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1 EXECUTIVE SUMMARY
Under the sponsorship of the UK Health and Safety Executive (HSE), Chilworth Technology
Ltd and the Health and Safety Laboratories (HSL), Buxton, have undertaken a research
programme into the use of chemical inhibition techniques as a Basis of Safety for the control
of exothermic runaway reaction hazards.
The principal element of the research programme has been the design and running of a series
of pilot scale trials at HSL into the inhibition of an uncontrolled styrene monomer
polymerisation with associated laboratory and analytical work to plan the tests safely. The
research has drawn upon laboratory work conducted by Chilworth Technology and mixing
research sponsored by Chilworth. This report summarises the work conducted during the
project, together with significant background information and then puts the results into an
industrial context.
This work has drawn together existing literature and demonstrated the effectiveness of
reaction inhibition at a pilot plant scale. A greater understanding of the prospects for
inhibition as a Basis of Safety, and the factors to be considered during its utilisation, has been
achieved.
Pilot scale (210 l) experiments on the uncontrolled polymerisation of styrene have
demonstrated the effectiveness of the inhibitor injection at two different agitation speeds and
under conditions immediately following agitation failure. Modelling of the experiments using
a network-of-zones approach has shown some inadequacies with the reproduction of the pilot
scale data, notably in the inability to simulate the jet mixing effects that dominate in small
scale plant with the conditions employed. The present modelling results do, however, underpredict the mixing efficiency, thereby leading to a more conservative design for the cases
studied. Information on the selection of conditions for the design of a reaction inhibition
system is also given.
In an extension to the original project, funded by sponsorship from ISPESL of Italy, the
measurement of advancing viscosity in a laboratory calorimeter has been investigated. A
modified Dewar calorimeter has been built incorporating a vibrating pin viscometer. This
apparatus has been used to investigate the runaway reaction and viscosity behaviour of
styrene containing various initial concentrations of polystyrene for both uninhibited and
inhibited cases under different injection conditions. These trials have demonstrated the
effectiveness of the viscosity measurement apparatus and they have illustrated the effect of
viscosity and mixing conditions on the inhibition performance. However, a significant
deterioration in the thermal performance of the calorimeter was found with the prototype
employed, in comparison with a standard unit. Further work is recommended for
improvements to the apparatus and for computer CFD modelling of the mixing patterns of
small scale, pilot scale and industrial scale reactors.
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2 INTRODUCTION
The background and context of this research are described in this chapter.
2.1

POTENTIAL FOR RUNAWAY REACTION

Many chemical reactions within the process industries are exothermic in nature. Under normal
operating conditions the release of this heat from the reactor is controlled by the use of
internal cooling coils and/or jackets. If the rate of heat generation exceeds the rate of heat
removal a self-sustaining uncontrolled runaway reaction may occur. An analysis of such
incidents was conducted by Barton and Nolan1 in 1989. The paper covered 189 incidents that
occurred in the UK chemical industry between 1962 and 1987. Figure 2.1 shows the
distribution of the incidents reported.
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Figure 2.1 Number of incidents per specified chemical process
It can be seen that the potential for loss of control and hence runaway reaction is high, with
polymerisation accounting for almost 50% of the incidents studied.
Reactors used for exothermic processes are usually equipped such that either:
x

The conditions that permit a runaway reaction are minimised to an acceptably low level
(prevention) or

x

The conditions that permit a runaway reaction are minimised but not to a sufficient level
of acceptability. In this case, other measures are taken to protect the reactor against the
consequences of a runaway reaction (protection).
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Although emergency relief venting is the most commonly employed technique for reactor
protection, there are occasions where the calculated vent size is unrealistically large. There
are other methods of reactor protection, including that of active quenching (reaction
inhibition), which is not commonly employed but has the potential to overcome some of the
inherent disadvantages of emergency relief venting. This approach may be aimed at batch,
semi-batch and continuous manufacturing processes and is also applicable to the storage of
self-reactive substances.
Processes in which heat is absorbed (endothermic processes) are generally easier to control
than processes which generate heat (exothermic processes). This is due to the fact that, as the
exothermic reaction causes an increase in temperature, the rate of reaction is also increased.
Most mitigation and control methods act to remove the heat that is being, or has been,
generated. Inhibition differs in that it interferes with the chemistry itself retarding the
mechanism that generates the heat.
The hazard posed by chemical reactions is associated with the generation of pressure in a
sealed, or inadequately vented, vessel. Pressure can be developed by:
x

The exothermic reaction increases the mass temperature to above the atmospheric boiling
point and gives rise to vapour pressure effects.

x

Gas generation associated with the desired process can cause pressurisation.

x

The desired exothermic reaction increases the temperature sufficiently to initiate
secondary (undesired) reactions which generate heat and/or permanent gas or vapour
pressure effects.

The outcome of an exothermic runaway reaction is often a loss of containment of the process
materials. This can lead to a number of hazardous situations:
x

If the process materials are flammable, this can lead to fires and explosions.

x

Plant fragments may form missiles, posing a danger to personnel

x

If the process materials are toxic, this can pose a hazard to plant (and off-site
neighbouring) personnel.

x

If the process materials are environmentally damaging, this can pose a widespread
environmental hazard (in the case of waterways, this may not be limited to the area
immediately surrounding the plant).

There are several other effects on companies that suffer such occurrences. These include loss
of productivity (loss of market share), negative public perception of the company, legal costs
(if action is brought by the Health and Safety Executive (HSE)), environmental clean-up costs
and costs of rebuilding the damaged plant. Any one of the above consequences would be
reason enough to investigate methods of mitigation. Little work has been reported on the use
of reaction inhibition as a technique for mitigating the effects of a runaway reaction, which
has prompted the current research.
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2.2 SAFETY BASED ON PROCESS CONTROL PLUS ACTIVE QUENCHING
(REACTION INHIBITION)
A number of techniques are available to ensure safety in the event of runaway reactions. The
use of small quantities of active quenching agents that are capable of halting a runaway
reaction is one such technique. The major acknowledged limitation of inhibition systems is
that for some processes, inhibiting species may not exist (e.g. for decomposition reactions).
However, the cases where their use could be envisaged are :
x

A catalyst is present to accelerate a chemical reaction.

x

The reaction is highly dependent on pH.

x

One of the reagents can be selectively reacted by another less hazardous route using an
alternative chemical.

x

Highly reactive intermediate species are involved (such as free radicals).

Some industrial companies are understood to employ reaction inhibition systems as the basis
of safety. Many of these systems are employed for reactions involving free radical
mechanisms.
2.3

THE USE OF POLYMERISATION INHIBITORS

The present industrial use of polymerisation inhibitors may be summarised as:
x

Storage of monomers (at one level, to prevent polymer formation, which would
contaminate the feed stream to a process, and at another level, to prevent uncontrolled
runaway reactions occurring during storage). This is probably the most well researched
application of inhibition theory. The operation involves dosing of materials and
monitoring of the concentration and there are no particular issues of delivery mechanism.

x

Dosing to polymerisation reactors to modify the heat release characteristics during
normal reaction (to control “lively” reactions). This is a process control application
involving the dosing of material under controlled conditions.

x

Dosing to polymerisation reactors to halt the reaction at a pre-determined conversion
(i.e. not 100%) in order to obtain particular properties in the polymer. Again, this is a
process control application involving the dosing of material under controlled conditions.

x

As already discussed, in emergency systems to control reaction runaways in
polymerisation reactors. Some companies have their own proprietary data on which their
system was designed, whilst others have fitted systems that are not based on any reliable
data. This latter case is generally specified on “good engineering principles” alone. In
both cases, it is generally found that the inhibitor injection system is not the ultimate basis
of safety for the reactor, but that emergency relief venting is available to back-up the
injection system should it fail to be effective.

This project is designed to advance the knowledge-base in the last of these applications.
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2.4

OBJECTIVES OF THE PROJECT

To test the operation on pilot scale of the inhibition of the runaway polymerisation of styrene
Preparation of a report containing a development in the understanding / guidance for the
design and application of reaction inhibition systems in industry.
2.5

STRATEGY

Laboratory scale tests were performed in an RC1 reaction calorimeter and Dewar vessel at
Chilworth with the aim of deriving kinetic information. The results of these experiments were
analysed to yield a complex empirical expression to describe the kinetics throughout the
runaway. Unfortunately, owing to insufficient data, the expression proved not to be
applicable across all of the proposed test conditions. To supplement this work, HSL also
carried out some adiabatic calorimetry to characterise the polymerisation kinetics, this data
being analysed to provide a pseudo-first order kinetic expression suitable for the initial stage
of the runaway. The results of these kinetic studies were used in a pilot plant simulation
program (Chem Model) to help in the design of the pilot scale experiments.
Pilot scale tests were planned and carried out for three sets of parameters chosen to allow a
reasonable test of the inhibition system. These planned pilot scale tests are outlined below.
Experiment 1
The conditions for this experiment were selected so that a runaway polymerisation reaction
was clearly established. The temperature at which the inhibitor is injected was chosen so that
the rate of temperature rise was reasonable, without being dangerously high, to give a fair
challenge to the inhibitor. A high gas pressure in the injection vessel and rapid agitation
allows a short injection time with efficient mixing.
Objectives
1.1)
Establish that a pilot-scale runaway polymerisation could be initiated, detected and
then stopped by the injection of inhibitor.
1.2)
Confirm predictions for the temperature-time profile predicted prior to the experiment
using the description of the reaction kinetics and heat transfer developed.
1.3)

Provide data for comparison with network of zones modelling.

Experiment 2
The conditions for this experiment were the same as those for Experiment 1 except that the
speed of agitation was lower. The magnitude of the reduction in speed was selected during
water commissioning and after Experiment 1 by noting when there was a significant reduction
in turbulence, but without reaching the point where inhibition was likely to become
ineffective.
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Objectives
2.1)
Confirm predictions for the temperature-time profile predicted prior to the experiment
using the description of the reaction kinetics and heat transfer developed.
2.2)
Established whether the reduction in agitation resulted in any significant changes in
the temperature distribution in the reactor either before or after inhibitor injection.
2.3)

Provide data for comparison with network of zones modelling.

(Note: Experiments 1 and 2 required an additional (independent) temperature controller to
automatically open the bottom outlet valve on the reactor and discharge the contents to the
catch tank in the event that the inhibition system proved to be ineffective)
Experiment 3
The agitation speed was the same as Experiment 1 until the agitator was switched off just
below the injection temperature (giving residual agitation during injection). If the inhibitor
failed to stop the runaway, agitation would be resumed automatically when the temperature
exceeded the injection temperature by 5°C. The temperatures for switching off and resuming
agitation are provisional and were reviewed after experiments 1 and 2.
(Note: This experiment required substantial modifications to the wiring of the main control
panel for the pilot plant in order to restart the agitator automatically.)
Objectives
3.1)
This experiment was used to establish what might occur if there was a delay of a few
seconds between the agitator stopping and the injection of the inhibitor to simulate an agitator
failure incident followed by emergency inhibition.
3.2)
Large temperature gradients were expected to develop in the reactor during this
experiment. The temperature distribution was compared with the distribution predicted by
various analytical methods.
3.3)
The experiment provided an indication as to whether residual agitation is required in
order for inhibition to stop the runaway.
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3 EMERGENCY INJECTION AS A METHOD OF REACTION
CONTROL
The injection of a reactive chemical that disrupts the progress of a runaway reaction is,
therefore, a technique well accepted in principle, but without a sound basis for design or
practical demonstration. The design of an effective inhibitor injection system will need to
address a number of parameters, which boil down to three categories of problem; the choice
of the chemical agent, the effective detection of abnormal behaviour and the initiation of the
injection sequence, and the effective introduction and mixing of the agent in the reactor.
3.1

CHOICE OF CHEMICAL INHIBITION AGENT

The first requirement of an effective inhibition system is the choice of a chemical agent
capable of moderating the runaway reaction for sufficient time to allow remedial action to be
taken. As was discussed in Section 2.2, there are a number of different categories of reaction
for which inhibition could be an appropriate basis of safety. Certain categories of reaction
have been well studied over the years and consequently candidate inhibition compounds are
available in the literature. For example, for free-radical polymerisation reactions, commonly
researched inhibition compounds include:
Quinones2,3,4,5 : eg. Hydroquinone, benzoquinone, chloranil, tert-butyl catechol (ptbc)
Nitro Compounds6,7,8 : eg. Nitrobenzene, nitrothiophene, nitroso compounds
Metal Salts9,10,11,12 : eg. Ferric chloride, triethyl aluminium
Thiazines13,14,15 : eg. Phenylenediamines, phenothiazine
For other reactions, there may be considerably less readily available information, and thus a
more sustained search of suitable compounds is required. Nevertheless, this literature search
is the starting point in finding an effective inhibitor.
In the absence of positive literature results, a reaction specific analysis is required. The first
step is the understanding of the runaway reaction chemical mechanism. Basic chemistry
knowledge of the reason for the runaway may identify a suitable direction of research. For
example, if the reaction rate is sensitive to the system pH, then acid/base injection could be a
promising strategy. Equally if the presence of a catalyst promotes the reaction, a compound
which would disable the catalyst, could be considered.
Once candidate compounds are identified, the next step is to examine these materials in
laboratory studies. Essentially there are two levels of study, screening of prospective
compounds and characterisation of their activity. For the screening of possible candidates,
laboratory glassware or low precision adiabatic calorimetry apparatus such as the Carius tube
apparatus could be used. A runaway reaction is invoked in the equipment and at some predetermined condition, the prospective inhibitor is injected. Subsequent monitoring of
temperature and pressure will allow a comparison in effectiveness of the different agents.
Some parametric analysis can also be conducted at this point.
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When seeking an effective inhibitor, a number of attributes are required. These include:
x

