfr (l min−1) qrx,mes (W) qrx,X=1 (W) X (–) 𝝉 (min) k (min−1)

0.01 32 35 0.91 100 0.1
0.05 117 175 0.67 20 0.1
0.1 175 350 0.50 10 0.1
0.2 233 700 0.33 5 0.1

9.3 For a first-order reaction in a PFR, the space time is 𝜏 = −1
k

ln(1 − X) = 18 s;
thus the length must be 18 m (u = 1 m s−1) and the volume is V = 10 m3 h−1

3600 s h−1 =
0.05 m3 and the diameter: 0.06 m.
The terms of the heat balance of the PFR are:

Heat production by the reaction 528 kW (10 m3 h−1)
Sensible heat due to feed 375 kW
Heat exchange 153 kW (required coolant temperature 74 ∘C)

The tubular reactor is a feasible solution for doubling the production
capacity.
The terms of the heat balance of the SBR are:

Heat production by the reaction 1056 kW (20 m3 h−1)
Sensible heat due to feed 1888 kW
Heat exchange 868 kW (required coolant temperature 21 ∘C)

The SBR with doubled volume is also feasible solution for doubling the pro-
duction capacity but requires sub-ambient temperature for the coolant.

Chapter 10

10.1 1. The thermograms show three exothermal peaks. The first peak in the
range of 30–80 ∘C is probably due to the diazotization reaction that
should be performed at 45 ∘C. The other peaks are due to secondary
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reactions. The second peak between 100 and 200 ∘C is probably due to
the decomposition of the diazonium salt. The third and last peak with
a higher energy and visible above 200 ∘C may be due to the decompo-
sition of the nitro groups. These assumptions were verified analytically
and found to be correct.

2. Based on the thermograms, a runaway scenario can be developed:
With the original process, starting from 45 ∘C, in case of cooling failure

or insufficient cooling, the temperature rises from 45 to 95 ∘C but
does not reach the first decomposition.

With the concentrated process the temperature rises from 45 to 135 ∘C,
which is within the first decomposition peak. This decomposition is
triggered, producing nitrogen and so leading to a pressure increase.
Its temperature rise is sufficient to trigger the second decomposition
peak with the high energy (ΔTad = 670 K) of the nitro groups. The
explosion of the reactor cannot be avoided.

3. The experiment was performed at a small scale: 200 ml at which the
ratio of heat exchange area to volume is around 100 m−1, whereas at
plant scale this ratio is only around 10 m−1. Hence the cooling is very
efficient at laboratory scale, where no exotherm was observed. At plant
scale the cooling was less efficient, which resulted in a temperature
increase with the known consequences. A 200 ml three-necked glass
flask is not a reaction calorimeter.

10.2 1. The upper thermogram of the mixed reactants presents three signals:
• The first endothermal peak is due to the melting of the reactant,

which is a solid at ambient temperature.
• The second exothermal peak between 80 and 180 ∘C with an energy

of 250 kJ kg−1 that gives an adiabatic temperature rise of approxi-
mately 150 ∘C is due to the main reaction.

• The third peak above 180 ∘C with an energy of 960 kJ kg−1 is due to
secondary reactions. Its adiabatic temperature rise is 565 K.

The lower thermogram presents only two peaks corresponding to the
first and third peaks of the previous thermogram. Since the second peak
between 80 and 180 ∘C disappeared, this confirms that this peak was
due to the main reaction.
• The first endothermal peak is probably due to the melting of the

reaction mass.
• The second peak above 180 ∘C with an energy of 960 kJ kg−1 is due to

secondary reactions. Its adiabatic temperature rise is 565 K.
This interpretation allows building a cooling failure scenario: the reac-
tor was loaded with both reactants at 80 ∘C when the cooling failure
occurs. Then the adiabatic temperature rise due to the main reaction
(ΔTad = 150 ∘C) would allow to reach an MTSR of 230 ∘C, which is
within the decomposition peak that would be immediately triggered,
rising the temperature to 795 ∘C that would mean the explosion of the
reactor. The upper thermogram with the mixed reactants corresponds
to a batch process; thus the batch process is thermally unsafe.
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10.3 1. The quantitative data drawn from the thermogram is the energy
(960 kJ kg−1), and the maximum heat release rate 40 W kg−1. A
further qualitative information is important: the uniformly decreas-
ing signal under isothermal conditions shows that the reaction is
non-autocatalytic, probably nth order.

2. The severity of a runaway of this reaction is high:

ΔTad =
960 kJ kg−1

1.7 kJ kg−1 K−1
= 565 K

3. We use van’t Hoff rule to extrapolate from the measurement tempera-
ture of 190 ∘C to the MTSR 130 ∘C, which implies to divide the power
of 40 W kg−1 by 2 for every 10 K step:

Temperature (∘C) 190 180 170 160 50 140 130
Power (W kg−1) 40 20 10 5 2.5 1.25 0.675

Thus at MTSR = 130 ∘C, the tmrad is shorter than eight hours.
4. The probability of triggering this reaction is high. From Question 2 we

know that the severity is also high; thus the thermal risk is assessed to
be high.

5. Since van’t Hoff rule is an approximation, we recommend to perform a
more accurate determination of the tmrad at 130 ∘C by either a series of
isothermal DSC experiments or by using an isoconversional approach.

10.4 Following the same procedure as in Worked Example 10.1, we find
TD24 = 115 ∘C and TD8 = 125 ∘C.

Chapter 11

11.1 A zero-order rate equation means that the reaction rate is not depending
on the conversion; in other words the rate is constant at constant tempera-
ture. If we use a given heat release rate, to calculate the tmrad, we implicitly
assume that this heat release rate is present from the beginning of the reac-
tion: this is not the case with autocatalytic reactions, where the reaction
rate and the heat release rate first increase (induction stage) before pass-
ing a maximum, delayed in time, and then decrease. Since the zero-order
approximation neglects the induction stage, it is conservative.
For nth-order reaction the approximation is conservative since it ignores
the decrease of the reaction rate due to reactant depletion. This is also
ignored with autocatalytic reactions.
Hence assuming a zero-order reaction rate equation for an autocatalytic
reaction is conservative for both reasons: neglecting the induction stage
and the reactant depletion.

11.2 For a strong autocatalytic reaction, the heat release rate is practically zero
at the beginning of the reaction. Thus under adiabatic conditions there is
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no temperature increase at the beginning of the exposure and only one
catalyst is formed; the temperature increases sharply. The beginning of the
exposure under adiabatic conditions is very close to isothermal conditions;
hence the adiabatic and isothermal induction times are close.

11.3 This practice may be dangerous: leaving the residue of previous operations
in the batch is equivalent to contaminating fresh product with aged prod-
uct containing decomposition catalyst. It should at least be verified that
aged product after five distillation cycles shows a sufficient stability. This
practice is not recommended since malfunction in the distillation may lead
to longer exposure of the residue to high temperature and higher catalyst
concentration.

11.4 In the Prout–Tompkins model, there is only one rate constant that governs
the heat release rate and the induction time. Thus the same rate constant
defines both characteristics.

11.5 The data are transformed into Arrhenius coordinates (ln(q′) = f (1/T) and
ln(𝜏) = f (1/T):

Temperature (∘C) q′
max (WKG−1 ) 𝝉 iso (min) 1/T (K−1) ln q′ ln 𝝉

90.00 50.00 570.00 0.00275 3.91 6.35
100.00 125.00 235.00 0.00268 4.83 5.46
110.00 300.00 100.00 0.00261 5.70 4.61
120.00 650.00 45.00 0.00254 6.48 3.81

Slope −12 232 12 087

A linear regression is applied, which gives the same slope with opposite
signs for both heat release rate and induction time. This is characteristic
for a Prout–Tompkins rate equation.

Chapter 12

12.1 The system is considered as a solid, which means that the heat transfer is
purely conductive. Thus the Frank-Kamenetskii model can be used. From
the TD24 we calculate the heat release rate at 86 ∘C:

tmrad =
c′pRT0

2

q′
0E

⇒ q′ =
c′pRT0

2

tmradE

=
1800 J kg−1 K−1 × 8.314 J mol−1 K−1 × 3592 K2

24 h × 3600 s h−1 × 100 000 J mol−1

= 0.22 W kg−1
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The heat release rate at 120 ∘C is

q′ = qref exp
[
−E
R

(
1
T

− 1
Tref

)]
= 0.39 W kg−1 × exp

[
−100 000 J mol−1

8.314 J mol−1K−1

( 1
393 K

− 1
359 K

)]
= 4 W kg−1

The tmrad at 120 ∘C:

tmrad =
c′pRT0

2

q′
0E

=
1800 J kg−1 K−1 × 8.314 J mol−1 K−1 × 3932 K2

4 W kg−1 × 100 000 J mol−1

= 5705 s

The temperature diffusivity:

a = 𝜆

𝜌c′p
= 0.12 W m−1 K−1

800 kg m−3 × 1800 J kg−1 K−1
= 8.3 × 10−8 m2 s−1

The cylindrical geometry gives a form factor of 0.5; thus the maximum
tube radius is

r =
√

a tmrad

0.5
=
√

8.3 × 10−8 × 5705
0.5

= 0.031 m

The maximum diameter is 62 mm.

12.2 The heat release rate at discharge temperature is

q′ = qref exp
[
−E
R

(
1
T

− 1
Tref

)]
= 10 W kg−1 × exp

[
−80 000 J mol−1

8.314 J mol−1 K−1

( 1
348 K

− 1
453 K

)]
= 0.016 W kg−1

The critical radius is

rcrit =

√
𝛿crit ⋅ 𝜆 ⋅ RT2

0

𝜌 ⋅ q′
o ⋅ E

=
√

2.37 ⋅ 0.1 ⋅ 8.314 ⋅ 3482

1100 ⋅ 0.016 ⋅ 80 000
= 0.406 m

and is larger than the actual drum radius of 0.3 m. Consequently the
planned hot discharge at 75 ∘C is safe.

12.3 The Rayleigh number:

Ra =
g ⋅ 𝛽 ⋅ L3 ⋅ 𝜌2 ⋅ C′

p ⋅ ΔT
𝜇 ⋅ 𝜆

= 1.96 × 1010

thus the flow is turbulent.
The heat transfer coefficient:

h = 0.13 ⋅ Ra 1∕3 = 35 W m−2 K−1
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The heat transfer area:

A = 𝜋dh = 6.28 m2

The cooling capacity with natural convection:

qex = hA(T − Tc) = 35 × 6.28 × (30 − 25) = 1100 W

The heat release rate of the reaction:

qrx = q′
rx ⋅ m = 150 W

Hence the natural convection is sufficient to compensate the heat released
in the liquid.

