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Abstract
The paper represents some results of comparative analysis of the methods used for
processing and interpreting data of adiabatic calorimetry as well as applying it to practical
situations. Specifically two approaches are compared – approximate method based on evaluation of simplified kinetics and a more comprehensive, simulation-based method that utilizes the evaluation of more detailed kinetic models.
The analysis is focused on two important types of data processing – correction of experimental results on thermal inertia (phi-factor correction) and estimation of adiabatic time
to maximum rate (TMR).
The most widely cited method for phi-factor correction is considered and its improvement is proposed to enable more precise prediction of the adiabatic time scale. A procedure
for phi-factor correction of pressure response is also proposed. The limitations of this enhanced Fisher’s method are discussed by comparison with simulation-based method. All the
illustrative materials are based on real examples.
As an example of application, the simplified method will be used to predict TMR and
its limitations will be discussed.
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1. Introduction
The main goal of this paper is to compare two approaches for analysis and application of experimental data derived from adiabatic calorimeters. The first approach is based on a popular simplified
method (referred to here as Standard method) that is widely used. The second, involving a more comprehensive approach based on the sequential use of the kinetic models coupled with mathematical simulation, will be referred to as the Expert method.
The focus will be on three particular but very important types of data treatment, namely kinetics
evaluation, correction of experimental data regarding thermal inertia and estimation of adiabatic time to
maximum rate, TMR. Several examples based on real experimental data will be used to reveal the potential of the Standard approach and to highlight possible errors that may arise when it is used beyond the
limits of its applicability.
It should be noted that kinetics evaluation has been mentioned at the outset very deliberately. The
fact is that all the data analysis methods, including the simplified one, require knowledge of reaction kinetics, at least the apparent activation energy and rate constant.
In the Standard methods the discussion will start with Fisher’s method for thermal inertia (or factor) correction (HarsNet, 2003 and Fisher et all, 1992) and the method for calculation of induction period of thermal explosion (under adiabatic conditions) which from a practical viewpoint is analogous to adiabatic TMR prediction (Grewer, 1994). The treatment will include simple N-order kinetics (HarsNet, 2003,
Fisher et all, 1992 and McIntosh et all, 2003).
Treatment of the Expert methodology will include an overview of a more comprehensive kinetic
analysis and also briefly consider a simulation-based approach to -factor correction and TMR determination.
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2. Backgrounds of the Standard approach
2.1 Kinetics evaluation
The kinetic approach that is most often used in adiabatic calorimetry is the Arrhenius linearization
method. According to this, under certain simplifying assumptions, the thermal state of the sample container (or bomb) and the sample can be described by the heat balance equation

dT
(1)
 W ( t , T, f ( C )) , t  0, T  Ton , C  C0
dt
where   1  (c b m b ) /(c s m s ) , W( t , T, f ( C)) is specific heat release rate generated by a reaction,
f ( C ) stands for the function that defines dependency of reaction rate on concentration vector C .
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Assuming that temperature can be considered as the independent variable taken from the experiment, for the simple single-stage N-order reaction, equation (1) is reduced to
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attained at the reaction completion.

 from experimental data, equation (2) can be linearized with respect
to the kinetic parameters k 0 , n and E by logarithmic transformation:
After calculating d / dt and
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Then all the kinetic parameters can be estimated by applying the linear least square method
(HarsNet, 2003, Fisher, 1992 and McIntosh at all, 2003).
Unfortunately this simple method fails even in the case of minor complications of the reaction. For
instance, for well known single-stage autocatalytic reaction
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the equation cannot be linearized with respect to the autocatalytic parameter z therefore only

(4)

k 0 and E

can be estimated by the linear least square method for certain predefined value of z. In the case of more
complex multi-stage reactions the linearization method fails completely and the only alternative is to apply
non-linear optimization methods.

2.2 Correction of adiabatic data for thermal inertia change
The thermal inertia (or phi-factor) of a sample bomb plays an important role in the use of the results. Small values of the phi-factor (~1.0) bring the experimental conditions closer to a real (large scale)
chemical plant accident and simplify extrapolation of experimental results for hazard analysis. Unfortunately, such data is not commonly generated experimentally and so the effect of higher phi-factor must
somehow be corrected. There are two ways to do this. The first is to use special adiabatic calorimeters
that can directly generate small phi-factor data (the VSP and Phi-Tec II (HEL, 2013) instruments are examples). The second is to mathematically adjust (correct) the high phi-factor data to produce suitable low
phi factor results. Note that the second approach can be considered potentially a general solution for adiabatic data treatment because even low phi-factor data is not always directly applicable to all practical
scenarios (Kossoy et all, 2010).
The aim of the correction is to estimate temperature profile and self-heat rate (hereafter referred to
as SHR) under pure adiabatic conditions. The most recent and widely used method is that recommended
by Fisher et. al. (1992) as part of the DIERS vent sizing project.
This method assumes that the reaction is a single stage, N-order type. It takes into account both
the change of the so-called reaction “onset” temperature in pure adiabatic mode and dependency of reaction rate on temperature. The standard method involves the following three steps:
Step 1. The adiabatic “onset” temperature