To be effective at halting the runaway reaction at the elevated temperatures

x

To be easily manipulated (probably as a liquid or gas for ease of injection)

x

To be effective at small injection quantities

x

Not to be prohibitively expensive

x

Not to have undesirable toxicity characteristics (for handling and waste disposal)

x

Not to adversely affect the characteristics of the product (to allow recovery following the
injection)

Once the injection compound has been chosen, further laboratory investigation is required to
provide full characterisation. Precision calorimetry experiments, both isothermal and
adiabatic, are initially required. The runaway reaction, in the absence of inhibition, will need
to be fully quantified. The conditions leading to the runaway reaction should be studied and
the kinetics evaluated. This work will both yield a baseline against which to judge the
inhibitor and indicate the timescale available to take effective action. The effect of inhibitor
injection is then studied. Typical issues to be quantified include:
x

Does the inhibitor retard or permanently halt (“kill”) the runaway reaction?

x

Effect of inhibitor concentration (and how does this influence the inhibition period)

x

Effect of temperature of injection (i.e. the relationship between advancing reaction rate
and the kinetics of the inhibition process)

x

Effect of initiator concentration (for polymerisation systems where runaway is related to
the polymerisation initiator)

x

Effect of atmosphere (e.g. is oxygen a requirement for effective inhibition?)

x

Effect of materials of construction (e.g. ferrous contaminants)

x

Effect of system pressure (some inhibition systems are sensitive to total pressure)

x

Physical properties (e.g. viscosity, state of compounds, etc)

The first issue to be resolved in the design of an effective inhibitor injection system is
therefore the choice of inhibition chemical and the quantitative characterisation of its action in
retarding or halting the incipient runaway reaction. The techniques required to allow this to be
performed are fully understood and readily available in existing chemical reaction hazard
laboratories. More information on selection of a chemical inhibitor can be found in the PhD
thesis of Rowe16.
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3.2

DESIGN OF A HIGH RELIABILITY CONTROL SYSTEM FOR INJECTION

The second requirement of an effective inhibition system is the ability to detect the incipient
runaway and actuate the injection system mechanism reliably. This aspect brings in the
requirements of control system design, but equally requires that the system is adapted to the
requirements of the chemistry.
Before any detection system can be specified, a thorough understanding must be developed of
the normal plant operation. This should include the normal variability in operating
parameters, start-up and shutdown effects and likely plant upsets which are controllable by
the installed equipment but which would cause variability in operating parameters. The data
for this analysis will come from a variety of sources including plant or pilot plant operating
experience, hazard reviews, analysis of plant equipment capabilities, laboratory
investigations, etc. The intention is to define the limit of conditions which are considered
acceptable (recovery may be achieved by the process control system) and differentiate these
from those requiring emergency action. Clearly, the spurious injection of an inhibition agent
must be minimised, particularly if the chemical used will irreversibly halt the reaction.
The detection of an incipient or confirmed runaway can be based upon a number of variables.
These can include process temperature and pressure, used as threshold limits, or
differentiation of the values, to indicate increasing or accelerating conditions. Other
parameters can be used as trigger variables, the choice being process specific (e.g. viscosity,
agitator power draw, cooling fluid conditions, pH, gas generation rate, etc.). Equally, any
failure condition known to lead to a runaway reaction can be used to trigger injection, the
most frequent example being agitator failure. Finally, manual initiation by the operator can be
employed.
The injection of the inhibitor will generally be conducted by automated equipment. Thus
actuated valves will be opened, or some other action initiated. It would not normally be
reasonable to require manual actuation of valves close to the reaction vessel for the
introduction of the inhibiting agent.
Whatever concept is employed for the injection equipment, it is critical that it is in a continual
state of readiness for use. Thus monitoring instrumentation is required for all important
parameters.
All instrumentation and control equipment used for the detection and actuation system must
be of an adequate integrity. If the inhibitor injection system is intended to be the ultimate
basis of safety for the reactor or storage vessel against runaway reaction, it will require a
higher level of integrity than if it is a mitigating measure to minimise the releases via a
pressure relief system. The appropriate safety integrity level should be assessed and the
control equipment designed to provide this. Existing standards are available for the design of
high reliability protection systems, and the injection system should be designed to
IEC 6150817.
Thus the second issue to be resolved in the design of an effective inhibitor injection system is
the reliable detection of abnormal conditions or incipient runaway reaction and the actuation
of injection equipment. The techniques required to allow this to be performed are fully
understood and international standards are available to guide the design, operation, and
maintenance of high integrity protection systems.
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3.3

MIXING OF THE INHIBITION AGENT INTO THE REACTING MEDIUM

The third key requirement is the ability to deliver the inhibition agent into the reactor or
storage vessel and to distribute it from the point of injection to all locations within the vessel
sufficiently fast, in order that the chemical reaction that will “kill” the incipient runaway
reaction can take place. This is the main area where established design principles are not
presently available.
The method of delivery of the inhibition chemical could take a variety of forms, from pouring
onto the liquid surface to injection sub-surface, from wall mounted nozzles to penetrating dip
tubes, from single injection points to multiple injection locations. The motive force for
delivering the injected fluid could be pumping, gas pressure or gravity. The inhibitor could be
added as one discrete slug, over an extended period of time, or as multiple, phased additions.
The entry point to the vessel could be an open pipe or a specially designed nozzle. Any
orientation of the injection point could be considered. Hence, the design of the delivery
system will significantly influence the distribution within the vessel.
Once the inhibition agent is in the vessel, it must be distributed throughout the reacting mass
to allow inhibition to occur. It is the realm of macro-mixing to predict the spread of
concentration fields and the attainment of homogeneous conditions. A large number of factors
will influence this distribution including:
x

The operation of a mechanical agitator in the vessel (running, stopped, or recently
stopped)

x

The method of delivery (jet mixing, gas assisted turbulence)

x

The conditions of delivery, as discussed in the paragraph above

x

The relative physical properties of the reacting and injected fluids

x

Internal obstacles in the vessel (coils, baffles, probes, etc)

x

Thermal currents in the fluids, diffusion, and other lesser effects

Once macro-mixing has succeeded in generating a near homogeneous fluid, reaction between
the inhibitor and the reacting species is required to interfere with the runaway. This is the
realm of meso- and micro-mixing, the bringing together of the appropriate molecules to
permit their reaction. Factors such local shear levels and molecular diffusivity are significant
here. Depending upon the characteristics of the inhibitor chosen, micro-mixing effects may
well be important for successful inhibition. Nevertheless, in all cases, achieving adequate
macro-mixing is a first priority.
Thus, the third issue to be resolved in the design of an effective inhibitor injection system is
the reliable mixing of the inhibitor to all areas within the reaction vessel. The techniques
required to allow the a priori prediction of mixing behaviour and the design of injection
conditions that will allow confidence in the performance of large scale installations are not
fully understood or available. The principal thrust of the present research has been to shed
more light on the factors influencing the mixing and reaction of discrete quantities of injected
chemicals during the inhibition process.
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3.4

PRESENT KNOWLEDGE AND AREAS OF UNCERTAINTY

As discussed in the above sections, the methods and techniques for the selection of an
appropriate inhibition agent are understood, at least by the chemical reaction hazard safety
professionals. Equally, instrument engineers and safety professionals are able to specify and
design high integrity control systems to ensure delivery of the inhibition compound into the
vessel when required. The realm of mixing is, however, less well understood, particularly in
the scaling between different vessel sizes.
Standard mixing knowledge attempts to identify the influence of different agitation devices
and baffling on the fluid re-circulation patterns, degrees of shear and other conditions within
the vessel. The power required to achieve a certain outcome, heat transfer rates through the
jacket and coils, and mass transfer between liquids and solids or gases and liquids, are
examples of the areas where research has previously been conducted or is ongoing. Such
research will often make use of tracer injection, but the drive is generally to quantify the
continuous mixing events. Thus the question of how to reliably mix a discrete quantity of
injected fluid into a large body of liquid, where the consequences of failure could be serious,
is a novel one.
Agitation theory is available to allow scaling of particular phenomena between vessel sizes,
being traditionally based upon dimensionless numbers. Thus mixing time, pumping, shear
rates, power requirements, etc can be estimated. Analysis by dimensionless numbers is
essentially a one-dimensional global approach. More detail of the conditions within the
mixing vessel can be examined using modern computational fluid dynamics (CFD) methods.
These computer programs analyse the movement of fluids in the vessel using the Navier
Stokes equations, with superimposed consideration of localised turbulence, etc. Such analyses
allow a 3-dimensional view of the behaviour of the fluid in the vessel with time. Traditional
CFD packages, are believed to be good at simulating the fluid dynamics, but less good at
describing the variation of concentration profiles within the fluid, this aspect being
particularly important in the case on inhibition. A computational fluid modelling simulation
technique called the Network-of-Zones has placed more emphasis on the description of the
concentration fields, and this is discussed further in Section 4.5.
It is essential to test the performance of simulations against experimental data. One way in
which this is done is to perform laboratory “wet” trials to allow visualisation of effects, before
performing scale-up calculations, and this is discussed further in Section 4.4.
The scope of the present investigation has been to undertake a variety of laboratory mixing
trials in order to assess the important parameters for good mixing of the inhibition agent, and
to conduct laboratory calorimetry trials to characterise the chemistry and kinetics of a
particular inhibition reaction, drawing the results together to allow specification of an
effective injection system. In parallel, efforts have been undertaken to construct a
computational fluid mathematical model of both the mixing and inhibition aspects to describe
the system. The pilot plant scale data were used to test the mathematical model and the results
compared with the various modelling techniques.
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4 RESEARCH UNDERTAKEN DURING THE PRESENT
PROJECT
4.1

INHIBITION SYSTEM UNDER INVESTIGATION

In selecting a suitable reaction for investigation purposes a number of criteria are important.
The substantial previous work undertaken on the inhibition of polymerisation reactions makes
these ideal candidates for the present study. When selecting a candidate polymerisation
reaction and inhibitor, the ideal reaction must fulfil certain criteria:
x

The reaction must not be complicated. The presence of many materials (e.g. modifying
agents, solvents or diluents) will increase the complexity of dissociating effects due to
inhibition and those due to other chemical interactions. Ideally, the reaction should be a
bulk polymerisation reaction that utilises one (well characterised) initiator.

x

The mechanism of the reaction should be well documented to allow an evaluation of the
kinetic aspects of the inhibition process.

x

The monomer should be widely used in industry such that the results of the study are
applicable to industrial manufacturers. The use of diverse monomers would make the
research esoteric and not applicable to many monomer handling companies.

x

Runaway reaction data should be available in the open literature in order to compare and
ratify the experimental results with those obtained using other apparatus.

x

The characteristics of the runaway reaction (i.e. the peak temperature, pressure and rate of
the runaway) should be contained within the limits of the experimental apparatus and
should be easily and accurately monitored.

x

A polymerisation process in which the product is mobile should be used. Although it is
recognised that polymerisation processes can involve solidification or gelling, the
effectiveness of inhibition in such cases is unknown.

Following a review of the literature, the polymerisation of styrene catalysed by benzoyl
peroxide has been identified as a suitable polymerisation reaction for this study. All of the
above criteria are satisfied for this process. Styrene has the additional advantage that several
inhibitors are already known and one in particular is used effectively during monomer
storage, para tertiary butyl catechol (ptbc).
4.2

LABORATORY INVESTIGATIONS

In order to assess the effectiveness of inhibition as a technique for mitigating the effects of
runaway reactions, a number of lab scale trials were conducted. The purpose of these trials
was to generate data from which suitable kinetic expressions could be derived.
4.2.1

Characterisation of the Normal Reaction Using Heat Flow Calorimetry

An assessment of the styrene polymerisation under normal operating conditions was
conducted using a heat flow calorimeter. A heat flow calorimeter simulates conditions at plant
scale by maintaining the reaction mass temperature at a previously set temperature. Two
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experimental runs were conducted, the first at a temperature of 80°C and the second at a
temperature of 90°C.
Styrene monomer was charged to the vessel at room temperature. Agitation was initiated
followed by a number of temperature ramps and calibrations until the desired reaction
temperature had been achieved. Once equilibration had been achieved the benzoyl peroxide
initiator, dissolved in styrene to aid dispersion, was added. After a period of time,
approximately equivalent to a conversion of 10%, ptbc inhibitor, also dissolved in styrene,
was injected. This served a dual purpose of killing the reaction and allowing the reaction mass
to remain mobile for ease of cleaning. Experimental data is summarised in Table 4.1, with
reaction profiles in Figure 4.1 and Figure.4.2
Table 4.1 Parameters for Heat Flow Calorimetry Study
Lab Expt 1

Lab Expt 2

Reaction temperature (°C)

80

90

Mass of styrene (kg)

0.7212

0.7212

Mass of benzoyl peroxide (kg)

0.00533

0.00533

Mass of inhibitor/styrene (kg)

0.0119/0.025

0.0119/0.025

100

100

95.8

136.6

Agitation speed (rpm)
-2

-1

Overall heat transfer coefficient (W.m .K )

25

84

20

82

15

81

10

80

5

79

0

78

-5

-10

77
150

Power (W)

Temperature (°C)