Chapter 13

13.1 1. The risks are thermal risks since the product is heated in hot air; thus it
may decompose, and further it may lead to a dust explosion if ignited.

2. Characteristics and tests
The thermal stability in the presence of air must be known: the Grewer
test or wire basket test is appropriate.
For dust explosion (out of scope of the book), flammability and propa-
gation, combustion index, dust explosion (modified Hartmann tube), if
positive: explosion pressure, Kst (20 l sphere) and MIE

3. Operating parameter (safe conditions)
The operating parameters are the air temperature and the duration of
the drying operation, which will account for the thermal stability. For
the explosion protection equipment parameter must be defined as: use
of low oxygen concentration (e.g. after combustion in the burner), dust
explosion protection venting or suppression, grounding, etc.

13.2 1. The maximum heating medium temperature is calculated from both
tests:
– From DSC dynamic test Tiso = 180 ∘C; hence Tmax = Tiso − 70 ∘C =

110 ∘C.
– From Dewar storage test: DLT = 130 ∘C; hence Tmax =DLT − 10 ∘C=

120 ∘C.
The maximum heating medium temperature is 120 ∘C since the Dewar
test is more sensitive.

2. The maximum product temperature before unloading is
– From Dewar storage test: DLT = 130 ∘C; hence Tmax =DLT − 50 ∘C=

80 ∘C.
The maximum product temperature before unloading is 80 ∘C since the
Dewar test is more sensitive.

13.3 The thermal diffusivity:

a = 𝜆

𝜌c′p
= 6.54 × 10−8
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Thin film evaporator: The failure of the rotor in a thin film evaporator
causes an increase of the film thickness of 2–4 mm. The stability condi-
tion is

tmrad >
1.14r2

a
= 278 s

This situation is safe.
At the upper end of the tube (radius 0.015 m), the product has a tempera-
ture of 150 ∘C, and the stability condition is

tmrad >
0.5r2

a
= 1720 s ∼ 0.48 h

Thus the stability condition is fulfilled. At the lower end with a temperature
of 100 ∘C, the situation is even safer.
In the drum the product temperature is 100 ∘C at the beginning of the stor-
age. The drum with the given geometry has a form factor 𝛿c = 2.37. Its
reciprocal is 0.42. The stability condition is

tmrad >
0.42r2

a
= 144 500 s ∼ 40 h

which is close to the limit of 42 h. In reality, since the drums are
stored at room temperature, they will cool: the situation is safe (the
Frank-Kamenetskii situation is conservative). The standard assessment
based on TD24 is TD24 − 40 ∘C that is 70 ∘C, which gives a comfortable
safety margin.
The operation is feasible in the viewpoint of thermal safety, but it must
be ensured that the product temperature does not surpass 100 ∘C when
entering the drums.

13.4 1. Dynamic DSC thermogram: The thermal potential is huge: 2470 kJ kg−1

represents an adiabatic temperature rise of over 1000 K. To give an
order of magnitude, TNT gas a potential of 4800 kJ kg−1. Moreover, the
peak is thin and sharp that reveals an autocatalytic character, which in
this case presents an explosive character.

2. The isothermal thermogram confirms the autocatalytic nature of
the decomposition. Using van’t Hoff rule, starting from 180 ∘C with
40 W kg−1, we get a tmrad of approximately 20 hours at 110 ∘C.

T (∘C) 180 170 160 150 140 130 120 110

q′ (W kg−1) 40 20 10 5 2.5 1.25 0.625 0.312

tmrad =
c′pRT0

2

q0E
2000 × 8.314 × 3832

0.312 × 100 000
= 78177 s ∼ 20 h

3. The estimation of the tmrad is conservative, and the true behavior
should be confirmed by more experiments (for example, by isoconver-
sional analysis). Despite this, in regard to the high potential and the
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autocatalytic and violent nature of the reaction, the operation cannot
be performed as batch operation. It is recommended to use a thin film
evaporator that allows for mild conditions and exposes by far less mass
to the high temperature.

Chapter 14

14.1 1. Evaluation of cooling experiment
A heat balance of the cooling experiment allows to calculate the energy
removed from the reactor.
The contents, 16 m3 of sulfuric acid, were cooled from 107 to 91 ∘C
within one hour:

Qac = 𝜌 ⋅ V ⋅ c′p(T0 − Tf )
= 1740 kg m−3 × 16 m3 × 1.640 kJ kg−1 K−1 × (107 − 91) K
= 730 521 kJ

Thus the average power during the experiment was

qex =
Qac

Δt
= 730 521 kJ

3600 s
= 203 kW

The average temperature difference between reactor and jacket was:
At the beginning∶ ΔT0 = T0 − 0.5(Tc,in + Tc,out)

= 107 − 0.5(70 + 78) = 33 K

At the end∶ ΔTf = Tf − 0.5(Tc,in + Tc,out) = 91 − 0.5(70 + 74) = 19 K
The average is

ΔTlog mean =
ΔT0 − ΔTf

ln(ΔT0) − ln(ΔTf )
= 33 − 19

ln(33) − ln(19)
= 25.45 K

The overall heat transfer coefficient during this cooling experiment is

U =
qex

A ⋅ ΔTlog mean
= 203 kW

20 m2 × 25.45 K
≈ 400 W m−2 K−1

2. Reactor contribution to the heat transfer coefficient
Since the physical properties of the reactor contents during the cooling
experiment and the technical data of the reactor are known, it is possible
to calculate the heat transfer coefficient of the internal film:

z = Cte n2∕3d4∕3
S

drg1∕3 = 0.36

(45
60

)2∕3
× 1.44∕3

2.8 × 9.811∕3 = 0.077 65

𝛾 = 3

√
𝜌2 ⋅ 𝜆2 ⋅ c′p ⋅ g

𝜇

= 3

√
17402 ⋅ 0.3752 ⋅ 1640 ⋅ 9.81

0.0042
= 11 771 Wm−2 K−1
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hr = z𝛾 = 0.077 65 × 11 771 = 914 W m−2 K−1

Since
1
U

= 1
hr

+ 1
𝜑

, ⇒ 𝜑 = 1
1
U

− 1
hr

= 1
1

400
− 1

914

= 711 W m−2 K−1

3. Heat transfer coefficient of reactor containing the reaction mass
Then the overall heat transfer coefficient with the reaction mass at
100 ∘C is

U = 1
1
z𝛾

+ 1
𝜑

= 1
1

0.077 65 × 6700
+ 1

711

= 300 W m−2 K−1

4. Feed time
Since the reaction is fast, its rate is controlled by the feed rate. The
shortest admissible feed time is given by the ratio of the reaction energy
divided by the cooling power:

t =
mr ⋅ Q′

r

U ⋅ A ⋅ (Tr − Tc)
=

15 000 kg × 200 000 J kg−1

300 W m−2 K−1 × 20 m2(100 − 75)
= 20 000 s = 5.6 h

Thus a feed time of six hours is appropriate.

14.2 1. Heat transfer by reactor jacket
The reaction power is 400 kW.
The required temperature difference to ensure a cooling capacity of
400 kW is

ΔT =
q

U ⋅ A
= 400

0.5 × 6
= 133 K

Obviously the necessary temperature difference is too high; therefore
cooling by the jacket is not practicable.

2. Evaporation cooling using water as solvent
The mass flow rate of water evaporated is

ṁv =
qr

ΔvH
= 400 kW

2260 kJ kg−1 = 0.177 kg s−1

The density of water vapor at 100 ∘C:

𝜌 =
PMw

RT
= 101 300 × 0.018

8.314 × 373
≅ 0.6 kg m−3

The volume flow rate:

v̇ =
ṁv

𝜌

=
0.177 kg s−1

0.6 kg m−3 = 0.3 m3 s−1

Flooding of the vapor tube: the velocity

u = v̇
S
= 0.3 m3 s−1 × 4

𝜋 × 0.22 m2
= 9.5 m s−1
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The limit velocity with water:

uGmax =
4.52 ⋅ ΔvH + 3370

ΔvH ⋅ 𝜌G
= 10 m s−1

Swelling of the reaction mass: At the liquid surface in the reactor, the
velocity is 11 cm s−1.
Both values are below the given limits. Thus cooling by evaporation with
water as a solvent is technically feasible.

3. Evaporation cooling using toluene as a solvent

Vapor mass flow rate∶ ṁV =
qr ⋅ mr

ΔvH
⋅ 3600

=
100 W kg−1 × 4000 kg

356 000 J kg−1 = 1.12 kg s−1

Specific weight of vapor∶ 𝜌G =
P ⋅ MW

R ⋅ T
= 101 300 × 0.092

8.314 × 383
= 2.9 kg m3

Vapor velocity in the vapor tube∶ 12 m s−1

Vapor velocity across the surface of
the reaction mass∶ 12 cm s−1

Velocity limit for flooding∶ jGmax

=
4.52 ⋅ ΔvH + 3370

ΔvH ⋅ 𝜌G
= 4.8 m s−1

The vapor velocity does attain the flooding and swelling limits. Thus
reflux cooling with toluene as a solvent is not feasible for this reaction.
Due to the smaller heat of evaporation of toluene, more vapor is pro-
duced than with water.

14.3 1. The heat of reaction is 240 000 kJ.
The temperature difference between reaction medium and jacket is
at jacket inlet 33 ∘C and at jacket outlet 20 ∘C. Hence the average
(log mean) temperature difference is 26 ∘C.
The overall heat transfer coefficient (all SI units) is calculated from

1
U

= 1
1000

+ 0.002
0.5

+ 0.005
50

+ 1
1500

= 5.76 × 10−3

thus U = 173 W m−2 K−1.
The cooling power is

qex = 0.173 × 5 × 26 = 22.5 kW

The feed time is

tfd = 240 000 kJ
22.5 kW

= 10 663 s = 3.0 h
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2. The coolant flow rate is

m′
c =

qex

c′pΔT
= 22.5

4.2(30 − 17)
= 0.41 kg s−1 = 1484 kg h−1

14.4 1. Energy of reaction ∶ Qr = 146 900 kJ

Average heat release rate∶ qrx = 54.4 kW

Cooling capacity of reactor∶ qex = 34.1 kW insufficient
2. Propose working under reflux with isopropanol under vacuum to keep

40 ∘C.
The vapor flow rate is 280 kg h−1 that should be possible in a 4 m3 reactor
equipped with a refluxing system.

