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Introduction

The consequences of runaway exothermic
chemical reactions can be devastating.
Runaway reactions at Bhopal and Seveso serve
to highlight the lasting impression created by
such events and the indelible smudge on the
reputation of the operating companies
involved.

When working with any manufacturing
process it is always necessary to establish the
hazards associated with its operation. This is
most prominent with issues such as machine
guards, tripping or slippery floor hazards, etc.
but there could also be the potential for
flammable materials to be present or a
chemical reaction that may go out of control.
Flammable gases and vapours are, in most
cases, readily identified, especially with
materials such as methanol, ethanol, propane,
butane or hydrogen. Flammable dusts are less
readily identified - and often no data will exist
in published literature to identify potentially
hazardous materials.

The DEKRA Process Safety Guide to Dust
Explosion Hazards and Thermally Unstable
Solids (a separate publication) provides a
strategy for the identification and assessment
of such materials along with information on
international standard tests, their uses and
limitations.

The understanding of chemical reactions and
material reactivity is an equally critical element
of safe processing. Can you think of an
endothermic chemical process? Probably not -
there aren’'t too many common ones!
Exothermic chemical processes on the other
hand are much more abundant in
manufacturing processes. Often these
reactions are inherent in the transformation
we are undertaking (e.g. the conversion of
styrene to polystyrene) - on other occasions,
these may be unintended reactions which are
not part of our processing plan (e.g.
decomposition of a material due to
contamination or over-temperature exposure).

4 The understanding of chemical
’ reactions and material reactivity is a
critical element of safe processing as
exothermic chemical processes are
abundant in manufacturing

processes.
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The identification, assessment and
characterisation of both intended and, more
importantly, unintended exothermic reactions,
are critical for ensuring the safe scale-up and
operation of a chemical process.

Incidents such as those at Seveso and Bhopal,
and more recently those at T2 Laboratories,
Concept Sciences and Givaudan Sense Color,
serve as a grim reminder of the potential
consequences of runaway reactions and
decompositions. In order to address this issue
and to ensure safe operating conditions for
companies using or producing these
materials, European Regulations such as the
Chemical Agents Directive (CAD, 1998/24/EC)
implemented in the UK within the Dangerous
Substances and Explosive Atmospheres
Regulations (DSEAR, 2002) and United States
OHSA standard 1910.119 (Process safety
management of highly hazardous chemicals)
highlight the need to obtain process safety
data to complete a compulsory risk
assessment. The ultimate aim of such studies
is to specify and document a detailed basis of
safety for the protection of personnel and
plant from the consequences of a runaway
reaction.

This guide is intended to provide an overview
of the strategy that should be employed to
assess reaction hazards (mainly associated
with exothermic and / or gas generating
reactions) and thermally unstable substances
to most foreseeable plant situations. The
guide does not directly cover other hazards
such as occupational safety, flammability or
environmental issues (e.g. toxicity and eco-
toxicity).

Ideally, a strategic reaction safety
programme should be implemented
within a process safety management
programme which incorporates all
other process safety hazard mitigation
elements.

What is the Hazard?

When processing exothermic chemical
reactions including thermally unstable
substances and mixtures, it should be
remembered that the hazard comes from
PRESSURE generation. Pressure can be
generated in a closed vessel (or inadequately
vented vessel) from:

* Permanent gas generation e.g. generation
of nitrogen, carbon dioxide, etc. from the
desired process or an unexpected event.

e Vapour pressure effects caused by heating,
possibly arising from an exothermic
reaction or a process failure condition,
thus raising a mixture above its boiling
point.

These modes of pressure generation can arise
from the desired reaction, a significant side
reaction or a secondary decomposition
reaction.

Identification of how pressure generation
occurs is critically important for vent sizing,
the most common basis of safety in the
chemical industry, since the design

calculations are fundamentally different.
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What Is The Impact of Scale-Up and Why Is It So Important?

Exothermic energy release in a process vessel is shared, in equilibrium, between three processes:

6 -—@—-
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Firstly, and most obviously, energy is consumed in heating the REACTION MASS

s
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To retain thermal equilibrium, energy is also consumed in heating the REACTOR to an
equilibrium temperature

e As scale increases, mass of the vessel and hence its heat capacity relative to that of
the vessel contents decreases, causing a higher proportion of any heat generated to
remain in the reaction mass

e The impact of this phenomenon can be derived mathematically as the PHI FACTOR
(the thermal inertia ratio). A phi factor of 1.0 reflects no heat loss to the vessel. As the
scale of production increases, this ratio tends towards 1.0.

Finally, once the outer walls of the vessel are above the ambient temperature, heat is
lost through the walls to the SURROUNDINGS

¢ As the volume of the reactor and reactor contents increase by a cubic function, the
surface area for heat transfer to the surroundings increases only at a lower relative
rate by a square function.

e Heat loss diminishes significantly with scale-up

Essentially, as the scale increases, the ability to remove excess heat by heat loss to the vessel and
its surroundings reduces, resulting in a much higher proportion of the heat retained in the
reaction mass. The impact of these changes with scale is demonstrated through a simple example
(see Box 1).



/ The impact of scale on thermal inertia (phi factor) and atmospheric heat loss can be \
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Laboratory scale vessel (1 litre capacity)

* heat loss is calculated to be 34.8 W.kg™

reactor)

Pilot-scale vessel (1000 litre capacity)

* heat loss is calculated to be 3.48 W.kg™

reactor)

Summary

scale vessel

demonstrated by comparing two cylindrical metal vessels containing an aqueous mixture at
80°C both in an environment with an ambient temperature of 20°C. The heat loss of the
metal is assumed to be 10 W.m>2.K", the vessel walls are 5 mm thick on each and the density
of the metal is 7800 kg.m? (heat capacity = 0.5 kJ.kg™".K")

e surface area is calculated to be 0.058 m? (V/SA ratio = 0.017)

¢ the mass of the vessel is estimated to be 1.92 kg compared with a batch mass of 1kg
¢ the phi factor is calculated to be 1.23 (i.e. 19% of the heat is consumed in heating the

e surface area is calculated to be 5.8 m? (V/SA ratio = 0.17)

¢ the mass of the vessel is estimated to be 178 kg compared with a batch mass of 1000 kg
¢ the phifactor is calculated to be 1.021 (i.e. 2% of the heat is consumed in heating the

¢ Heat losses are 10 times higher in the lab scale vessel
¢ Only 2% heat loss to the large-scale vessel compared with 19% heat loss to the small-

e The effects of scale are real - and very significant!

Box 1: A Simple Example of the Impact of Scale

So why introduce the effects of scale in a guide
to testing? Well, if laboratory studies are to
provide directly scalable results, tests must be
conducted in a manner which reflects the heat
losses and phi factor (thermal inertia) of the
large-scale vessel.

Classical laboratory reactor systems are
inadequate in providing this data as they
typically have high heat losses and a high phi
factor. As a consequence, specialist equipment
is required to simulate large-scale conditions.
Some tests outlined in this guide are
preliminary screening tests, which do not

adequately simulate the large-scale
conditions. In these cases, the results must be
interpreted with adequate safety margins or
mathematical correction. Other tests,
specifically adiabatic test techniques, are
designed to directly simulate large-scale heat
loss conditions and will require minimal safety
margins when the experimental data is
analysed.

In interpreting any thermal hazards data, the
nature of the test must be known. This guide
indicates which test data can be used directly
and for those that cannot, safety margins are
proposed for safe application.



The Process
Lifecycle
Approach to
Reaction
Hazards
Testing

Reaction hazards assessment comprises of a
number of experimental and other
assessment procedures and tools which
ultimately fit together to provide a basis of
safety for any chemical process. This “basis of
safety” is the implemented and documented
system that is in place to either prevent a
process running out of control under normal
and foreseeable conditions or provide
engineering solutions to control the
consequences of runaway process. It is clear
that a lack of a strategic methodology in the
study of a process can yield an incomplete
assessment, which compromises the safety of
the operation. This guide provides a strategic
methodology for assessment, which is linked
to the process development lifecycle, whether
you are at the point of chemical route or pilot
scale production stage, it is possible to dip into
the guide and identify which aspects should be
addressed.

The guide will provide information on:

e What type of safety studies should be
conducted and at what stage of the
process lifecycle.

e Provide a perspective on the type of
decisions that can be made, based on the
data obtained.

Process Lifecycle Activities

The process lifecycle can be considered to
comprise of a number of discrete activities.
These are:

Chemical Route Selection

e Having identified a target molecule,
research chemists are tasked with
responsibility for identifying potential
chemical routes which could be employed
to synthesise the target. Factors classically
considered are:

o the synthetic specialty of the company
(i.e. existing chemistries already
employed)

o the cost of raw materials

o the complexity of the synthetic route

e At this stage, the selected route will have

inherent hazards. The safety of various
route options can readily be screened and
this should be used as one of the criteria in
final route selection. The target should be
to make the selected route as inherently
safe as possible.




Process Development and Optimisation

e R&D chemists will be tasked with
responsibility for developing and optimising
the selected chemical routes. Typically,
routes are optimised to:

o Maximise yield

o Maximise quality

© Maximise throughput
o Minimise the hazard

e Critical decisions which affect the safety of
the process are made at this stage. For
example, the inclusion of a catalyst could
reduce a process temperature from 150°C
to 50°C, thus providing an element of
inherent safety.

e Safety data should be collected at this
stage so that safety becomes an integral
factor in the development process (rather
than an inconvenient “add-on” at the end).
The collection of good quality safety data
can often indicate areas where quality, yield
or throughput can be improved.

e Itis critical that R&D chemists have a strong
knowledge of reaction and instability
hazards so that they can contribute to the
development of safe processes - safety
should not be considered the chemical
engineers domain alone! Armed with
sufficient knowledge, chemists can
contribute hugely to the development of
more inherently safe processes.

e Sufficient safety data must exist at the end
of this stage so that a basis of safety for
pilot (or other small) scale production can
be defined and specified. Trying to do a
process hazard assessment without
knowing all the hazards of the process and
stability limits of materials either leads to a
lot of unanswered questions - requiring a
lot of work which delays the process - or,
worse, assumptions or simple ignorance of
reaction safety risks.

Pilot (Small) Scale Production

e For all different vessels / plants used for

production (including pilot plants), a
process hazard assessment is required to
identify foreseeable process deviations.
The consequence of all deviations should
be characterised and safety measures
should be implemented which either stop
hazardous scenarios arising or prevent
such scenarios from causing harm,
damage or loss. All plants are different -
and hence the scenarios which can cause
harm will be different.

At this scale, confirmation is sought that
the chemical process is robust and
functions as required to provide adequate
quality, yield and throughput. Minor
adjustments are often made at this stage
to ensure optimum process performance.

It should be confirmed that the safety
requirements, as previously specified, are
operating effectively and efficiently.

An examination of the large-scale
production facility is required prior to final
scale-up. Classically, this may entail a
HAZOP study or similar hazard
identification exercise. For all foreseeable
and credible process deviations, a basis of
safety must exist. A risk assessment should
be conducted to demonstrate that the
consequences and/or frequency of the
hazards are minimised to as low as
reasonably practicable (ALARP)



https://www.dekra-process-safety.com/laboratory-testing

Large-Scale Production

e Assuming previous stages have been completed thoroughly, large-scale production should
proceed smoothly. However, for products which are maintained in the company's portfolio for
many years, it is unlikely that the process, or plant, will remain unchanged (hence the need for
adequate change control procedures).

e Any minor changes to either the plant or process should be systematically reviewed with regard
to their impact on the safety of the process. Documentary evidence in support of these reviews
should be retained.