Ton,ad is first estimated. Assuming that consumption of

a reactant near the onset is negligible and the reaction can be considered zero-order one, the following
relation will be valid:
2

1
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Ton stands for experimentally measured “onset” temperature, which is a function of the instrument

sensitivity.
Step 2. The adiabatic temperature course is estimated:
Tad ( t )  Ton, ad    [T( t )  Ton ]

(6)

where T(t) is experimental temperature.
Step 3. The adiabatic SHR curve is reconstructed:
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where dT / dt  1 is the experimental SHR.
As a matter of fact all these formulae have been derived for zero order reaction, assuming that
there is no reactant consumption. The latter limitation though is taken into account implicitly as the adiabatic SHR is calculated from (7) by correcting experimental SHR which depends on reactant consumption.
Strictly speaking this method can be applied only in the case of N-order reaction which is specifically emphasized in (Fisher et all, 1992). The question is whether it can give plausible results if the reaction
is more complex. This will be considered later to establish the limits of this assumption.
The method does have one well known drawback. As it follows from equation (6), the experimental
temperatures are corrected along the experimental time scale, i.e. the formula doesn’t take into account
the fact that the reaction will be faster at lower phi-factor. In reality under adiabatic conditions the same
heat release will result in higher self-heating which will accelerate the reaction and vice versa, therefore
the time to reaction completion will inevitably be shorter and the real adiabatic temperature profile will be
sharper than the profile predicted by equation(6).
As it will become clear, in the case of a single N-order reaction, equation (7) correctly predicts the
dependence of the SHR (i.e. (dT / dt ) ad ) on Tad ). Therefore an Arrhenius-type plot of ln (dT / dt ) ad
versus reciprocal temperature

Tad , agrees quite well with the adiabatic SHR. This may initially seem

very strange – while there is good agreement between true and predicted SHR, the temperature against
time curve is elongated in comparison with the true one. The origin of this discrepancy is that the corrected temperature and the SHR curves don’t have direct correspondence - the SHR cannot be obtained by
differentiation of the temperature curve: differentiation of (6) gives

dT / dt ad    dT / dt  1 instead

of (7).
The fact that Fisher’s method correctly predicts temperatures and the SHR, that is, correctly predicts variation of (dT / dt ) ad on temperature, suggests that it may be possible to reconstruct the adiabatic time scale by integrating the reciprocal adiabatic SHR on temperature:
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(8)

As we will demonstrate this reconstruction does give quite good estimates of the adiabatic time
th
scale. Thus the 4 step should be added to the Fisher’s method. Hereafter it will be referred to as the Enhanced Fisher’s method.
Formula (8) gives the one-to-one correspondence between the experimental time points and the
time points on the adiabatic time scale (adiabatic time points). Therefore to get the correct estimate of
time dependency of the adiabatic self-heat and SHR one should sequentially assign adiabatic time points
to the adiabatic temperatures from (6) and adiabatic SHRs from (7), in other words, implement the mapping of adiabatic temperature and SHR onto the adiabatic time scale.

2.3 Estimation of the adiabatic Time to Maximum Rate
Adiabatic Time to Maximum Rate, TMR, is very useful indicator of potential reactive hazard
(Grewer, 1994 and Stoessel, 1993). It is determined either as function of temperature or vice versa the
temperature is searched at which TMR reaches certain value (e.g. 24 hours). Typically for practical appli3

cations TMR should be determined under adiabatic conditions. Therefore before estimation of TMR experimental data must be -factor-corrected.
There are several methods for simplified determination of TMR(T) but we will consider only one
(well established) method (Grewer, 1994) which allows analytical calculation of this parameter. The formula
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was derived by D. Frank-Kamenetskii (1969) (see also (Bowes, 1984)) for induction period of adiabatic
thermal explosion assuming the zero order reaction. It can be recognized directly from this assumption
that for the N-order reaction, the formula gives somewhat conservative estimate of the TMR as the reactant consumption will slow down the reaction and result in longer TMRs.
To summarize, the Standard approach comprises the Arrhenius linearization method for kinetics
evaluation hereafter referred to as Arrhenius method, the Enhanced Fisher method for -factor-correction
and the method for TMR estimation based on formula (9) hereafter referred to as Frank-Kamenetskii
method.

3. Backgrounds of the Expert approach
As mentioned earlier, evaluation of complex kinetic model, either self-accelerating or multi-stage,
requires the use of non-linear optimization methods. Moreover, in the case of adiabatic data the assumption that temperature can be considered as independent variable, i.e. that it can be taken from the experiment, results in biased estimates of kinetic parameters (see Kossoy et all, 1995 and 2007 for more details). Therefore the complete model comprising heat balance equation (1) and energy source equations
(reaction model) has to be integrated numerically and resultant temperature curve should be compared
with experimental temperature response.
As soon as the kinetic model has been evaluated one can get necessary results by simulating a
reacting system behavior under conditions of interest, specifically under pure adiabatic conditions ( = 1),
or calculate TMR(T) taking into account all the features of the reaction.
The combination of non-linear kinetics evaluation, -factor-correction and TMR determination using
simulation will hereafter be referred as the Expert method.