14.5 1. The required cooling capacity is
qex = 0.4 kW m−2 K−1 × 6 m2 × (50 − 22.5) K = 66 kW

The addition time is

tfd = 500 000 kJ
66 kW

= 7576 s = 2.1 h

2. The mass flow rate of cooling water:
ṁc =

66 kW
4.2 kJ kg−1K−1 × (30 − 15)K

× 3600 s h−1 = 3771 kg h−1

3. The sensible heat due to the feed:

qfd =
2000 kg
7576 s

× 1.8 kJ kg−1 K−1 × (50 − 25) = 11.9 kW

The mass flow rate of cooling water:

ṁc =
66 kW − 11.9 kW

4.2 kJ kg−1 K−1 × (30 − 15) K
× 3600 s h−1 = 3091 kg h−1

4. The mass flow rate of cooling water in summer:

ṁc =
66 kW − 11.9 kW

4.2 kJ kg−1 K−1 × (30 − 25) K
× 3600 s h−1 = 9274 kg h−1

14.6 The exercise consists of comparing the resistances in the frame of the
two-film model:

1
U

= 1
hr

+ 1
𝜑

= 1
z𝛾

+ 1
𝜑

1. From the time constant we calculate the overall heat transfer coefficient:

𝜏c =
m ⋅ c′p
U ⋅ A

⇒ U =
m ⋅ c′p
𝜏c ⋅ A

=
4000 kg × 4180 J kg−1 K−1

4536 s × 7.4 m2

= 498 W m−2 K−1

The film heat transfer coefficient with water is
hi = z ⋅ 𝛾 = 0.146 × 31 100 = 4534 W m−2 K−1
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The equipment heat transfer coefficient (𝜑) is

𝜑 = 1
1
U

− 1
hi

= 1
1

498
− 1

4534

= 560 W m−2 K−1

The film heat transfer coefficient of the contents is by far greater
(hi = 4534 W m−2 K−1) than the equipment heat transfer coefficient
(𝜑 = 560 W m−2 K−1). Hence the limiting resistance is the equipment,
which is conduction through the wall and the external film.

2. The heat transfer coefficient of the internal film becomes

hi = z ⋅ 𝛾 = 0.146 × 3000 = 437 W m−2 K−1

The overall heat transfer coefficient is

U =
[

1
hi

+ 1
𝜑

]−1

=
[ 1

437
+ 1

560

]−1
= 245 W m−2 K−1

3. The limiting resistance is the internal film: 437 W m−2 K−1
<

560 W m−2 K−1.
4. In order to improve the internal film heat transfer coefficient, in

principle, two possibilities may be considered. The first is to improve
the agitation: increase the revolution speed of the existing agitator
or change the agitator for an agitator inducing more turbulence at
the wall. The second possibility could be to increase the material
constant of the reaction medium. Chose a solvent with higher density,
conductivity or heat capacity, and lower viscosity. In the worst case,
dilute in order to decrease the viscosity, but this also reduces the
productivity and will probably not be the solution of choice.

Chapter 15

15.1 Gas volume release by the total decomposition
At 25 ∘C (MTSR)∶ V ′

g = 2.5 mol kg−1

× 0.0224 m3 mol−1 × 298
273

= 0.061 m3 kg−1

Total gas volume∶ Vg = 4000 kg × 0.061 m3 kg−1 = 244 m3

Since the available volume in a closed vessel is 1.5 m3. This would result in
a pressure of 162 bar that is definitely in the category “serious.”
Gas release rate
Thermal power of the decomposition at 30 ∘C:

qD24 =
c′p ⋅ R ⋅ TD24

2

24 ⋅ 3600 ⋅ Edc
= 3500 × 8.314 × 3032

24 × 3600 × 50 000
= 0.6 W kg−1

Thermal power of the decomposition at 25 ∘C:

q25∘C = qD24 ⋅ exp
[50 000

8314

( 1
303

− 1
298

)]
= 0.4 W kg−1
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Volume flow rate at 25 ∘C:

v̇g = V ′
g ⋅ mr ⋅

q′
25∘C

Q′
dc

= 0.061 m3 kg−1 × 4000 kg
0.4 W kg−1

375 000 J kg−1

v̇g = 2.6 × 10−4m3 s−1 = 0.94 m3 h−1

The cross section of the vent line:

S = 𝜋
0.052

4
≃ 0.002 m2

The gas velocity:

u = 2.6 × 10−4 m3 s−1

0.002 m2 = 0.13 m s−1

This is very low gas velocity and accordingly corresponds to the category
“unproblematic.” The gas release rate can easily be handled, but the
final reaction mass should not be submitted to heat confinement condi-
tions, and the gas must be allowed to escape. Since the gas is nitrogen,
there is no toxicity or flammability risk. The risk due to gas release is
acceptable.

15.2 1. The amount of vapor released is

mv =
(MTSR − MTT) ⋅ c′p ⋅ mr

ΔvH′

=
(81 ∘C − 56 ∘C) × 1.7 kJ kg−1 K−1 × 2500 kg

523 kJ kg−1 = 203 kgvap

𝜌v =
PMw

RT
=

1 bar × 58 kg kmol−1

0.083 15 m3 bar kmol−1 K−1 × 329 K
= 2.12 kg m−3

The volume of flammable mixture is

Vex =
mv

𝜌v ⋅ LIE
=

203 kg
2.12 kg m−3 × 0.016

≅ 5885 m3

Extension∶ r = 3

√
3Vex

2
= 3

√
3 × 5885

2
=20 m

The flammable cloud may not surpass the site fences: severity is rated
“critical.”

2. Thermal activity at MTT :

q(MTT) = qrx ⋅ exp
[

E
R

(
1

Tp
− 1

MTT

)]
⋅

MTSR − MTT
MTSR − Tp

q(MTT) = 20 W kg−1 ⋅ exp
[100 000

8314

( 1
313

− 1
329

)]
⋅

81 − 56
81 − 40

= 20 × 6.5 × 0.6 ≈ 80 W kg−1

The total heat release is 200 kW for the charge of 2500 kg. Hence the
condenser power of 250 kW is sufficient.
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Vapor velocity:

– Mass flow rate: ṁv =
80 W kg−1 × 2500 kg

523 000 J kg−1 = 0.382 kg s−1

– Volume flow rate: v̇v =
0.382 kg s−1

2.12 kg m−3 = 0.18 m3 s−1

– Pipe section: S = 𝜋
0.252

4
= 0.049 m2

– Vapor velocity: u = 0.18 m3 s−1

0.049 m2 = 3.7 m s−1

3. Thus, the controllability is rated “feasible” and the situation can be mas-
tered as far as the condenser remains in operation in case of cooling
failure on the reactor, which requires an independent source of cooling
medium.

15.3 1. The decomposition of a sulfonic acid produces SO2, hence assuming
that this is the only gas produced in an open reactor, we calculate the
gas volume at room temperature (SO2 is diluted in atmosphere):

V ′
g = 3 mol kg−1 × 0.0224 m3 mol−1 × 298

273
= 0.073 m3 kg−1

Vg = mr ⋅ V ′
g = 6000 kg × 0.073 m3 kg−1 ≈ 438 m3

Volume of toxic cloud∶ V =
Vg

IDLH
= 438

10−4 = 4.38 × 106 m3

Extension∶ r = 3

√
3Vex

2𝜋
= 3

√
3 × 4.38 × 106

2 × 3.14
≈ 128 m

The toxic cloud will reach outside the plant fences: the severity is rated
“serious.”

2. The dynamic aspect of the gas release must be considered, which means
that we estimate the gas velocity at the technical limit (MTT). Sulfuric
acid boils at 280 ∘C.
We start with the available kinetic information: TD24 = 140 ∘C.

qD24 =
c′p ⋅ R ⋅ TD24

2

24 ⋅ 3600 ⋅ Edc
= 1500 × 8.314 × 4132

24 × 3600 × 100 000
= 0.25 W kg−1

Thermal power of the decomposition at 280 ∘C using a realistic activa-
tion energy of 100 kJ mol−1:

q280∘C = qD24 ⋅ exp
[100 000

8314

( 1
413

− 1
553

)]
≈ 400 W kg−1

Gas volume flow rate at 280 ∘C:

v̇g = V ′
g ⋅ Mr ⋅

q′
280∘C

Q′
dc

= 0.067 m3 kg−1 × 6000 kg
400 W kg−1

350 000 J kg−1

v̇g = 0.46 m3 s−1 = 1654 m3 h−1

The cross section of the vent line:

S = 𝜋
0.052

4
≃ 0.002 m2
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The gas velocity:

u = 0.46 m3 s−1

0.002 m2 = 230 m s−1

This velocity is not far away from the sound speed. Such a velocity is
hard to be mastered; hence the controllability is rated “unlikely.”
The risk linked with this reaction is not acceptable.

3. The risk reduction will require process changes. The weakness of the
process is its high accumulation of non-converted reactants (50%). This
accumulation must be reduced in order to avoid triggering the decom-
position. The process must be optimized by decreasing the feed rate
and perhaps increasing the temperature. The process could be shifted
to class 2.