* Throughout the whole process lifecycle, information retention and accessibility are critical.
Documented evidence should exist to show that development and safety assessment processes
have been followed. This will also allow easy collation of information to assess the impact of any
changes.

e The overall strategy for reaction and thermal stability hazard assessment is shown in Figure 1.
This strategy indicates areas for assessment at each stage of the process lifecycle. Irrespective
of whether you are designing a new chemical process, or modifying an old process, the critical
stages of assessment should be followed and documented.

* The remainder of this guide provides the approach for assessment at each stage of
development. Thought processes, methodologies and testing methods are described to provide
a solid platform for successful and safe chemical process development, scale-up and operation.
Descriptions of the test methods are given in the Appendix.

Chemistry Engineering

Safety Measure

Consequence

Stage Chemical route Process Process Hazard :
Analysis

: g i Design and
identification Development Analysis ik

Implementation

Desktop estimation of + Emergency relief

What-if / checklist

*  reaction *  Thermal stability ; . . system design
thermodynamics analysis (DSC, anaws_'s . GOLL tfaﬂc (DIERS).
* Chemical Reaction calorimetry (Dewar, n
*  energetic DTA, ARC). * Other prevention /
Solutions substances *  Explosives AL VSEIARG): rotection system
P Assessment (CRHA) * Reaction kinetic P ! ¥z
SR + Dangerous modelling. SR
Selection of inherently +  Reaction ‘ * LOPA & QRA
substance / * PHAST/CFD .
safer process routes. calorimetry. g * Functional Safety
compatibility consequence
+  Chemical A (inc SIL).
assessments modelling.
Training (for chemists analysis. . HAZOP + Cyber security

and / or engineers) assessment.

Characterisation Protection

. Knowing what Knowing the .
Inherently safer of reaction o against
deviations are consequence of i
deviations

foreseeable deviations

Outcome

processes energetics and
thermal stability Basis of Safety

Figure 1: A Strategy for Reaction Hazard Evaluation
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Chemical
Route
Selection

Background

At this stage in the lifecycle, a clean slate
exists. A target molecule has been identified
and the aim is to identify the best synthetic
route (based on a complex balance of costs,
safety, productivity, yield and capability). While
the primary focus will be on economics, safety
decisions should be incorporated at this stage.

Any decisions made here have consequences
that become multiplied as the scale of
production increases. If hazards are inherent
in the selected route, these will remain a
burden throughout the lifecycle of the
process.

Potentially R
Explosive?

=

NO,

3

What Do We Need to Know?

The following information should be extracted
to help compare a number of synthetic routes
options

e Literature search for the routes and
substances used

¢ Predicted thermodynamics of the desired
reactions

o Predicted potential for permanent gas
generation

o Identification of any energetic (potentially
explosive) functional groups

Ideally, we should seek to minimise the
prevalence of highly exothermic chemical
processes and energetic functional groups - a
simple example is illustrated in Box 2. This
thought process engrains inherent safety
thinking into route selection.

NH,

R-R NH,

Exothermic

]H,SO“’ HNO,

=

Exothermic

Box 2: Avoiding Hazardous Reactions and Materials - In planning to produce a
substituted aromatic amine, is it possible to avoid nitration and reduction (both
highly exothermic processes and entailing the handling and isolation of a highly

energetic nitro-functional group)?

>
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How Can We Do It?

Reaction thermodynamics can be readily predicted. Fundamentally, the difference in the heats of
formation of the products and reactants provides an indication of the heat of reaction. Given that
heats of formation are largely unavailable for complex molecules, prediction methods exist for
calculating the heat of formation and thus permitting estimation of the heat of reaction.

The heat of reaction alone is not a particularly useful parameter as there will be no indication of the
rate of reaction from this analysis. However, it can be readily converted into the predicted adiabatic
temperature rise e.g. the temperature rise that will occur if the reaction is performed without heat
loss, assuming there are no secondary or side reactions initiated at elevated temperature which
may compound the temperature rise. Box 3 illustrates the methods used, and results obtained
from such an analysis.

4 N

’ In any chemical transformation, intended or unintended, chemical bonds are broken and

made. The amount of overall energy change in the transformation is called the heat of
reaction (AH,). Where heat is evolved from the system (i.e. heat up), the reaction is defined
as exothermic (and the AH, is -ve). For systems that take in heat (i.e. cool down), the reaction
is defined as endothermic (and the AH, is +ve). In its simplest form, the heat of reaction is
the difference in heats of formation (AHs) of the products minus the heats of formation of
the starting materials. So, for a reaction where A+ B — 2C + D, the heat of reaction is:

AH, = (2.AH¢c + AHp)- (AHga + AHgg)

Gaining heats of formation information for novel compounds is likely to be difficult. Data will
not exist in the literature - except for common materials - and experimental evaluation may
not be practical or desirable. For this reason, computational programs are available to
enable estimation of these values. One such program is the CHETAH computer program
developed by the ASTM. This program enables users to enter the structure of compounds
and then uses Benson's method of group contributions to evaluate the heat of formation.
The program will go one step further and, if you specify which materials are reactants and
products in a balanced reaction, it will use the equation above to evaluate the heat of
reaction.

There are a number of drawbacks with the CHETAH program, including:

> theinability to predict heats of formation accurately for salts (in solution or as solids)

> the inability to code certain functional groups

> the use of gas phase data only in heat of formation prediction (i.e. ignoring the effect of
heats of vapourisation, etc.)

For these reasons, CHETAH cannot always be used, and when it can be, it requires
appreciable safety margins for further use (typically +30% has been found, by DEKRA
Process Safety, to be reasonable).

Box 3: How to... Predict Reaction Heat and Adiabatic Temperature Rise

- J
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Despite these potential drawbacks, CHETAH provides a useful - and rapid - tool for the
prediction of reaction heats based solely on chemical structures.

Typical heats of reaction can range from -70 kJ/mol for an acid / base process to -500 kJ/mol
for a nitro-group reduction. On its own, this heat of reaction data is meaningless for scale-
up - it lacks a kinetic perspective (ie. how quickly does the reaction occur) and it also lacks
an appropriate context. The heat of reaction can be made more meaningful by converting it
into a potential adiabatic temperature rise (AT,q in K). Ignoring side reactions, mechanistic
changes and decomposition reactions which may occur at elevated temperature, the AT,q
indicates the temperature rise that may occur due to the desired reaction.

AT,y can be determined from the heat of reaction via the following equation:
AHr.n = m.Cp.ATpq

Where:

AHr = Overall heat of reaction (k] mol™ of limiting reactant)
N = Number of moles of the limiting reactant (mol)

m = Mass of the entire reaction mixture (kg)

Cp = Heat capacity of the reaction mixture (k] kg™ K™

AT,y = Adiabatic temperature rise (K)

Once the AT,q is known, the potential maximum adiabatic process temperature can be
determined and, knowing the volatility characteristics of the solvent / batch, an estimation
can be made of the vapour pressure at this temperature to indicate the level of hazard of
the process. The conditions of the process can be modified to reduce the intrinsic risk -
translation to semi-batch, continuous or even plug-flow or increase in dilution, alteration of
solvent boiling point, attenuation of process conditions by use of catalysts, etc.

\

J

Box

3 cont: How to... Predict Reaction Heat and Adiabatic Temperature Rise

In addition to the hazards that may be posed by the desired chemical reaction and potential side-
reactions, the possibility exists that one or more of the process materials may contain an inherently
unstable functional group. Such functional groups will impart an instability hazard to the process
and will require maximum permissible temperatures to be identified to avoid initiation of
undesirable events. In extreme cases, explosive properties can be associated with such groups. This
can have major implications for handling, processing, storage and transport.

Early identification of these substances is important for several reasons:

If identified early enough, consideration can be given to changing the route or materials to
exclude highly energetic functional groups.

o If they cannot be excluded, small-scale hazard studies must be undertaken at an early stage to

indicate the magnitude of the hazard. This may entail formal explosives testing. In any case,

precautions can be specified for small-scale- and large-scale- synthesis, which are designed to

address any such issues.

13



>

Potentially energetic functional groups can usually be readily identified. Box 4 illustrates a selection
of common energetic functional groups.

4 N

Range of
Name/Structure decomposition

energies (kJ.mol-1)
Alkenes (R,C=CR,) 50 =90
Alkynes/acetylenes (R-C=C-R) 120 — 170
Epoxides 70— 100
g)igoa_gi_céiyg_rg?gi_;?eroxides/hydroperoxides 230 = 360
Organic sulphoxides (R,S=0) 40— 70
Organic sulphonyl chlorides (R-SO,Cl) 50— 70
Hydrazines (R-NH-NH-R) 70 —> 90
Diazo/Diazonium (R-N=N-R / R-N=N+) 100 —> 180
Azides (R-Ns) 200 — 240
Oxime (R,C=NOH) 110 = 140
N-Oxides (R;N:O) 100 — 130
Nitroso (R,C-N=0) 150 — 290
Isocyanate (R-N=C=0) 50—>75
Nitro (RsC-NO,) 310 — 360
N-nitro (R,N-NO,) 400 — 430
Acyl nitrates (-O-NO,) 400 — 480

- J

Box 4: How to... Spot Energetic Functional Groups

A selection of most common (and some not-so-common) functional groups is provided in the table above. The typical range of decomposition
energies associated with the functional group is also provided. The impact of the energetic group in a molecule depends on the size of the
molecule. For high molecular weight compounds, the presence of a single energetic functional group is unlikely to present a significant
hazard. It is therefore of greater benefit if the decomposition energy of a substance is quoted in J.g™" rather than kJ.mol™'. Whilst it is possible
to identify energetic functional groups, it is rarely possible to predict the temperature under which such activity may commence (the “onset”
temperature). The subject of thermally unstable substances is investigated in more detail later in this guide.

14



What Decisions Can Be Made?

At the chemical route selection stage, the
emphasis is placed on preliminary
identification of hazardous reactions or
materials. In selecting the most suitable route
to manufacture, each route can be assessed
against a matrix of criteria (economic and
safety).

For safety criteria, the following decisions are
important:

e Potentially highly energetic materials must
be identified - eradicate if possible (if not,
earmarked for early testing and
classification).

e Where energetic functional groups are
present, examine methods for non-
isolation of such materials (e.g. processing
as a solvent solution rather than a dry,
isolated product).

¢ Identify any reactions that could cause
over-pressurisation of a vessel. This may
result from:

o desired reactions that generate
permanent gas (e.g. nitrogen, carbon
dioxide, etc.)

o side reactions that generate permanent
gas

o desired reactions that may be
sufficiently exothermic to cause vapour
pressure effects e.g. self-heating a
material above its boiling point under
sealed conditions may generate a
positive pressure.

o desired reactions that are sufficiently
exothermic to cause an increase in
temperature which initiates an
undesirable reaction (e.g.
decomposition).

For potentially hazardous reactions,
identified through heat of reaction and
adiabatic temperature rise prediction,
consider elements of inherent safety (i.e.
decisions regarding process design which
can eradicate or mitigate hazardous
scenarios). Examples may include:

o Selecting semi-batch, continuous or
flow instead of a batch processing
method

o Using catalysts to permit more benign
process conditions

o Selecting the solvent concentration and
boiling characteristics which are
designed to improve overall process
safety

o High dilution can be employed for
highly exothermic reactions to reduce
the corresponding adiabatic
temperature rise

o Low boiling solvents can be selected to
“protect” hazardous decomposition
reactions from being initiated by
overheating. Conversely, high boiling
solvents can be employed to reduce
vapour pressure effects from highly
exothermic reactions.

