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Abstract

Runaway reactions occur when the total rate of heat generated in a system exceeds the rate of
heat loss by the system. The major source of heat generation is by chemical reaction; this can be
quantified calorimetrically, for instance via accelerating rate calorimetry. A review of the theory
of adiabatic calorimetry and its application to thermal stability analysis is presented, focusing
on simple reactive chemicals safety criteria that can be applied to vessels containing potentially
hazardous materials. Heat losses from a given vessel can be determined by filling it with a hot,
non-reactive fluid and then measuring the temperatures inside and outside of the vessel as it
cools down. Results from a cool-down experiment on a 20000 gallon (75.7 m?) insulated railcar
are presented. Additionally, the efficacy of removing heat from the railcar via either hosing it
with cooling water or by circulating cooling water in the car’s heat exchange coils was
evaluated. Time constants were determined for a series of different sized vessels, including the
railcar. Large vessels have significant thermal inertia and can be poorly mixed (the latter
resulting in thermal stratification). Ramifications of this are discussed, both for the routine
handling of potentially hazardous materials and for emergency response if an accident were to
occur. Runaway reactions were simulated by combining chemical reactions with vessel thermal
characteristics with reactions in a model of the time-dependent temperature behavior of the
system.

1. Introduction

Runaway reactions are composed of two parts — heat generation and heat loss.
A runaway reaction occurs when the rate of heat generation exceeds the rate of heat
loss. Heat generation can arise from an external source, such as a fire, and/or from an
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internal source, for instance from a chemical reaction. Heat generation rates resulting
from chemical reaction are routinely measured or calculated using differential scan-
ning calorimetry (DSC), accelerating rate calorimetry (ARC), heat flow calorimetry,
and other adiabatic or non-adiabatic methods.

Typically, kinetics determined by performing adiabatic experiments are combined
with heat transfer information and then extrapolated to non-adiabatic, real, systems
for thermal hazard evaluation. The theory of adiabatic calorimetry and its application
to thermal stability analysis has been presented elsewhere [1-5]. The development
below is intended to summarize the key aspects, focusing on presenting simple
reactive chemicals safety criteria that can be used for vessels containing potentially
hazardous materials. The impact of the assumptions and approximations made must
be carefully considered when applying these results.

1.1. Self-heat rate and time to maximum rate (adiabatic systems)

Commonly , the rate constant for a chemical reaction increases exponentially with
temperature, exemplified by the Arrhenius expression

k = Ae E/RT 1)
For an nth-order reaction, a rate law can be defined as

dc .
5= —kC | @

or, for a pseudo-zero-order reaction (i.e. order equals zero or n = 0)

dC
= _k 3
dt U4 ( )
where k, = kKC}.

The concentration of C at temperature 7 in a reacting adiabatic system can be
approximated by

T,— T

C= ATap

Co )

where T is the final temperature of the system and A T',5 is the adiabatic temperature
rise

)

where mC,, is the average heat capacity of the system (including the vessel, reactants,
products, inerts).
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Differentiating Eq. (4) with respect to time and substituting the result into Eq. (2)
gives the following self-heat rate
dT (Tf -\

R m—=1 6
dE k ATAB) ATABCO ( )

Under initial cbnditions this reduces to

d _
(aTT)T., — kATr Oy )

The time required for a reaction to reach maximum rate, TMR, (although it may or
may not indicate the time to explosion) is an approximate measure of the time
available to respond to an emergency. TMR can be determined directly via experi-
mentation, e.g. from ARC data (although a thermal inertia correction may be neces-
sary for extrapolation). Alternatively, it can be estimated analytically. For a reaction
with a relatively high activation energy it has been shown [4] that the time to
maximum rate can be approximated by
RT?

TMR = (dT/dt)E ®
In an adiabatic system, the heat generation rate is equal to the rate of internal energy
accumulation, which gives

d_T_ — AHk,V
dr mC

P

©)

Substituting Eq. (9) into Eq. (8) gives an expression that can be used to estimate TMR
[1]

mC_ RT?
T™R ~— "2~
MR ~ " AHk,VE (10)