Inhibitor Added
83

170

190

210

230

250

270

290

310

330

350

Time (minutes)
Temperature

Heat Flow

Figure 4.1 Temperature/Power Profile for Heat Flow Calorimetry Experiment 1 at
80°C
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Figure.4.2 Temperature/Power Profile for Heat Flow Calorimetry Experiment 2 at
90°C
Upon injection of the initiator both figures show an immediate increase in the rate of reaction
as seen in the heat flow curves. It is known that styrene will thermally polymerise at a
temperature of 90°C, however, at this temperature the rate of thermal polymerisation is low
and the observed reaction in experiment 2 may be considered chemically initiated only.
The average rate of heat output from laboratory experiment 1 is between 12 and 14 Watts,
whereas, laboratory experiment 2 shows an average heat output of around 45 Watts. This is a
factor of, on average, 3.5 in observed reaction rate. This data has then been used in the
analysis of reaction kinetics (Section 4.3).
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4.2.2

Characterisation of the Runaway Reaction Using Adiabatic Calorimetry

Experiments were performed to assess the potential of runaway reaction. This is done using
adiabatic calorimetry in a pressure Dewar (at Chilworth) and in a PhiTec II calorimeter (at
HSL).
Tests were conducted in an ADC II adiabatic pressure Dewar calorimeter. For the chemically
initiated polymerisation, benzoyl peroxide (0.5 % wt/wt) in styrene was charged to the Dewar
vessel. After sealing and connecting to all relevant logging and control systems, the sample
(750 g) was heated to 343 K (70°C) and maintained under adiabatic conditions up to the end
of the test. For the thermally initiated test, the same procedure was employed (with 750 g of
pure styrene used) and the sample was heated in 5 K steps using a heat-wait-search technique
to determine the onset of exothermic reaction. On detection of the reaction, the system was
left under adiabatic conditions until the reaction was complete. The data is presented in
Figure 4.3 and Figure 4.4.
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It can be seen from comparison between Figure 4.3 and Figure 4.4 that the chemically
initiated polymerisation has a marginally higher final temperature and pressure. However,
more significantly the chemically initiated reaction achieves this final state at a much faster
rate than them thermally initiated experiment.
A further test was carried out using the same procedure as above for the chemically initiated
runaway. However, on this occasion inhibitor was injected at 110°C and the test was left
under adiabatic conditions. Figure 4.5 illustrates the temperature profile of the experiment and
compares the reaction with an uninhibited trial.
The first point to be noted is that upon injection of the inhibitor there is an immediate fall in
the rate of temperature rise, thus confirming that there is cessation of the reaction at this stage.
However, it was noticed that the temperature began to rise again, after approximately 1 hour.
After approximately 3 hours the runaway reaction has resumed although slightly less
vigorously than for the uninhibited case.
ptbc is widely used as an inhibitor during storage of styrene monomer. As styrene
spontaneously forms a radical the ptbc combines with the radical thus inhibiting the formation
of a polymer chain. Figure 4.5 shows that as the ptbc mops up the styrene radicals it is slowly
being consumed. Eventually a stage is reached whereby the rate of inhibition by the ptbc is
less than the rate of styrene radical generation. Therefore, ptbc may be thought of as a
reaction “retarder” rather than a reaction “killer”.
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This may have both positive and negative implications for use as a basis of safety. One
positive implication is that the reaction batch would not be lost; thereby providing control
may be regained, cost savings may be possible as loss of material and downtime for clean-up
are significantly reduced.
The negative implications are that if the inhibitor is injected at a higher temperature than
originally designed then the runaway may recover too soon for supplementary measures, such
as cooling, to be effective. To assess the implications of ptbc acting as a retarder rather than
completely halting the reaction, further laboratory studies were conducted.
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Figure 4.5 Recovery of Runaway Reaction Following Retardation
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4

4.5

4.2.3

Inhibition Studies

In response to the discovery that the runaway reaction was able to recover, further laboratory
trials were conducted in an adiabatic pressure Dewar calorimeter to assess the effect of
inhibitor concentration. Figure 4.6 illustrates the recovery time for a number of different ptbc
concentrations, all injected at 110°C.
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Figure 4.6 Effect of Inhibitor Concentration upon Runaway Reaction Recovery
Clearly there is a correlation between the inhibitor concentration and recovery time for the
runaway. This would appear to agree with the suggested mechanism of inhibition, in that the
greater concentration of inhibitor is more readily available to mop up any styrene radicals that
may be generated, this relationship is not directly proportional (reaches saturation). There also
appears to be little effect upon the overall maximum temperature under adiabatic conditions
from the inhibitor concentration, suggesting that the inhibitor only affects the radicals already
formed, although it retains a reduced retarding effect. It was decided that for the pilot scale
trials an inhibitor concentration of 0.01 mol/mol would be used.
As the rate of styrene radical formation is a function of temperature, additional experiments
were conducted to assess the effect of temperature upon inhibitor effectiveness. Figure 4.7
shows a ptbc concentration of 0.01 mol/mol styrene being injected at three separate
temperatures. It can be seen that there is a strong correlation between temperature and
recovery time, with the recovery time becoming shorter at higher injection temperatures. It is
thought that the mode of action of the ptbc is to prematurely terminate growing polymer
chains, thereby yielding significantly shorter chains and causing the observed retardation.
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Figure 4.7 Effect of Injection Temperature upon Recovery Time
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4.3

ANALYSIS OF KINETICS

From the raw thermal data (obtained from the RC1 and adiabatic Dewar calorimeters) a
number of additional characteristics have been derived, the first of these is the kinetics.
Townsend and Tou18 suggest that kinetic data may be derived from the temperature profile.
For an adiabatic exothermic reaction no heat generated is lost to the surroundings, therefore,
the heat is retained within the reaction mass and thus elevates the reaction mass temperature.
As the rate of heat generated is a function of the rate of reaction then the rate of temperature
rise may also be thought of as a function of the rate of reaction (this is not strictly true as both
the specific heat and composition vary during reaction). For simple systems this provides an
adequate description.
The following expression relates the temperature (T) to a pseudo first order reaction rate
constant (k0):

k0

dT dt
Tmax  T

k0

A  e Ea

Where:
R T

A plot of the ln k vs 1/T (K) will generate a linear relationship for a simple first order
reaction. The slope of the curve is equivalent to Ea/R and the intercept along the y axis is the
natural log of the pre-exponential factor.
This methodology was the basis of work done by Rowe16 during his investigations into
reaction inhibition.
Early work, upon thermally initiated free radical polymerisation, was carried out by Hui and
Hamielec19. Their model, based upon isothermal data between 100°C and 200°C, was found
to correlate their data up to 230°C. For low conversions (the pilot scale work involves a
conversion of around 10%) the model may be simplified to:
dM/dt = 1.964 x 105 e(-83472/(R.T)).[Monomer]3/2 .M
where, M is the mass of styrene monomer.
However, it was soon realised that chemically initiated styrene polymerisation could not be
considered a simple first order reaction and so further development was carried out. Figure
4.8 illustrates the temperature profile of an adiabatic runaway reaction for benzoyl peroxide
catalysed styrene polymerisation, overlaid by the rate of temperature rise. It can be seen that a
series of three distinct peaks are visible on the temperature rate curve. This suggests that three
separate reaction mechanisms are occurring at different stages during the runaway. This effect
was also observed by Leung et al20 but to a lesser degree (probably due to lower sensitivity of
the calorimeter). Rowe and Leung both suggested that the first peak is due to chemically
initiated polymerisation. It was also suggested that the third peak was attributable to thermal
polymerisation. At this stage it is expected that the initiator, being an organic peroxide, would
have completely decomposed leaving only thermal effects dominating. Based upon work
conducted by Bevington21,22, Rowe went further to suggest that the second peak was due to
the formation of a second radical species.
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Theoretically, the initiator decomposes to give two phenyl radicals :
PhCO-O-O-COPh

2.Ph.

Æ

+

2.CO2

It is conceivable that there exists an intermediate species, or stabilised free radical that only
initiates effectively at higher temperature conditions (such as a stabilised hydroperoxide). The
work conducted by Bevington indicated that the breakdown of benzoyl peroxide yields,
initially, benzoyloxy radicals (C6H5CO.O.). This radical then degrades, liberating carbon
dioxide to give the phenyl radical. Particularly in the presence of styrene, the decomposition
of the benzoyloxy radical is inhibited. The differing initiation potential of the phenyl and
benzoyloxy radicals may give rise to the two stage initiation kinetics observed.
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Figure 4.8 Temperature and Rate of Temperature Rise for Benzoyl Peroxide Initiated
Styrene Polymerisation (Adiabatic Dewar Calorimetry)
For the purposes of analysis, the work by Rowe was limited to the kinetics of the first peak
that occurs at approximately 160°C. By this point the runaway reaction may be considered
fully developed. For the pilot scale trials, a limiting temperature of 120°C has been chosen for
injection of the inhibitor. The work of Rowe has been extended using the data discussed
earlier in this Section, resulting in the following kinetic expression:
r = 1.1 x 106 e(-86100/(R.T)).[Monomer]2 + 1.1 x 108 e(-87837/(R.T)).[Initiator]1/2
Where the first term is the contribution due to thermally initiated polymerisation, and the
second term is the contribution due to chemically initiated polymerisation. The strong
similarity of the first term, to that suggested by Hui and Hamielec should be noted.
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Although the complete polymerisation kinetics are complex, for the early stage of
polymerisation, over the temperature range of interest for the pilot plant tests, a first order
kinetic expression may be an adequate approximation. The more complex kinetics identified
above for higher temperatures should not be encountered if the inhibitor is successful. The
results of the adiabatic calorimetry in a PhiTec II instrument carried out at HSL are given in
Appendix A. From the slope and intercept of the plot shown in Figure A2 the following
pseudo first order kinetic parameters for temperatures between 77°C and 150°C were derived:
A = 6.405 x 1011
Ea = 105992

dX c
dt

§E ·
A exp¨ a ¸ 1  X c
© RT ¹

This pseudo first order kinetic expression, combined with estimates of the heat transfer
characteristics of the pilot reactor, provided the input parameters into a computer simulation
model of the runaway scenarios using the following expression:

dT
dt

§E ·
A exp¨ a ¸ 1  X c
© RT ¹

§ HoR · § UA
¨
¸¨
¨ C ¸ ¨ mC
p
p
©
¹ ©

·
¸
¸
¹

These ‘ChemModel’ simulations enabled estimates of the rate of temperature rise during
runaway polymerisation and therefore the selection of temperatures for initialisation and
subsequent inhibition of the reaction for safe operation of the pilot tests. For these simulations
only an estimated value of the overall heat transfer coefficient was available as cooling curve
calculations could, of course, only be performed after the tests. Figure 4.9 shows the
sensitivity of the runaway to the initial conditions. It should be noted that where simulation
suggests that higher temperatures would be encountered, the more complex kinetics would
occur. The parts of the simulation curve after the peak are artefacts of the approximation and
are of no physical significance.
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Figure 4.9 –Chem Model Simulations of Styrene Polymerisation at Pilot Plant Scale
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4.4

LABORATORY INJECTION AND MIXING TRIALS

A series of trials have been conducted at UMIST under sponsorship23 by Chilworth
Technology, to experimentally examine the influence of different injection regimes. These
visualisation trials consisted of injecting a discrete quantity of dye into a water-filled stirred
tank and observing the progression of the mixing, from initial dark point, through diffusing
cloud to homogeneous coloured liquid. The experimental rig consisted of a 23 litre cylindrical
Perspex tank, with variable speed agitator and a pulse dye injection system. The siting of an
inclined mirror beneath the tank allowed the visualisation to achieve simultaneous elevation
and plan images, recorded using a digital video camera. The video record was then converted
to a computer media image for direct comparison with the results of modelling studies (see
Section 4.5).
A number of different parameters were studied, including:

x

Effect of agitator impeller type (principally pitched bladed and Rushton turbines)

x

Effect of agitator speed

x

Effect of tank bottom (flat and dished end)

x

Effect of injection location (base of tank and top of liquid)

x

Effect of injection duration

x

Effect of injection following agitator halting (various delay times)

x

Effect of injection into quiescent liquid

x

Effect of liquid viscosity

Each experiment produced a series of video images showing the migrating dye cloud as a
function of time. Examples of stills taken from the video images obtained are given in the
Appendix D figures.
A number of general conclusions can be drawn from the laboratory visualisation studies.
The operation of the agitator clearly has a major influence on the overall mixing of the
injected tracer. Different impellers will have different re-circulation patterns in the vessel and
knowledge of these flow patterns, from literature or from visualisation trials, is important in
achieving optimal overall mixing. The optimal location of the injection nozzle must be chosen
with respect to this re-circulation pattern.
Concerning the duration of injection, the results indicate that the tracer should be introduced
as rapidly as possible, this being counter to an argument that suggested the injection time
should be matched to the fluid re-circulation time.
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As may have been expected, a faster agitator speed results in faster mixing. Application of
classical mixing time theory has examined the effect of “overall turnover time”, the ratio of
vessel volume (V) to agitator pumping rate (Qp). The pumping rate is a function of the
agitator speed (N) and its diameter (D) and is given by:
Qp = k u N u D3
The laboratory work has confirmed that the same degree of mixing is achieved at time
intervals corresponding to constant values of overall turnover time (V/Qp). Thus the mixing
behaviour at one agitator speed may be predicted from observations at another speed.
Continuation of the tracer mixing after the impeller failure is seen to be significant, albeit that
the re-circulation velocity of the vessel’s fluid reduces according to an exponential decay. In
these cases, injection of the tracer should be undertaken as soon as possible after the agitator
stoppage, and as rapidly as possible. In the complete absence of agitation, momentum and
diffusion effects are the controlling phenomena, although at the present time analysis of these
results has not yielded any conclusions.
As a result of the understanding provided by these trials, the experimental set-up for the pilot
plant tests was developed. The approach chosen was to optimise the inhibitor injection
conditions to favour effective inhibition (inhibitor quantity, rapid injection time, injection
location) and then, owing to the limited number of tests possible, to examine the influence of
agitation factors. The goal was to observe if the rules and simulations conducted at small scale
(0.7 l calorimetry studies and 23 l water visualisation studies) allowed successful prediction of
behaviour at 210 l reactive system scale.
4.5