A range of alternative routes can be
assessed against these criteria so that
hazards are identified at an early stage and
mitigated, if possible, by the choice of the
most benign processing route and raw
materials.

15






Process
Development
and
Optimisation

Background

Once the chemical route has been selected,
the process of optimising the route
commences. This typically focuses on purity,
yield and productivity. At this stage the
process conditions remain flexible and safety
decisions should be an integral part of the
development process. From our experience, it
is possible to identify and solve safety
problems and have a positive contribution to
the overall optimisation of the process if this
phase of assessment is performed well. To
achieve this, integration of safety, quality and
productivity is the key to success. Looking at
each parameter in isolation will rarely be as
successful as a more holistic approach.

At the end of the development stage, the
process will become fixed and the safety data
collected must be adequate to clearly indicate
the hazard potential of the process and the
process materials.

It is important to use materials that are fully
representative of the proposed plant
materials. Using pure analytical grades of raw
materials may lead to results which don't
reflect the behaviour of less pure materials
and their trace impurities.

What Do We Need To Know?

There are three safety-specific areas where

data may be required for this stage of
development:

Assessment of any explosivity potential in
process materials (raw materials,
intermediates or products). If any
energetic functional groups are present,
we will need to assess whether the
material is potentially explosive and, if so,
how sensitive it is to ignition.

Assessment of thermal stability limits of
process materials, including raw materials,
intermediates, reaction mixtures, final
products and waste streams. To remain
safe, all materials must not be exposed to
temperatures at which undesirable
reactions can commence. At the end of this
stage of testing, maximum safe working
temperatures should be clearly identified.
Characterisation of the normal process in
terms of heat release magnitude and
kinetics, and potential for permanent gas
generation.

-

>

~

In the course of the
optimisation process safety
problems can be identified
and solved, if this
assessment phase is
performed well.

17
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How Can We Do It?

Assessment of Explosive Properties

Having identified the presence of potentially
explosive functional groups in a molecule, the
first stage of physical testing should be to
understand whether a material is truly
explosive.

e Could It Be Explosive? The first test for
explosive properties should be
Differential Scanning Calorimetry (DSC, see
Appendix A.1). This is a contained, ramped
temperature test on a small sample of
material (normally 2 - 10 mg) which
provides an indication of the onset
temperature and, more importantly,
magnitude of any heat release. For
materials that exhibit detonating
behaviour, the heat of decomposition
would need to be greater than 800 J.g". If
the energy of decomposition is less than
this, detonating behaviour is unlikely,
although the material may explode when
heated under confinement with energies
of above 600 J.g™". At energies less than
this, dangerous self-heating potential may
still exist. The shape of the DSC exothermic
peak is also indicative of explosive
behaviour. Sharp peaks are more typically
associated with explosive behaviour rather
than broader peaks. Larger molecules with
a “low density” of energetic functional
groups are less likely to exhibit explosive
properties than small molecules.

In addition to looking simply at energy content
and peak shape, DSC data can be further
analysed using a calculation technique known
as the Yoshida Correlation (as referenced in
ASTM 1231). This is a set of equations used to
predict the potential shock sensitivity (SS) and
explosion propagation (EP) of a substance. It
uses the onset temperature (T, in °C) and
the energy of decomposition (Q in cal.g”) from
the DSC exotherm to calculate a value for SS

and EP. If the calculated values for SS or EP are
greater than or equal to zero, the material is
flagged as potentially hazardous and requires
further testing. The correlation provides a
conservative first estimate to identify
potentially dangerous compounds early in
development. It is used as a screening method
to avoid the need for larger, more hazardous,
and resource-intensive tests, especially in the
early stages of process development.

The Yoshida correlation equations are:

* Shock Sensitivity (SS) = log (Q) - (0.72 x log
(Tonser-25)) - 0.98

* Explosion Propagation (EP) = log (Q) - 0.38 x
l0g (Tonser-25) - 1.67

If SS = 0, the material is predicted to be shock
sensitive. If EP = 0, the material is predicted to
be an explosion propagator. A material
flagged by either correlation requires
additional, more specific testing, such as
fallhammer or impact and friction tests for
shock sensitivity.

e How sensitive is it? If the DSC test (or
subsequent Yoshida correlation) indicates
a positive result, the potential sensitivity to
initiation should be investigated. Initiating
events for explosive behaviour can be:

o Impact - for which the BAM
Fallhammer test is employed.

o Friction - for which the BAM Friction
test is employed.

o Burning - for which the USA small-scale
burning test is employed

o Heating - for which the DSC test (or
similar) thermal screening test is
employed

These properties and many other explosive
tests are well described in the UN Transport of
Dangerous Goods Recommendations Manual
of Tests and Criteria. The sensitivity tests are
typically considered first as these require small
quantities of the material and can be
conducted at an early stage of development.
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e Can the material detonate? Three UN
standard tests exist to examine the
potential of a substance to detonate:

o Effect of heating under partial
confinement (Koenen tube test)

o Propensity to propagate a deflagration
(UN time / pressure test)

o Propensity to propagate a detonation
(UN Gap test)

Any material which, in any of the three severity
tests, can propagate a detonation or rapid
deflagration is considered explosive.

Assessment of Thermal Stability

For all process materials, the upper safe
temperature limit should be specified beyond
which undesirable events become likely.
Materials, which specifically require attention,
are those that are exposed to elevated
temperature (or about which no literature or
supplier data is available). This may include:

o Raw materials (especially those that are
heated in the process),

o Reaction mixtures (especially mixtures
after exothermic reactions),

o Products or by-products (especially
those that are dried at elevated
temperatures),

o Recycled materials (including
distillation residues).

Preliminary testing for thermal stability can be
performed using large-scale Differential
Thermal Analysis (DTA e.g. Carius tube, see
Appendix A.2) or Differential Scanning
Calorimetry (DSC) techniques. Both of these
techniques are “screening” methods in that
they are neither low phi factor nor adiabatic
and hence both require provision of a safety
margin (applied to the initial observed onset
temperature of exothermic activity).

So why use a test method that is not scalable?
Basically, these tests are cheaper, quicker and
less consumptive of sample than the more
detailed methods. The tests enable “screening
out” of materials that require no further
evaluation in a cost-effective manner.

The principal data derived from thermal
stability tests will be:

e The “detected onset temperature” under
high heat loss conditions of any
exothermic (or endothermic) reactions,

e The magnitude of any reactions expressed
either quantitatively (e.g. in J.g™") or
qualitatively (e.g. small, medium or large
event),

e The onset temperature of any gas (or
volatile) generation

e The quantity of any gas generated,

e The relative rate of reaction in qualitative
terms (fast, moderate or slow).

Because these are high heat loss tests, the
sensitivity of detection will not be great and
conservative safety margins are applied to the
onset temperature determined in the
screening method to enable it to be
interpreted in relation to the industrial scale. If
the corrected onset temperature is close to a
critical process temperature, further, more
detailed testing may be warranted to
understand the instability with a greater
degree of accuracy. If the preliminary test
indicates relative freedom from instability,
testing can cease.

19


https://www.dekra-process-safety.com/additional-services-and-instruments/laboratory-field-test-instruments/determining-explosivity

More sensitive test methods are typically adiabatic (i.e. zero heat exchange with the surroundings)
and have a lower phi factor. Examples include the Accelerating Rate Calorimeter (ARC, see Appendix
A.3) Vent Sizing Package II (VSP) / Adiabatic Dewar Calorimeter (see Appendix A.6 and specifically
A.6.1). These tests are generally more directly scalable and hence require reduced safety margins.
Data from these more accurate tests can be subjected to kinetic modelling to further understand
the behaviour and to allow for “what-if” studies. They also give valuable information regarding gas
generation. A comparison of thermal stability test methods is provided in Table 1.

Phi Factor Adiabatic? Agitation? Samplesize  Safety Margin

(g) (K)

Carius Tube ~2.5 (best) No No 10 50

(DTA)

DSC High No No 0.01 75-100

ARC ~ 1.3 (best) Yes No 6 20-30

Adiabatic ~1.05 (best) Yes Yes 700 0-10

Dewar

Table 1: A Comparison of Thermal Stability Test Methods

For powder thermal stability, an additional complexity arises as these methods above do not
adequately simulate the impact of air on thermal stability. Many powders are found to be more
susceptible to oxidation than decomposition at elevated temperature. Examination of oxidation
potential requires provision of alternative test methods which mimic large-scale air availability. This
methodology and test methods are described in more detail in the DEKRA Process Safety
publication “Guide to Process Safety - Dust Explosion and Powder Thermal Stability Testing”. The
test method must be applicable to the large-scale application of the data - for fluid bed drying for
example, a DSC or DTA test would be inadequate to simulate the conditions that would transpire
during processing. The test methods discussed herein relate to liquids, solids and mixtures
processed under inerted (or sealed) conditions only.

>
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Safety margins vary from test to test to reflect the varying sensitivity of the various methods. The
safety margin is applied to the onset temperature of reaction. The concept of an absolute “onset
temperature” is a myth. For any given material, the temperature at which a reaction can be
detected will vary in different test equipment as a result of test scale and heat loss conditions. This
concept is discussed more fully in Box 5.

4 )

According to classical Arrhenius kinetics, the rate of a reaction is a function of temperature
’ via an exponential relationship. This explains why reactions can accelerate so rapidly once
established. However, this relationship also suggests that all reactions can occur at any
temperature (albeit in many cases at an imperceptibly low rate). The concept of an absolute
onset temperature at which a reaction starts must, therefore, be a myth.

A more strict definition of “onset temperature” would be:
“the temperature at which a reaction can be detected under the prevailing heat loss and
other conditions of the specific test equipment and method used.”

If you see an “onset temperature” published for a material, it is crucial to understand the
sensitivity of the test equipment used and the experimental method so that the result can
be interpreted in the correct context.

To allow for differences between the test method and the industrial scale, a safety margin
would normally be applied to the first detected onset temperature of reaction. The
magnitude of the safety margin takes account of the following factors:
e High environmental heat loss screening tests are less sensitive than adiabatic methods
e Low phi factor tests are more sensitive than high phi factor tests
e Isothermal tests are more sensitive than ramped screening tests. The faster the ramp
rate, the lower the “onset” sensitivity.

Safety margins can vary from up to 100°C to as low as 0°C and getting the safety margin
correct is critical in applying data appropriately. An alternative to estimating a safety margin
is to conduct kinetic modelling on the laboratory test data and applying this model to
simulate the characteristics of plant equipment.

- J

Box 5: The Myth of the “Absolute Onset Temperature”
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Characterising the Normal Reaction

Having determined the maximum safe
temperature limits of the process materials,
the next step is to determine the potential of
the chemical reactions involved in the process
to generate heat or gas. Characterisation of
the normal reaction involves a small-scale
simulation of the process to quantify heat and
gas generation. Laboratory data is usually
derived using reaction calorimeters. These
systems are automated, small-scale reactor
systems which can be operated to simulate the
exact conditions scheduled for plant
production. As the name implies, reaction
calorimeters measure the energy liberated or
absorbed in the form of heat throughout the
process (see Appendix A.4). Such systems need
to be employed if the energetics of a reaction
are unknown, or if a preliminary prediction
indicates a high potential heat of reaction that
requires further quantification.