1.2. Thermal hazard evaluation — non-adiabatic systems

Thermal hazard evaluation requires knowledge of both the rate of heat generation
and the rate of heat loss to or gain from the surroundings. Determination of heat
generation and heat loss separately, and then combining this information to assess the
hazard, avoids the danger and cost associated with performing full-scale runaway
reactions. Heat generation is due to chemical reaction, as discussed above. Heat loss
rates can be obtained either from experiments, from a heat loss model, or from
a combination of the two. Some heat loss rate data are available for process equip-
ment, but heat loss rates are less well known for storage or transportation containers
— for instance drums, tank trucks, railcars, and barges. Inadvertent runaway reactions
in transportation containers can have serious consequences, exacerbated by their
large size and often remote location.
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Heat loss (or gain) can result from a number of sources including heat flow (a) from
vessel jacketing; (b) through the vessel surface; (¢} from the sun’s radiation; (d) from
addition or removal of material from the vessel; (¢) from agitation; and (f) from
physical phenomena such as evaporation, crystallization, or mixing. Kumana and
Kothari [6] present a detailed analysis of heat flow owing to (a—c), assuming
a uniform internal temperature. They do not consider the transient case. Bourne and
coworkers [7, 8] studied heat flow from a vertical unstirred vessel (with an adiabatic
lid and isothermal walls having a uniform heat transfer coefficient), obtaining the
temperature distribution inside the vessel as a function of time.

In this analysis, heat loss to or gain from the environment will simply be modelled
as a heat transfer coefficient, U, multiplied by a heat exchange area, a, and then
multiplied by a temperature driving force. The temperature driving force will be
approximated by the difference between an average internal temperature, T, and an
average ambient temperature, T,. A heat balance, for the case of a zero-order reaction,
gives that the heat generation rate equals the thermal energy accumulation rate plus
the heat loss rate

—AHk.,,V=mC,,‘l—f+ Ua(T — T,) : (11
Fig. 1 plots the heat generation rate and the heat loss rate versus internal
temperature. At steady state, d7/dt is zero and the rate of heat generation equals the
rate of heat loss (points A and B for the upper heat loss line). Point A is a stable
steady-state point: if the system is perturbed to a temperature above or below point A,
the system will relax to point A. Point B in Fig. 1 is a metastable steady-state point: if
the internal temperature drops just slightly, the heat loss rate will be greater than the
heat generation rate and the internal temperature will decrease to point A. However, if
the internal temperature is perturbed above point B, a thermal runaway will occur.

At the critical point (T = Tng), the slope of the heat generation line equals the slope
of the heat loss line (point C). Point C may be obtained by increasing the ambient
temperature (as shown by the dashed line) or by decreasing the heat transfer rate
(reducing the slope of the heat loss line). At point C, any increase in temperature or
decrease in heat loss will result in a runaway.

The thermal time constant of the vessel can be found by setting the heat generation
rate in Eq. (11) to zero and rearranging

L _mCy_ —(T—T)
' Ua @ dT/dt

Substituting d7/dt from Eq. (7) into Eq. (12) and then taking the derivative with
respect to temperature gives

(12)

mC,
Ua

In other words, the TMR at Tng equals the time constant of the vessel. Note that this
is an approximate result derived from substituting the adiabatic rate of temperature

(13)

TMR|,, =
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Fig. 1. The self-heat rate and heat transfer rate as a function of temperature.

increase under initial conditions into the steady-state heat balance. This approxima-
tion is better when 7 is close to Ty, in the early stages of a runaway, and for nearly
adiabatic systems.

Equating the above equation with Eq. (10) gives an expression useful for estimating Tyg

— AHk,VE

T = UaR

(14)
The so-called self-accelerating decomposition temperature, Tgapt, iS defined as the
minimum external (ambient) temperature at which a given vessel or container will
decompose in seven days or less. Tgapr can be calculated from 7y as follows [1]

RT?
TSADT =Twgr — ENR (15)

1.3. Approach

The heat loss/gain characteristics of a vessel can be estimated via Eq. (12), cal-
culated via the method described by Kumana and Kothari [6], or determined
experimentally. Numerical estimates are complicated by the fact that heat loss to gain
from the environment frequently involves multiple, interacting heat flow paths
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combined with non-uniform internal and ambient temperature distributions. On the
other hand, passive (e.g. with no reaction occurring) experiments can be performed
under conditions closely simulating the real, active system.