MATHEMATICAL MODELLING OF MIXING TRIALS

The inadequacies of early empirical 1-D measures like “mixing time” have led to the
development of increasingly improved mixing models which seek to account for the
convective flow pattern and associated turbulence so as to build a fully 3-D picture of the
complex fluid mechanics. Approaches such as commercial CFD have concentrated upon a
description of the fluid dynamics, thereby obtaining a view of the movement patterns in the
mixing vessel. These CFD packages often require powerful computers and are less capable of
reliably simulating concentration fields and complex reactions.
Researchers24 have separately developed 2-D and 3-D networks-of-zones models. This is a
computationally simplified method, which takes a slightly different approach to fluid mixing
compared to more complex CFD solutions. The mixing vessel is divided into a number of
zones above and below the agitator impeller, each of which is assumed to be locally perfectly
backmixed. Each zone has a direct through flow of fluid and exchanges equal and opposite
flows with directly adjacent zones, thereby accounting simply for the lateral mixing caused by
turbulence between adjacent flows under typically turbulent flow conditions.
The
configuration and flow exchange inherent in the network-of-zones modeling approach is
illustrated in Figure 4.10 and Figure 4.11.
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Figure 4.10 Configuration of Control Volumes in a 3-D Network-of-Zones
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Figure 4.11 Network-of-Zones Arrangement and Flow and Exchange for a Typical
Zone
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The network-of-zones 3-D model, being a research tool, is under continual development and
adaptations have been made to tailor the model for the present project. In the initial stages,
changes were made to reflect the requirements of the physical investigation of simulating the
water trials, whilst in the latter stages of the project, the reaction chemistry and physical
properties of the styrene / polystyrene system were introduced. The network-of-zones model
does not solve the Navier-Stokes equations, as a traditional CFD package would, and is hence
unable to derive, fundamentally, the fluid flow patterns. Hence the user has the opportunity of
choosing the physical and chemistry set-up, but has to input values to describe the
characteristics of the impeller. These parameters are taken from either literature values or
visualisation rig observations.
During the visualisation trials conducted with water (Section 4.4) the ability of the networkof-zones simulation to reproduce the experimental observations was tested. For this, the
results files from the computational software were processed using a graphics package to
yield images of the diffusing tracer cloud. Visual comparison between the experimental and
simulation images was used to confirm the quality of the mixing simulations. A number of
examples are shown in the Appendix D figures. These results clearly indicate a good level of
agreement and validate the network-of-zones model under these circumstances. With the
understanding that the mixing behaviour was reasonably represented by the simulation model,
the runaway reaction and inhibition model was added.
4.6

PILOT SCALE FACILITY AT BUXTON

With substantial experience of inhibiting the runaway polymerisation of styrene at laboratory
scale, and an understanding of the requirements of an effective injection system, trials were
conceived to demonstrate that effective dispersion and inhibition could be achieved at pilot
scale, a scale-up factor of 300. In addition to demonstrating effective inhibition, the purpose
of the trials was to permit investigation of a number of parameters. The original programme
of trials intended to cover such aspects as the influences of mixing, viscosity and injection
location, this list already being a condensed form of a more extensive list of relevant
parameters considered for study. However, constraints on resources resulted in the final
programme being limited to three trials covering aspects of mixing from reactor agitation.
The HSL pilot scale facility for investigating runaway reactions is based around a 340 litre,
jacketed, glass lined reactor equipped with four glass feed vessels and (for this test series) a
glass feed column plus an injector vessel. The reactor is connected, via a vent line, to a 2,500
litre stainless steel catch tank. A schematic diagram of the system is shown in Figure 4.12.
The reactor and the catch tank have a maximum working pressure of 6 barg. The vent line
between the reactor and catch tank is fitted with either a restricting orifice plate or a short
nozzle and an actuated valve. The valve is linked to a pressure controller and is opened
automatically when the pressure reaches a pre-selected value. The catch tank is fitted with a
75 mm vent direct to atmosphere. Heating water is circulated to the reactor jacket and
optionally to heating coils in the feed vessels. The temperature of each vessel can be
independently controlled. The reactor agitator can be operated manually or automatically
when the temperature reaches a pre-set value. Interconnecting chemical transfer pipe work is
fitted with remotely operated actuated valves allowing dumping of reactor contents, if
required. A large number of temperature and pressure transducers are installed on the facility.
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The reactor is fitted with a viscometer and the catch tank is fitted with load cells to indicate
the mass of the contents. A gamma ray densitometer is installed around the vent line above
the orifice plate and a reactive force load cell is also installed on the vent line. The positions
of all transducers are shown in Table 4.2. The pilot plant can be controlled and monitored
remotely from a control room 100 m from the reactor building. Also indicated on the figure
are manual valves (MV), automatic valves (AV), temperature control transducers (TE),
temperature controller outputs (TY), and temperature controllers (TC). Temperature
controllers are shown inside a circle to distinguish them from thermocouples.

Figure 4.12 Pilot plant instrumentation diagram
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Table 4.2 Key to pilot plant instrumentation diagram
Sensor

Description

Location

Distance from mounting
plate (cm)
PLATE 1 (Reactor and
Vent Line)
PLATE 2 (Catch Tank)

TC1

Thermocouple 1

Reactor

16.4

TC2

Thermocouple 2

Reactor

26.3

TC3

Thermocouple 3

Reactor

36.4

TC4

Thermocouple 4

Reactor

46.7

TC5

Thermocouple 5

Reactor

67.3

TC6

Thermocouple 6

Reactor

87.3

TC7

Thermocouple 7

Vent line

120

TC8

Thermocouple 8

Vent line

145

TC9

Thermocouple 9

Vent line

210

TC10

Thermocouple 10

Vent line

275

TC11

Thermocouple 11

Vent line

340

TC12

Thermocouple 12

Vent line

365

RTD5

Resistance Temperature Device 5

Reactor

RTD10

Resistance Temperature Device 10

Reactor

P2

Pressure Transducer 2

Reactor

P3

Pressure Transducer 3

Vent line

120

P4

Pressure Transducer 4

Vent line

145

P5

Pressure Transducer 5

Injector vessel

P6

Pressure Transducer 6

Vent line

P7

Pressure Transducer 7

Catch tank

TC13

Thermocouple 13

Catch tank
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TC14

Thermocouple 14

Catch tank

77

TC15

Thermocouple 15

Catch tank

93.5

TC16

Thermocouple 16

Catch tank

127

TC17

Thermocouple 17

Catch tank

176

TC18

Thermocouple 18

Catch tank

176

LR

Load Cell Reactor

Reactor

LC

Load Cell Catch Tank

Catch tank

FM1

Flowmeter Transducer 1

Vent line

FM2

Flowmeter Transducer 2

Vent line

FS

Digital signal indicating open or closed

Feed valve

IS

Digital signal indicating open or closed

Injector valve

VS

Digital signal indicating open or closed

Vent valve

TC31

Thermocouple 31

Feed vessel 1

TC32

Thermocouple 32

Feed vessel 2

TC33

Thermocouple 33

Reactor head

RTD9A

Resistance Temperature Device 9A

Jacket out
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365

RTD2A

Resistance Temperature Device 2A

Jacket in

TC36

Thermocouple 36

Reactor head

TC37

Thermocouple 37

Reactor head

TC38

Thermocouple 38

Reactor head

VISC

Viscometer Signal

Reactor

DENS

Densitometer Signal

Vent Line

LRF

Reactive Force Load Cell

Vent Line

4.7 SPECIFIC MODIFICATIONS TO THE PILOT PLANT FACILITY FOR THESE
TESTS
The injection system was specified for the pilot scale reactor jointly by Chilworth Technology
and HSL. A principle of gas assisted injection was adopted. A pressure vessel was mounted
above the glass-lined reactor, having a dip tube delivery line passing via an actuated injection
valve, terminating within the reactor below the liquid level. Owing to limitation of available
nozzles on the reactor, only top entry injection could be considered. For the same reason, only
a single nozzle was available and a special adapter was designed and constructed to serve
three functions, the injection tube, a viscometer and an illumination light. The operation
involves pre-charging the inhibitor feed vessel with a solution of ptbc inhibitor in styrene,
pressurising the vessel with nitrogen to approximately 15 barg and opening the injection valve
at a prescribed temperature signal. A sketch of the vessel arrangement is given in Figure 5.2,
with a photograph of the injection unit in Figure 4.13.
A glass feed column was installed above the reactor, located so that benzoyl peroxide could
be loaded in the column and then flooded with styrene from the feed vessel on opening an
automatic valve. This process could be observed remotely using a video camera to ensure the
safety of personnel. A second automatic valve could then be opened remotely allowing both
the peroxide and styrene to flow into the reactor. Such a system was devised as a practical
remote method of charging the pilot scale reactor for these experiments (ensuring repeatable
temperature conditions), but would not be necessarily recommended for industrial systems
owing the susceptibility to valve blockage.
Significant modifications were made to the control system to add the capability of automatic
stopping of the reactor agitator at temperature signals. For the final test the agitator was
automatically switched off a few seconds before the inhibitor was injected. A safety trip was
installed to automatically restart the agitator if a higher alarm temperature was reached.
Another emergency system installed was to allow remote actuation of valves to dump the
reactor contents to the catch tank via the reactor bottom outlet valve.
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Figure 4.13 Experimental Inhibitor Injection Dip Pipe
4.8

EMERGENCY PRESSURE RELIEF OF THE REACTOR

The specific safety options installed for these runaway polymerisation tests described above
(agitator restart and bottom dumping) are in addition to the standard emergency pressure relief
actions for the pilot reactor. These measures vent the reactor using an automatic pressure
relief valve if the reactor pressure reaches a set pressure. If this fails, then a bursting disc
vents the reactor via an independent route to the catch tank and provides the final basis of
safety.
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5 HSL BUXTON RESEARCH TRIALS
5.1 SCALE-UP PROCEDURE USED FOR THE DESIGN OF THE BUXTON
EXPERIMENTAL TRIALS
The following summarises the procedure adopted for the design of the pilot scale tests, using
adiabatic calorimetry and scale-up of heat transfer and mixing:
1. Adiabatic calorimetry
To determine the temperature and pressure vs time characteristics of the reaction.
2. Development of simplified kinetic expression to define the temperature and
concentration dependence of the rate of heat production
The adiabatic calorimetric data was used to develop a simplified kinetic expression to
describe the early stages of the polymerisation.
3. Prediction of runaway conditions in laboratory scale vessels (scale up of heat
transfer)
An analysis of the heat transfer characteristics of the laboratory-scale reactor was first
carried out in order to establish the experimental conditions for the pilot-scale tests. Heat
transfer characteristics were determined using electrical calibration, cooling curves and
standard procedures for calculating the overall heat transfer coefficient and the heat
transfer area.
The temperature profile of the runaway reaction on laboratory scale was predicted by
numerically solving the differential equations governing the rate of heat production from
the polymerisation, and the rate of heat transfer to the reactor jacket.
Predicted temperature-time variations, for a range conditions, were used to determine the
jacket temperature, which would:
x give a reproducible runaway reaction
x challenge the inhibition system
x give rates of temperature rise, before the injection of inhibitor, similar to the rates
that could occur due to upset conditions in an industrial-scale reactor.
4. Laboratory-scale experiments
Laboratory-scale experiments should preferably be carried out in vessels with geometric
similarity to the full-scale reactor. However, as no such similarity exists between the
laboratory and pilot scale vessels, allowance had to be made when analysing the results
from the trials. Tests were carried out over a range of conditions (agitation speeds,
injection temperatures, agitator failure etc.) to:
x investigate the efficiency of the inhibition agent
x establish whether long inhibition times (i.e. less efficient inhibition) occur due to
inefficient mixing or slow injection rates
x determine whether conditions can arise where inhibitor injection fails to stop the
runaway.
The results showed that the effectiveness of the inhibitor decreased as the injection
temperature was increased or the rate of agitation was reduced. This was in agreement
with earlier work.
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5. Confirmation that the predictions for the laboratory-scale tests were reliable
The results of the laboratory-scale experiments were found to be quantitatively consistent
with the predicted temperature-time curves.
6. Scale-up of heat transfer characteristics from laboratory-scale to pilot-scale vessel,
and prediction of runaway conditions
A similar procedure was adopted to that outlined in step 3 above. The adiabatic data,
kinetic modelling and laboratory-scale results were used to select the jacket temperature
and injection temperature for the pilot-scale experiments.
The film heat transfer coefficient of the reactor was considered to be a key uncertainty.
Viscosity increases as the polymerisation reaction proceeds, and this could result in a
significant reduction in the heat transfer coefficient. However, by conducting the
inhibition tests at a low level of conversion, this aspect was minimised to a predictable
degree.
An assessment was made of the conditions which would indicate the onset of a runaway
reaction. In an industrial operation, desired operating conditions (e.g. temperature) and
their control ranges would be known; and scenarios whereby conditions could deviate
outside of this envelope would be determined. However, as no such normal operating
conditions exist in the case of the trials, the assessment was based upon the conditions
necessary to sustain reaction self-heating (to overcome heat losses) and the predicted
behaviour during runaway. Based on this analysis, the temperature, pressure and other
criteria for triggering of inhibitor injection in the pilot-scale reactor were determined.
The injection temperature of 120°C was chosen because, based on the laboratory scale
experiments, the system would be able to cope with the maximum expected rates of
temperature rise. This was a key parameter. Too low an injection temperature could lead
to spurious triggers, and too high a temperature could result in pressures and rates of
temperature rise too close to critical levels. Temperature was used as an injection
criterion rather than rate of temperature rise because of the difficulties associated with
smoothing out noise in the latter to avoid spurious triggers. Pressure was excluded from
consideration owing to the lack of sensitivity of this parameter inherent in operation
below the boiling point.
7. Scale-up of mixing/inhibition times, and determination of optimum location of
injection pipe.
The inhibitor must be injected into a region that optimises its dispersion throughout the
vessel. This position was chosen with respect to the characteristics of the mechanical
agitator, the liquid fill level and the practical constraints of the pilot scale reactor (i.e.
available branches). The inhibitor must enter below the surface of the liquid to favour
mixing. As the only available branch was on the top head of the pilot reactor, a dip pipe
was employed, although in this case the risk of pipe blockage was a consideration. As the
baffling in the glass lined reactor was poor, vortex effects had to be taken into account. A
balance was required between maximising agitation and minimising problems associated
with the vortex effect – it is noted that industrial scale reactors are generally less
susceptible to vortexing. Using water trials in the pilot-scale reactor, the vortex produced
by the agitator was analysed at different agitator speeds. An agitator speed of 103 rpm
was chosen as the maximum that could be used without introducing problems due to
vortex effects or excess bubbling.
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Based on tracer dye experiments (see Section 4.4), the inhibitor was fed down a dip pipe,
directed towards the agitator beneath the liquid surface. The dip pipe dimensions and
motive gas pressure were chosen to produce the optimum dispersion rate.
The selection of the operating conditions for each of the tests involved a consideration of
the following:
x The first trial was based on water trials in the pilot-scale reactor, with a maximum
agitator speed of 103 rpm being adopted
x The agitator speed for the second pilot-scale trial was chosen based on classical
mixing theory. The water visualisation trials (see Appendix D) had confirmed the
validity of the flow number/mixing time approach for this special problem of
dispersing a small quantity of fluid into a large volume (see applicable equations in
Sections 4.4 and 5.3.6.1). The agitator speed was consequently chosen to give a
marked variation to experiment 1, but still within the timescale of the runaway
kinetics and turnover time
x For the third pilot-scale test (injection following agitator failure), the time delay was
again chosen using the earlier water trials, where the exponential nature of the swirl
decay was identified, this then being used with the reaction kinetics to choose
appropriate test conditions.
No experiments were conducted during the limited pilot scale trials to assess the effect of
jet mixing since its importance only became clear once the tests were completed.