Kinetic data derived from the test can be
defined simplistically or more formally using
supporting software/analysis packages such
as Dynochem (Scale-Up Systems). Usually, the
following simple characteristics are adequate
to describe the thermochemistry of a reaction;

e The overall heat of reaction (AHr),

e The extent of reactant accumulation i.e.
how much heat is evolved from the system
after the end of a semi-batch addition
because the rate of reaction is slower than
the rate of addition,

e The heat capacity of the reaction mixture,

e The adiabatic temperature rise (ignoring
side reactions),

e The power output profile throughout the
reaction, and

e Changes in physical characteristics
(viscosity, solids formation, immiscible
liquids, etc.).

Using this data, the potential of the reaction
mass to reach boiling conditions and possible
vessel over-pressurisation or the possibility of
decomposition/secondary reaction conditions
being initiated can be assessed.

Either of these conditions could constitute a
potentially hazardous scenario and must
trigger further investigation. Of course, from a
purely process design perspective the data can
also be used to define and/or check the
cooling requirements for plant vessels.

One of the main applications of reaction
calorimetry, particularly for semi-batch
processes, is an understanding of the extent of
reactant accumulation. Ideally, in a semi-batch
operation it is desirable for the kinetics of the
process to be sufficiently rapid that the feed
material reacts instantaneously as it is added.
In this case all the heat would be evolved
during addition and zero accumulated heat
would remain at the end of the feed period. If
a deviation or problem arises during addition,
the addition can be stopped and no
accumulated energy would exist. This is an
idealised semi-batch process situation.

In reality, it is often the case that in order to
complete the reaction, the process
instructions dictate that a reaction mixture is
“stirred-out” for anything up to 48 hours after
the end of the addition. This is a strong
indication that the extent of accumulation is
high. “So what?" - I hear you say. Well, if a
deviation or problem arose after the end of
feeding (or even during feeding if
accumulation is significant), there is no longer
control over the inventory in the reactor. If the
deviation involves loss, or interruption of the
cooling supply to the vessel, the accumulated
heat could lead to a self-accelerating runaway
reaction.
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Thus measures should be taken to minimise
accumulation wherever possible. Potential
mechanisms to reduce accumulation may
include consideration of the use of:

e Higher process temperatures (to increase
kinetics),

o Catalysts (to increase kinetics) or

e Longer feed durations (to reduce
accumulation).

An assessment of reactions in this way can
often lead to huge productivity improvements
by the eradication of prolonged

“stir-out” periods. Reaction calorimeters
should not be considered as process safety
tools alone, as they make an excellent
contribution to the process development
phase.

There is a large range of commercially
available reaction calorimeters (see Appendix
A.4 for details of the Mettler Toledo RC1
system) and they have become increasingly
sophisticated and sensitive over recent years.
Many in-process analytical options are now
available, including FTIR/Raman spectroscopy,
particle counting/sizing probes, etc. These
ancillary items can massively enhance the
value of the test results by facilitating the
elucidation of reaction mechanisms,
crystallisation control, etc. Reactors are
available, which can accommodate pressures
up to 400 bar and temperatures in the range
of -70 to +300°C.

Once the heat of reaction is known, a range of
decisions and consequences can be evaluated
for deviation scenarios. Questions such as
“what happens if incorrect quantities of
materials are added, e.g. undercharge of
solvent, overcharge of reactants, etc.?” can be
answered quantitatively without the need for
further testing.

...and Don’t Forget Gas!

Getting so wrapped up in thermal inertia, phi
factor, heat flows, calorimetry, etc., it is easy to
overlook the importance of gas generation.
Permanent gas presents an immediate
mechanism for vessel over-pressurisation and
requires full understanding and quantification.
Ancillary equipment such as thermal mass
flow meters or gas burette systems, when
used in conjunction with reaction calorimetry,
can readily quantify the rate and total quantity
of gas generation from the normal process.
This data is particularly important for the
adequate sizing of normal process vents. Gas
evolution should not just be monitored in
processes where it is expected (for example, if
the balanced reaction equation involves a
gaseous product). Many processes examined
in our laboratories have shown surprising gas
evolution from unexpected / unforeseen side
reactions. Gas evolution monitoring should
always be used.

If there is gas generation, then it is important
to identify what the gas is. This data enables
design of scrubber or separation systems,
identification of flammable, toxic or eco-toxic
gases such that suitable mitigation and safety
measures can be implemented. It also enables
modelling of harmful concentrations in areas
around the process vessel.

Evolved gas analysis can be performed using
an array of analytical techniques, including
MS, GC-MS, GC-TCD, etc.
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Conclusions - Route
Selection, Process
Development and
Optimisation

The determination of an explosive potential in
a substance may place severe transport
restrictions on the movement of the material
and may require the site to be registered and
licensed for explosives manufacture, handling
or storage. Explosive properties in any
material will require the adoption of extreme
safety precautions to minimise any potential
risk. In some cases, this may impact on the
ability of the company to proceed with such
chemistry (hence the need to identify this
property as early as possible). Many contract
manufacturers exist who are adept at
processing and handling “highly energetic”
substances and processes. Alternatively,
conscious decisions can be made to prevent
the isolation of an energetic substance such
that it is always processed in a phlegmatised
(inerted) form.

Having completed adequate thermal stability
testing, and with the application of adequate
safety margins where applicable, it should be
possible to define the maximum allowable
exposure temperature of the process at all
stages. This data should be used to define
heating media and set trigger levels for
vessel/process over-temperature protection.

Understanding the hazard potential of
intended chemical reactions requires reaction
calorimetry and associated gas evolution
measurement, if appropriate, to identify and
quantify any permanent gases formed. The
resulting heat flow profile, heat of reaction
and adiabatic temperature rise data can be
used to assess the overall hazard potential of
the reaction.

If boiling or decomposition conditions are
potentially initiated as a result of the
temperature rise caused by the energy
release, a review of safety systems should be
conducted to evaluate the probability of this
happening in practice. Any significant reagent
accumulation potential in the process should
be addressed for safety - and potentially
productivity-improvement. Any gas
generation from the normal process should
also be catered for by the provision of
adequate process venting facilities.

At the end of this stage of analysis, the
operator should have a good understanding of
the energetics of the normal process and
thermal stability limits of process materials.
Any potentially hazardous aspects of the
process will be highlighted for further
consideration on scale-up. Safety-critical
aspects of processing should be incorporated
into the batch processing instructions such
that operators are aware of critical phases and
decisions to make under foreseeable
circumstances.

This is the final stage where fundamental
modifications can be made to the process with
minimal cost implications. The process should
be reviewed such that any obvious deviation
scenarios, which might create a hazard, are
identified and, if at all possible, either
eliminated by changing the process conditions
or understood so that appropriate protection
measures can be incorporated into the
process plant. This is the concept of
prevention and protection, two concepts key
to safe chemical manufacture. Typical
prevention measures might involve increasing
the solvent level, changing from batch to semi-
batch operation or even continuous
processing, etc. Any intrinsic hazard remaining
in the process will need special engineering
provisions on scale-up i.e. protection - this
may prove much more expensive than
eliminating the hazard at the previous stage.
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As an aid to development chemists, a
simplified version of Stoessel Criticality Classes
can be used to characterise the hazard of the
intended process (and potential deviation
scenarios).

Reaction Criticality Classification

Criticality classes look at the order of four key
process temperatures - data for which is
available during the development process. The
protocol outlined below represents a
simplified criticality class process which can be
used to guide development chemists on the
intrinsic reaction safety risk of the process
they are developing. The thermal safety of a
reaction can be crudely, but very effectively,
described by knowledge of four key
temperatures and their relation to one
another. These are the:
e Normal process temperature (Tp),
e Maximum adiabatic temperature of the
synthesis reaction (MAT),
e Maximum temperature for technical
reasons (MTT) and
e The onset temperature of decomposition
or secondary reaction (Tge)-

The MAT is the maximum temperature which
could be achieved if the exothermic reaction
occurs with no heat loss (for example, in the
event of a complete loss of cooling). This is the
sum of the normal process temperature and
the adiabatic temperature rise of the reaction
(ATpq). The AT,q assumes that there are no
secondary reactions or side-reactions at
elevated temperatures and that there is zero
heat loss or removal from the reaction mass.

The MTT is the temperature at which the
vapour pressure of the mixture poses a
potential risk to the integrity of the vessel. For
an open reactor (or low-pressure vessel), the
MTT would be taken as the boiling point of the
mixture. For a closed pressure vessel, the MTT

would typically be the temperature equivalent
to either the relief device set pressure or, less
conservatively, the design pressure of the
reactor.

It is conservative and easier to define the MTT
as the boiling point of the mixture at
atmospheric pressure (especially in the
process development phase, when the
pressure capability of the intended plant
reactor may not be known).

The T4 is the onset temperature of secondary
or decomposition reactions. This data can be
determined through thermal stability
screening tests or more sensitive adiabatic
calorimetry. If thermal screening tests are
used, then it would be necessary to correct the
measured onset temperature of a reaction
using an appropriate and conservative safety
margin. This is necessary to account for the
nature of the test (ramped, heat-wait-search or
isothermal) and the sensitivity of the test
method. If much more sensitive adiabatic
techniques are used to determine the onset
temperature of decomposition, then smaller
margins can be applied. In such cases, it is
possible to calculate the temperature from
which it takes 24 hours for the reaction to
reach its maximum rate (referred to as Tpy4),
assuming that cooling is lost in a large-scale

reactor. This value can be used directly as Tgec.
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Using these four conceptually simple temperatures, the relative thermal risk of a process can be
classified into one of five “Criticality Classes” (see Figure 2).
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Figure 2: Risk Ranking of Reactions using Criticality Classes

The Criticality Classes are based on thermal
effects only and do not consider gas
generation directly. As previously noted, gas
generation at any stage of the process must
be quantified and accounted for in the safe
operation of the process.

In terms of thermal effects, Criticality Class 1 is
an inherently safe position (for the normal
reaction) whereby the exothermic reaction
generates insufficient temperature rise to
reach conditions necessary for boiling or
decomposition. In Class 1, even overheating of
the mixture by an external heat source will
invoke boiling, in an adequately vented vessel,
before decomposition, thereby providing a
thermal barrier to initiation of decomposition.
In this case, only gas generation from the
normal reaction could pose a risk to reactor
integrity. Class 2 is a slightly increased risk but
only by overheating, and, in this case,
decomposition will occur prior to attaining
boiling.

Criticality classes 1 and 2 are inherently safer
(in the absence of gas generation) and require
no technical safety systems under normal
conditions. However, a thorough hazard
assessment of such processes should still be
performed as a single, foreseeable process
deviation may be capable of causing a shift in
Criticality class. For example, omission of the
solvent charge in a process could cause a
severe increase in potential adiabatic
temperature rise due to a decrease in the heat
capacity of the vessel contents, decrease in the
onset of thermal decomposition and elevation
of the boiling, simultaneously. This could,
conceivably result in a normal Class 1 reaction
shifting, in one step, to Class 5.
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Reactions of Class 3 or 4 require provision of procedural or, more reliably, technical safety
measures. In these classes, the normal reaction combined with cooling failure presents a
pressurisation risk. Protection or prevention systems are required to either prevent these scenarios
from manifesting or provide measures to protect the reactor against the consequences. Reactions
of Class 5 should be avoided and modifications to the process considered if encountered.

The Criticality Class concept can be taken much further with mathematical criteria applied to
severity and probability (not all decompositions may be catastrophic if the energy is low and there
is no gas or volatile formation). The overall risk, the product of severity and probability, will dictate
the level of detail required in the classification process. Nevertheless, the simple concept of ranking
the four key temperatures can be utilised at all levels of safety evaluation - including during route
selection and initial Research and Development.