Chapter 16

16.1 Step 1: Design case
1. Temperature at relief pressure

The temperature is determined using the vapor pressure curve
described by Antoine law:

ln(P) = A − B
C + T

⇒ T = B
A − ln(P)

− C

ln P (mbar) = A−B/(C +T (∘C)) with A = 16.9406, B = 2940.46,
C = 237.22 (−32 ∘C<T < 77 ∘C)

T = 2940.46
16.9406 − ln(3000)

− 237.22 = 91.9 ∘C

The safety valve is triggered at 91.9 ∘C.
During relief the pressure will increase further to reach the maximum
accumulation, i.e. it will reach 4300 mbar (110% of the MAWP),
corresponding to a temperature of 105.7 ∘C.
Power at set pressure
The power is calculated with the available data:

qex = U ⋅ A ⋅ (Tc,max − Tset) = 1.000 × 7.4 × (150 − 91.9) = 430 kW

or expressed as specific power: 121 W kg−1.
2. Step 2: Flow regime

Void fraction
The liquid volume at relief temperature is

Vl =
mr

𝜌l
=

3500 kg
710 kg m3 = 5 m3

The volume up to flooding limit is 5.66 m3:

Void fraction∶ 𝛼0 = 1 −
Vl

Vtot
= 1 − 5

5.66
= 0.12



522 Solutions of Exercises

3. Vapor velocity at the liquid surface

Liquid surface∶ Ar = 𝜋
d2

4
= 𝜋

1.82

4
= 2.54 m2

Vapor volume flow rate∶ v̇v =
q

ΔH′
v × 𝜌vset

= 430 kW
471 kJ kg−1 ⋅ 5.74 kg m3

= 0.159 m3 s−1

Vapor velocity at surface∶ jg =
v̇v

Ar
= 0.159 m3 s−1

2.54 m2 = 0.062 m s−1

4. Bubble rise velocity
Application of the “churn turbulent” model:
Bubble limit velocity:

u∞ = 1.53
[𝜎 ⋅ g ⋅ (𝜌f − 𝜌g)]0.25√

𝜌f

= 1.53 [0.021 16 ⋅ 9.81 ⋅ (710 − 5.74)]0.25√
710

= 0.2 m s−1

5. Flow regime

Velocity ratio∶ Ψ =
jg

u∞
= 0.062

0.2
= 0.31

Swelling∶ 𝛼 = Ψ
2 + C0Ψ

= 0.31
2 + 0.31

= 0.14

Diagnostics∶ 𝛼 > 𝛼0∶ two-phase flow

6. Step 3: Mass flow rate to be discharged
The Leung model for calculating the mass flow rate gives:
Mass flow rate

ṁ =
q′ ⋅ m0[[V ⋅ ΔV H

m0 ⋅ vfv

]0.5

+ [cV ⋅ ΔT]0.5

]2

= 430 000 W[[5.66 ⋅ 471 000
3550 ⋅ 0.173

]0.5
+ [2252 ⋅ 13.8]0.5

]2 = 7.3 kg s−1

7. Step 4: Dischargeable mass flux
Compressibility (𝜔)

𝜔 =
𝛼0

k
+

cpT0Pv0

v0

( vfg0

hfg0

)2

= 0.116
1.13

+ 2252 ⋅ 365 ⋅ 300 000
0.001 59

( 0.173
471 000

)2
= 21
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8. Dischargeable mass flux
The critical pressure ratio can be determined either from the nomo-
grams or calculated using following equation:

𝜂
2
c + (𝜔2 − 2𝜔)(1 − 𝜂c)2 + 2𝜔2 ln 𝜂c + 2𝜔2(1 − 𝜂c) = 0

The critical pressure is 2689 mbar:

G∗
C =

𝜂c√
𝜔

= 0.9√
21

= 0.2

v0 =
Vtot

mr
= 5.66

3550
= 0.001 59 m3 kg−1

GC = G∗
C

√
P0

v0
= 0.2

√
300 000
0.001 59

= 2689 kg m−2 s−1

9. Step 5: Sizing the valve
Valve diameter
Discharge coefficient: 0.67

A = ṁ
K ⋅ G

=
7.3 kg s−1

0.67 ⋅ 2689 kg m−2 s−1 = 0.0041 m2

d =
√

4A
𝜋

=
√

4 ⋅ 0.0041
𝜋

=0.072 m

With the homogeneous nonequilibrium model (Diener/Schmidt),

𝜔 = 4.55

𝜂c = 0.9

G∗
C = 0.236

GC = 4584 kg m−2 s−1

A = 0.0024 m2

d = 0.055 m

16.2 1. Temperature at relief pressure
The temperature is calculated (or read) from the vapor pressure
curve:

ln(P) = A − B
C + T

⇒ T = B
A − ln(P)

− C

T = 3626.55
18.874 85 − ln(3000)

− 238.86 = 94.8 ∘C.

The safety valve is triggered at 94.8 ∘C.
During pressure relief, the pressure continues to rise by 10%, i.e. reaches
3300 mbar, corresponding to a temperature of 97.8 ∘C.
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2. Power as zero-order reaction
The reaction rate, and consequently the power of the reaction, doubles
every 10 K. The temperature increases by ΔT = 94.8− 45 = 49.8 K.
This is roughly 50 K, which means that the power is multiplied by a fac-
tor 25, i.e. 32: q0, set = 30× 32 = 960 W kg−1

More accurately, q0,set = q0 ⋅ 2
ΔT
10 = 30 × 2

49.8
10 = 30 × 31.6 ≈ 948 W kg−1.

At maximum pressure the power is qmax = 1163 W kg−1.
3. Remaining accumulation

With an accumulation corresponding to a temperature increase by
100 K, starting from the process temperature of 45 ∘C, the reaction
could theoretically reach

MTSR = 45 + 100 = 145 ∘C
This means that by reaching the set pressure (Tset = 94.8 ∘C), the reac-
tion has not yet completed and the remaining accumulation under adi-
abatic conditions is proportional to the temperature increase:

Xac =
MTSR − Tset

MTSR − Tp
= 145 − 94.8

145 − 45
≈ 0.5

Similarly at maximum pressure

Xac =
MTSR − Tmax

MTSR − Tp
= 145 − 97.8

145 − 45
≈ 0.47

4. Power as first-order reaction
For a first-order reaction, the instantaneous reaction rate is propor-
tional to the actual concentration of reactants. In our case it is propor-
tional to the remaining accumulation:

qset = q(set,0) ⋅ Xac = 948 × 0.5 = 476 W kg−1

qmax = q(max,0) ⋅ Xac = 1163 × 0.47 = 549 W kg−1

5. Comparison with maximum heating
The heating power is calculated from the given equipment data:

qex = U ⋅ A ⋅ (Tc,max − Tset) = 400 × 7.4 × (150 − 94.8) = 163 kW
Or expressed as specific power: 48 W kg−1.
Therefore it becomes obvious that a reaction may produce significantly
higher power than the heating system.

6. Sensitivity analysis
Increased activation energy
By tripling the reaction rate for a temperature increase by 10 K, the
power becomes

qset = q0 ⋅ 3
ΔT
10 ⋅ Xac = 30 × 3

49.8
10 × 0.5 ≈ 3580 W kg−1

and at maximum pressure 4667 W kg−1.
The increased acceleration of the reaction at higher temperature
has a huge effect on the power since it is an exponential function of
the temperature. Therefore it is essential to provide the right kinetic
parameters of a reaction and especially to determine accurately the
activation energy.
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Table .1 Sensitivity analysis.

Parameter 1 2 3 4 5

Reaction order 0 1 1 1 1
Accumulated energy ΔTacc (K) 100 100 50 100 100
Activation energy E (kJ mol−1) 67 67 67 107 67
Set pressure Pset (bar g) 2 2 2 2 0.5
Power at relief Qset (W kg−1) 950 476 3.5 3585 166

7. Lower accumulation
With an accumulation corresponding to a temperature increase of 50 K,
the reaction has practically completed when reaching the set pressure
of the relief system:

MTSR = 45 + 50 = 95 ∘C and

Xac =
MTSR − Tmax

MTSR − Tp
= 95 − 94.8

95 − 45
≈ 0.004

The thermal power is only qset = q(set, 0) ⋅Xac = 948× 0.004≈ 3 W kg−1.
Thus it becomes clear that an optimization of the reaction conditions
leading to a reduction of the accumulation leads to more economical
risk reduction measures. In the present case, longer feed time may solve
the problem, however on costs of the cycle time.

8. Lower set pressure
The temperature at relief is also reduced:

T = 3626.55
18.874 85 − ln(1500)

− 238.86 = 74.8 ∘C

The acceleration of the reaction is also reduced by the lower tempera-
ture increase:

q0,set = q0 ⋅ 2
ΔT
10 = 30 × 2

29.8
10 ≈ 237 W kg−1

Nevertheless, the accumulation is higher:

Xac =
MTSR − Tset

MTSR − Tp
= 145 − 74.8

145 − 45
≈ 0.7

which leads to a power of

qset = q(set,0) ⋅ Xac = 237 × 0.7 = 166 W kg−1

With a lower set pressure of the relief system, the reaction is interrupted
earlier during the runaway as the reaction rate is lower. This leads to
a reduction of the power and consequently of the mass flow rate to be
discharged and finally of the required venting diameter. This shows how
important it is to choose a set pressure as low as possible (while avoiding
unwanted relief ).
These effects are summarized in Table 1.
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16.3 The allowed pressure loss is 3% of Pset expressed in bar g: ΔPallowed =
(3000− 1200)× 0.03 = 54 mbar.
The PSV inlet area (d = 80 mm) is 0.005 027 m2.
The PSV nozzle area (d = 72 mm) is 0.004 072 m2.
The dischargeable mass flux is 2689 kg m−2 s−1.
The actual mass flow rate that will be discharged is given by

ṁact =
Kdr2ph

Df
⋅ Anozzle ⋅ Gc =

0.67
0.9

× 0.004 072 × 2689 = 8.2 kg s−1

Thus the pressure loss is

ΔPin = 1
2

(ṁact

Ain

)2

v0 = 0.5 ×
( 8.2

0.005 027

)2
× 0.001 59

= 2094 Pa = 21 mbar

The maximum allowed inlet friction coefficient is

𝜁in,max =
ΔPmax

ΔPin
= 54

21
= 2.6

The installed piping leads to a friction coefficient of:

Entrance 𝜁 = 0.5
Vertical pipe 1 m, d = 0.1 m 𝜁 = 0.02× 1/0.1 = 0.2
T entering branch with reduction 𝜁 = 0.3+ 1.0 = 1.3
Pipe 2 m, d = 0.08 𝜁 = 0.02× 2/0.08 = 0.5
2T along run 𝜁 = 2× 0.4 = 0.8
Total 3.3

This friction coefficient is above the permitted value: the PSV will be insta-
ble and may chatter.
The valve should be installed directly on a nozzle on the reactor cover.
Example: entrance (𝜁 = 0.5), pipe 1 m diameter 0.1 m (𝜁 = 0.2), conical
reduction (𝜁 = 0.1): Total 0.8, which satisfies the condition 𝜁 < 2.6.