Passive experiments involve filling a vessel with a hot, non-reactive fluid (such as
water), then observing the internal temperature decay over time [1, this work]. t, for
the active system can then be calculated as follows

(mCP)aclive (mcp)acti‘:e
Ta e — —————— T assive = T——————— 16
* (mcp)passive pass (Ua)passive ( )

Where Tp..ive iS the experimentally determined time constant for the passive system
(using the integrated form of Eq. (12)). In addition, it is important to determine how
well mixed the vessel’s contents are. A single hot spot in which a runaway reaction is
occurring can result in the entire contents of the vessel running away unless counter-
measures are taken. Temperature measurements in various positions within a vessel
during the cool-down can help in estimation of vessel mixedness in an emergency
situation.
In this work, three experiments were done, determining:

(1) the cool-down rate from a stationary, indoor, railcar;

(2) the efficacy of hosing down the railcar with cold water for removal of heat; and
(3) the efficacy of circulating cold water through the heating coils as a means to

remove heat.

2. Experimental

Experiments were conducted from mid-August to mid-September, 1991 on a 20000
gallon (75.7 m3) insulated rail tank car (manufactured by Union Tank Car Co., Fig. 2).
This type of tank car is representative of over 60% of Dow Chemical’s liquid rail
transportation fleet. The car is approximately 44 ft (13.4 m) long, and 10 ft (3.05 m) in
diameter. It is fabricated of mild steel, has no lining material on the interior, and is
insulated with four inches (0.102 m) of mineral wool.

On 22 August 1991 between 5 and 6:45 pm, the car was filled with 82 °C (180 °F)
water until hydraulically full (168100 lbs water) via a dip pipe that discharged near the
bottom middle of the car. A standpipe in the top of the car was left open to the
atmosphere to allow for thermal expansion. The car was parked inside a tank car
washing facility (at Dow Chemical’s Midland site). Care was taken to limit the air
circulation by closing the overhead doors near the car. On 9 September 1991 (3 pm),
the car was moved outside. The firehosing experiment was done the next day. Cooling
water was run through the external coils beginning on 12 September 1991 at 9:20 am,
while the car was still outside.

Thermal data were obtained by observing the temperature inside the car decay over
time. Both internal and external temperatures were measured. To assess the degree to
which the water was thermally mixed, the water temperature was measured at various
positions inside the railcar using type J thermocouples (Fig. 2). Temperatures were
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Fig. 2. Schematics of a rail tank car, giving internal thermocouple positions. The top schematic gives a side
view, while the bottom schematic gives an end view. The placement of the heating coils can be seen in the
bottom drawing.

measured with an array of thermocouples placed in the middle and in the front or
A-end of the car.

Each array had probes in the center and one foot from the top, bottom, and sides of
the car. Thermocouples for measuring external temperatures were placed on the
tank’s surface. Additional thermocouples were placed at 1 and 2.5 ft (0.3 and 0.76 m)
from the tank surface to measure the air temperature near the tank. The data were
recorded, every hour for the first day and less frequently later on, using a Hewlett-
Packard 85 computer with a Hewlett-Packard 3279 data logger.

3. Results and discussion

3.1. Surface temperatures and thermography

The loss of heat from the car was immediately obvious in that the air sur-
rounding the car was hotter than ambient. On the second day of the cool down,
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a thermographic camera was used to measure surface temperatures. Much of the car’s
outer surface was at close to ambient temperature, indicating that the insulation
provides the limiting resistance for heat transfer in those regions. Some downwards
slippage and some separation of the insulation was evident. In contrast, some areas
were significantly hotter than ambient; in many cases these were areas where compo-
nents were welded directly to the internal steel tankage. Examples include the brake
assembly, the bolsters and chassis, the manway, the valve and dip pipe assembly, and
the piping for the heat exchange coils and the bottom drain. Some of these temper-
atures were as little as 10°C below the internal temperature.

3.2. Cooldown profiles

Figs. 3 and 4 give thermal decay profiles for the A-end and the middle of the car,
respectively. After nearly three weeks, only about 20 °C have been lost, corresponding
to a temperature fall off of about 1°C per day at a temperature difference (internal
minus external) of roughly 30 °C. Approximately five days are required for the system
to reach “steady state”. During this transient period, the car’s metal warms up quickly,
cooling the water near the walls. Then this cooler water is gradually warmed by the
more interior water. The end result is that A-end (about one foot from the wall)
temperatures actually rise for several days before beginning to decline.

The temperature in the middle of the car begins at about 78 °C, close to the
temperature of the water with which the car was initially filled. However, the bottom
temperature declines rapidly, eventually establishing about a 20 °C gradient from the
center to the bottom. Water near the walls is cooled and “slides” down the walls to
pool in the bottom. No vertical thermal gradients are observed in the top half of the
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Fig. 3. Thermal decay of an insulated railcar: A-end.
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Fig. 5. Thermal decay of an insulated railcar: day/night oscillations in the A-end bottom internal
temperature.

car perhaps since the water near the walls that is cooled “falls” straight down rather
than “slides” down the walls.