The basic principle, in development, is to aim for as low a criticality class as possible, for the normal

process. The concept can be extended to screen changes which may result in criticality class
resulting from a process deviation (eg. undercharge of solvent, overcharge of reactant, etc).
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Pilot or Small
Scale
Production

Background

It is highly unlikely that a process would be
scaled directly from laboratory to full-scale
production facilities. It is more common for
processes to pass through at least one
intermediate scale to check and validate the
process and make final adjustments to
optimise yield, productivity and quality.

Intermediate scales can vary. It is not
uncommon for pharmaceutical companies to
operate “kilo lab” facilities where small-scale
production in vessels of around 20 L - 50 L is
conducted. In some cases, this may be the
upper limit of scale-up. In most chemical
industry sectors, however, pilot-scale typically
encompasses vessels ranging from 100 to
1000 L capacity. The strategy for assessment
outlined below is normally employed for any
scale beyond 10 L - but the relative hazard of
the process should dictate the depth of
thermal analysis, more so than simply the
scale of synthesis.

Pilot-scale facilities are typically characterised
by:

¢ Highly trained operators (usually qualified
scientists)

e High level of parameter variability

¢ Predominantly manual operation

e Minimal presence of hardwired trip
systems

This combination of conditions implies that
deviation scenarios (i.e. the occurrence of a
deviation from the planned processing
instructions) would not be uncommon -

although the presence of a highly trained
operator may off-set the frequency of such
scenarios. However, this scale of operation
can, if adequate thermochemical data has not
been accumulated during development, pose
a high potential risk of runaway reactions. A
strategy is required to review the existing
thermochemical and thermal stability data and
apply this knowledge to the specific
processing environment of the pilot plant.

What Do We Need to Know?

The critical stages of pre-pilot plant
assessment include the need to:

e Examine the existing thermochemical data
for “obvious” hazards inherent in the
process.

e Conduct a thorough hazard identification
exercise to identify foreseeable (and
realistic) scenarios which may present an
over-pressurisation hazard.

¢ Identify the consequences of foreseeable
deviations and define the worst-case over-
pressurisation scenario.

e Specify and implement safety measures to
protect the vessel(s) from all foreseeable
scenarios which may present a risk of over-
pressurisation.

e Confirm that the desired level of safety is
achieved and adopt strategies regarding
cybersecurity and management of change
to maintain the desired level.

At the 10 - 1000 L scale, heat losses will be low
- but not negligible - and the phi factor of
plant equipment will be modest; normally in
the range of 1.2 to 1.5. Should this scale of
operation be treated with the same rigorous
approach as production scale-up? This is a
question no doubt pondered by company
safety committees across the globe. The
simple answer is that the depth of study must
reflect the apparent inherent hazard of the
process.

28



For low exothermic processes operated at high
dilution in the absence of any energetic
functional groups there is clearly a case for a
more superficial assessment, however, this
should never be interpreted as “no
assessment”. The simple steps outlined above
should still be undertaken.

How Can We Do It?

Hazardous Scenario Identification

While it is not the intention of this Guide to
discuss techniques for hazard identification or
safety management systems in detail, it is
necessary to introduce the general principles
of hazard identification. Armed with
thermochemical and thermal stability data on
the process, it is necessary to combine this
information with an intimate knowledge of
how the plant vessel is operated to derive a list
of what could go wrong, resulting in
potentially hazardous scenarios. That is, what
can we foresee that can realistically go wrong
with the operation of the vessel which may
cause a potentially hazardous event?

Methods for hazard identification include:

e Hazard and Operability (HAZOP) Studies
This is a structured analysis of all parts of
the plant vessel and peripheral systems.
Deviation in parameters for all
components is considered. The procedure
is applied to every element of the system.
The result is a list of failure deviations
which are considered potentially
hazardous and for which no definitive
safeqguard exists. Where the HAZOP
focuses on reaction (or potential reaction)
stages of a process, it is critical that the
HAZOP contains an experienced reaction
safety practitioner who can interpret and
apply the process characterisation data to
deviations being discussed.

Sometimes, the HAZOP output will need to
be taken further if it does not adequately
specify pressure relief cases. In this case, a
Worst Case Scenario Assessment (WCSA)
can be conducted to focus on developing
exact specifications for potentially
dangerous scenarios.

Check List Assessments

This is a less formal approach than HAZOP
and relies on the application of a checklist
of common failure conditions which can
result in a hazardous scenario. The quality
of this approach is very much dependent
on the adequacy of the checklist and the
experience of participants who compose
the assessment team.

Informal “what if?” Assessments

This is an unstructured brainstorming
which probes the process and plant
looking for scenarios which may have
potentially hazardous consequences.
Again, the adequacy of this approach is
very much proportional to the quality and
composition of team participants and the
rigour with which they probe the process.

Failure Modes and Effects Analysis (FMEA)
This more formal approach seeks to
identify possible failure modes of each
component of the system and assess,
qualitatively, the consequences of such a
failure.

Fault Tree Analysis

This approach starts with the identification
of a “top event”, for example explosion of
the reactor, and seeks to determine the
combination of failures required to cause
this. This technique is most commonly
used for quantifying the risk and assessing
tolerability. The simplest FTA is LOPA
(Layer of Protection Analysis), which is
discussed later in this guide.
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The method to apply may be dictated by the
apparent hazard of the process - and the
magnitude of scale-up. For processes which
appear to contain a high inherent hazard (e.g.
nitration or polymerisation), much more
rigorous hazard identification would be
appropriate. For a benign, dilute system with
minimal exothermicity, a less rigorous
assessment would be necessary. It is
important, however, to make sure that all
processes are assessed - irrespective of their
apparent hazard - since even a benign process
can give rise to major problems under failure
scenarios.

The outcome of the study should be a short
list of potential scenarios which are feasible,
yet credible, and which may give rise to a
hazardous consequence.

Identifying the Consequences of Hazardous
Scenarios

Once a short-list of hazardous scenarios is
available, it is necessary to conclusively
ascertain whether the consequences of the
scenarios are hazardous or benign, and define
which is the most demanding in terms of
mitigation system design. The methods
through which this can be done include:

e Computational simulation

e Estimation based on existing process
safety data

e Experimental simulation

Computational simulation is feasible, but
requires a lot of physico-chemical and kinetic
properties information. A fundamental
understanding of the mechanism of the
reaction - and all conceivable side/secondary
reactions- along with kinetic parameters, e.g.
activation energy, order of reaction, etc. for
each reaction would be required. For a small
volume product, the complexity of collecting
the necessary data in most cases proves
prohibitive. In some cases (e.g. for scale-up to
continuous reactors), this rigorous approach
may be warranted.

A hybrid approach to modelling is more
practical and feasible. Data from suitable
adiabatic simulations can be subject to kinetic
software analysis to derive a kinetic model
which can be applied to other scenarios, and
to take account of plant heat loss. This
approach is particularly valuable when a wide
range of scenarios requires assessment, or it
is necessary to find a limiting criterion through
scenario iteration.

In simplistic terms, estimation of scenario
consequences may be possible using existing
data. Heat of reaction and heat capacity data
can be manipulated to consider the
consequences of certain deviations (e.qg.
change in quantities of solvents or reactants).
As a screening exercise, this may be sufficient
to rank deviations in terms of their likely
severity. Combined with adequate thermal
stability data, the potential of scenarios to
initiate undesirable secondary reactions can
also be assessed.
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Any such calculations are likely to yield
thermodynamic information regarding the
overall magnitude of thermal change and the
probability of initiating other events. This
approach is thus likely to have merit for
qualitative assessment but is unlikely to
provide enough kinetic data for safety system
design. Thus, it is an option for highlighting a
scenario which “is likely to have significant
consequences” but is unlikely to adequately
quantify the kinetics of the event. Typically,
this approach would be reserved for ranking
deviation potential.

In some cases, this approach may not be
appropriate. For example, in the case of loss of
agitation, a decision is required regarding the
potential of a reaction system to stratify. A
simple thermodynamic evaluation will not
answer this question. In this case, to evaluate
the kinetics of scenarios, the worst-case
candidates are typically examined under
experimental conditions to generate full
scenario quantification.

Experimental Simulation - the Use of
Adiabatic Calorimetry in the Assessment of
Potential Process Deviations

The importance of the impact of heat loss and
thermal inertia on plant behavior has already
been highlighted. To simulate a runaway
reaction under plant-scale conditions,
adiabatic and low thermal inertia test methods
are required. Adiabatic calorimetry provides a
method for obtaining such data. By design,
adiabatic calorimeters have zero
environmental heat loss and thus simulate the
worst-case for heat retention. In addition, the
systems are configured to have a minimum
thermal inertia (phi factor). They therefore
simulate, in the laboratory, the industrial scale
very effectively.

In addition to these fundamental
characteristics, the equipment needs to be
capable of:

¢ Resisting high pressures

e Simulating as closely as possible plant-
scale agitation systems

¢ Applying heat to the vessel contents to
simulate scenarios such as external vessel
fire engulfment, jacket overheating, etc.

e Accurate and sensitive measurement of
temperature, pressure and time

e Undertaking controlled additions remotely
to simulate plant operation

e Resisting any corrosive properties of a
mixture

e Depressurising safely to avoid exceeding
the calorimeter design pressure

There are two most common types of systems
used to achieve adiabatic and low thermal
inertia conditions. These are:

e Pressure containment calorimeters
o Which have sufficient inherent strength
to withstand internal pressure
o Examples include the Accelerating Rate
Calorimeter (ARC) and the Adiabatic
Pressure Dewar Calorimeter (ADC II)
e Pressure-compensated calorimeters
o Which are weak vessels housed in a
containment cell where the pressure in
the cell can react quickly to equalise
pressures inside the reactor.
o Examples include the Vent Sizing
Package (VSP 1I), Phi Tec I and APTAC.

The basic operation and output of the systems
are similar. The differences in the systems
relate to pressure capability, agitation
efficiency, sensitivity and the ease with which
controlled additions can be made. The
adiabatic pressure Dewar calorimeter and ARC
methods are reviewed in Appendix A.3 and
A.6.

>
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The test procedure must closely mimic the process deviation under investigation, under conditions
that simulate the industrial-scale operation. If the experimental test method deviates significantly
from the plant scenario, the validity of the test data can be significantly compromised. This
includes, where possible, the use of plant materials.

The data obtained from testing should provide a direct measurement of the consequences of a
failure case and can be used directly in the design of safety systems (if the phi factor of the test is
conservative). The technique can also be used in a variety of alternative modes to generate other
important information on a runaway scenario, including:

e Tempering characteristics of a runaway - is sufficient volatile vapour released during the
venting process to remove sufficient heat to control (temper) the temperature rise of the
reaction?

¢ Nature of the discharged material - does the runaway result in two-phase discharge (liquid and
gas/vapour) or single-phase discharge (gas/vapour only)? Is the discharged material viscous
(potentially impacting vent sizing)?

These important characteristics will dictate the calculation method employed for vent sizing
calculations - an error in the method employed could result in massive under- or over-sizing of the
relief system.