16.4 The set temperatures are read on the vapor pressure curves. The power is
calculated from

qinput = U ⋅ A ⋅ (Tc,max − Tset) = 1000 × 13.5 × (150 − Tset)

The mass flow rate for one phase flow is given by

ṁ =
q

ΔvH′
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The results are summarized in the following table:

Acetone Methanol Water Toluene

Tset(∘C) 92 95 133 154
ΔT(∘C) 58 55 17 −4
qinput (kW) 783 743 230 n.a.
ΔvH ′ (kJ kg−1) 515 838 2045 350
Mass flow rate (kg s−1) 1.52 0.89 0.11 n.a.

In the case of toluene, the set pressure (154 ∘C) cannot be reached with the
heating system at 150 ∘C. In this case, the pressure relief system will not
be triggered, and no critical situation may result from this scenario. The
solvent leading to the highest mass flow rate is acetone: it should be used
for the sizing calculations.

Chapter 17

17.1 In an architecture of the type 2oo3, the inhibitor injection is triggered only
if two sensors (out of 3) reach the required triggering level. This ensures
that if the required triggering level is reached, the injection will take place;
in other words the reliability is improved compared with one unique sensor
(1oo1). Moreover, if one sensor fails, it is immediately detected since one
temperature record deviates from the others: this avoids passive failures.
Thus, if only one sensor (out of 3) reaches the triggering level, no injection
will take place: this avoids unwanted injections and avoids active failures.
The availability is also improved compared with one unique sensor (1oo1).

17.2 The correct answer is b.
Passive failures mean that the safety system is not triggered at the time it is
required (failure on demand). Passive failures affect the safety (proposal 1).
Active failures mean that the safety system is triggered as it is not required,
which has direct consequences in terms of loss of productivity. Active fail-
ures affect the availability (proposal 4).

17.3 In a 2oo3 system, the action is triggered only if 2 elements out of 3 reach
the set level. This means that in case of a passive failure of one element, the
two others are still active, which preserves the safety. Two simultaneous
passive failures are required to deactivate the safety system. On the other,
an active failure of one element does not trigger the system: at least two
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simultaneous active failures are required, which preserves the availability
of the process unit.

17.4 Both are mechanical systems. In the first system a leak (Failure) of one
valve will not cause the nitrogen to be contaminated: the system is tolerant
toward one failure. Both block valves must leak to cause a contamination of
the nitrogen network. The bleed valve hinders a pressure buildup between
the valves that may also cause leakage of a valve and consequently a con-
tamination.
In the second system a single failure is sufficient for the nitrogen to be
contaminated: therefore the reliability is lower.
Therefore the first possibility is recommended.



529

Symbols

Symbol Name Practical unit SI unit

a Thermal diffusivity m2 s−1 m2 s−1

A Heat exchange area m2 m2

A Availability — —
a, b, c Polynomial coefficients — —
A, B, C, P, R … Chemical compounds — —
B Reaction number — —
C Constant
C Concentration mol l−1 mol m−3

C′ Concentration (in mass units) mol kg−1 mol kg−1

cP Heat capacity J K−1 J K−1

c′P Specific heat capacity kJ kg−1 K−1 J g−1 K−1

cv Heat capacity at constant volume J K−1 J K−1

d Diameter or thickness m m
D Controller derivative constant
E Activation energy J mol−1 J mol−1

f Frequency a−1 (pro anno) Hz
f Friction loss coefficient — —
F Molar flow rate mol h−1 mol s−1

F Environment factor — —
g Acceleration of gravity m s−2 m s−2

G Controller gain — —
G Mass flux kg m−2 s−1

h Film heat transfer coefficient W m−2 K−1 W m−2 K−1

h Height m m
ΔrH Reaction enthalpy kJ mol−1 J mol−1

H(t) Cumulative hazard rate — —
I Controller integral constant — —

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Symbol Name Practical unit SI unit

K Discharge factor — —
K Constant, esp. equilibrium constant — —
k Form coefficient — —
k Kinetic rate constant function of rate law function of rate law
k0 Frequency factor function of rate law function of rate law
l Length m m
L Characteristic length m m
ṁ Mass flow rate kg h−1 g s−1

m Mass kg g
M Molar ratio — —
Mw Mol weight g mol−1 g mol−1

n Order of reaction — —
n Revolution frequency rpm s−1

N Number of moles — —
P Pressure bar Pa
P Probability — —
P Autocatalysis parameter — —
P Power (stirrer power) kW W
q Heat release rate W W
q′ Specific heat release rate W kg−1 W g−1

Q Thermal energy (heat) kJ J
Q′ Specific energy kJ kg−1 J g−1

r Reaction rate mol m−3 h−1 mol m−3 s−1

r Radius m m
R Universal gas constant J mol−1 K−1 J mol−1 K−1

l mbar mol−1 K−1

R Reliability
S Cross section m2 m2

S Sensitivity — —
t Time h s
T Temperature ∘C K
ΔTad Adiabatic temperature rise ∘C K
T Period (observation, maintenance) year s
u Linear velocity m s−1 m s−1

U Overall heat transfer coefficient W m−2 K−1 W m−2 K−1

v Specific volume m3 kg−1 m3 kg−1

v̇ Volume flow rate m3 h−1 m3 s−1

V Volume m3 m3
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Symbol Name Practical unit SI unit

x Quality in two-phase flow — —
X Conversion — —
z Length coordinate m m
z(t) Hazard rate or failure rate a−1 (per year) Hz
z Equipment constant (stirred tank) — —

Subscripts

Subscript Meaning Example

0 Initial value T0 Initial temperature
A, B, P, R, S Reference to chemical

compounds
CA Concentration of A

ac Accumulation Xac Degree of accumulation
acc Acceleration f acc Acceleration factor
ad Adiabatic ΔTad Adiabatic temperature rise
amb Ambient Tamb Ambient temperature
b Boiling Tb Boiling point
b back Pb Backpressure
c Coolant Tc Temperature of coolant
cell Calorimetric cell mcell Mass of calorimetric cell
cf Cooling failure Tcf Temperature after cooling

failure
cond Condensation qcond Cooling capacity of condenser
crit Critical Tcrit Critical temperature
cx Convective qcx Convective heat flow
d Decomposition ΔHd Enthalpy of decomposition
dr Derated Kdr Derated discharge factor
D24 tmrad = 24 hours TD24 Temperature at which

tmrad = 24 hours
ef Effect Q′

ef Energy available to cause
effects

ex Exchange (heat exchange) qex Heat dissipation rate
ex Explosion V ex Volume of explosive

atmosphere
f Final Tf Final temperature
f Formation Δf H298 Standard enthalpy of

formation
fd Feed Tfd Feed temperature
fg Liquid–gas vfg Latent specific volume
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Subscript Meaning Example

fv Liquid–vapor vfv Latent specific volume
g Gas 𝜌G Gas density
H Hydraulic dh Hydraulic diameter
H Hybrid ΔTH Overheating for hybrid system
i Index Ci Concentration of ith

compound
l Liquid 𝜌l Liquid density
loss Loss qloss Rate of heat loss
m Mixing Tm Mixing temperature
m Melt ΔmH Melting enthalpy
ma Maximum allowed Tma Maximum allowed

temperature
mes Measure Tmeas Measurement temperature
p Process TP Process temperature
r Reactor, reaction mass dr Diameter of reactor
ref Reference Tref Reference temperature
rx Reaction qrx Heat release rate of reaction
s Stirrer ds Stirrer diameter
st Stoichiometric mr,st Reaction mass at

stoichiometry
tot Total NB,tot Total number of moles of B
tox Toxic V tox Volume of toxic atmosphere
v Vapor ΔvH Latent enthalpy of

evaporation
w Wall Tw Wall temperature

Greek

Symbol Name Practical unit SI unit

𝛼 Relative volume increase — —
𝛼 Heat loss coefficient W K−1 W K−1

𝛼 Void fraction — —
𝛽 Effective Biot number — —
𝛽 Scan rate C min−1 K min−1

𝛽 Volume expansion coefficient K−1 K−1

𝛾 Material constant for heat transfer W m−2 K−1 W m−2 K−1

𝛾 Isentropic exponent — —
𝛿 Form factor, Frank–Kamenetskii number — —
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Symbol Name Practical unit SI unit

Δ Difference (used as prefix) — —
𝜀 Expansion coefficient — —
𝜁 Friction loss coefficient — —
𝜂 Pressure ratio — —
𝜃 Dimensionless temperature — —
𝜃 Dimensionless time — —
𝜅 Constant for two-phase flow model — —
𝜆 Thermal conductivity W m−1 K−1 W m−1 K−1

𝜆 Lyapunov exponent
𝜆 Failure rate a−1 (per year) Hz
𝜇 Dynamic viscosity cP = mPa s Pa s
𝜈 Kinematic viscosity m2 s−1 m2 s−1

𝜈A Stoichiometric coefficient of A — —
𝜋 3.14159 …
𝜌 Specific weight (density) kg m−3 g m−3

𝜎 Surface tension N m−1 N m−1(=kg s−2)
𝜎 Variance (square root of …) — —
𝜏 Time constant h s
𝜏 Space time h s
𝜑 Equipment heat transfer coefficient W m−2 K−1 W m−2 K−1

Φ Adiabacity coefficient — —
𝜓 Flow function — —
𝜓 Dimensionless velocity — —
𝜔 Compressibility — —

Acronyms

AEGL Acute Exposure Guideline Levels
ALARP As low as reasonably practicable
BD Bursting disk
BLT Basket limit temperature
BPCS Basic process control system
BR Batch reactor
CPU Central processing unit
CSTR Continuous stirred tank reactor
DLT Dewar limit temperature
DSC Differential scanning calorimetry
DTA Differential thermal analysis
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EC50 Efficiency concentration for 50% of a population
ERS Emergency relief system
ETA Event tree analysis
FDT Fractional dead time
FMEA Failure mode and effects analysis
FTA Fault tree analysis
HAZOP Hazard and operability study
HEM Homogeneous equilibrium model
HNE-DS Homogeneous nonequilibrium model after Diener/Schmidt
IC50 Inhibition concentration for 50% of a population
IDLH Immediately dangerous to life and health
ISD Inherently safe design
IPL Independent protection layer
LC50 Lethal concentration for 50% of a population
LEL Lower explosion limit
LOC Loss of containment
LOPC Loss of primary containment
MAWP Maximum allowed working pressure
MDT Mean down time
MTBF Mean time between failure
MTSR Maximum temperature of synthesis reaction
MTT Maximum temperature for technical reasons
MTTF Mean time to failure
MUT Mean up time
PCS Process control system
PFR Plug flow reactor
PSE Personal safety equipment
PSV Pressure safety valve
QFS Quick onset, fair conversion, smooth temperature profile
RRF Risk reduction factor
PFD Probability of failure on demand
PID Process and instrument design
PID Proportional integral differential (controller)
SADT Self-accelerating decomposition temperature
SBR Semi-batch reactor
SIL Safety integrity level
SIS Safety instrumented system
SIT Self ignition temperature
SPCS Safety Process Control System
SV Safety valve
tmrad Time to maximum rate under adiabatic conditions
tnor Time of no return
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Dimensionless numbers