After the thermal gradient is set up, the bottom and the center temperatures in both
the A-end and the middie of the car decline nearly in parallel, both losing about 1 °C
per day. A slight horizontal gradient is set up, with the A-end maintaining a slightly
lower temperature than the middle. As the car cools, its internal temperature is
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approaching the ambient temperature; this results in the observed curvature in the
cool-down profiles.

Note that the A-end bottom temperature oscillates in a regular fashion, while the
other temperature profiles are relatively smooth. This oscillation is diurnal, resulting
from fluctuations in the ambient temperature. A significant amount of the heat lost
from the car in this region flows through uninsulated regions and appendages. These
regions are less thermally isolated from the environment. Fig. 5 plots the A-end
bottom internal temperature along with the ambient temperature. Day/night fluctu-
ations of about 10°C in the ambient temperature were observed. The oscillations in
the internal temperature are time-delayed behind the ambient temperature oscilla-
tions by about 10 h and have an amplitude of only about 0.5 °C. In contrast to the
oscillatory pattern observed in the A-end bottom internal temperature profile, ambi-
ent temperature oscillations are damped out in other regions of the car, where heat
flow out is more dominated by the higher-time-constant process of heat flow through
the insulation.

3.3. Emergency response

What is the appropriate response to make in the event of a potential reactive
chemicals emergency? Possible responses include: hose the car with water, dilute (and
thereby cool) the contents of the car, use the heat exchange coils that are normally
used to heat the car for cooling, move the car to a remote site, and if the situation
merits, simply get people away from the emergency site. ’

3.3.1. Firehosing

Firehosing is used to knock down hazardous vapors, to maintain the car’s walls
cool in the event of fire impingement (to maintain the integrity of the car’s walls), and
to cool the car’s contents. Water is typically placed on the top of the car and allowed
to run down the sides. How effective is this in cooling the car?

About 10000 gallons (37.85 m?) of water were sprayed for about an hour onto the
upper portion of the car using a monitor cannon. Firehosing had little effect on the
internal temperatures (Fig. 6). The top and center temperatures dropped about 1°C
during the hosing, while the left side and the bottom temperatures actually rose by
about the same amount, indicating a shifting in the internal free convection pattern.
The observed cool-down rate during the hosing was enhanced only moderately (about
twofold), owing to an increase in the external heat transfer coefficient on the unin-
sulated and poorly insulated regions,

3.3.2. Heat exchange coils

Many railcars have heat exchange coils, typically used for heating. Could these coils
be used to cool a railcar in an emergency situation? As seen in Fig. 2, these coils are in
intimate contact with the lower half of the railcar’s tank. Cooling water (from a fire
hydrant) was connected to the coils and the inlet and outlet temperatures recorded
over a 3.5 day test. The water flow rate and temperature were about 45 gpm
(0.00284 m3/s) and 22 °C, respectively.
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Fig. 6. The effect of hosing a railcar with cooling water on the middle internal temperatures.

Much of the heat is removed from the car over the first 10 h (Fig. 7). After about
20 h, the inlet and outlet temperatures are almost the same, indicating only a slow
removal of heat. The center and bottom thermocouples inside the railcar show a rapid
2°C loss in temperature per hour initially (Fig. 8). This is about 24-fold the rate at
which the railcar dropped in temperature during the cool down with just air in the
coils. Even at this fast cooling rate, it takes about a day to drop those temperatures to
close to the temperature of the cooling water. The cooling rate in the portion of the car
was increased about two-fold, probably owing to an increase in the temperature
driving force for heat conduction. Measurements with a portable thermocouple
indicated that while the top 2 ft (0.61 m) were isothermal and hot, the bottom S5 ft
(1.52 m) were also nearly isothermal (but were cool). Between a depth of 2 and 3 ft
(0.61 and 0.91 m), a steep isotherm, spanning nearly 30 °C, had developed.

When the coils are used for heating, the resulting density gradients promote mixing
via free convection. When these same coiis are used for cooling, a stable density
gradient is produced. Efficient removal of heat from the top portion of the car requires
an alternative means of mixing the car’s contents, for instance moving or “jockeying”
the car, recirculating the car’s contents, or sparging gas. Alternatively, if the coils
encompassed the entire circumference of the tank, they would be effective for both
heating and cooling.