Despite their intrinsic low phi factor design, it can be the case that the test phi factor is higher than
the plant phi factor, and this element should ALWAYS be checked before directly scaling the update.
It is standard and best practice to correct adiabatic data to phi = 1.0 (conservative) or at least down
to the level of the plant phi factor. Graph X below illustrates the impact of correcting from Phi =

1.15 to phi = 1.0 on the self-heat rate of a runaway. Even for such a (seemingly) small correction, the
peak rates of runaway more than double - and this will proportionally impact the size of an
emergency relief system.
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Graph X: Impact of Phi Factor Correction on Self-heat rate (phi
=1.15 to phi = 1.0).
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Specify and Implement Safety Measures

Once the consequences of all the worst-case candidates have been quantified, the final task is to
specify which safety measures are required to protect the reactor from the consequences or to
validate whether existing protection measures and protocols are acceptable. There are numerous
options available, including:

e Process control

Design for containment

Reaction dumping / passive quenching
Reaction inhibition / active quenching
Emergency pressure relief (venting)

Most commonly, pressure relief systems via bursting discs or relief valves are the ultimate basis of
safety. However, it is no longer sufficient to only size an orifice large enough to prevent the vessel
from exceeding its design pressure; with environmental pressures and legislation, the design must
also consider treatment of the discharged stream. This often requires manifolded relief lines which
discharge into a separation vessel designed to retain the liquid phase and minimise droplet release
to the atmosphere. The capacity of the entire relief system and the downgrading of capacity caused
by the vent line has to be accounted for in the overall relief system design process. Relief lines must
be adequately mechanically braced to withstand the high, often extreme, thrust forces experienced
during discharge. Additionally, where relief lines are manifolded together, the potential for
simultaneous vessel venting must be considered in the design and, where this is possible, the
capacity should exist for all simultaneously venting systems.

The design of emergency relief systems for runaway reactions is a highly non-trivial activity.
Specialist equations (mostly derived through the work of the DIERS programme) - and several
software tools which incorporate them - should be used. The end-to-end process of sizing a relief
system is shown in Figure X.

@& Identify credible worst-case scenario

Characterise reaction during relief

@ Determine relief system type (Tempered / Gassy / Hybrid)
[:] Decide nature of discharge (Vapour / Liquid / 2+ Phase)
i

Choose design methodology
Choose relief device & set pressure

0
O
0

Energy/mass flux to be discharged

Required vent area

Pipework mass flow capacity

Apply safety factor

Mechanical design / Disposal system / Safe Location

H @ g @3\\%

Figure X: Process to Size an Emergency Relief System
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Unless a disengagement vessel is designed for
complete containment (for example, discharge
to a separator through an immersed sparge
bar and using an inert diluent to recondense
any vapours), there will still likely be a release
of gas/vapour to the atmosphere. Suitable
dispersion modelling should be considered to
identify at-risk zones around the discharge
point. This can enable decisions on emergency
response plans, or can indicate unsuitability of
venting under a given configuration if an
unacceptable risk of exposure exists to the
discharged stream.

In the case of other active safety measures
(passive quenching or reaction inhibition),
evidence should exist to support their
reliability and effectiveness against specific
scenarios. This may be an empirical
experimental scenario simulation or
modelling. In the event of inhibition, the
stability of the inhibited batch should be
checked for an extended duration in case the
exotherm is only delayed/retarded instead.
Any systems used would require a functional
safety assessment to ensure sufficient
reliability.

Process control can be used as the ultimate
basis of safety - that is, reliance on
instrumentation and control systems to
prevent a scenario from occurring. Any such
systems should be developed to engineering
standards and best practice, such as IEC
61508/11 (see later in this guide for more
information on functional safety
requirements). For some scenarios, the
outcome of the deviation may be sufficiently
severe that it cannot be permitted to happen.
In this case, control systems would be the only
basis of safety available, and the criticality of
having a reliable system would be evident.

In almost all cases, some level of reliance will
be placed on the process control system to
minimise the frequency of events - even if
further layers of protection exist.

What Decisions Can Be
Made?

The critical stages of safety system design
which have been highlighted, are:

¢ Identification of all foreseeable and
realistic failure scenarios which could
cause the reaction to run out of control

e Assessment of the consequences of the
deviations identified - most normally using
adiabatic calorimetric methods

e Selection, specification and
implementation of safety systems to
mitigate the residual risk of runaway
reaction to an acceptably low level

At the point of scale-up, the adequacy of the
protection or prevention measures designed
for the reaction will be proportionate to the
competence of each stage of specification. If
any phase of the procedure is deficient, this
will have a detrimental impact on the safety of
the final design.

A written safety dossier must exist, which
demonstrates that the assessment procedure
has been followed completely. The basis of
safety for pilot-scale operation to protect
against all the credible failures should be clear
and unambiguous - as should the important
procedural/engineering control measures in
place as part of the basis of safety.




>

Large-Scale Production

The procedure for safety evaluation of large-scale production would follow that employed for pilot-
scale-up. The most important differences being:

e The consequences of a deviation will be more dramatic due to the larger inventory. This implies
the need for a more rigorous and exhaustive hazard identification exercise together with safety
measures of sufficient reliability.

e The variability of the plant is likely to be less than for the pilot plant, as it is likely to be more
automated.

e The need for instrumented safety systems to comply with best practice will require assessment
of safety systems to international standards such as IEC 61508/11. More details on the
requirements are covered in the next section.

A critical element of any safety system is that its suitability must be reconfirmed following any
process change. A review of the impact of any change to the process or plant should be
accompanied by a review of the potential consequences. All changes must be evaluated.
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How Safe Are
You - and
How Do You
Stay There?

Having reached the point of having a basis of
safety against runaway reactions, there are
key tasks to ensure that an appropriate level of
“safe” has been attained - and is maintained.

Ensure Active Protection Systems have
Adequate Integrity (Functional Safety)

When relying on an active safety measure as a
safety-critical element against runaway
reaction risks, it is necessary to demonstrate
that the desired level of risk reduction of the
function is attained (and maintained).
Functional safety requirements in the process
industries are largely driven by the
international standard IEC 61511, which
focuses on managing risks through effective
SIS design and operation. Effective functional
safety demands a rigorous, documented and
auditable approach spanning the entire safety
lifecycle:

e Analysis: Identifying potential hazards (e.g.,
using a PHA or HAZOP study), assessing
the risks (quantifying the consequences
and their frequency), specifying the
required safety measure and defining the
required safety integrity level (SIL) for each
safety instrumented function (SIF).

e Realisation: Detailed design, engineering,
installation, and commissioning of the SIS,
ensuring the technology and configuration
meet the specified SIL requirements.

e QOperation & Maintenance: Ongoing
management, testing, maintenance, and
periodic review of performance to ensure
the SIS maintains its integrity and
functionality over its operational life.

The core principles and requirements of
functional safety include:

e Risk Reduction: The primary goal is to
ensure the SIS provides the necessary risk
reduction to meet tolerable risk targets.

e Efficacy: The designed safety measure
must be fully capable of preventing the
hazard within the timescale of developing
risk. Reliable interlocks which don’t prevent
the hazard (neither stopping the
consequences or lowering the risk of the
causes) can create a false impression of
safety.

e Safety Integrity Level (SIL) Verification:
Each SIF must be designed and verified to
meet a specific SIL (1 through 4), which
quantifies the probability of failure on
demand or failure rate.

e Competency: Personnel involved in any
stage of the lifecycle must be appropriately
trained and competent to perform their
tasks.

e Documentation: Comprehensive
documentation is critical for
demonstrating compliance, including
safety requirement specifications (SRS),
validation, proof test records, performance
monitoring and management of change
(MOC) procedures.

e Independence: Safety functions must be
independent of the basic process control
system (BPCS) and other control systems to
ensure that a failure in one system does
not compromise the safety protection
layer.
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Protect against Cybersecurity Risks

Cybersecurity is a critical component of
modern process plant protection, ensuring
that control systems remain safe, reliable, and
resilient against digital threats. As industrial
operations become increasingly connected,
process control networks and supervisory
systems face growing exposure to
cyberattacks that can disrupt production, steal
or corrupt data, compromise safety, or
damage equipment.

Cybersecurity incidents can increase the risk of
runaway reactions in several ways:
Manipulation or Disruption of Process Data;
Interference with Safety-Critical Control
Functions; Loss of Availability of Key
Equipment; Disruption of Safety Instrumented
Systems (SIS) Interfaces; Supply-Chain or
Firmware Compromise.

Effective plant cybersecurity involves
implementing robust network segmentation
between corporate IT and operational
technology (OT) environments, applying strict
access controls, and maintaining secure
configurations for all control system assets.
Continuous monitoring for abnormal activity,
timely patch management, and regular backup
and recovery procedures further strengthen
resilience. Just as physical safequards protect
equipment and personnel, cybersecurity
measures safeguard the integrity, availability,
and confidentiality of critical process
operations.

Ensure the Safety Systems meet acceptable
residual risk criteria

Layer of Protection Analysis (LOPA) provides a
structured, semi-quantitative method for
evaluating the risk of runaway reactions by
examining how initiating events, process
conditions, and independent protection layers
interact. In the context of highly exothermic or
unstable chemistries, LOPA helps teams
identify credible scenarios—such as loss of
cooling, incorrect feed addition, or control
system failures—and estimate the frequency
and severity of resulting thermal excursions.
By assessing the integrity and independence
of safeqguards like alarms, interlocks, relief
systems, and safety-instrumented functions,
LOPA clarifies whether existing protections
adequately reduce the likelihood or
consequences of runaway or if additional
layers are required. This approach strengthens
decision-making and supports compliant,
defensible risk management for reactive
chemical operations.

Effectively Manage and Control Changes

Effective Management of Change (MOC) is
essential for large-scale reactive chemistry,
where even small modifications can alter
reaction kinetics, heat release, or process
safety margins. MOC procedures ensure that
any change—whether to raw materials,
equipment, procedures, control strategies, or
operating conditions—is formally reviewed
and approved before implementation. This
review typically includes assessing impacts on
reaction hazards, thermal stability, relief
design, and required safeguards, as well as
verifying that operating personnel are trained
and documentation is updated. By
systematically evaluating changes and their
potential consequences, MOC helps prevent
unintended increases in runaway reaction risk
and maintains the integrity of safe operating
envelopes.
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Summary

The inherent exothermic reaction and/or
uncontrolled gas evolution potential of all
chemical processes require a thorough and
rigorous assessment procedure in order to
ensure that large-scale manufacture can
proceed with an acceptable level of residual
risk.

Most decisions that impact the inherent
hazard of the process are made at the very
early stages of process development - as early
as the route selection stage - and this is the
area where Chemists play a fundamental part
in developing safer processes. It is critical that
reaction hazard evaluation is integrated
seamlessly into the process development
lifecycle. Chemists should be trained not just
to look at quality, yield and productivity issues
but also to understand the criticality of their
decisions on the safety of the process. This
more holistic approach to reaction hazard
evaluation will take at least some of the onus
from engineers who are normally left to
design and implement safety systems for
scenarios that could possibly have been
eradicated with forethought.

A strategic methodology must be employed in
which the collection of safety data is
intertwined with the development and scale-
up of the process- rather than being an
inconvenient add-on once the process is fully
developed and optimised (and the hazards
already inherently included).

>

Once the process is ready for scale-up, a
robust and reliable basis of safety should exist
which demonstrably reduces the risk of harm
to an acceptable level. This scale-up process
involves identifying scenarios that can cause
runaway reactions, understanding the
consequences of these scenarios and having
protection (or prevention) measures
adequately specified, implemented and
maintained. “Safety” should be demonstrated
through methods such as LOPA and
maintained through effective management of
change and control of cybersecurity risks.
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Appendix - Test Descriptions

A.1.Differential Scanning Calorimetry

International Standard

Several ASTM standard methods for applications of DSC exist.