8. Assessment of time available for inhibition to work on full-scale and to establish the
activation times temperatures and/or pressures for initiation of back up measures
such as quenching, dumping or pressure relief
Adiabatic temperature-time curves and the temperature variations predicted by numerical
integration were used to do this.
9. Pilot-scale experiments
With the completion of this procedure, a test protocol was ready to proceed with the pilot
scale trials.
5.2

LABORATORY TRIALS

Prior to designing the pilot scale experiments, qualitative tests were carried out in a 1.4 litre
laboratory reactor to investigate the feasibility of the pilot scale tests.
The laboratory reactor facility is designed for the study of runaway reactions on the laboratory
scale. Figure 5.1 is a schematic diagram of the laboratory reactor facility, showing the
location of all transducers, manual valves (MV) and automatic valves (AV). Table 5.1
provides a key to the labels on Figure 5.1. Reactants can be charged to the reactor via a feed
vessel which may be heated using a jacket. Heating baths are connected to both the reactor
jacket and the jacketed feed vessel. Polysiloxane is used as the external heat transfer fluid for
both vessels. The feed vessel is connected to a glass sight vessel (installed specifically for the
current test series). A tee-piece on the sight vessel allows flow of reactants from the feed
vessel to the reactor or from the reactor to a 7.1 litre catch tank via the pneumatically actuated
reactor vent valve (AV2). A syringe coupled with a double - acting air cylinder allows direct
injection of precise quantities of inhibitor solution into the reactor. The air cylinder can be
activated automatically by an alarm signal from the microlink system (which is linked to
reactor temperature sensor TC2) when a desired set temperature is exceeded. The reactor vent
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valve (AV2) can be opened automatically by the pressure vent controller (which is linked to
reactor pressure transmitter P1) when a desired set pressure is exceeded. An additional
pneumatically actuated valve is fitted to the bottom outlet of the reactor. This allows
dumping of the reactor contents, if required. An orifice plate can be placed immediately
before the reactor vent valve to vary the venting restriction. The reactor can withstand an
internal pressure of 12 bar. The facility is fully instrumented with temperature and pressure
transducers, which are connected by intrinsically safe barriers to two data logging computer
systems. All electrical equipment connected to the laboratory reactor is either intrinsically
safe or flameproof and certain valves are pneumatically actuated so that the experiment can be
controlled remotely.

Inhibitor injector
To atmosphere

Check valve

Figure 5.1 Laboratory reactor instrumentation diagram
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Table 5.1 Key to laboratory reactor instrumentation diagram
Sensor

Description

Location

TC1

Vapour high thermocouple

Reactor

TC2

Liquid low thermocouple

Reactor

TC3

Thermocouple (high)

Catch tank

TC4

Vapour low thermocouple

Reactor

TC5

Liquid high thermocouple

Reactor

TC6

Thermocouple (low)

Catch tank

TC7

Thermocouple 7

Feed vessel

P1

Pressure transducer 1

Reactor

RTD1

Resistance temperature device 1

Reactor jacket inlet

RTD2

Resistance temperature device 2

Reactor jacket heating bath

RTD3

Resistance temperature device 3

Reactor jacket outlet

RTD4

Resistance temperature device 4

Feed vessel heating bath

B1

Set temperature

Reactor heating bath

B2

Measured temperature

Reactor heating bath

MV1

Manual valve 1

Heated feed vessel line

MV5

Manual valve 5

Heated feed vessel bottom outlet

MV6

Manual valve 6

Catch tank drain

MV7

Manual valve 7

Remote purge

MV8

Manual valve 8

Local purge

MV9

Manual valve 9

Unheated feed vessel bottom outlet

MV10

Manual valve 10

Unheated feed vessel line valve

MV11

Manual valve 11

Purge direction valve

MV12

Manual valve 12

Heated feed vessel top valve

MV13

Manual valve 13

Reactor bottom outlet valve

MV14

Manual valve 14

Dropping funnel bottom outlet valve

AV1

Automatic valve 1

Reactor feed automatic valve

AV2

Automatic valve 2

Reactor vent automatic valve

The aim of the experiments was to determine whether tert. butylcatechol can successfully
inhibit the runaway polymerisation of styrene under various conditions. The effect of the
degree of mixing on inhibitor effectiveness is also studied in brief. The inhibitor
concentration is expressed as a molar percentage and the initiator concentration as a
percentage of the total mass of reactant.
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The required amount of tert. butylcatechol inhibitor determined from the laboratory trials
(see Section 4.2.3) is mixed with a small amount of styrene and drawn into the double-acting
air cylinder. The reactor is isolated and benzoyl peroxide initiator loaded directly into the
glass sight vessel. The remaining styrene is then loaded into the feed vessel and heated to the
required initiation temperature. On reaching this temperature, styrene is passed into the glass
sight vessel where it mixes with the initiator. When the initiator has dissolved in the styrene,
both reactants flow into the reactor. The reactor jacket is maintained at a constant inlet
temperature during the experiment. When the reactor set temperature is reached, the air
cylinder operates automatically and inhibitor solution is passed into the reactor. A check
valve prevents return flow from the reactor.
Experiments are performed either with an open, or an initially closed, system. In open tests
the reactor vent is left open throughout the test. In the latter case, the reactor vent valve is
closed and switched to automatic control after charging of the reactor is complete. Both open
and closed tests were investigated on the laboratory scale to study possible effects of reactor
pressure on the efficacy of the injector. On pilot scale, closed tests only were used as this
more closely represents industrial practice. The pressure vent controller is set to open the
reactor vent valve at the desired set pressure. Temperatures and pressures are recorded by
both fast and slow data logging systems during the reaction. The reaction is also observed
remotely and recorded by video system.
The conditions of the experiments and a summary of the main results are given in Appendix B
as Table B1. Graphs showing transducer reading versus time for key transducers in the reactor
are given for experiments LB26 to LB32 in Appendix B as Figures B1 to B16.
When inhibitor solution was injected into a 1 litre batch of styrene undergoing an accelerating
polymerisation reaction, the runaway reaction was successfully stopped when the reactor
contents were subject to strong agitation of 300 rpm (experiment numbers LB26 – LB31).
These experiments tested injection at 110°C, 120°C and 130°C in separate experiments in
both open and closed tests. However, when there was no agitation or only slow agitation of 30
rpm, the mixing of the inhibitor seemed insufficient to retard the polymerisation throughout
the entire laboratory reactor vessel (experiments LB32 & LB33). In these experiments, the
pressure relief valve set pressure was reached and the reactor was automatically vented.
However, there was also some evidence that during the series of tests, styrene had affected the
seals on the pneumatic cylinder causing a progressive decrease in injection speed, although
this was not quantified. These results indicated qualitatively that mixing of the inhibitor was
an important parameter for the success of the inhibition in controlling a runaway
polymerisation. Video evidence for experiments with low or with no agitation also showed a
yellow-to-black discolouration around the end of the injector tube where a localised inhibition
reaction is presumed to be occurring. Mixing of the inhibitor through the degree of
mechanical agitation was selected for further study on pilot scale.
5.3

PILOT PLANT TRIALS

In scaling up from the laboratory reactor to the pilot scale there were some significant
differences such as the relative heat loss, aspect ratio, agitator efficiency, speed and type of
inhibitor injection, and point of injection. Considerable care was taken to select the pilot plant
test conditions after analysis of the evidence from the range of laboratory tests and the
theoretical calculations. A reproducible jacket temperature up to 95°C can be attained using
hot water heating which provides a convenient initial temperature. The pilot reactor has
smaller surface area for heat transfer per unit volume than the laboratory reactor and therefore
lower temperatures would be needed to sustain a runaway reaction in the pilot reactor than the
laboratory reactor. Adiabatic tests suggest that a temperature rise of 10 °C /min would occur
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at 120°C which past experience on this reactor confirmed should provide a reasonable rate
without being dangerously fast. This injection temperature allows some limited time for
further safety measures to be taken if the inhibitor failed. Injection of the inhibitor into the
reactor was programmed to occur automatically at 120°C, approximately 25°C above the
jacket temperature. This should provide a good challenge of the effectiveness of the inhibitor.
Benzoyl peroxide initiator was pre-weighed in the laboratory, then loaded into the glass feed
column. The peroxide is potentially explosive if allowed to dry and is subject to mechanical
shock and so care was needed in handling the material. Benzoyl peroxide was used as a 70%
wetted powder and was stored in a refrigerator until immediately before use. It was poured
carefully into a vertical feed column. The peroxide was flushed with styrene using remotely
operated valves and observed using a video system. The peroxide was observed, by video, to
dissolve in the styrene and then another remotely operated valve gravity fed the solution into
the reactor. The operation was then repeated to flush any remaining peroxide into the reactor
to prevent any accumulation in the pipes or valves.
The prepared inhibitor solution was then pumped to the injector vessel from a drum installed
on a weigh scale. The injector vessel was then pressurised to 15 barg with nitrogen. It was
found that the concentration of inhibitor selected, was liable to crystallise out if subject to
temperatures below 20°C. It is recommended that for any future applications, particularly on
industrial plant, that a lower concentration be used to avoid this potential safety problem.
The appropriate quantities of styrene were charged to the reactor and feed vessel 1
respectively. When the required initial temperature was reached in both the feed and reactor
vessels, styrene was passed from feed vessel 1 into the feed column allowing the benzoyl
peroxide initiator to be flushed through into the reactor. The reactor was then sealed. Hot
-1
water was passed through the jacket at a constant flow rate of 20 kg.min and the temperature
and pressure in the reactor were monitored during the course of the runaway reaction. Video
recording was used to observe the various reactants passing into the reactor. In experiments 1
and 2, agitation continued throughout the tests with the agitation of experiment 2 being at half
the speed of experiment 1. For experiment 3, agitation of the reactor contents was stopped
automatically when a pre-selected temperature was reached. This allowed some settling of
the reactor contents as residual agitation only was present during the injection of the inhibitor.
In all experiments, the valve between the injector vessel and the reactor was automatically
opened on reaching a second pre-selected temperature, allowing injection of the inhibitor
solution. The reactor temperature and pressure were continually monitored to ensure that
inhibition of the reaction had been successful and that runaway polymerisation did not
resume. The emergency measures both automatic and manual were prepared. After the tests,
reactor contents were then allowed to cool while maintaining a constant jacket temperature.
From the temperature records, a value of the heat transfer coefficient could be calculated from
the cooling curve. At the end of each experiment, the contents of the reactor were transferred
to a storage vessel and weighed.
The conditions of the experiments and a summary of the main results are given in Table 5.2.
Graphs showing transducer reading versus time histories for key transducers in the reactor are
given for each experiment in Appendix C as Figures C1 to C12.