3.4. Application of results

The time constant for the railcar during the cool down 7,,.i.., Was estimated to be
31 days. This gives a U of 1.0 W/m? °C (using a surface area of 116 m?). If the railcar
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were completely insulated, the heat flow from it would be limited by the conductivity
of the insulation (times the surface area). If this were true, U would equal the thermal
conductivity of the insulation divided by the insulation thickness. From this analysis,
it was determined that roughly half of the heat loss from the car flowed through the
insulation while the remainder flowed through the poorly and non-insulated regions.
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Table 1

Heat transfer data for different vessels. Data were obtained from cool-down experiments with water. T is
Tpassive: Details concerning the vessels: flask: 1-1 round-bottom, glass; 55 gallon (0.21 m3) drum, steel; tank
truck: two compartments of a three-compartment tank, each holding 2500 gallons (9.46 m®); storage tank:
one compartment of two-compartment horizontal cylindrical steel tank with one inch of fiberglass
insulation, each compartment holding 10000 gallons (37.85m3) and 12 ft (3.66 m) diameter by 13 ft (3.96 m)
long railcar; 20000 gallons (75.7m?) capacity, with 4 in (0.102m) of insulation, as described in this
work

Vessel Mass of T U

water (kg) (days) (W/m?°C)
Flask 1 0.076 12
55 gallon drum 220 042 8.5
Tank trunk 19,700 2 6.8
Storage tank 42,700 12 27
Railcar 76,000 31 1.0

If U were assumed to be that of the insulation (neglecting the importance of losses
through the metal appendages and other non-insulated surfaces) for thermal hazard
evaluation, an overly conservative estimate of safety would result.

Passive, cool-down experiments have been run on other vessels, including lab
glassware, unstirred pilot-plant reactors, a drum, a tank truck, a 10000 gallon
(37.85m?) insulated tank [9]. Table 1 gives 7pq4ive (for water) and U values for some of
these vessels.

As the vessel time constant increases, the associated maximum heat generation
rate that can be tolerated before a runaway reaction occurs decreases. The max-
imum tolerable heat generation rate in the railcar studied in this work corre-
sponds to a temperature rise of order 1°C/day. This is well beyond the sensitivity
of the ARC (0.02°C/min or 29°C/day). Hence either ARC data are extrap-
olated (assuming no change in mechanism at the lower temperature) or more
sensitive calorimetry is required. For example, isothermal heat flow calori-
meters could be used to provide data at very low heat generation rates
[10-12].

Fig. 9 gives a comparison of heat rate versus the temperature at which the exotherm
was detected for a range of calorimeters. When choosing a calorimetric technique with
which to obtain heat generation data, consideration must be given not only to the
chemical system of interest, but also to the accuracy of the data required, the
calorimeter’s sensitivity (as compared to T,..v.), the amount of mixing the calorimeter
provides, and the validity of data extrapolation.

Equipment time constants can be directly used in thermal hazard evaluation. Take
as an example, the case of a railcar filled with uninhibited styrene. 7,4, for the railcar
was 31 days, from which 1., was calculated via Eq. (16) to be 13.5 days. The
adiabatic TMR was then calculated via Eq. (10) and the styrene properties given in
Table 2. A plot of TMR versus temperature shows that Tng, estimated to be the
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Fig. 9. Comparison of sensitivities of different calorimeters. DTA: differential thermal analysis (DuPont),
DSC: differential scanning calorimeter (DuPont), RADEX: (ASTRA Scientific), ARC: accelerating rate
calorimeter (Columbia Scientific Industries), RC/1: RC1 reaction calorimeter (Mettler Instrument Corp.),
C80: heat flow calorimeter (Setaram), BT2.15 heat flow calorimeter (Setaram), Hart Iso: isothermal DSC
(Hart Scientific). For a zero order reaction, E = 20 kcal/mol. Numbers obtained from a nominal sample
loading and five times the baseline RMS noise taken as the minimum detectable signal, either as stated by
the manufacturer where available, or measured.

Table 2
Properties of styrene used in thermal runaway simulation. Kinetic constants are from Ref. [13]

logk,=a+ b/T m AH C,
(wt. polymer/h) (kg) (kcal/mol) . (cal/g °C)
a=1155 b=4170 76000 149 0.5

temperature at which the TMR equals 7, via Eq. (13), is about 36 °C (Fig. 10). The
same result for Ty is obtained if Eq. (14) is used. From the Tz, a self-accelerating
decomposition temperature, Tsapt, Oof about 20 °C is obtained via Eq. (15).