Quantity of Sample:

5-50 mg

Alternative Tests:

Test Purpose:

To determine the energy associated with the decomposition of a material or mixture -
potentially to screen for explosive properties. Semi-quantitative data relating to onset
temperature can also be gained from this test technique. Kinetic analysis can be
performed for a decomposition reaction for extrapolation to a larger scale. Due to the
very small sample size, the use of this technique in the study of reactionmixtures or
heterogeneous samples is not recommended because of the difficulty involved in
representative sampling (the Carius tube is a more appropriate technique in such
cases).

Test Method:

A small quantity of sample (typically 5 - 20 mg) is loaded into the test cell (either
constructed of stainless steel, aluminum, or gold). For safety studies, sealed, high-
pressure cells are best suited (to prevent evaporative losses). The sample is then
ramped within the DSC instrument along with a reference pan of identical
construction. The ramp rate is nominally between 1 and 20 K. min™, although higher
heat rates provide results of lower sensitivity with respect to onset temperature
determination. Any exothermic or endothermic activity is measured through
measurement of heat flow between the sample and reference pans. The amount of
energy released or absorbed by the sample can be integrated as a measure of the
overall energy of a reaction. Tests can be performed isothermally for the study of
autocatalytic reactions or at different ramp rates for the extractionof formal kinetic
data. Enhanced sensitivity in the method can be achieved using Calvet DSC systems,
which use a three-dimensional sensor technology to direct measure heat flow as
opposed to conventional DSC, which uses flat sensors and an indirect measurement of
heat flow.

Results and
Interpretation:

Typically, one graph of power versus time is provided. Interpretation is conducted by
the computer control system that will provide data (on the test graph) relating to the
onset temperature and energy of the reaction (usually normalized to J.g™"). The onset
temperature obtained is not absolute (due to the high phi factor and heat losses of the
test technique), and a safety factor is required. Typically, for the high heating rates
employed (> 5 K.min™), a safety factor of up to 100 K may be employed. For this
reason, more accurate onset temperature information is provided by the Carius tube
used at lower heating rates and with a larger sample. The energy of a decomposition
does not require such modification and is used directly. Tests performed under air and
nitrogen can be compared to identify whether an event is attributable to oxidative
processes or pure decomposition. Formal kinetic data can be extracted for
decomposition reactions based on the analysis of results from multiple tests. Any
decomposition energy > 800 J.g" indicates potential for explosive properties to exist
in the material.

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

The results are not directly scalable (i.e. need a margin of safety). For powders, lack of
air availability may hinder detection of oxidation events. Pressure events (e.g. gas
generation) are not detected by this method. Blends and mixtures are difficult to
study owing to the inherent challenge of representatively sampling a blend at such
low masses.
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A.2.Carius (10g) Tube Screening Test

International Standard

No formal standard applies although the method is described in the ABPI and IChemE
publications on Chemical Reaction Hazard Assessment and is considered best
practice.

Quantity of Sample:

10 g per test (although 30 g preferred to allow duplication of test).

Alternative Tests:

Many alternative DTA methods exist

Test Purpose:

The test is designed to provide a preliminary indication of the thermal behaviour of a
material. Exothermic, endothermic and gas generating events are determined in a
semi-quantitative fashion. The test can be undertaken on a liquid, solid or mixture.

Test Method:

A small quantity of material (10 - 15 cm3) is placed in the Carius tube, which is
positioned at the center of a furnace, connected to a pressure transducer and ramped
(at a constant rate of typically 0.5 K.min-*) from ambient temperature to 400°C or a
tube pressure of 55 barg (whichever comes first). Energetic events are indicated by
positive (exothermic) or negative (endothermic) deviations from the baseline
temperature differential between the sample and oven. Pumped additions to initiate a
reaction and agitation are possible with this test.

Results and
Interpretation:

The output contains three graphs. Graph (a) is a full temperature, pressure, and time
trace. Graph (b) is a plot of temperature versus the differential between the oven and
the sample. Graph (c) is a plot of In (pressure) versus the reciprocal of absolute
temperature. The onset of an event is recorded as the point at which a deviation
indifferential temperature is just observed (upwards = exotherm, downwards =
endotherm). A safety factor of typically 50 K is used on the onset temperature to
account for the high heat losses of the test equipment. The peak height (and width) is a
measure of the magnitude of the event, although these are only qualitative and are
not directly scalable. A wide peak is indicative of a mass transfer-controlled reaction.
An upward deviation from linearity in the Antoine plot indicates the onset of gas
generation. The steepness of the rise is indicative of the rapidity of gas generation. The
residual pressure in the tube after cooling gives a quantitative measure of the gases
evolved (mass spectrometry can be employed to assess the nature of the gas).

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

The results are not directly scalable (i.e. need a margin of safety). For powders, lack of
air availability may hinder detection of oxidation events.
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A.3.Accelerating Rate Calorimetry (ARC)

International Standard

ASTM Standard E 1981

Quantity of Sample:

10g

Alternative Tests:

Advanced Reactive Systems Screening Tool (ARSST) and PhiTec |

Test Purpose:

To determine the thermal stability of a substance or mixture under adiabatic
conditions. The test is normally performed to determine the onset temperature of an
exothermic decomposition and the subsequent kinetics and magnitude of the
contained runaway.

Test Method:

The test is conducted in a small (10 cm3), metal sample bomb containing between 1
and 6 g of the test substance. The spherical bombs can be manufactured from a
variety of metals to overcome any potential corrosion or catalytic incompatibilities.

The bomb is connected to a pressure transducer and temperature sensor and located
in the center of an adiabatic enclosure. Tests can be performed using either an
isothermal or heat-wait-search (HWS) temperature profile. The normal temperature
range of the testis from25°C to 400°C. However, the cryogenic unit can reduce the
oven temperature to -40°C, which allows testing from -40°C. This helps in detecting
low-temperature exothermic decompositions. The more common HWS method
involves heating the material in steps using a radiant heater, waiting for thermal
equilibration, and then searching for any evidence of exothermic heat release above
the detection threshold (nominally 0.02 K. min-1). If no activity is observed, the cycle
is repeated until activity isdetected - at which point the reaction is adiabatically
tracked to completion. The test cell contents can be agitated; however, this results in a
relatively high thermal inertia factor. The automatic dosing unit allows the addition of
liquid reagents at elevated pressures and at any time during the test. The system has
outstanding pressure capability (up to severalhundred bar) and is very sensitive. The
vent sizing unit/option allows closed vessel tests, tempering, and hydrodynamic tests.

Results and
Interpretation:

The onset of activity is denoted as the lowest temperature at which the detection
threshold of the calorimeter is exceeded. The subsequent rates and magnitudes of
reaction can then be established from the raw temperature / pressure / time data. The
temperature rise can be converted into a heat of reaction if the thermal inertia of the
cell and the heat capacity of the sample are known. Furthermore, kinetic parameters
such as activation energy can be determined. Although the thermal inertia is high, the
software permits phi factor correction of the temperature data to yield information on
parameters such as time to maximum rate. The data can be used, with supporting data,
to estimate the self-accelerating decomposition temperature of a sample. The onset
temperature of activity - if uncorrected - requires provision of a safety margin of
between 20 and 40°C - depending on application.

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

The test method has a relatively high phi factor (normally in the range 1.5 to 3). This
infers that mathematical correction of the data is required for direct application, or a
suitable safety margin is required for specifying maximum plant exposure
temperatures. The test vessel is not normally agitated, which impacts the ability to
study biphasic systems. Remote additions to initiate reaction are extremely difficult
owing to the small nature of the test cell.
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A.4.Heat Flow Calorimetry (Mettler Toledo RC1 Reaction

Calorimeter)

International Standard

No international standard applies but technique is referenced in the ABPI and IChemE
publications on Chemical Reaction Hazard Assessment.

Quantity of Sample:

Sufficient for 1.5 litre total batch size.

Alternative Tests:

Simular Reaction Calorimeter, ChemiSens Reaction Calorimeters. Setaram DRC system

Test Purpose:

To determine the heat of reaction under isothermal or isoperibolic conditions and
identify the effect of changes in feed rates, temperatures, and concentrations on the
«instantaneous» nature of a reaction system. Quantitative analysis of reagent
accumulation is provided. The heat of reaction can be used to predict the adiabatic
temperature rise in case of loss of cooling. In conjunction with gas measuring
equipment, the rate and total quantity of gas generation, or consumption, can be
determined.

Test Method:

The test is conducted to simulate the plant process (or a deviation thereof). Reagents
are charged to a jacketed reactor, which is held at the reaction temperature with
efficient agitation. The reagent to be added is dosed into the calorimeter over a
predefined time (either as specified or as required to maintain a temperature rise in
the region of 5 K). Gases can be added via a dip-pipe. Electrical calibrations are
undertaken both before and after the reaction to account for changes in the heat
transfer properties of the system. Tests can be undertaken with gas measurement
equipment to measure normal process gas generation (or consumption) rates and
volumes. Heat flow can also be measured at reflux or at pressures up to 60 barg using
an alternative test vessel.

Results and
Interpretation:

Several graphs of temperature, heat flow, pressure/ gas generation versus time are
provided. The area under the two calibration curves is related to the area under the
reaction curve to define the heat output from the reaction. This is converted to a heat
of reaction by dividing by the amount of limiting reagent present. Any evidence of
exothermic activity after cessation of feed is due to the continued reaction of
accumulated reactant. A quantitative assessment of the extent of accumulation (in
percentage terms) is provided. Physical changes during the test (i.e. color, viscosity,
etc.) are also recorded. The adiabatic temperature rise for the reaction is calculated
(using an experimentally derived heat capacity value) but does not consider the
possible existence or secondary (or side-) reactions at elevated temperatures.

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

The results relate to the reaction under the specific conditions tested. Solid reactions
cannot be analysed.
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A.5. Vent Size Package 2

International Standard

No international standard applies. Instrument and associated emergency vent size
modelling methods were developed under the auspices of the AIChE (DIERS) and have
been used extensively throughout the chemical industry since the mid 1980’s,
particularly in the United States.

Quantity of Sample:

120 mL sample is sufficient for one test.

Alternative Tests:

Accelerating Rate Calorimeter (ARC), Phi-Tec Il, Adiabatic Pressure Dewar.

Test Purpose:

To examine the stability of materials under adiabatic (zero heat loss) conditions. In
addition, the thermal inertia (phi factor) of the system is generally directly applicable
to large-scale process vessels (e.g. up to 25 m®). This combination of features
eradicates the need for any safety margin or mathematical correction of the data
obtained to account for the effects of scale. The test provides direct measurement of
time / temperature / pressure that can subsequently be used in the specification of
maximum allowable handling temperatures, time to maximum rate data, vent sizing
information for runaway reactions arising from batch or semi-batch processes and
tempering information to determine whether a reaction is vapour pressure controlled.
Additionally, blowdown tests can be conducted to assess the foamy nature of a
material or the vented material's atmospheric pressure boiling point. The test
apparatus is sufficiently flexible to study all common types of reaction and process
deviation scenario.