38

5.4
5.4.1

RESULTS FROM 210 LITRE TRIALS
Test Programme

The objective of the pilot scale trials was to examine the influence of the vessel agitator on
the incorporation of the injected inhibitor. The procedure employed for each trial was
consequently similar, with the principal variable being the agitation conditions.
A runaway reaction was initiated at approximately 82°C. Once the reaction temperature
reached 120°C, inhibitor solution was injected from a pressurised bomb. The conditions of
the tests were held identical, except for the vessel’s agitation behaviour. Across the three
tests, this was varied:
Experiment 1: Vessel agitator speed held at 103 rpm
Experiment 2: Vessel agitator speed held at 51.5 rpm
Experiment 3: Vessel agitator halted (from 103 rpm), 0.5 K before the inhibitor injection
A summary of the parameters used in each of the trials is shown in Table 5.2.
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Figure 5.2 Schematic of HSL Pilot Scale Reactor
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Table 5.2 Summary of Parameters Used in HSL Experimental Studies
Experiment Number

Exp't 1 Exp't 2

Exp't 3

Reactor volume (litres)

340

340

340

Styrene (reactor) mass (kg)

106

106

106

Styrene (feed vessel 1) mass (kg)

64

64

64

Benzoyl Peroxide mass (kg)

0.89

0.89

0.89

Reactor jacket temperature (°C)

90

90

90

Reactor jacket fluid flow rate (kg/min)

20

20

20

Agitator speed (rpm)

103

51.5

103

Reactor temp when agitator stopped (°C)

N/A

N/A

119.5

Injection set temperature (°C)

120

120

120

Relief valve set pressure (bara)

4

4

4

19.2

19.2

19.2

Inhibitor Solution (injector) mass (kg)

8.7

8.7

8.7

Initial pressure in injector (barg)

14.8

14.6

14.2

Initial temperature in injector (°C)

22.0

17.5

17.9

Duration of inhibitor injection (s)

4.6

5.4

4.5

Temp. before addition of peroxide/feed vessel styrene. TC6 (°C)

89.81

89.94

89.44

Temp. just after addition of peroxide/feed vessel styrene. TC6 (°C)

83.06

81.56

82.75

Max temp. rate before injection (°C/min)

10.53

9.38

10.59

Temp. rate at injection (°C/min)

12.07

11.11

17.05

Max temp. rate after injection (°C/min)

14.4

18.29

17.62

Max Temp. TC6 (°C)

121.75

122.25

122.00

Overtemp. (°C)

1.75

2.25

2.00

Pressure before inhibitor injection (bara)

1.22

1.11

1.25

Max. Press. (bara) P2

2.62

2.45

2.60

Time to inhibitor Solution Injection (s)

895

962

912

Time to max temp. (TC6) (s)

896

963

914

Time to max press. (s)

903

975

920

Time to max temp. rate (s)

0.4

0.5

0.6

Time to max temp. (TC6) (s)

0.72

0.92

1.92

Time to max press. rate (s)

5.7

6.5

5.7

Time to max press. (P2) (s)

7.63

13.13

7.43

Test Conditions

Injector Vessel
Injector Vessel Volume (litres)

Reactor

Times from initiation (last opening of feed valve)

Times relative to injection
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5.4.2

Discussion of Raw Data

Three trial experiments were conducted by HSL. The pure data for experiment 1 are presented
in Figure 5.3 and Figure 5.4, annotated to allow an understanding of the progression of
events. The figures present the behaviour with time of the measured variables; primarily
temperature, but additionally pressure and viscosity. The labelling of the thermocouples (TC)
and resistance thermometers (RTD) allow their identification on the schematic Figure 5.2.
The monitoring of several temperature signals from differing locations permits the spread of
the injected inhibitor to be followed. These signals can then be compared to values predicted
from modelling studies.
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Figure 5.3 Temperature Time Graph for Pilot Scale Experiment 1
A number of points have been highlighted on Figure 5.3 so as to describe the order of events.
Point A signifies the initial charging of reactants to the reactor and auxiliary vessels and the
subsequent heating. At this stage the jacket is at its maximum temperature and so there is a
high rate of heating.
Point B shows a reduced rate of heating as the reactor contents near the temperature of the
jacket.
Point C shows the point at which the feed styrene and benzoyl peroxide initiator are fed into
the reaction mass. It can be seen that there is an initial quenching as the cooler feed material
mixes with the reaction mass. There follows an immediate increase in the rate of temperature
rise as the styrene begins to polymerise. This is consistent with what is observed on the lab
scale (see Section 4.2.1). At this stage the reaction mass temperature and the jacket
temperature are almost equal and little heat loss occurs, thereby promoting an exothermic
runaway reaction.
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Point D, at time equal to zero, is the point at which the inhibitor is injected. The trigger for
this event is that the reaction mass temperature has reached 120°C (RTD5 is the temperature
control probe). Again, due to the injection of a colder fluid into the hot reaction mass there is
an initial quench marked by a sharp fall in the reaction mass temperature.
Point E illustrates the subsequent cool down. At this stage the inhibitor has retarded the
runaway reaction to such a level that heat transfer to the vessel jacket is the dominating
mechanism.
Figure 5.4 provides a more detailed look around the point of injection of the inhibitor. The
graph more adequately describes the mechanism of injection.

18
F
16

120

14
115

110
10
H

J
8

105

Pressure (barg)

Temperature (°C)

12

G
6
100

I
4

95
2

90

0
-50

-30

-10

10

30

50

70

90

Time (s)
TC1

TC2

TC3

TC4

TC6

RTD5

Reactor Pressure

Inhibition Vessel Pressure

Figure 5.4 Detailed Graph Around Inhibitor Injection Point for Pilot Scale
Experiment 1
Point F marks the point of valve actuation. It can be seen that the inhibitor vessel
overpressure is around 15 bar. Upon opening of the outlet valve there is an immediate fall in
pressure. After approximately 2 seconds temperature probe TC2 shows a marked increase in
temperature reading (point G). This may be attributed to swelling of the liquid level, probably
due to the addition of incoming liquid, nitrogen bubbles and subsequent generation of waves
upon the liquid surface. This has the effect of wetting of the temperature probe TC2, which
was previously recording a lower temperature than that of the liquid phase. The readings of
this probe subsequently return to a lower, vapour, temperature as drying of the probe occurs.
Point H shows the point at which all inhibitor feed liquid has been injected and the nitrogen
pad gas breaks through. This point is marked by an inflection in the inhibitor vessel pressure
curve and by an increase in the reactor vessel pressure, as the pad gas is rapidly released.
Corresponding approximately with this time, TC1 registers an increased temperature as the
incoming gas causes considerable turbulence and swell, thereby wetting this probe.
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Point I marks the point at which pressure equalisation has occurred and hence, subsidence of
gas entry and jet effects, thus explaining the reduction in level and the fall in temperature
reading of the two vapour phase probes, TC2 and TC1, with the new TC2 equilibrium value
being identified at point J.
The full data from each experiment are presented in Figure 5.5, Figure 5.6. and Figure 5.7.
One feature immediately evident from the graphs is that the temperature probes appear to be
registering a small range of temperatures for an initially, ideally homogeneous system, so for
comparative analysis of data, the curves have been normalised against the temperature probe
used to provide the control signal for the inhibitor injection, RTD5. As thermocouples TC1
and TC2 are in the vapour, it would be expected that these would register a lower temperature
than the thermocouples in the liquid. The remaining temperature sensors register readings that
are within the mutual uncertainties of these calibrated sensors. Detailed data plots for each of
the experiments, produced using normalised values are presented in Figure 5.8, Figure 5.9 and
Figure 5.10.
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Figure 5.5 Runaway Reaction Data for 210 litre Pilot Scale Experiment 1
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Figure 5.6. Runaway Reaction Data for 210 litre Pilot Scale Experiment 2
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Figure 5.7 Runaway Reaction Data for 210 litre Pilot Scale Experiment 3
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Figure 5.8 Detailed Runaway Reaction Data for 210 litre Pilot Scale Experiment 1
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Figure 5.9 Detailed Runaway Reaction Data for 210 litre Pilot Scale Experiment 2

46

125

16

120

14

115
12

10
105
8
100

Pressure (barg)

Temperature (°C)

110

6
95
4
90

2

85

0

80
0

5

10

15

20

25

Time (s)
TC1

TC2

TC3

TC4

TC6

Reactor Pressure

Inhibitor Vessel Pressure

Figure 5.10 Detailed Runaway Reaction Data for 210 litre Pilot Scale Experiment 3
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5.4.3

Pre Injection Runaway

As discussed in Section 5.4.1, all three pilot plant runaway trials were initiated at the same
point, the only significant variation was that of stirrer speed. Figure 5.11 illustrates the effect
of stirrer speed upon the runaway characteristics. It can be seen that once the runaway
reaction has been initiated the system is purely temperature dependent, as would be expected
for a homogeneous reaction system. Figure 5.11 also illustrates a high level of reproducibility
between each of the tests.
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Figure 5.11 Pre injection Runaway Reaction Temperature Profile (RTD 5 for
Experiment 1 & 2, TC6 for Experiment 3)
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5.4.4

Application of Kinetics

From the rate expression derived in Section 4.3 a theoretical heat output rate may be obtained,
in order to simulate the pilot scale experiments. The heat balance must account for heat
generated by the polymerisation reaction as well as the heat transfer to the vessel jacket and
the surroundings. (see Section 5.4.5) The results of this are shown in Figure 5.12. Further
analysis reveals that the kinetic fit falls within 1% of the experimental data, and therefore,
may be considered adequate for the purposes of modelling.
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Figure 5.12 Theoretical Kinetic Data and Experimental Data for Experiment 1
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5.4.5

Heat Transfer Analysis

The pilot reactor has a jacket that may be operated with either water or steam as the heating
fluid. It has been found that for the response and control parameters attainable, in order to
attain reproducible temperature-time profiles during runaway, the most appropriate approach
is to hold the jacket temperature constant with hot water circulation and obtain a predictable
level of heat transfer from the contents to the jacket during a runaway. This isoperibolic
arrangement is a realistic representation of many industrial accident scenarios. Use of steam
allows temperatures above 100°C to be obtained, but the control here is poor; it was
consequently decided that hot water be used, thereby limiting the temperature to ca. 90°C.
Figure 5.13 shows the temperature profile after injection of the inhibitor. It is immediately
evident that experiment 3, without stirring, has a significantly reduced rate of temperature
drop compared to the two stirred runs, experiments 1 and 2. This trend follows what is
generally expected according to accepted heat transfer theory.
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Figure 5.13 Temperature Profile of All Three Runs Post Inhibitor Injection
Analysis of the cool down data using dimensionless numbers allows the extraction of
appropriate coefficients for further modelling. The use of empirical dimensionless group
correlations to design large scale plant based upon small scale experimental measurements is
well documented25. In particular the correlation for the inside film heat transfer coefficient for
agitated, jacketed vessels has been employed. Correlations for plant heat transfer take the
general form:
Nu =K.(Re)a.(Pr)b.(P/Pw)c
From this equation, it can be shown that for a single reactor, the internal film heat transfer
coefficient is proportional to the stirrer speed to the power of “a”.
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Exact constants specific to the agitator employed (Pfaudler – retreating vertical blade turbine)
were not available. For the purposes of analysis the coefficients used were26
K = 0.36, a = 2/3 b = 1/3 c = 0.21. This most closely matches the Pfaudler type of stirrer and
provides a conservative film heat transfer coefficient. For the conditions pertaining to
experiment 1, the inside film heat transfer coefficient has been calculated as 915 W.m-2.K-1.
The overall heat transfer coefficient (U) is defined as:

U

1
x
1
1

  ff
ho O w hi

Where the inside film heat transfer coefficient, hi, has already been derived for experiment 1.
The other terms in the denominator are the external film heat transfer coefficient (ho), the heat
transfer due to conduction across the reactor wall (x/Ow), and the fouling factor (ff). If these
terms are considered constant across all experiments, they may be grouped together thus:

1
1 1

) hi

U

In order to determine, ), it is necessary to determine the overall heat transfer coefficient, U.
This may be achieved graphically from the cool down curves. The rate of heat loss from the
reaction mass equates to the rate of heat transfer to the jacket, plus the heat loss to the head,
etc. The losses to the head will be minor in comparison to the jacket transfer and can be
assumed to be constant for the system. An energy balance across the jacket yields the
following approximate expression:
x

Q

mCp 

dT
{ U  A  'T
dt

Rearranging:

m  C p dT

A  'T dt

U

Values of the overall heat transfer coefficient have been derived across the whole cooldown
period and are presented in
Figure 5.14. Over the temperatures presented, the values are seen to be approximately
constant, although greater variation is observed across a wider range, being the result of the
non-jacket losses.
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Figure 5.14 Graph of Overall Heat Transfer Coefficient as a Function of Temperature
For the purposes of analysis, experiment 1 has been taken as the reference point from which
other data may be derived. An overall heat transfer coefficient of 190 W.m-2.K-1 has been
taken from
Figure 5.14 for experiment 1. Applying the equations above, it is possible to determine ) as
239 W.m-2.K-1, which may be taken as a constant across all experimental runs. The internal
film coefficients may thus be calculated for experiments 2 and 3. The results are presented in
Table 5.3.
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Table 5.3 Table of Internal Film Heat Transfer Coefficients
Experiment

U (W.m-2.K-1)

) (W.m-2.K-1)

hi (W.m-2.K-1)