Symbol Name Expression Parameter

B Thermal reaction
number

B =
ΔTad •E

R•T2 ΔTad

E
R
T

Adiabatic
temperature rise
Activation energy
Universal gas
constant
Temperature

Bi Biot Bi =
h•r0

𝜆

h
r
𝜆

Film heat transfer
coefficient
Radius
Thermal conductivity

Da Damköhler Da =
r0•t
C0

r0

t
C0

Reaction rate
Reaction time
Initial concentration

Fo Fourier Fo = at
r2 a

t
r

Thermal diffusivity
Time
Characteristic
dimension

𝛿 Frank-
Kamenetskii

𝛿 =
𝜌0•q0

𝜆

•
E

RT2
0

•r2
0 𝜌0

q0

𝜆

E
R
T0

r0

Density
Heat release rate
Thermal conductivity
Activation energy
Universal gas
constant
Initial temperature
radius

Gr Grashof Gr =
g•𝛽•L3•𝜌2•ΔT

𝜇2 g
𝛽

𝜌

L
ΔT
𝜇

𝜆

Gravity constant
Volumetric expansion
Specific weight
Characteristic length
Temperature
difference
Dynamic viscosity
Thermal conductivity

Ne Newton
(power number)

Ne = P
𝜌•n3

S
•d5

S

P
𝜌

nS

dS

Power of stirrer
Specific weight of
fluid
Revolution speed
Stirrer diameter

Nu Nusselt Nu = h•d
𝜆

h
d
𝜆

Film heat transfer
coefficient
Characteristic length
Thermal conductivity
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Symbol Name Expression Parameter

Pr Prandtl Pr =
𝜇•c′P
𝜆

𝜇

cP

𝜆

Dynamic viscosity
Specific heat capacity
Thermal conductivity

Ra Rayleigh Ra =
g•𝛽•𝜌2•c′P •L3• ΔT

𝜇•𝜆
g
𝛽

𝜌

cP

L
ΔT
𝜇

𝜆

Gravity constant
Volumetric expansion
coefficient
Specific weight
Specific heat capacity
Characteristic length
Temperature
difference
Dynamic viscosity
Thermal conductivity

Re Reynolds (tube) Re = u•d•𝜌

𝜇

u
d
𝜌

𝜇

Flow velocity
Diameter
Specific weight
Dynamic viscosity

Re Reynolds (stirred
tank)

Re = n•d2•𝜌

𝜇

n
d
𝜌

𝜇

Stirrer frequency
Diameter of agitator
Specific weight
Dynamic viscosity

Se Semenov Se =
qcritE

UART2
crit

qcrit

E
U
A
R
Tcrit

Critical heat
release rate
Activation energy
Heat transfer
coefficient
Heat transfer area
Gas constant
Critical temperature

St Stanton
(modified)

St = U •A•t
𝜌•V •c′p

U
A
t
𝜌

V
cp

′

Heat transfer
coefficient
Heat transfer area
Characteristic time
Specific weight
Volume
Specific heat capacity

Wt Westerterp Wt =
U •A•tfd

V •𝜌•c′P •𝜀
U
A
tfd

𝜌

V
cp

′

𝜀

Heat transfer
coefficient
Heat transfer area
Feed time
Specific weight
Volume
Specific heat capacity
Volume expansion
due to feed
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Index

a
accelerating rate calorimeter (ARC)

57, 93, 115, 119–121, 179
accepted risk 8, 14, 15
Acute Exposure Guideline Levels

(AEGL) 19, 20, 410, 411
adiabatic calorimeters

accelerating rate calorimeter (ARC)
119–121

Dewar calorimeters 116–119
principle of 114–115
thermal inertia 115–116
vent sizing package (VSP) 121–122

adiabatic calorimetry 64, 66, 114–115,
124, 285, 302–305

adiabatic conditions 36, 40, 43, 49–50,
56–57, 62, 63, 66, 68, 69, 93, 99,
115, 116, 118, 120, 121, 164,
178–180, 184, 237, 245, 259, 261,
262, 269, 277, 285, 286, 288, 293,
299, 302, 305, 307, 312–314, 326,
329, 347, 370, 408, 422, 435,
436

adiabatic CSTR 234–236
adiabatic mode 91, 119, 120, 214
adiabatic reaction 174, 178–179, 233
Adiabatic temperature course 50, 178,

289, 290, 300, 301, 305
advanced kinetic and technology

solutions (AKTS) 301, 325
agitated jacketed vessel 312
agitated reactor 380
agitation 21, 106, 312, 315, 316, 326,

351, 364, 375, 402, 403, 487
agitator constant 377

alarm systems 16, 406–407, 464, 468
Arrhenius coordinates 270
Arrhenius diagram 120, 264, 271, 298,

299
Arrhenius law 157, 260, 268, 269, 271,

314, 412
Arrhenius plot 121, 271
assessment criteria, for severity 13, 68,

412
autocatalytic reaction 324

adiabatic calorimetry 302–305
adiabatic temperature 290
behavior 285–286
Benito–Perez model 288
Berlin model 288–289
chemical information 291–292
decompositions 284–291
double scan test 294–295
dynamic DSC thermogram 292–293
identification by isothermal DSC

296
identification procedure 291
industrial practice 307
isoconversional methods 301–302
and nth-order reactions 285, 286,

293
one–point estimation 296–297
phenomenological aspects of

289–291
Prout–Tompkins model 287–288
quantitative peak shape

characterization 293–294
rate equations of 286–289
safety aspects 306–308
tmrad determination 296–305

Thermal Safety of Chemical Processes: Risk Assessment and Process Design,
Second Edition. Francis Stoessel.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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autocatalytic reaction (contd.)
volatile products 307–308
zero-order kinetics 297–299

b
Basic Process Control System (BPCS)

463, 464, 471–473, 475
Basket Limit Temperature (BLT) 343
batch reactor 173, 398, 399

heat balance 174
isoperibolic reaction 184–185
isothermal reactions 175–179
mass balance 173–174
polytropic reaction 179–184
principles of 172–173
safe design factors of 188–191
safety characteristics 247
semi-batch reaction 198–202
temperature-controlled reaction

185–188
bathtub curve 465, 466
Benito–Perez model 286, 288, 289,

299, 304
Benson group increment method 133,

135
Berlin model 288–289
Biot number 318, 323, 324, 326, 330,

331
brainstorming 11, 25, 29

c
calibrated risk graph 473–474
calorimeters

accelerating rate 119–121
adiabatic 114–122
adiabatic mode 91–92
Calvet 104–106
classification 90
Dewar 116–119
dynamic mode 91
heat balance in

ideal accumulation 93
ideal heat flow 93
microcalorimeters 97–107

isoperibolic mode 92, 94
isothermal mode 91
reaction calorimeters 107–114

vent sizing package (VSP) 121–122
calorimetric methods 65, 95, 188, 212,

275, 277, 292, 403, 410, 481, 486,
487

Calvet calorimeter 93, 96, 143, 189,
413, 435, 452

applications 105–106
principles 104

Calvet calorimetry 65, 66, 140, 142,
146, 188, 212, 262, 277, 306, 400,
410, 482

cascade controller 165, 217, 374–375
catch tank 429, 451, 452
central processing unit (CPU) 469, 471
checklist method 22–23, 30
chemical engineering and process safety

487
chemical industry and safety

accidents and risk perception 5–6
process safety 5
product safety 4–5
responsibility 6–7

Chemical Thermodynamic and Energy
Release Program (CHETAH)
method 135

Clausius–Clapeyron equation
405–406, 410, 421

Clausius–Clapeyron law 138
closed gassy systems 410
closed vapor systems 410
combustion energies 38, 136
conductive heat transfer 246, 251, 315,

317, 318, 375
conservative extrapolation 264–267
containment, in reactor 408
continuous distillations 349–350
continuous stirred tank reactors (CSTR)

adiabatic CSTR 234–236
autothermal CSTR 236–237
cascade reactor 248
cooled CSTR 234
heat balance 233
ignition and hysteresis 237
mass balance 233
microreactors 249–251
process intensification 251–252
recycling reactor 248–249
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safety aspects 237–240
safety characteristics 246–247, 249,

250
controllability assessment 415

extended assessment criteria 415
gas release rate 414
main reaction 412–413
secondary reaction 413–414
severity and probability, for criticality

classes 415–419
vapor release rate 414–415

controlled depressurization 73, 388,
405–406, 417, 418

control loop 402, 463, 468–469
cooling failure scenario 10, 61–66, 70,

71, 75, 79, 81, 102, 132, 165, 177,
210, 211, 399, 451, 482, 488, 508

cooling system 18, 40, 50–52, 54, 56,
57, 64, 73, 84, 133, 163, 165–167,
175, 176, 179–185, 191, 204, 211,
212, 214, 218, 233, 238, 244, 331,
361, 365–368, 375, 377–379, 382,
392, 402, 412, 422, 482

critical heat release rate 250, 314
criticality, chemical process

assessment of 70–72
classes of 72–75

cyclone 452

d
Damköhler criterion 160, 200, 220
decision table method 26
decomposition enthalpies 85, 134, 135
decomposition reactions 258, 259

energies of 134
estimation of 135
stoichiometry of 134–135

deflagration (or spontaneous
decomposition) 21, 336, 337,
341, 345

degree of filling 115, 386, 388, 415,
437, 439

Design Institute of Emergency Relief
Systems (DIERS) 78, 432

Dewar calorimeters 93, 116–119
Dewar flask 48, 115–118, 179, 341,

342, 354

Dewar limit temperature (DLT) 343
diathermic calorimeters 90, 91
differential calorimeters 96, 103, 104,