4. Comparison of Standard and Expert approaches
Several real examples will be used to compare results of applying Standard and Expert approaches. In each case, the analysis will be presented as follows:
- short introduction;
- kinetics evaluated using Arrhenius method and Expert method;;
- results of -factor-correction by applying Standard and Enhanced Fisher methods and the Expert simulation-based method and comparison of the results;
- Results of TMR determination using Frank-Kamenetskii method and Expert method and comparison
of the results.

4.1 Single-stage reactions
4.1.1 N-order reaction
Experiment
The experiment with 20% solution of DTBP in toluene has been performed by using Phi-Tec I HEL
st
adiabatic calorimeter (HEL, 2013). The reaction is known to be approximately of the 1 order type and is
often used as a bench mark in adiabatic calorimetry. The Ton for this experiment was found equal 125.8
o

C,  = 1.665. Experimental curves are shown in Fig.1 a,b (curve 1).
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Fig. 1 Phi-Tec I data on decomposition of DTBP.
a) – temperature profile; b) self-heat rate (Arrhenius plot);
1 – experiment; 2 – kinetics prediction
Kinetics
The kinetic model (2) evaluated by using Arrhenius method provides good fit of data (Fig.1). The

15
kinetic parameters are as follows: k 0 = 3.67*10 1/s; E=155.38 kJ/mol; n=0.98; Q =253 J/g of mix-

ture. The model type and parameters values derived are in good accord with published data (Iizuka et all,
20013). For this simple N-order reaction both the Standard and the Expert methods of kinetics evaluation
give very similar results.

 -factor correction
Prediction of reaction course under adiabatic conditions (=1) has been made using 3 different
methods: Standard Fisher’s method, Enhanced Fisher’s method and Expert method. The adiabatic onset

o

temperature estimated from (5) is 121.6 C. Temperature profile and SHR of the adiabatic course are
presented in Fig. 2.

Fig. 2 Prediction of the adiabatic course of DTBP decomposition
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher method
It can be seen that the Standard Fisher method properly predicts the self-heat rate and the temperatures but the temperature curve is stretched as the experimental time scale has been used. The Enhanced Fisher method provides much better prediction of the adiabatic temperature profile (curve 3 in
Fig. 2a). The Expert method gives slightly better results.
Predicting TMR
Predictions of the adiabatic TMR by the Frank-Kamenetskii method method and the Expert method
are shown in Fig. 3. Clearly the simplified FK method, as it was expected for the N-order reaction, correctly predicts dependency of adiabatic TMR on onset temperature though prediction is slightly on conservative side.

5

Fig. 3 Prediction of adiabatic TMR for DTBP decomposition. 1 – Simulation; 2 – Frank-Kamenetskii method

4.1.2 Autocatalytic reaction
Experiment
This example concerns the first stage of the curing reaction of a resin studied by the ARC. The
Ton for this experiment was 110.1 oC,  = 1.665. Experimental curves are shown in Fig.4 a,b (curve 1).

Fig. 4 ARC data on resin curing.
a) – temperature profile; b) self-heat rate (Arrhenius plot);
1 – experiment; 2 – prediction by complex (autocatalytic) kinetics; 3 - prediction by simple kinetics
Kinetics
a. Complex kinetics (Expert method)
The experimental SHR curve (Fig. 4 b, curve 1) vividly shows the autocatalytic nature of the reaction. Therefore the single-stage autocatalytic model had been chosen for kinetics evaluation by applying
non-linear optimization. It provides a good fit to the data (Fig. 4, curve 2). The kinetic equation and the estimates of the kinetic parameters are as follows:
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dQ
d
 k 0 (1  ) n1 ( n 2  z) exp(
);
 Q
dt
RT dt
dt

(10)

k 0 =2.033*104 1/s; n1=1.42; n2=0.98; E=63.13 kJ/mol; z=0.068; Q  =367 J/g
b. Simple model (Arrhenius method)
The Arrhenius method doesn’t allow creation of the autocatalytic model (10) therefore the N-order
model (2) was evaluated to approximate experimental data (Fig. 4 a,b, curve 3). The model with the pa9
rameters k 0 =8.22*10 1/s; n=4.2; E=111.64 kJ/mol;

Q  =367 J/g reasonably approximates both the temperature profile (Fig. 4a, curve 3) and the SHR (Fig.
4b, curve 3) except that it cannot fit the beginning of the SHR curve where autocatalytic behavior is most
evident. The apparent activation energy of the simple model is higher than those for the autocatalytic one.
The origin of this effect is that higher E implies additional temperature acceleration of the N-order reaction
thus compensating inability of this model to account for chemical acceleration which defines the autocatalytic reaction.
6

 -factor correction
Prediction of the adiabatic reaction course by simulation on the basis of the complex model is presented in Fig. 5 a, b, curve 1.