Experiment 1

190

239

915

Experiment 2

155

239

441

Experiment 3

60

239

80

Table 5.3 illustrates the dependence of heat transfer upon stirrer speed. The equation for
overall heat transfer using a Pfaudler style agitator indicated that the internal film coefficient
is proportional to the stirrer speed to the power of 0.67. Comparing experiments 1 and 2, the
results do not confirm this relationship, with the experimental temperature fall being less than
expected from the consideration of the stirrer speed alone (internal film coefficient of 441
W.m-2.K-1, cf. calculated according to stirrer speed correlation alone 575 W.m-2.K-1). The
reason for this anomaly is not clear. Such a comparison is not possible for experiment 3, since
the jacket heat transfer will proceed by a natural convection mechanism at the cessation of
agitation. It is also noted that the internal film heat transfer coefficient is not the limiting
resistance to heat transfer in both experiment 1 and experiment 2.
Using the coefficients of overall heat transfer to the jacket, one can attempt to add back the
heat loss and reconstruct the experiment as a pseudo-adiabatic test. This is shown in Figure
5.15. The objective is to determine the degree of inhibition. If the reconstruction generates a
flat temperature profile, this would suggest that the reaction has been fully halted. If the
reconstructed data shows a rise, residual reaction would be suggested. However, a residual
reaction with low level of heat production would not necessarily lead to a later runaway
during pilot tests as there is some heat transfer to the surrounding e.g. through jacket and this
could be sufficient to control the reactor contents temperature. This would be, of course, in
contrast to adiabatic conditions in some laboratory tests.
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Figure 5.15 Cooldown and Compensated Temperature Curves for the Injection
Control Temperature Probe (RTD 5 for Experiment 1 and 2, TC 6 for Experiment 3)
Figure 5.15 does in fact show a very marginal rise in temperature for experiments 1 and 2. It
is not immediately clear whether this rise is due to continued reaction at a reduced rate, to the
heat input from continued agitation, or if the rise is due to the many approximations and
errors involved in the reconstruction process. In an assessment of potential errors, it should
be noted that the temperature compensated curves have been reconstructed using mean values
of heat transfer and specific heat.
It has already been stated that ptbc is a retarder rather than a reaction killer, however, for the
recovery, the rate of reaction is expected to be too low as to show any significant rise in
temperature (see Section 4.2.3). Therefore, the observed rise is probably due to the
mathematical technique used in reconstructing the data.
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Figure 5.16 shows a plot of 3 temperature probes from experiment 3.
divergence is noted as the reactor cools under natural convection.

Considerable
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Figure 5.16 Cooldown and Compensation Curves for Experiment 3
There is clearly a deviation between each of the temperature probes as the experiment
proceeds. It is thought that this is due to preferential heat loss from different parts of the
vessel. TC 6, being situated at the base of the baffle (Figure 5.2) is influenced by cooling from
a greater surface area than either TC 3 or TC 4. TC 3 positioned at the top of the baffle, and
affected by the smallest surface area and with the vapour space acting as a blanket, shows the
least degree of cooling. Consequently, internal convection could be occurring resulting in the
observed temperature profile.
The decrease in the compensated curves for TC3 and TC4 is most likely due to application of
an average heat transfer coefficient to evaluate transfer to the jacket, whilst each probe is
subjected to a varying heat loss. This supports the suggestions discussed above, that the
simplified mathematical treatment used to add-back the heat loss is the reason for the non-flat
compensated curves.
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5.4.6

Analysis of Mixing

An analysis of mixing performance based upon computational techniques is discussed in
Section 5.6, however, one can also consider a traditional approach based upon dimensionless
numbers.
The fully turbulent condition for an agitated tank occurs at an impeller Reynolds
number, UND 2 / P , greater than 10000. The impeller Reynolds number is based upon the
impeller tip speed SND , where N is the rotational speed in revolution per unit time and D is
the impeller diameter. The type of fluid determines the viscosity term, P, in this dimensionless
number. Further, quantities are used for the analysis and scale-up of agitation and mixing and
are described here.
5.4.6.1 Pumping Capacities
The impeller pumping capacity, QP, can be defined as the volumetric flow rate of fluid which
leaves the turbine blades. In the other words, the impeller pumping capacity is the rate of flow
through the surface of the low aspect ratio cylinder, which forms the impeller envelope. For a
turbine, the pumping capacity in general may be represented by:

NQ u N u D3

QP

Then the flow number, NQ, can be expressed as:

NQ

Qp
ND 3

There are a number of studies on the determination of the value of NQ. However, for the
current Pfaudler agitator, a value of 1 for NQ has been suggested.
Thus, an impeller pumping capacity may be determined:
Experiment 1

0.127 m3.s-1

Experiment 2

0.0636 m3.s-1

The pilot scale reactor liquid volume is calculated to be approximately 0.21 m³, therefore, an
overall turnover time of 1.65 seconds for experiment 1 and 3.3 seconds for experiment 2 is
expected.
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5.4.6.2 Mixing Time
The mixing time is the time required to achieve a specified degree of approach to the final
uniform mixture of two miscible liquids. In the present case the use of temperature to judge
the degree of mixing has the consequence that a final uniform value must take into account
the heat losses to the jacket (i.e. decreasing datum). With all other mixing variables equal,
then a faster impeller speed will result in a shorter mixing time.
Figure 5.17 shows the normalised cool down curves for the temperature probes for
experiments 1,2 and 3.
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Figure 5.17 Normalised Cooldown Curves for Experiments 1, 2 and 3
Interestingly the time scales for the approach are similar for each experiment, even though
experiment 2 has an agitation rate half that of experiment 1. It is also interesting to note that
both experimental profiles are almost identical, with TC 6 showing the greatest positive
deviation and TC 3 showing the greatest negative deviation. At this stage it is not understood
why TC 3 for experiment 2 falls to 2.5°C below RTD 5.
The actual point at which some form of approach may be assumed is open to interpretation
due to the fluctuations in the temperature signals. However, it is felt that the time is
approximately 400s. This leads to the suggestion that another mechanism may be influencing
the mixing.
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5.4.7

Influence of Jet Mixing

The addition of the inhibitor mixture is effected by high pressure nitrogen in the head space of
the inhibitor feed vessel. Even though agitation is present it is felt that the influence of the jet
contributes significantly toward the mixing, and so a brief analysis of the jet characteristics
has been performed.
A free jet, upon leaving an outlet, will entrain the surrounding quiescent fluid, expand and
decelerate. Perry's26 describes an equation relating the velocity of a jet at a given distance
from the nozzle exit, for one fluid issuing into the same fluid at the same temperature :

v
v0

§d ·
1.41  Re 0.135  ¨ 0 ¸
©X ¹

Any analysis of jet behaviour must therefore start with its initial velocity. As the inhibitor is
injected into the reactor the overpressure in the inhibitor vessel falls and hence the jet velocity
falls. Table 5.4 shows the theoretical mass flow rate and pipe exit velocity as a function of the
overpressure.
Table 5.4 Analysis of Flow from Inhibitor Vessel
Inhibitor Vessel Pressure (bara)

Mass (kg/s)

Velocity (m/s)

15.8

2.45

23.9

13.825

2.3

22.4

11.85

2.1

20.33

9.875

1.875

18.3

7.9

1.63

15.9

Geometric Mean

2.04

19.95

Clearly, it can be seen that at the point where all the liquid has been injected (ca. 7.9 bara) the
velocity of the material leaving the injection pipe is still significant.
Using these calculated initial velocities, Figure 5.18 shows the theoretical centreline velocity
decay described by the above relationship, as the jet expands into the reactor vessel. At a
distance of 10 nozzle diameters the jet velocity is approximately 80% of the discharge
velocity.
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Figure 5.18 Graph of Jet Velocity Against Distance from Nozzle Exit

Even at a distance equal to the vessel diameter, of 0.68m, the jet retains a significant
momentum. Table 5.5 illustrates that for experiment 1 the jet velocity only falls to a value
equivalent to that for the agitator tip speed, at a distance exceeding the vessel diameter. For
experiment 2, the jet velocity at a distance equal to the vessel diameter, is 2.5 times greater
than the agitator tip speed.
Table 5.5 Agitator Tip Speed Compared to the Jet Velocity

Agitator Tip Speed (m.s-1)

Distance at Which Jet Velocity Equals
Tip Speed (m)

Experiment 1

2.26

0.86

Experiment 2

1.13

1.72

Other aspects important in determining the effect of the jet on mixing are the jet divergence
angle and the degree of fluid entrainment. The angle of jet discharge is given by:
Tan (D/2) = Re-0.135
which leads to a jet divergence angle of 20.6°. This compares to a value for water of 14°.
A similar analysis may be performed to establish the level of entrainment of reacting liquid
into the inhibiting jet. Using the mean values from Table 5.4 at a distance equivalent to the
vessel diameter there is a factor of ca. 18 increase in volumetric flow due to entrainment. This
suggests that over the injection duration of ca. 4.5 s the entire contents of the reactor could be
entrained. This would result in substantial mixing.
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5.5

ASSESSMENT OF TRIAL RESULTS

The most immediate conclusion from the three trials conducted was that the inhibitor injection
system successfully halted the advancing runaway reaction in all cases. In addition to the
“cold shock” resulting from the injection of the inhibitor (<5 K), the temperature increase is
seen to be arrested. Thus the conditions employed for the injection operation were well
chosen. However, a somewhat more detailed analysis of the results was undertaken.
Heat transfer calculations for the reactor following inhibition allowed characterisation of the
cooling provided by the jacket and the heat losses to atmosphere. The heat transfer
coefficients evaluated have been compared to the theoretical values for the different agitation
conditions and been found to broadly follow the expected patterns. Using the evaluated heat
losses, the temperature profiles have been adjusted to allow confirmation that the reaction has
been halted.
The pre-injection runaway reaction kinetics of the pilot scale trials have been compared to the
modelling obtained during laboratory trials. Having accounted for the heat losses, the good
agreement is noted.
Mixing time analysis has been undertaken using a traditional dimensionless number approach
to observe the variation in behaviour between the different degrees of agitation seen in the
various experiments. This approach reveals that the observed mixing is more rapid than
would be predicted from a theoretical analysis.
The effects of the jet introduction of the inhibitor have been considered and an attempt made
to compare the relative intensities of the jet and agitator mixing. This assessment suggests
that the jet effects will dominate for the conditions under test.
5.6 COMPARISON BETWEEN MATHEMATICAL MODELLING SIMULATIONS
AND RUNAWAY REACTION TRIAL RESULTS

The characteristics of the network-of-zones model have been discussed in Section 4.5. The
original network-of-zones model concentrated simply on the mixing characteristics of the
fluids. The incorporation of the reaction behaviour introduced a considerable number of
complicating factors, including:
x

The reaction rate will be described by a number of equations, involving local
concentrations of species, local temperature and local efficiency of inhibition

x

The concentration of a number of components would be varying in each zone

x

The temperature at each zone will change with time, due to the reaction and heat
exchange with adjacent zones

x

The number of cells in the network-of-zones simulation must be increased to reflect the
scale-up of equipment size from the earlier laboratory trials (i.e. the size of each zone is
held approximately constant); a network of greater than 32000 zones being used

x

Substantial heat transfer through the walls of the vessel to the coolant jacket will occur in
the pilot reactor and this must be modelled on a zone-by-zone basis
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x

The density of the liquid will reduce as the temperature rises, and will increase as the
proportion of polystyrene rises

x

A Pfaudler retreating blade impeller must be modelled, for which there is no visualisation
data

x

The pressurised injected inhibitor will give rise to a jet with a high initial momentum,
falling throughout the injection period

x

At the completion of liquid injection, the motive gas will bubble through the vessel,
adding its turbulence and partially disrupting the established flow pattern

x

The viscosity of the fluid will change, depending upon the local temperature and
composition

Most of these were successfully incorporated into the model, however, their separate
validation (outside of the pilot plant runs) could not be undertaken. Thus the limited number
of trials provides a testing ground for a combination of factors, for which the extraction of
individual parametric effects is unlikely to be possible.
A further complication is that the behaviour in the glass lined mild steel pilot reaction vessel
cannot be visually observed in order to make comparison with the simulations. Only a limited
selection of localised temperature readings on a baffle is available to judge the mixing
behaviour. Thus comparison of temperature trends at a few points was undertaken, rather than
full visualisation of the mixing process, as was conducted for the water simulation trials.
Blind simulations using the network-of-zones model were then conducted, using the
parameters of each of the 210 l pilot plant reactor tests. The trend of temperature with time
was extracted from the results files and graphically presented in a similar fashion to the
experimental data. The results for each of the three tests are presented in Figure 5.19 to Figure
5.21.
The general form of experiments 1 and 2 are similar. The injection of a cold fluid results in
an initial temperature oscillation, which resolves into a steady value. At the point of
successful reaction inhibition, this steady value will follow a decreasing trend, caused by the
jacket cooling.
The variation between the different thermocouple probes reveals how the simulation is
predicting the mixing of the incoming inhibitor solution. It is seen that the two central
thermocouples are first to be affected by the diverging cool stream yielding a comparatively
deep temperature dip, whereas the subsequent mixing of the stream causes a less severe
reduction in temperature as the inhibitor spreads out to the upper and lower devices. The
initial cooling is such that only the uppermost probe sees a continual temperature increase,
and this subsides within the first few seconds.
Comparison between the simulation traces for experiments 1 and 2 indicates that, as would be
expected from the classic agitation theory, the slower agitator speed of experiment 2 results in
a predicted longer timescale for overall mixing. It is additionally predicted that a substantial
initial temperature drop be noted at the two central probes, this being deeper for experiment 2.
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Turning to experiment 3, the initial form of the curves follows that of experiment 1.
However, halting of the agitator results in a reduction of fluid motion, modelled as an
exponential swirl decay, which results in a predicted cessation of mixing. At this point, the
runaway is predicted to continue, having not been halted. The simulation does not contain
any diffusion mechanism to allow mixing to continue.
It may be seen that there is some discrepancy between the simulation trends and the
experimental results. The magnitude of the initial temperature drop observed in the
experiments is less than predicted, the two central probes do not preferentially see the
“ribbon” of inhibitor, and the mixing/reaction cessation in experiment 3 is considerably better
than predicted. Nevertheless, in the case of experiments 1 and 2, the overall agreement at the
end of the simulation period is very good, despite the early wild oscillations of the
simulations.
The principal reason for these differences is considered to be due to inadequacies in the
modelling of the incoming jet, the considerable momentum of the actual jet not being
reproduced in the simulation. Following the initial blind simulations, the experimental results
were released to the modelling researchers with a view to understanding the discrepancies in
the simulation model. The mathematical description of the introduction of the inhibitor jet,
with its associated momentum was considered a primary cause of the differences noted
between the simulated and experimental results. Equally, the supplementary mixing due to the
gas bubbles has not presently been modelled.
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Figure 5.19 Predicted & Experimental Temperature Mixing Curves – Experiment 1