Test Method:

The reactor is a 120 mL thin-walled metal test cell which can be fabricated from a
variety of materials, including stainless steel or HastelloyC. The low-mass VSP2 test
cell results in phi factors in the range of 1.05 to 1.10, the range for large plant vessels.
The VSP2 test cell can be stirred using a Teflon stir bar or with overhead mechanical
stirring. Batch and semi-batch reactions can be run by the addition of liquid reagents
during tests. Liquid co-reagents can also be injected under pressure if the reaction
conditions dictate the need. VSP2 test cells can be configured for both closed and
open cell conditions, depending on the reaction scenario to be tested. Typically,
closed cell tests provide data on the runaway reaction of the chemical reaction,
similar to standard ARC experiments. Open cell tests can characterise the system
pressure under runaway reaction conditions, to determine if vapour pressure or gas
generation comprises the reaction system pressure. Open cell tests, in blowdown
mode, can characterise the foaminess of the effluent discharge, which impacts vent
design. Notably, the VSP2 can maintain adiabatic conditions even under high
temperature and pressure rise rates.

Results and
Interpretation:

Results graphs usually consist of :
*Grapha Full temperature / pressure / time trace
*Graph b Temperature / pressure / time trace over the region of interest

Rates of temperature and pressure rise along with peak reaction temperatures and
pressures are derived directly from the experimental graphs. Rates of temperature
rise can be converted to heat output rates to determine cooling requirements to
control the reaction at a given set point. Rates of temperature rise are used in the
calculation of emergency relief systems and peak pressures can be used in the
specification of containment systems.The heat of reaction for the process can be
determined using assumed or measured heat capacity data (so long as the vessel does
not vent prior to the peak temperature being attained).

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

Solids additions can be problematic. Very highly energetic reactions may be
prohibited from study.
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A.6. Adiabatic Pressure Dewar Calorimetry

International Standard

No international standard applies but technique is referenced in the ABPI and IChemE
publications on Chemical Reaction Hazard Assessment and in the IChemE Workbook
on Emergency Relief System design.

Quantity of Sample:

Sufficient for 1.5 litre total batch size. This is enough for duplicate tests.

Alternative Tests:

Accelerating Rate Calorimeter (ARC), Phi-Tec Il, Vent Sizing Package (VSP).

Test Purpose:

To examine the stability of materials under adiabatic (zero heat loss) conditions. In
addition, the thermal inertia (phi factor) of the system is generally directly applicable
to large-scale process vessels(e.g. up to 25 m?). This combination of features
eradicates the need for any safety margin or mathematical correction of the data
obtained to account for the effects of scale. The test provides direct measurement of
time / temperature / pressure that can subsequently be used in the specification of
maximum allowable handling temperatures, time to maximum rate data, vent sizing
information for runaway reactions arising from batch or semi-batch processes and
tempering information to determine whether a reaction is vapour pressure controlled.
Additionally, blowdown tests can be conducted to assess the foamy nature of a
material or the vented material's atmospheric pressure boiling point. The test
apparatus is sufficiently flexible to study all common types of reaction and process
deviation scenarios.

Test Method:

The basic technique is applied to all of the aforementioned tests. The reactorisa 1.1
litre stainless steel vessel equipped with a flange and head fitting that allows
connection of a stirrer, sample temperature thermocouple, pressure transducer,
pressure pump, electrical sample heater, and vent line system. The Dewar vessel has
inherently low heat losses that are further reduced by locating the vessel inside an
oven, which is controlled to be at the same temperature as the sample. Typically, 700
g of material is employed to minimise the phi factor of the test apparatus. The vessel
has a heat capacity of 200 J.K™, which gives phi factors typically in the range 1.05 to
1.15 (i.e. replicating those of large-scale vessels). The vessel is agitated by a three
blade impeller (pitched blade) or anchor agitator, which normally provides efficient
agitation, although the agitation system can be modified if necessary. The vessel is
equipped with a calibration heater that can be used in the determination of sample
heat capacity. The vessel is fitted with a 3/8” relief valve that is operated by the
computer control system when the pressure exceeds 25 barg. The whole apparatus is
situated in a draughted, blast-proof safety enclosure to minimise danger to personnel
posed by harmful vapours or rupture of the vessel. Vessels can be lined for corrosion
resistance, if appropriate, using gold or Halar (a polyfluorinated hydrocarbon).

Results and
Interpretation:

Results graphs usually consist of:

>Graph a: Full temperature / pressure / time trace

>Graph b: Temperature / pressure / time trace over the region of interest
>Graph c: Antoine plot

Rates of temperature and pressure rise along with peak reaction temperatures and
pressures are derived directly from the experimental graphs. Rates of temperature
rise can be converted to heat output rates to determine cooling requirements to
control the reaction at a given set point. Rates of temperature rise are used in the
calculation of emergency relief systems and peak pressures can be used in the
specification of containment systems. The heat of reaction for the process can be
determined using assumed or measured heat capacity data (so long as the vessel does
not vent prior to the peak temperature being attained).

Reduced Versions of
the Test:

No reduced version of this test exists

Test Limitations:

Solids additions can be problematic. Very highly energetic reactions are prohibited
from study.
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The Following Tests Can Be Conducted in either the
VSP II or Adiabatic Dewar Calorimeter:

A.6.1 Thermal Stability of Reaction Mixtures

The test sample can be heated in steps (automated in
VSP II, manual in Adiabatic Dewar) to determine the
onset of an exothermic self-heating reaction, much like
the operation of the ARC (Accelerated Rate
Calorimeter). When a self-heating reaction is detected,
the calorimeters will measure the course of the
resulting reaction under accurate adiabatic conditions
and high pressures, even for fast reactions. An
alternative method is to heat the sample and hold it at
a specific temperature for an extended period of time.
This can be used to measure the thermal stability of
plant reaction conditions and to evaluate if the sample
is capable of autocatalytic behaviour.

A.6.2 Specification of Maximum Safe Handling
Temperatures

The material (normally liquid or low viscosity slurry) is
charged to the vessel and connected to all relevant
logging and control systems. The heater is then used
to heat the material to the set point temperature, from
which point the material is maintained under adiabatic
conditions. The duration of the test will normally be
dictated by the maximum hold period likely to be
encountered on the plant. The material can be heated
in steps to determine the onset temperature for
reaction, if appropriate, using a heat-wait-search
technique. Hold periods between heating are normally
1 hour or more. A safety factor of typically 10 K or
more is attached to such data to account for deviations
in plant and calorimeter measuring equipment.

A.6.3 Collection of Time to Maximum Rate (TMR)
Data

The sample is charged to the vessel, sealed and sited
inside the calorimeter. The heater is then used to heat
the sample rapidly to a set temperature. The reaction is
then allowed to runaway. This procedure is repeated at
least three times at different temperatures and the
time between reaching the set point and reaching the
maximum rate of temperature rise is determined. A
plot of Log (TMR) versus 1/temperature(K) should
produce a straight line from which the TMR from other
temperatures can be interpolated / extrapolated.

A.6.4 Vent Sizing Information Collection for Batch
Processes

The set point temperature from which the reaction will
be launched will normally be specified following
analysis of the maximum (likely) temperature that
could occur on the plant. The exothermic reaction is
logged with values of temperature and pressure versus
the time being used in the calculation of vent size
using relevant equations for two-phase flow. If mass
transfer-controlled reactions are suspected, repeat
tests are normally undertaken at different agitator
speeds / types for confirmation.

A.6.5 Vent Sizing Information Collection for Semi-
Batch Processes

The mixture of materials (without those to be added) is
charged to the vessel and heated to the desired
temperature. The remaining materials are then added
by being pumped in addition over a predefined period
of time (normally specified according to the minimum
plant addition period possible). Data can again be
directly used in the calculation of vent size using

relevant equations for two-phase flow.




A.6.6 Tempering Test

The aim of this test is to maintain the runaway reaction
at a set pressure (the plant rupture disc set pressure)
and determine if the temperature is controlled. This
test indicates whether a reaction tempers (ie. whether
evaporation of vapour is capable of controlling the
progress of the exothermic reaction). To conduct the
test, the vessel, inside the enclosure, is connected
directly to an expansion pressure vessel external to the
adiabatic environment. The pressure in the vessel is
controlled by the use of gas supply and venting
solenoid valves between the test cell and the
expansion volume. The runaway reaction is initiated
(either by heating or semi-batch addition), and the test
pressure within the test cell is maintained at the set
point pressure. If the reaction tempers (i.e. the
temperature plateaus during the reaction), vapour
pressure equations for vent sizing are employed. If the
reaction does not temper (i.e. the temperature
continues to increase relatively unabated), equations
for a gas generating system are employed.

A.6.7 Blowdown Test

The aim of this test is to determine the extent of two-
phase release during venting for a reactive (or non-
reactive system) to differentiate between reactions that
vent single-phase (gas or vapour only) or multi-phase
(gas / vapour and entrained liquid). The testis
conducted by top-venting (direct to a catch tank) at the
plant bursting disc set point. The sample can either be
allowed to self-heat to the set point, or it can be heated
to the set point using the internal heater. The quantity
of liquid vented from the test provides an indication of
the foamy nature of the material. The test is most often
required to assess the applicability of single-phase or
two-phase venting regimes. Interpretation of data
from VSP II blowdown tests is more straightforward, as
simple numerical criteria have been developed for the
apparatus to distinguish between single and two-
phase flow. Other - non-adiabatic - foaminess tests
can also be performed to characterise the nature of
flow during relief.

Bottom vented blowdown tests can also be performed
to evaluate the viscosity of the batch during runaway
to determine if relief sizing calculations need to take
account of higher viscosities (most equations are valid
at viscosities below 100 cP only).




A.7 Micro-Reaction Calorimetry

International Standard

No international standard applies

Quantity of Sample:

30-300 pL

Alternative Tests:

TC-100 Titration Calorimeter, Isothermal Titration Calorimeter (Microcal iTC200)

Test Purpose:

To determine thermodynamics and kinetics of reaction when conducted under
isothermal conditions. It can be used for Cp measurements as well.

Test Method:

The pRC is a power compensation calorimetry system. An isothermal reaction
calorimeter is composed of two identical cells made of a highly efficient thermal
conducting material surrounded by an adiabatic jacket. Sensitive thermopile/
thermocouple circuits are used to detect temperature differences between the
reference cell and the sample cell containing the test material(s). Prior to addition of a
reagent, a constant power (<1 mW) is applied to the reference cell. This directs a
feedback circuit, activating a heater located on the sample cell. During the experiment,
reagent is added into the sample cell in precisely known amounts, causing heat to be
either taken up or evolved (depending on the nature of the reaction). Measurements
consist of the time-dependent input of power required to maintain equal temperatures
between the sample and reference cells.

Results and
Interpretation:

In an exothermic reaction, the temperature in the sample cell increases upon addition
of reagent. This causes the feedback power to the sample cell to be decreased (a
reference power is applied to the reference cell) in order to maintain an equal
temperature between the two cells. In an endothermic reaction, the opposite occurs;
the feedback circuit increases the power in order to maintain a constant temperature
(isothermic/isothermal operation).

Observations are plotted as the power in calories or Joules per second needed to
maintain the reference and the sample cell at an identical temperature. This power is
given as a function of time in seconds. As a result, the raw data for an experiment
consists of a series of spikes of heat flow (power), with every spike corresponding to an
injection. These heat flow spikes/pulses are integrated with respect to time, giving the
total heat effect per injection. The pattern of these heat effects as a function of the
molar ratio [reagent]/ [substrate] can then be analyzed to give the thermodynamic
parameters of the interaction under study.

Reduced Versions of
the Test:

No reduced version of this test exists
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UK and Europe

Would you like more information?

Contact

Find out more information on
www.dekra-uk.co.uk

North America

Would you like more information?

Contact

Find out more information on
www.dekra.us
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