Fig. 5 Prediction of the adiabatic course of resin curing
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher’s method
o

The adiabatic onset temperature estimated from (5) is 105.8 C. The Standard Fisher method properly
reconstructs temperatures but fails to predict time scale (Fig. 5a, curve 2). Moreover the Fisher method
overestimates the SHR (Fig 5b, curve 2), specifically the predicted SHR maximum is about 2 times larger
than the simulated value. Nevertheless the Enhanced Fisher’s method provides acceptable reconstruction
of temperature-time profile (Fig 5a, curve 3).
Predicting TMR
Predictions of the adiabatic TMR by the Frank-Kamenetskii method and the Expert method are
shown in Fig. 6. In this case the former essentially overstates the adiabatic TMR at lower temperatures
o

thus giving unsafe estimates. For instance, at 40 C the predicted TMP is about 10 times longer than the
simulated TMR..

Fig. 6 Prediction of adiabatic TMR for resin curing
1 – Simulation; 2 – Frank-Kamenetskii method

4.2 Multi-stage reactions
4.2.1 Reaction with two essentially overlapping stages
Experiment
Polymerization of methyl methacrylate (MMA) syrup with 2,2’-azobisisobutylonitrile (AIBN) as initiao
tor had been studied by applying the ARC. The Ton for this experiment was 50.1 C,  = 1.653. It was
found that there are at least 2 overlapping stages (Fig. 7 a,b, curve 1).

7

Fig. 7 ARC data on polymerization of MMA syrup.
a) – temperature profile; b) self-heat rate (Arrhenius plot);
1 – experiment; 2 – complex kinetics prediction; 3 – simple kinetics prediction
Kinetics
a. Complex kinetics (Expert method)

r1, 
r 2, 
Assuming that two consecutive stages occur, the kinetic model A 
 B  C has
been chosen for evaluation. The resultant model provided good fit of data (Fig. 7a, b, curve 2). The first
stage is autocatalytic, the second one – of the N-order type. The stage rates and the parameters values
are as follows:

E
E
dQ
r1  k 01 (1   ) n1 ( n 2  z ) exp(  1 ); r2  k 02  n 3 exp(  2 );
  Q i ri
RT
RT
dt
(i )

(11)

k 01 =1.071*1012 1/s; n1=1.6; n2=1.98; E1=96.8 kJ/mol; z=0.06; Q1 =260 J/g
k 02 =9.07*106 1/s; n3=1.98; E2=71.2 kJ/mol; Q 
2 =139 J/g.

b. Simple model (Standard method)
Due to limitations of the Arrhenius method the overall N-order model (2) was evaluated to approxi18
mate experimental data. The model with the parameters k 0 =2.62*10 1/s; n=4.4; E=145.3 kJ/mol;

Q  =414 J/g properly predicts the temperature profile (Fig. 7a, curve 3) and reasonably approximates the
initial fragment of SHR curve (Fig. 7b, curve 3) but fails in prediction of the fragment that reflects the second stage. Note that as in previous case the apparent activation energy of the simple model is much
higher than those for the stages.

 -factor correction

o

The adiabatic onset temperature estimated from (5) is 47.1 C.
Prediction of the adiabatic reaction course by simulation based on the complex model is presented
in Fig. 8 a,b, curve 1.

Fig. 8 Prediction of the adiabatic course of MMA syrup polymerization
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher method
8

The Enhanced Fisher method properly reconstructs adiabatic temperature-time profile. (Fig. 8a,
curve 3). As far as the SHR is concerned prediction by the Fisher method is surprisingly good (Fig. 8b,
curve 2).

Fig. 8 Prediction of the adiabatic course of MMA syrup polymerization
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher method
Predicting TMR
Results of prediction of adiabatic TMR by the Expert and the Frank-Kamenetskii methods are
shown in Fig. 9, curves 1 and 2 respectively. The
former underestimates hazard by overstating TMR
at low temperatures but gives conservative estio

mates at higher temperatures. (at 20 C exact TMR
is about 77 h whereas the Frank-Kamenetskii
o

method gives 206 h; at 60 C exact TMR is two
times longer than that predicted by (9).

Fig. 9 Prediction of adiabatic TMR for MMA syrup
polymerization;
1 – Simulation; 2 – Frank-Kamenetskii method

4.2.2 Reaction with two partly overlapping stages
Experiment
The exothermic phenol-formaldehyde reaction had been studied by applying the ARC. The
o

Ton

was 27.9 C,  = 1.33. Experiment allowed recognition of 2 partly overlapping stages, (Fig. 10 a, b, curve
1).