A better estimate of TMR and Ty can be obtained by performing a transient heat
balance, considering the heat loss from the railcar in addition to the heat gain
resulting from the styrene polymerization (Eq. (11)). Simulations of internal temper-
ature as a function of time were then made for different ambient temperatures using
Dow Chemical’s SimuSolv™ computer program. No credit was taken for evaporation
of the styrene monomer or small oligomers. The initial temperature of the contents
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Fig. 10. Adiabatic TMR versus temperature for the case of a railcar filled with uninhibited styrene.
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Fig. 11. Runaway simulation in a railcar filled with uninhibited styrene: internal temperature profile versus
time for ambient temperatures of 25°C and 30°C.

was set equal to that of the environment and both the internal and the ambient
temperatures were assumed to be uniform. Fig. 11 gives representative results, at
ambient temperatures of 25 and 30 °C. Note that while the styrene will never run away
in the 25°C case, an increase of 5°C increases the ambient temperature above
Tsapr and a runaway reaction occurs. The estimate for Tgapr, when heat losses are
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accounted for, is, as expected, less conservative than when no heat losses were
assumed (25-30 °C versus 20 °C). For the runaway case, note the long period of time
over which the temperature rises only slightly, which is then followed by a rapid
exotherm at about 55 days. The adiabatic TMR at 30 °C is similar but predictably
more conservative: 23 days instead of 55 days.

The internal and external temperatures and the rate of internal temperature rise
during a potential reactive chemicals emergency can be used directly in thermal
stability analysis. If (d7/d¢);cuive is greater than (d7/d?),a4vc (from Eq. (12)), there must
be heat generation from reaction (if heat input from agitation, radiation, etc. are either
negligible or are accounted for). If the activation energy is known or can be estimated,
then TMR can be estimated from Eq. (8).

4. Conclusions

The key thermal property of a vessel is its time constant, 7,.,.. Knowledge of 7,.ive,
combined with knowledge of the rates of heat generation (e.g. from the chemistry,
agitation, etc.) allows one to estimate the time to maximum rate (TMR) and the
temperature of no return (7g). TMR and Ty can then be used to evaluate a potential
hazard and to develop an emergency response plan. These parameters can be esti-
mated via the relatively simple expressions presented above, or, alternatively, more
accurate estimates can be obtained from simulations of the time-dependent mass and
energy balances.

Large vessels and vessels that are used for transportation and storage have additional
complexities. Significant thermal and chemical gradients may exist. In vessels with little
or no instrumentation, thermography (and/or other surface temperature measurement
techniques) could be used to aid in estimation of internal temperatures. Temperature
indicating labels could be placed on all large vessels containing certain chemicals. Then
routine checking of these temperatures could provide early warning that the contents of
a car were heating up. Mixing a vessel’s contents could be a very effective way to reduce
the potential hazard. However, care must be taken with two-phase systems which
require both phases to contact for reaction. Another complication is that heat loss to or
gain from the environment can involve multiple paths. High heat flux paths provide
efficient paths for vessel cooling; however, they also provide paths via which heat can be
gained rapidly during an emergency, for instance in a fire situation.

The data and analysis presented in this work have application in Safety and Loss
Prevention, Emergency Response, in transportation certification, and to optimize
shipping conditions for thermally-sensitive materials. Current work is aimed at imple-
menting improvements to the transient energy balance-based model to better address
heat flow from radiation and the multiple paths for heat transfer with the environment.
In addition, there is a need to study very large vessels and the impact of stratification.

5. Nomenclature

a heat transfer area (dm?)
A kinetic pre-exponential factor
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C reactant concentration (mol/1)

Co initial concentration

E kinetic activation energy (J/mol)

AH heat of reaction (J/mol, (—) for exothermic)

k reaction rate constant

k* pseudo-zero-order reaction rate constant (mol/l s)
mC, average (extensive) heat capacity (J/K)

n reaction order

R universal gas constant (8.32 J/mol K)

t time (8)

T internal temperature (K)

Ta ambient temperature

ATxs adiabatic temperature rise (K)

AT o maximum temperature difference, T — T, {(K)

T final temperature (for an adiabatic thermal runaway)
TMR time to maximum rate

Tne temperature of no return (K)

U heat transfer coefficient (W/dm?2 K)

V volume (1)

T time constant, subscripts as follows: v — time constant of the vessel, active

— for the active (reactive) system, passive — for the passive (non-reactive)
system.
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