111
differential scanning calorimetry (DSC)

101, 103, 107, 123
applications 100–101
baseline problem 103–104
crucibles 99–100
principles of 98
and safety studies 98–99
sample preparation 102–103
thermograms 97

dimensionless criteria 160–162
distillation processes 348–349
double scanning test 295
double scan test (DS-Test) 294
dumping 73, 74, 105, 404–405, 407
dynamic mode 91, 98, 106, 141, 212,

270, 292, 295
dynamic stability criteria 167

e
effluent treatment 73, 428, 429, 437,

446, 450–452, 472, 473
electrical heating 347, 363
emergency cooling 18, 57, 364, 382,

402–403, 406, 407, 412, 423
emergency measures

containment 408
technical measures 409–423

emergency pressure relief systems (ERS)
effluent treatment 450–452
fluid dynamics

correction for friction losses
442–443

dischargeable mass flux 441–442
function stability 445–446
mass flow rate 439–441
required relief area 444

multipurpose reactors 446–450
protection devices

bursting disks 430
combined system 430–431
safety valves 430
sizing methods 432

protection strategy 429
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emergency pressure relief systems (ERS)
(contd.)

regulatory aspects 429
sizing ERS 432

energy potential
experimental techniques 140–141
secondary reactions 133–134

enthalpy 98, 133, 138, 139, 503
European Federation of Chemical

Engineering (EFCE) 7
evaporative cooling

amount of solvent evaporated 383
practical and systematic procedure,

reaction at boiling point
386–388

swelling of reaction mass 385–386
technical aspects and limitations

382–383
vapor flow rate 383
vapor tube, flooding of 384–385

event tree analysis (ETA) 26
exothermal decomposition 142, 278,

328, 339, 340, 353
exothermal reactions 16, 38, 43,

48–51, 64, 99, 119, 141, 159, 164,
176, 178, 179, 191, 199, 202, 203,
213, 235, 236, 238, 240, 243, 245,
246, 249–251, 261, 319, 337, 347,
365, 367, 369, 383, 406, 419, 434,
472, 481

explosion 4, 5, 10, 11, 16, 20–21, 30,
50–51, 56–57, 62, 67, 68, 84, 99,
137, 140, 165, 232, 245, 250, 258,
259, 316, 321, 325–326, 337, 338,
352, 383, 409, 429, 470

f
failure mode and effect analysis (FMEA)

11, 24
failure modes 11, 24, 348–352, 465
failure rate 465, 466
falling film evaporator 349, 350
fast reactions, semi-batch reactors

203–205
fatal accident rate (FAR) index 5, 6
fault tree analysis (FTA) 11, 27–29
Fick’s law 318

50K rule 260, 267
finite elements model 313, 324–325,

331
first-order model 293, 294
flow models 385, 386, 428, 438, 439,

447
fluid flow process 336
fluidized bed dryer 342, 344, 345
fluidized bed technique 345
Fourier’s law 317
fractional dead time (FDT) 467
Frank-Kamenetskii model 318–323,

326, 327, 329, 330, 349, 351
Frank-Kamenetskii situation

318, 513
Frank-Kamenetskii thermal explosion

326
free energy 38
friction coefficients 443, 446, 526

g
gas release 77, 83, 97, 106, 108, 134,

137–138, 203, 207, 410, 414–416,
421, 423, 432, 434–437

gas release rate 83, 191, 203, 206,
412–414, 416, 422

Grashof criterion 315
group contribution method (GCM)

268

h
half-life 48, 314, 330, 343, 373
hazard and operability study (HAZOP)

24–26, 433, 483
hazard identification techniques 12

brainstorming 29
checklist method 22–23
decision table method 26
event tree analysis (ETA) 26–27
failure mode and effect analysis

(FMEA) 24
fault tree analysis (FTA) 27–29
hazard and operability study

(HAZOP) 24–26
hazard matrix 22
hazards, definition of 7
heat accumulation 46, 201–202
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actively cooled reactor and adiabatic
conditions 312

assessment procedure 326
effect of container size 313
heat balance

high viscosity liquids, pastes and
solids 316–318

natural convection 315
with reactive material 318–325
Semenov model 314–315
time scale 314

thermal confinement situations
312

thermal explosion models 325–326
heat balance 174, 317

chaos theory 162–163
convective heat exchange 46
dimensionless criteria 160–162
heat accumulation 46
heat balance and cooling rate

159
heat losses 47–48
heat production 43–44
heat removal 44–45
and Lyapunov exponents 162–163
Semenov criterion 159
sensible heat 47
simplified heat balance 48–49
stability diagrams 159
stirrer 47
topological tools 163

heat capacity 36, 39–40, 46, 66, 74, 78,
102, 104, 109, 115, 117, 139, 178,
180, 189, 190, 201, 209, 235, 242,
245, 248, 250, 261, 266, 268, 272,
299, 303, 315, 323, 371, 379, 389,
403, 409, 448, 449

heat carrier flow failure 352
heat confinement 311, 312, 321, 365,

519
heat exchange areas 44, 45, 109, 157,

201, 208, 211, 221, 242, 243, 248,
249, 315, 326, 364, 365, 372, 379,
380, 435

heat flow measurement 112
heating–cooling system 163, 165, 176,

184, 361, 365–368

heat production 43–44, 46, 50–52,
157, 199–201, 212, 241, 314, 371,
388, 390

heat release rate 36, 37, 41, 43, 44, 46,
50, 51, 53, 65, 66, 68, 73, 74, 76,
78, 81, 83, 90, 93, 96, 98, 99, 107,
109, 113, 114, 125, 133, 146, 157,
159–160, 165, 167, 175, 176, 178,
180, 186, 188–190, 200, 203, 206,
208, 209, 211, 213, 215–217, 219,
224, 234, 235, 245, 248, 250,
258, 261, 262, 264, 265, 268–277,
285–289, 292, 293, 295–300, 302,
304, 305, 312–314, 318, 321, 324,
330, 338–340, 342, 354, 368, 382,
384–387, 390, 400, 402, 403, 405,
406, 412–414, 417, 422, 435, 450

heat transfer coefficients 44, 45, 48, 52,
108–110, 176, 217, 221, 245, 249,
315, 316, 323, 326, 328, 346, 349,
350, 364, 373, 374, 376, 377,
379–381, 389, 402, 435

heat transfer processes 336
heat, wait, and search (HWS) 119, 120
homogeneous equilibrium model

(HEM) 447, 448
homogeneous non-equilibrium model

447, 448
hot water circulation 362
hot water heating 362–363
human error/failure 24

i
ideal accumulation 93, 94
ideal heat flow 93, 94
immediately dangerous to life and

health (IDLH) 19, 410, 411
Independent Protection Layers (IPL)

471
induction time 284–285, 288, 296,

299, 306, 307, 324, 342, 343
industrial reactor

determination of reactor dynamics
388

direct heating and cooling techniques
364

dynamic behavior 389–390
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industrial reactor (contd.)
evaporative cooling 382–388
experimental simulation 390–391
heat exchange systems

cascade controller 374–375
heating and cooling time 373–374
internal film coefficient 376–378
practical determination 379–382
resistance of equipment 378–379
thermal time constant 371–373
two film theory 375–376

indirect heating and cooling
techniques 364–365

secondary circulation loop
temperature control systems
368

single heat carrier circulation systems
365–367

technical heat carrier
cooling with ice 363
electrical heating 363
freons 364
hot water heating 362–363
steam heating 361–362

temperature control strategies
isoperibolic 368–369
isothermal 369–370
non-isothermal 370–371

Inherently Safer Design (ISD) 482,
483, 485

chemical reaction dynamics 486
chemists and engineers 487
communication and problem solving

488
equipment dynamics 487
hydrodynamics 487

inherently safer process
definition 480
development of 483–484
life cycle of process 482–483
methodological approach 484
principles of 480–482

integrated process development 400,
480, 482, 484–488

interaction matrix 22
International Confederation for

Thermal Analysis and
Calorimetry (ICTAC) 275, 277

isoconversional method 262, 269, 274,
276–278, 301–302, 325

isomerization reactions 133
isoperibolic batch reactor 185
isoperibolic mode 92, 93, 208, 214
isothermal conditions 105, 109, 112,

114, 142, 143, 174–176, 179, 200,
204, 208, 221, 250, 251, 275,
285–288, 292, 300, 369, 400

isothermal control 369, 370
isothermal experiments 107, 114, 262,

269–271, 275, 278, 292–294,
308

isothermal induction time 285, 306,
307

isothermal mode 91, 98, 106, 108, 178,
188, 215, 301

isothermal reactions
principles 175
safe isothermal reactors design

175–177
safety assessment 178

isothermal thermograms 264, 277

k
100K rule 268
kinetic(s) 41, 42, 91, 114, 206

l
latent heat/latent enthalpy 133,

138–140, 361, 363, 365, 384, 405,
406, 411, 447–449

layer of protection analysis (LOPA)
473, 475

lethal dose (LD50) 19
limiting oxygen concentration (LOC)

21
loss of containment (LOC) 11, 29, 76,

77, 137, 352, 409, 446, 472
Lyapunov exponents 162–163

m
maintenance 7, 16, 24, 27, 467–469
mass balance 173–174, 241

CSTR 233
processes 336

material balance 157, 174, 198–200,
209, 222, 238
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maximum allowed working pressure
(MAWP) 164, 405, 409, 420,
421, 425, 429, 472

maximum allowed workplace
concentration (MAC) 18

maximum heat release rate 146, 175,
178, 190, 193, 208, 211, 215, 270,
271, 275, 285–287, 292, 293,
297–300, 302, 385, 387

maximum temperature for technical
reasons (MTT) 71, 102, 139

maximum temperature of synthesis
reaction (MTSR) 63, 64, 70, 71,
156, 164, 176, 209, 221, 238

mechanical process 336
microcalorimeters 96–107
microcalorimetric methods 481
microreaction calorimeter 112
microreactors 111, 249–251, 400
microtechnology 481
minimization 481, 485
minimum ignition energy (MIE) 21
mixing 39, 102, 105, 133, 142, 173, 201,