Fig. 10 ARC data on phenol-formaldehyde reaction.
a) – temperature profile; b) self-heat rate (Arrhenius plot);
1 – experiment; 2 – complex kinetics prediction; 3 – simple kinetics prediction
9

Kinetics
a. Complex kinetics (Expert method)
The reaction is known to comprise at least 3 consecutive stages - addition, condensation, and curing (Gustin et all, 1993 and Luo et all, 1993). Experimental data demonstrate only two partly overlapping
stages, presumably addition and condensation (Fig. 10 a, b, curve 1), the third stage occurs at higher
r1, 
r 2, 
temperatures. Therefore the model of two consecutive stages A 
 B  C was used for optimization-based kinetics evaluation. The model is similar to the model (11) except that both the stages
are of the N-order type. The resultant kinetic parameters values
k 01 =7.06*106 1/s; n1=0.84; E1=65.74 kJ/mol; Q1 =127 J/g; k 02 =1.62*107 1/s; n2=0.54; E2=75.73

kJ/mol; Q 2 =205.3 J/g provided good fit of data (Fig. 10 a,b, curve 2).
b. Simple model (Arrhenius method)
The Arrhenius method doesn’t allow creation of complex models therefore the N-order model (2)
was evaluated to approximate experimental data (Fig. 10 a,b, curve 3). The model with the parameters
k 0 =2.38*104 1/s; n=1.05; E=53.8 kJ/mol; Q  =330 J/g r predicts the temperature profile (Fig. 10a) and
reasonably approximates the initial fragment of SHR curve (Fig. 10b, curve 3) but, due to its limitations,
cannot correctly predict maximal SHR.

 -factor correction
Prediction of the adiabatic reaction course by simulation on the basis of the complex model is presented in Fig. 11 a,b, curve 1.

Fig. 11 Prediction of the adiabatic course of phenol-formaldehyde reaction
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher method
The adiabatic onset temperature estimated
o

from (5) is 23.9 C. The Enhanced Fisher method
plausibly reconstructs adiabatic temperature profile.
(Fig. 11 a, curve 3) but underestimates the adiabatic SHR, the maximal value is about 1.5 times
smaller than the simulated one (Fig. 11 b, curve 2).
Predicting TMR
Results of predicting the adiabatic TMR by the Expert and the Frank-Kamenetskii methods are
shown in Fig. 12, curves 1 and 2 respectively. For
this reaction the Frank-Kamenetskii method reasonably predicts adiabatic TMR though the results
are somewhat conservative.

Fig. 12 Prediction of adiabatic TMR for phenolformaldehyde reaction
1 – Simulation; 2 – Frank-Kamenetskii method
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4.2.3 Reaction with two well-separated stages
Experiment
The exothermic decomposition reaction had been studied by applying the ARC. The
o

Ton for this

experiment was 64.4 C,  = 2.19. Experiment allowed revealing 2 well-separated stages, (Fig. 13 a, b,
curve 1).

Fig. 13 ARC data decomposition reaction.
a) – temperature profile; b) self-heat rate (Arrhenius plot);
1 – experiment; 2 – complex kinetics prediction; 3 – simple kinetics prediction
Kinetics
a. Complex kinetics (Expert method)
The reaction is assumed to consist of two consecutive stages. The SHR curve (Fig. 13b) doesn’t
show any traces of autocatalysis therefore the same model of two consecutive N-order stages was used
14
as in the previous case. The resultant kinetic parameters values k 01 =1.50*10 1/s; n =2.16; E =122.73
8

kJ/mol; Q1 =377 J/g; k 02 =1.22*10 1/s; n =0.724; E =101.7 kJ/mol;
2
2
of data (Fig. 13, a,b, curve 2).

1

1

Q
2 =347.6 J/g provided good fit

b. Simple model (Arrhenius method)
In this specific case there is no chance to construct even an approximate single-stage model. The
only possibility is to fit the first fragment of data that corresponds to the first stage. The Arrhenius method
gives practically the same values of the kinetic parameters that were estimated for the first stage by applying the Expert method.

 -factor correction

o

The adiabatic onset temperature estimated from (5) is 58.5 C.
Prediction of the adiabatic reaction course by simulation on the basis of the complex model is presented in Fig. 14 a,b, curve 1.

Fig. 14 Prediction of the adiabatic course of decomposition reaction
a) – temperature profile; b) – self-heat rate (Arrhenius plot)
1 – simulation; 2 – Standard Fisher method; 3 – Enhanced Fisher method
The Enhanced Fisher method reasonably reconstructs adiabatic temperature profile. (Fig. 14 a,
11

curve 3) and accurately predicts the first peak of the adiabatic SHR curve (Fig. 14 b, curve 2) but signifycantly overstates the second peak, specifically the maximal SHR predicted by the
Fisher method is more than 4 times bigger
than the simulated maximum (9720 K/min
instead of 2040 K/min).
Predicting TMR
Results of prediction of adiabatic
TMR by the Expert and the FrankKamenetskii methods are shown in Fig. 15,
curves 1 and 2 respectively. For this reaction the Frank-Kamenetskii method reasonably predicts adiabatic TMR though the
results are somewhat conservative (at 20
o

and 60 C the Frank-Kamenetskii method
gives the values 424 h and 1.3 h instead of
540 h and 1.7 h respectively)..