62

124

119

Temperature (°C)

114

109

104

99

94
0

5

10

TC3 - Simulation
TC3

15

Time (s)

20

25

TC4 - Simulation
TC4

30

RTD5 - Simulation
RTD5

35

TC6 - Simulation
TC6

Figure 5.20 Predicted & Experimental Temperature Mixing Curves – Experiment 2

124

122

Temperature (°C)

120

118

116

114

112
0

5

TC3 Simulation
TC3 Test

10

Time (s)

TC4 Simulation
TC4 Test

15

RTD5 Simulation
TC6 Test

20

25

TC6 Simulation

Figure 5.21 Predicted & Experimental Temperature Mixing Curves – Experiment 3

63

40

6 GENERAL CONCLUSIONS FROM PILOT SCALE TRIALS
6.1

DEMONSTRATION OF EFFECTIVENESS OF TECHNIQUE

The principal conclusion from the three pilot plant trials conducted was that the inhibitor
injection system successfully halted the advancing runaway reaction in all cases. Thus the
conditions employed for the injection operation were well chosen.
Inhibition of a rapidly advancing polymerisation reaction by means of active injection is thus
seen to be a workable concept. Whilst earlier published studies have shown this to be
successful at laboratory scale, the present trials have demonstrated the ability to scale-up the
technology by a factor of 300.
6.2

EFFECT OF PARAMETERS INVESTIGATED

The resources available limited the test programme to three trials. Consequently, a
comprehensive review of relevant parameters could not be undertaken at pilot scale and the
objectives of the study were reduced to an investigation of the role of mechanical agitation in
mixing. Thus the study considered inhibition during consistent agitation at two different
speeds, and agitation failure leading to the rapid decay of liquid swirl.
An analysis of the agitation based solely upon the behaviour of the mechanical stirrer, using
both a classical dimensionless number approach and the network-of-zones modelling
suggested that the initial mixing (and consequent chemical inhibition performance) should
deteriorate as the agitator speed was reduced. The results from the trials do not, however,
support this analysis. It is therefore clear that the mixing and turbulence invoked by the
injection system dominates that of the mechanical agitator in the pilot scale equipment.
6.3 ABILITY TO PREDICT INJECTION AND REACTION BEHAVIOUR DURING
SCALE-UP

The design of the equipment set-up for the trials had concentrated primarily on achieving
successful reaction inhibition, the scale-up procedure adopted being summarised in Section
5.1. Thus the injection quantities, concentrations, nozzle location, rapidity, etc, were chosen,
based upon laboratory scale results, to provide the most effective conditions. With these
aggressive injection conditions in place, the role of the mechanical agitation in the reactor
would always be supplementary. What is clear from the results is that the jet injection is the
dominant phenomenon for this series of experiments.
The modelling studies employed so far to analyse the pilot scale results do not provide a
detailed analysis of the fluid dynamics of the incoming jet, the momentum of the injection
stream being underestimated. Thus the use of the network-of-zones model alone to simulate
the system behaviour has presently not been demonstrated. Simpler analysis using a mixing
time / fluid overall re-circulation approach fails for the same reason; it does not account for
the substantial influence of the incoming jet. Analysis of jet dispersion behaviour does not
fully help, since standard correlations consider quiescent fluids; the jet and agitator interacting
effects need to be considered.
In scaling to larger facilities, it is likely that the jet effect will diminish in comparison to the
mechanical agitation. Thus, whilst at the pilot scale the existing modelling techniques have
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proven disappointing at simulating the actual behaviour, they may well be more successful at
larger scale and should in any event yield a more conservative view of system efficiency.
6.4 AREAS OF CONTINUING UNCERTAINTY AND NEED FOR FURTHER
WORK

It is clear from the aforesaid that the jet effect from the injection system requires further
investigation. It is necessary to be able to separate the mixing nozzle effects from agitator
effects, and have an understanding of how they act in combination. Specifically, the future
investigations should consider the influence of injection mass velocity, the varying conditions
between injected fluid and reacting conditions, the zone of influence of the jet under various
agitation conditions, and other such effects.
In the present work, the runaway reaction was induced early in the polymerisation. Thus
inhibition was conducted at a low monomer conversion, and hence at a low liquid viscosity.
Particularly in the case of polymerisation reactions, inhibition of more elevated viscosity
fluids is of considerable interest. Some further work in this area has been undertaken as an
extension to this project, supported by ISPESL, the Italian safety authority. The results of this
further work are presented in the Viscosity Annex.
Examination of reaction systems other than free radical polymerisation would be extremely
useful, particularly those involving additional phases such as solids or immiscible liquids. In
these systems, mass transfer effects may well have more importance.
As was discussed in Section 6.1, the pilot plant work has enabled a scale-up factor of 300 to
be tested. For some pharmaceutical and fine chemical industries, the scale employed during
the trials is within an order of magnitude of the reactor sizes used for production. Thus the
results of this present series of trials may be directly applicable. For other industries,
particularly production of bulk polymers, further scale-up trials of ideally another two orders
of magnitude, could be useful to supplement the on-going modelling work.
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7 IMPLICATIONS FOR INDUSTRIAL APPLICATIONS
As has been demonstrated during this project, active inhibition may be considered an effective
technique to regain control of an incipient runaway reaction. It is known that a number of
commercial companies make use of inhibition as a supplementary level of safety. There is
scope, nevertheless, to employ active inhibition as a Basis of Safety, provided the effectiveness
and reliability of the design can be demonstrated.
The three principal elements to be undertaken during the design of an injection system were
discussed in Section 3. These relate to the choice of the chemical inhibition agent, the design
of a high reliability detection and activation system, and the specification of an appropriate
feed system to take account of the mixing provided by the conditions in the reaction vessel.
The choice of an appropriate inhibition agent involves intellectual and laboratory studies. The
thermochemical and kinetic behaviour of the reaction system with and without inhibition must
be quantified by experimental means.
The conditions under which inhibition is chosen as a safety technique will derive from
traditional risk analysis and safety review studies. These studies will additionally identify
where inhibition comes in the hierarchy of safety measures and thus dictate the level of
integrity required in the installation (i.e. does it supplement other more reliable measures or is
it the ultimate level of protection?). The instrumentation and control requirements to achieve
the required level of protection stem from these reviews, and their implementation follows
existing practice. A standard to which designs should be undertaken is available (IEC 61508),
application of which will allow demonstration of the level of integrity achieved.
The design of the injection system to ensure effective mixing of the inhibitor into a given
vessel arrangement will require a detailed case-by-case examination. As has been reported,
there are a number of principles to be observed for good injection, some of these principles
being dependent upon the mode of failure envisaged (e.g. is mechanical agitation present?). In
cases of unique reactor or agitator arrangements, laboratory investigation of fluid recirculation patterns may be required. At the present time, detailed computer simulation or
mathematical modelling is available to predict the incorporation and homogeneous mixing of
the inhibitor into the reaction mass, but cannot reliably reproduce the jet injection effects. In
small scale facilities (e.g. pilot plant), the jet effects can dominate. These computer
simulations consequently predict wild temperature oscillations early in the injection period,
but do give reasonable predictions 20 – 30 seconds after injection, when the agitator is
continuing to run. As the simulations are therefore predicting slower mixing than is observed
experimentally, they can be used to give additional confidence to any design where the
injection conditions are chosen according to the general principles determined following the
mixing laboratory tests.
For a practical industrial system, care should be taken to avoid certain problems that were
discovered in the course of the pilot scale experimental tests. Solutions of inhibitor that are
close to saturation should be avoided, since inhibitor crystallisation can result in injection line
blockage. Vapour phase polymerisation can form deposits (e.g. polystyrene) on critical
components, such as moving parts of valves (following the second pilot scale experiment,
polystyrene deposits seriously damaged the main relief valve seals). If an inhibition injection
system is installed on industrial plant, safety procedures must be in place to ensure checking
and maintenance of such components. This is particularly important for items that would
otherwise only be operated in an emergency.
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It is therefore seen that many uncertainties remain in the design of industrial scale inhibition
systems, and considerable further work is needed before the technology can be universally
applied.
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8 CONCLUSIONS
8.1

RESULTS FROM PROGRAMME

This programme of work, sponsored by the UK HSE, has demonstrated the effectiveness of
reaction inhibition at a pilot plant scale. Whilst it is known that a number of commercial
organisations have an interest and some proprietary knowledge in the overlapping areas, this
work has drawn together existing literature information and put into the public domain an
additional body of research. Thus a greater understanding of the prospects for inhibition as a
Basis of Safety, and the factors to be considered during its utilisation, has been achieved. It is
recognised, however, that not all aspects have been resolved during the present investigations
and considerable further work is required before the technology can be universally applied.
For the case of the uncontrolled polymerisation of styrene, substantial laboratory investigation
of chemical inhibitors and the conditions that would favour their application has previously
been undertaken. Pilot scale (210 l) experiments have demonstrated the effectiveness of the
inhibitor injection at two different agitation speeds and under conditions immediately
following agitation failure. Analysis of the results with respect to reaction kinetics and
accounting for the heat losses from the pilot reactor, has confirmed the rapid halting of the
runaway reaction, implying effective mixing had been achieved in each case. Modelling of the
studies using a network-of-zones approach has shown some inadequacies with the
reproduction of the pilot scale data. The reason for these differences has been ascribed to the
jet mixing effects of the incoming inhibitor momentum dominating the mechanical agitation
under the conditions used in the tests (i.e. small scale vessels). The modelling results do,
therefore, under-predict the mixing efficiency, thereby leading to a more conservative design.
8.2

NEED FOR FURTHER WORK

It is thought that a principal reason for the discrepancies between the pilot plant results and
the modelling work relates to the dominant influence of the jet injection over the vessel
agitator induced mixing. This aspect is likely to be dependent upon the scale of equipment
considered, since it is thought that the relative dominance of the jet effect will reduce as the
vessel size increases. This aspect needs further investigation by a combination of laboratory
and pilot scale trials, and computer modelling. An improved model to allow reliable
simulation of the fluid dynamics (including mechanical agitation and the momentum of the
incoming jet), concentrations, reaction kinetics and other aspects, could permit predictions of
system capability to be undertaken. This work could draw on the network-of-zones modelling
approach, in combination with more traditional CFD modelling.
Experimental work that would be particularly useful would include pilot scale inhibition trials
(e.g. at HSL) involving varying injection pressure conditions and quiescent vessel behaviour.
This would enable thorough testing of any computer models and give wider confidence about
the reliability of injection system design.
Another key aspect requiring further experimental and theoretical investigation is the effect of
viscosity on inhibitor dispersion and efficacy, relevant to detection and injection later in a
polymerisation runaway. It would also be useful to examine the feasibility of extension of the
technique to other chemical systems, for example including those involving additional phases
(solids or immiscible liquids). The aspect of viscosity has been considered in an extension to
the original project (sponsored by ISPESL, the Italian safety authority) and is reported in the
Viscosity Annex.
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NOMENCLATURE
D = angle (°)
P = bulk liquid viscosity (N.s.m-2)
Ow= thermal conductivity, (W.m-1.K-1)
) = constant
U = density, (kg.m-3)
P = viscosity, (N.s.m-2)
Pw = liquid viscosity at wall interface (N.s.m-2)
[ ] = Concentration (mol.m-3)
A = wetted surface area (m²)
Cm = constant
Cp = Specific heat (J.kg-1.K-1)
d = diameter of agitator, (m)
D = diameter of reactor, (m)
d0 = diameter of pipe (m)
Ea = Activation energy (J.mol-1)
hi = inside film heat transfer coefficient (W.m-2.K-1)
ho = inside film heat transfer coefficient (W.m-2.K-1)
HoR = heat of reaction (J.mol-1)
k = Empirical constant
K = Geometric factor
k0 = Arrhenius rate constant (s-1)
M = Mass of monomer
m = mass of reactor contents (kg)
N = speed of agitator, (s-1)

§ hi  D ·
¸¸
© kw ¹

Nu = Nusselt number = ¨¨

§Cp  P ·
¸
Pr = Prandtl number = ¨¨
¸
© kw ¹
Q = flow number
§ U N d2 ·
¸
Re = Reynolds number = ¨¨
¸
P
¹
©
Qp = pumping capacity of the impeller
R = Universal gas constant (J.mol-1.K-1)
t = time
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tm = mixing time
T = temperature
Tj = jacket temperature
U = overall heat transfer coefficient (W.m-2.K-1)
v = velocity (m.s-1)
V = volume of vessel (m³)
§P
Viscosity correction factor ¨¨ b
© Pw

·
¸¸
¹

X = length (m)
Xc = conversion
x = wall thickness (m)
Subscripts

0 = initial state
max = maximum point
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