307, 337, 388, 402, 403, 452, 484
multiple reactions 42–43, 199, 202,

277
multipurpose reactors 446–450

n
natural convection 44, 48, 251,

311–313, 315–316, 327,
329–331, 346, 347, 351, 402

Newtonian fluids 376
nitro aromatic compounds 141, 144
non-autocatalytic reaction 268, 289
non-isothermal reaction 214–215

o
oligomerization reactions 133
onset 260–261, 340
open vapor system 411
overshoot 180, 181, 183, 187, 367, 390
oxidation reactions 136, 337

p
paddle dryer 344–345
parametric sensitivity 52–53, 156, 157,

159, 165, 182, 236, 321, 325

passive condenser 451
phenyl hydroxyl amine (I) 144
physical unit operations

decomposition in airstream 342
classes 336
drying 344
DSC dynamic 339–340
dynamic decomposition test

(RADEX) 340–341
evaporation and distillation

348–350
failure modes of heat exchangers and

evaporators 350–352
falling hammer test 339
friction sensitivity 339
gas decomposition 340
hazards in 337
heat exchange 347–348
hot discharge 346
milling and grinding 345–346
mini autoclave 341
pneumatic and mechanical conveying

operations 343
RADEX isoperibolic test 342
risk reductions measures 352
self-ignition test 342–343
solid storage 344
specificities of 338
spontaneous decomposition

341–342
standardized risk analysis 338
transport operations 346–347
unwanted exothermal reactions

337
warm storage test, in Dewar 343

plug flow reactor (PFR) 240, 241, 487
poly condensation reactions 135
polymer/polymerization 64, 77, 133,

135, 175, 222, 291, 292
polytropic batch reactor 181, 183
polytropic mode 179, 193, 194, 215
polytropic reaction 174, 179–184
polytropic reactor 182, 187
power failure 15, 24, 70, 349–351
pressure effects

gas release 137–138
solvent evaporated 139–140
vapor pressure 138–139
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preventive measures
alarm systems 406–407
control of feed 401–402
controllability assessment 412
controlled depressurization

405–406
dumping 404–405
eliminating measures 400–401
emergency cooling 402–403
layer design of 399
quenching and flooding 403–404
time factor 407–408

probability of failure on demand (PFD)
468

process and instruments design (PID)
24

process control systems (PCS) 222,
463, 468–469

process flow diagram (PFD) 24
process intensification 249, 251–252,

400, 486
process safety 5
productivity 162, 163, 198, 215, 219,

222, 251, 388, 400, 403, 485,
486

product safety 4–5
programmed temperature conditions

372
Prout–Tompkins model 286–288

q
qualitative assessment criteria 14
quantitative determination methods

dynamic experiments, q′ = f (T)
determination 273–275

heat release rate 269
isothermal experiments, q′ = f (T)

determination 269–273
TD24 determination 275–276

quantitative structure–property
relationship (QSPR) 268

quenching and flooding 403–404
quench tank 452

r
RADEX isoperibolic test 342
random failures 463, 467

rate constants 41, 49, 202, 234, 238,
244, 277, 289, 299, 300, 305, 405

Rayleigh criterion 315, 316, 329, 330
reaction calorimeter (RC) 189

baseline problem 109–110
Calo2310®, 111
compensation calorimeters 109
CPA 202, 111
heat balance calorimeters 109
heat flow calorimeters 108–109
industry scale 111
at microscale 111–112
purpose of 107
RC1, 110
reaction kinetics 114
small-scale compensation calorimeter

111
thermal data of reactions 113
thermogram 113

reaction calorimetry
industrial scale 111
microscale 111–112

reaction enthalpies 43, 49, 132, 133,
139, 210, 214, 388

reaction rate, adiabatic conditions
49–50

reaction rate, temperature effects
multiple reaction 42–43
single reaction 41–42

reactors
characteristics 166
heat balance 158
parametric sensitivity 157
reactor safety, after cooling failure

adiabatic temperature 163–164
MTSR 164–165

recycling 248–249
specific heat exchange area and

cooling capacity 249
reaction system 165–168
temperature control 215, 217, 371
temperature sensitivity 158

reflux/reflux cooling 77, 111, 208,
369–371, 382, 383

Regnault’s law 361
reliability assessment 464

calibrated risk graph 473
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control loop 468–469
failures 464–465
LOPA 475
process control and protection

systems 463–464
risk matrix 470–471
risk reduction 471–472
safety integrity level 468
scenario structure 469
of SIS 469

relief scenarios 433
chemical scenario 433, 435, 437
external heating 434–435
physical scenario 433
volume displacement 434

risk analysis 15, 31
identification of deviations 10–11
preparing 29–30
residual risk 17
risk assessment 11–14
risk-reducing measures 15–17
safe conditions and critical limits 10
safety data collection 10
scope of analysis 9–10
team leader 30–31

risk matrix 9, 14, 70, 470, 471, 475
risk reduction factors (RRF) 15, 468,

471
risk, definition of 7
rotor failure 351
runaway reactions

coolant temperature 55
critical temperature 53–55
parametric sensitivity 52–53
Semenov diagram 51–52
thermal explosions 50–51
time a thermal explosion 56
time of no return 56

s
safety data

chemical properties 18
ecotoxicity 20
fire and explosion data 20–21
interactions 21
physical properties 18
toxicity 18–20

safety, definition of 8
Safety Instrumented Systems (SIS)

399, 463, 468
Safety Integrity Levels (SIL) 17, 352,

463, 468
safety laboratory, instruments uses 95

calorimetric cells for 96–97
construction of calorimeter 96
sample mass 94–96
sensitivity 96

Safety Process Control System (SPCS)
463, 472

safety valves 71, 77, 405, 429–432,
434, 442, 444–446, 449, 453,
472

sample mass 94–96, 104, 120, 140,
260, 278

saturated steam 361, 362
scanning mode 98, 103, 104, 143,

179
security, definition of 8
self accelerating decomposition

temperature (SADT) 275, 312,
336, 353–354

self-ignition temperature (SIT) 343
self-sustaining decomposition 21
Semenov diagram 51–55, 159, 166,

167, 314–315, 326
semi-batch reaction 113, 142,

198–202, 208–210, 219, 222, 224,
373, 416, 425, 472

semi-batch reactor 199, 203
accumulation 206
advanced feed strategy 222
definition 198
feed control, strategies of

accumulation of fed reactant 219
addition by portions 215
constant feed rate 215–217
interlock of feed with temperature

217–219
heat balance 202

heat accumulation 201–202
heat production 200–201
heat removal 201
thermal effect of feed 201

isothermal reaction 204, 208–212
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semi-batch reactor (contd.)
material balance 199–200
non-isothermal reaction 214–215
process safety 207
reactant accumulation

fast reactions 203–205
slow reaction 205–207

safety characteristics 247
temperature and feed rate 219–222

sensible heat 47, 117, 201, 221, 234,
353, 383, 452

short path distillation 352
single-circuit heating cooling system

366
sizing ERS

definition 432, 433
flow behavior 437–439
relief scenarios 433

slow reaction, semi-batch reactors
205–207

specific cooling capacity 44, 45, 243,
365

Stanton criterion 161
steam heating 361–364
stirred tank vessel 249, 349
stirrer

failure 351
types 47

stoichiometric 113, 200, 203, 205–207,
209–211, 217, 220, 221, 223

storage silo 313

t
technical measures

closed gassy systems 410
closed vapor systems 410
consequences 409–412
extended assessment criteria for

severity 411–412
gas/vapor release 409–410
open gassy systems 411
open vapor system 411
pressure 409

temperature alarm 218, 286, 290, 291,
408

temperature controller failure
352, 470

thermal activity monitor
applications 107
principle 106–107

thermal analysis
batch/semi-batch process 142–143
intermediates 144
process deviations

charging errors 144–145
impurities, catalytic effects of

146–147
thermal stability, effect of solvent

146
sample purity 141–142

thermal data 10, 65, 74, 113, 167, 168,
189, 481

thermal energy
adiabatic temperature rise 40,

136–137
decomposition reactions 134
heat capacity 39–40
heat decomposition 38
heat reaction 37–38
pressure effects 41
secondary reactions 135–136
synthesis reactions 132–133

thermal explosions 50–51, 56–57, 59,
62, 67, 68, 84, 177, 232, 245, 250,
258, 316, 321, 325–326

thermal exposure 344, 479
thermal inertia 91, 115–121, 123, 124,

208, 250, 388
thermal process safety

endothermal reactions 63
physical unit operations 63

thermal risks assessment criteria
cooling failure scenario 63–66
probability 68–70
runaway reaction 70
severity 66–68

thermal safety assessment
data measurement 82–84
estimation 82
simplification 81
worst-case approach 81

thermal stability 263, 278
complex reactions 276–278
conservative extrapolation 264–267
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prediction of 268–269
safe temperature 267–268
and secondary decomposition

reactions 258–259
TD24 estimation 264

thermal time constant 49, 160, 161,
234, 249, 314, 315, 330, 371–374,
379

thermodynamic process 336
thermograms 36, 97, 100–102, 111,

113, 114, 125, 132, 141–146, 149,
191, 209–211, 264, 269, 271, 273,
274, 276–280, 292–293, 295, 297,
298, 302, 303, 305, 339, 340, 344,
404, 488

threshold concentration (TC50) 19
time factor 402, 407–408
time of no return (tnor) 56, 262, 402
time to maximum rate (tmrad) 56, 57,

64, 66, 69, 96, 211, 259–261, 275,
285, 297, 299, 302, 307, 313, 314,
408, 413

total containment 451
trace heating 347
triggering conditions

assessment procedure 262–263
onset, determination of 260–261
safe temperature 262
tmrad concept 261

tubular reactor 243–247
heat balance 241–242
mass balance 240–241

safety aspects
heat exchange capacities

243–245
parametric sensitivity 242–243
passive safety aspects of 245–247

safety characteristics 247, 249,
250

two-phase flow 77, 349, 352, 385,
432, 435, 437, 440–447, 450, 451

u
unstirred non-insulated storage tank

312

v
vacuum 103, 302, 305, 307, 343, 344,

348, 349, 352, 370, 382, 430
Van’t Hoff rule 37, 41, 59, 78, 272, 273,

408, 455
vapor release rate 384, 405, 406,

414–415, 417
vent sizing package (VSP) 93,

120–122, 140, 435

w
Wilson plot 376, 377, 379
worst-case 36, 62, 71, 81, 82, 100, 163,

184, 269, 312, 326, 352, 412, 413

z
zero-order kinetic law 323
Zurich Hazard Analysis (ZHA) 68