Fig. 15 Prediction of adiabatic TMR for the decomposition
reaction;
1 – Simulation; 2 – Frank-Kamenetskii method

A more detailed analysis of the adiabatic temperature profile (Fig. 14 a, curve 1) helps to explain
why the Frank-Kamenetskii gives such plausible predictions in this complex case. This shows that under
adiabatic conditions, the reactant temperature increase due to heat released by the first stage was sufficient to trigger the fast second stage so that it immediately follows the first one. Evidently the simplified
method calculates the TMR for the first stage but the real TMR that is defined by the second stage ((Fig.
14 b, curve 1) is only slightly longer. As a result the TMR predicted by the simplified method proves reasonable though on the safe side.

5. Correction of other responses
5.1 Correction of heat and gas production responses
The procedure for correction of self-heating and SHR due to changes in thermal inertia have been
considered in detail but there are still more important variables that also require correction, for instance,
heat release Q(t), gas generation G(t) and pressure P(T) and their rates.
The relations for correcting all the responses except pressure can be easily derived.
As far as the integral responses Q and G are concerned, both these quantities are independent of
thermal inertia therefore it is sufficient to implement the same mapping of Q and G responses onto the
adiabatic time scale as has been done with adiabatic temperature, with the exception that these responses don’t require -factor correction.
To obtain the equation for derivative responses, it is helpful to recall firstly how the expression (7)
was derived and then how the equation of a response can be expressed.
Equation (7) can be derived from heat balance equation for adiabatic (=1) and experimental (>1)
conditions


E
 dT 
c p    Q  f () ad exp 
 dt  ad
 RTad
 dT 
c p  
 dt  


 ;


(12a)

 E 
 Q  f ()  exp 
;
 RT 

(12b)

where f() denotes kinetic function that describes dependency of reaction rate on conversion.
After dividing (12a) on (12b) one gets:

E  1
1
 dT 
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 dt  ad
 dt   f ( ) 
 R  T Tad
which coincides with (7) if





f () = f ( ) . This condition is correct provided that  ad    at the same

time instants. It can be shown that this equality is correct. Indeed:

 ( t ) ad 

Tad  Ton ad
(T  Ton )
T  Ton
from Eq (6)
  

 ( t )  ,
Tad max  Ton ad
(Tmax  Ton ) Tmax  Ton
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because the same experimental time scale was used.
It is evident that the term

exp[E(1/ T  1/ Tad ) / R ] is the correction that allows estimation of the

rate constant under adiabatic conditions (=1) starting from experimental data when 1.
The equations that define variation of other responses for adiabatic (=1) and experimental (>1)
conditions are

E
 dY 

);

  Y k 0 exp(
RTad
 dt  ad

(13a)

E
 dY 

)

  Y k 0 exp( 
RT
 dt  

(13b)


Here Y denotes a specific response (Q or G), Y means the value at the end of a reaction (heat
effect or specific gas production). The relation between the rate of response variation at (=1) and (>1)
can be derived in the same manner as it has been done for SHR:

E  1
1 
 dY 
 dY 
 ,

 
 exp  
R
T
T
 dt  ad  dt  
ad 
 

(14)

The derivative responses for adiabatic conditions estimated in this way must then be mapped onto
the corrected adiabatic times (7). Let us note that integration of dQ / dt ad and dG / dt ad along the ad-









iabatic time will give the same results as the mapping of experimental responses Q and G onto the adiabatic times.

5.2 Correction of pressure response
The most complicated issue is prediction of pressure rise under adiabatic conditions. It is important
first to appreciate that the pressure cannot be corrected directly. Indeed total pressure comprises pad gas
pressure, Pp , possible vapor pressure Pv , and pressure of the gaseous products, Pg :

P  Pp  Pv  Pg

(15)

Only the last term is directly bound to a reaction and it should be estimated separately to be able to
calculate generation of non-condensable gas products:

Pg  P  Pp  Pv ,
which in its turn requires separate estimation of Pp and

(16)

Pv .

Reconstruction of pad gas pressure. In the typical case, the value of pad gas pressure Ppo is
known only at the initial temperature Tpo or, to be more precise, at temperature when the sample bomb
was sealed, and in the simplest case, it can be assumed that the bomb void volume

Vv  constant. For

more exact calculation, variation of the void volume in time should be known; the challenge here is that
void volume depends on many factors, specifically on the thermal expansion of bomb and sample material and on the change of a sample volume due to change of its composition, which may result in variation
of density, and due to generation of gaseous products in the course of a reaction. Typically it is possible
to take into account, at least approximately, thermal expansion. The most complicated factor, namely variation of the sample volume due to a reaction, is usually not considered.
It should be noted that inaccuracies in calculation of Pp ( t ) are not very important if the reaction
generates significant amount of gases. For instance in the case of DTBP decomposition (see section Norder reaction) the total pressure at the reaction completion is 32 bar whereas approximate increment of
Pp for the same time moment is 1 bar.
Reconstruction of vapor pressure. This is even more difficult to predict.

Pv is a function of temper-

ature and composition of the reacting mixture, which is unknown. The simplest case is when there is only
one volatile component of the mixture – inert solvent and its vapor pressure does not depend on the
change of concentrations on other species in the mixture.
The Antoine equation (17)
13


H 

Pv  Pv* exp 
 R (T  C) 

(17)

or its simplified form with C=0 (August equation) are usually used for approximation of vapor pressure.
The effective coefficients should be estimated from the fragment of adiabatic data where generation of
gaseous products is still negligible. Note that the fragment that belongs to heat-wait search or other type
of thermal initiation procedure (at temperatures below the onset) is the most appropriate for parameters
estimation though traditionally this fragment is deleted before data analysis.
Calculation of gas response. If, nevertheless, pressure of gaseous products has been evaluated
then the gas production response can be calculated. There are also several factors that impede this step.
The following list is not complete but indicates the main problems:
- variation of the void volume in time should be known and taken into account;
- solubility of gaseous products in the reacting mixture may have significant impact, and it depends on
mixture composition, pressure and temperature.

G ( t ) is evaluated by using the Clapeyron formula
G ( t )  Pg ( t ) Vv / m s / R / T ( t ) ( G is specific value per unit of sample mass).
In the simplest case

As correct separation of all the components of pressure response is not always possible, an alternative method of data interpretation is often applied. The idea is to consider the reacting system being of
purely gassy type, that is to assume that the pressure rise is due to generation of gaseous insoluble
products. In this case there remains only one step – subtraction of pad gas pressure. As a result this approach overstates the amount of gaseous products. It should be noted that reconstruction of adiabatic
pressure response and its derivative are of primary importance if the final aim is to design an emergency
relief system. In this case the general question is whether this simplification is conservative. The difference in estimates of gas and pressure obtained by applying both these approaches can be illustrated but
the answer to the general question requires separate analysis.
As soon as the pressure components and gas production have been estimated, the procedure for
the prediction of pressure under adiabatic condition (-factor correction of pressure response) can be implemented in four steps (note that all the components should be calculated along the adiabatic times):
-

calculation of Pp , ad : Pp, ad ( t )  Ppo Tad ( t ) / Tpo

-

calculation of

-

calculation of Pg , ad : Pg.ad ( t )  G ( t ) m s RTad ( t ) / Vv

-

calculation of Pad  Pp, ad  Pv, ad  P g.ad and

Pv, ad ( t ) along (17) with T  Tad (t) if vapor pressure is considered, otherwise Pv  0

dPad / dt by numerical differentiation of Pad .

By way of illustration, the decomposition of DTBP is considered, using two approaches:
1. The simplified method of separating all 3 pressure components assuming that the bomb void
volume is constant, vapor pressure estimated from the heat-wait-search data is valid for the whole experiment and that gaseous products are insoluble. Hereafter this case will be referred to as a hybrid system.
2. The method based on the assumption that the pressure comprises only 2 components - the pad
gas pressure and pressure of gaseous products. Hereafter this case will be referred to as a gassy system.
The estimates for experimental conditions are presented in Tab.1. Initial conditions for the pad gas
5

o

pressure reconstruction were 1.1*10 Pa at Tpo =24.3 C. The August equation parameters were esti*
10
mated from heat-wait-search fragment of data: Pv  3.143  10 Pa; H  41.67 kJ/mol. The same
parameters were used for calculation of pressure under adiabatic conditions.
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Table 1
Estimates of pressure components and gas production for experimental conditions.
Parameter

Hybrid system, values at the
reaction completion

5

Full pressure P , Pa

32*10

Pad gas pressure Pp , Pa

2*10

Vapor pressure

Pv , Pa

Pressure of gas products Pg Pa

Gassy system, values at the
reaction completion

5

32*10

5

5

2*10

5

8.49*10

5

-

5

21.52*10

30*10

0.27

0.36

G  , mol/kg

The estimates of gas production for experiment and under adiabatic conditions are shown in Fig.
16 a,b.

Fig. 16 Comparison of two methods of evaluation of gas generation
a) gas amount; b) rate of gas production (Arrhenius plot)
1 – hybrid system, >1; 2 – gassy system, >1; 3 – hybrid system, =1; 4 – gassy system, =1.
It is clear that the assumption of gassy system results in overestimation of gas effect and rate of
gas generation.

Fig. 17 Comparison of two methods of evaluation of pressure response
a) the whole adiabatic curves; b) zoomed fragment;
1 – hybrid system; 2 – gassy system; 3 – hybrid system, contribution of vapor pressure;
4 – hybrid system, sum of pad gas pressure and pressure of gaseous products.
Fig. 17 presents the resulting pressure, corresponding to gassy and hybrid model assumptions.
The effect of model choice on pressure (in Fig. 17) turns out to be the opposite to that of gas amount (in
Fig. 16a) – the predicted pressure being higher for the hybrid case even though the gas quantity was
lower.
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The same is observed for the
rate of pressure variation (Fig. 18), in
contrast with Fig. 16b. The origin of
this effect is that temperature dependency of vapor pressure is exponential whereas temperature dependency of pressure of gas products is
linear. Therefore vapor pressure rises
much faster at high temperatures and
its contribution into the total pressure
proves to be significant (see Fig. 17
b).
Fig. 18 Rate of pressure variation (Arrhenius plot)
1 – hybrid system, =1; 2 - gassy system, =1; 3 - experiment

6. Discussion of the results
Though the spectrum of possible complex reactions is much wider than considered above, even
the limited number of examples presented here allows several general conclusions to be drawn.

6.1 The Standard approach
Enhanced Fisher method
1. The procedure proposed for evaluation of the adiabatic time scale provides much better prediction of adiabatic course of a reaction.
2. The method allows reasonable predictions of the adiabatic temperature-time profile even in the
case of complex multi-stage reactions.
3. Proper estimates of the adiabatic self-heat rate can be obtained not only for single-stage but also
for multi-stage reactions provided that stages are essentially overlapping and the reaction does not include self-accelerating (autocatalytic) stages.
4. The method can be improved for predicting pressure variation under adiabatic conditions.
4. If the reaction stages are partly or totally separated, then the results of SHR estimation will be in
error either by overstating or underestimating the maximum self-heat rate. Unfortunately there is no way
to predict the direction of the error.
5. The method fails to predict the adiabatic self-heat rate even in the case of the single-stage autocatalytic reaction. The same can be stated about any complex reaction involving autocatalytic stages.
6. Originally Fisher method was designed for extrapolation of adiabatic experimental data to the
case of =1. It is in fact easy generalize it for any selected value of , for instance to analyze the effect of
 - factor variation on the results of adiabatic experiment. If  is thermal inertia for the existing experimental data and 1 - the value for the conditions to be predicted then formulae (5)-(7) can be easily generalized as follows:

1
Ton , 1



1
R 1
 ln ,
Ton E 

T1 ( t )  Ton, 1 


 [T ( t )  Ton ]
1

E  1
  dT 
1 
 dT 



exp


,
 
 
 dt  1 1  dt  1
 R  T T1 

(5a)
(6a)

(7a)

Of course this generalization will be valid within the limits of applicability of the method.
There remains one limitation which is inability of the method to predict reaction profile at arbitrary
onset temperature. This is because the method essentially utilizes the experimental data and is bound to
experimental onset temperature as the basis for all the transformations.
The Frank-Kamenetskii method for calculation of the adiabatic TMR
1. The method properly predicts TMR for single-stage N-order reaction providing somewhat conservative results.
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2. In the case of the single-stage autocatalytic reaction and complex multi-stage reactions the
method usually gives incorrect results, moreover it is impossible to predict whether the estimates of TMR
are on the safe side or not and how far the estimates are from the real TMR values.

6.2 The Expert approach
This approach gives the general solution to the problem of predicting reaction profile under various
conditions and calculating such specific hazard indicators as the adiabatic TMR.
The main challenge of the method is its complexity and the need to pay due attention to every detail of the experimental data and methods used for kinetics evaluation. But the effort is rewarded as more
precise and reliable answers to various practical questions are generated, sometimes with important safety consequences.

6.3 The Standard versus Expert approach
The analysis presented in this paper shows that the Standard and Expert approaches are not antagonistic and should be considered as mutually complementary.
The Standard approach is very attractive due to its simplicity and can be successfully used for fast
preliminary evaluation within the limits of its applicability. Moreover in the case of single-stage nonautocatalytic reaction this approach allows reliable final conclusions. In more complex cases the results
should be considered with due care and regarded as only preliminary.
In all complex scenarios, the Expert approach is essential for generating reliable predictions.
All the calculations for the examples presented in the paper were implemented by applying the
CISP Thermal Safety Software (TSS) series. Specifically the ADaExpert program was used for data processing, evaluation of simple kinetics, -factor correction by the Standard and Enhanced Fisher methods,
and TMR calculation along the Frank-Kamenetskii method; the ForK kinetics package was used for evaluation of complex kinetics and simulations.

7. Nomenclature

T

t

temperature, K

r

rate of stage, 1/s

time, s

Q

c

specific heat, kJ/kg/K

m

mass, kg

Q specific heat effect of a stage, J/kg
G specific gas generation, mol/kg


, 
k0
E
R

thermal inertia

n
z

conversions
pre-exponent, 1/s
activation energy, J/mol/K
gas constant, J/mol
reaction order

autocatalytic constant
Indices:
s
sample
b
bomb
on
value at the onset
ad
adiabatic
Abbreviations:
SHR
TMR

G
P
V
Vv
H

specific heat generation, J/kg

specific gas effect of a reaction, mol/kg
pressure, Pa
volume, m

3

void volume of a bomb, m

3

effective evaporation heat, J/mol

Pv
C

pre-exponent in Antoine equation, Pa

o
p
v
g

initial value
pad gas
vapor
gaseous product

self heat rate;
adiabatic time to maximum rate
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constant in Antoine equation, K
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