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To study the thermal explosion of liquids a low pressure autoclave has been built. The 
first stage of a thermal explosion, the thermal runaway, has been studied. Evaluation of the 
temperature-time history results in kinetic data. Comparison with other thermal methods 
shows that the reliability of the method is better than with DTA. 

Tertiary butylperoxybenzoate has been investigated in the temperature range of 330 K 
to 440 K. Decomposition starts with a short period of autocatalysis, up to a conversion of 
about 0.05. The subsequent deco#nposition can be described by a second order process in 
the first instance and by a first order process in the last resort. Induced decomposition 
occurs up to a conversion of about 0.95. 

The description of exploding l iquids is usually based on detonation or deflagration. 
However, many liquids do not detonate when shocked by an explosive and do not 
deflagrate when ignited by a flame. Yet  an explosion can occur after a prolonged 
period of  heating. This is called thermal explosion and is characterized by a con- 
siderable degree of self-heating or thermal runaway of the l iquid before the larger part 
of the explosion energy is released. Actua l ly  an explosion comparable to a deflagration 
or detonat ion does not occur unt i l  after a drastic change in the physical state of the 
l iquid by the thermal runaway process. 

The theory of thermal explosion [ 1 - 3 ]  is concerned wi th  the compet i t ion between 
heat generation of  the reacting system and heat dissipation by conduct ion, convection 
and radiation from the reacting mass to the outside. The tendency of the reacting 
system to rise above the ambient temperature due to self-heating is opposed by both 
the heat transfer to the surroundings and the heat consumption of the reactant. It is 
worth noting here that the thermal explosion theory tries to account for  the onset 
of the explosive behaviour of  energetic substances during storage or dur ing batch-wise 
operation. Hence, a cont inuously stirred tank reactor is not considered. 

To evaluate the temperature- t ime history for a thermal explosion and to gather 
reaction kinetic data a low pressure autoclave has been bui l t .  Tert iary buty l  peroxy- 
benzoate (TBPB) has been chosen as a model substance [4]. 
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Experimental technique 

The low pressure autoclave consists mainly of a heated sample compartment and an 
isothermal compartment in which the explosion products expand (Fig. 1). The inner 
volume is 0.01 m 3. The maximum working pressure is 4.0 MPa at a temperature of 
473 K. The construct ion material is stainless steel. 

The temperature of  the insulated autoclave is kept at a constant value w i th  the 
exception of the bot tom which accommodates the sample vessel in a well. Around this 
well an electric heating wire has been f i t ted for heating the sample mass. Besides, this 
well is provided wi th  a cooling jacket to make starting temperature below room tem- 
perature possible. The low pressure autoclave has a special form for  two reasons. 

Fig. 1 Low pressure autoclave. 1. thermocouple autoclave, 2. thermocouple sample vessel, 3. stir- 
ring motor and transmission, 4. thermocouple sample vessel, 5. insulation cover filled with 
polyurethane, 6. cover of the autoclave, 7. pressure transducer, 8. safety membrane, 
9. autoclave, 10. insulation jacket filled with polyurethane, 11. stirrer (flat-blade disk, 
D$= 30 mm, 4 blades 5 x 6 ram), 12. cooling coil (thermostat), 13. sample vessel, 
14. baffles, 15. cooling jacket (cryostat), 16. electric heating, 17. space around pressure 
vessel filled with insulation material, 18. platinum thermometer, 19. thermocouple 
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The sample part should be designed in such a way that explosions caused by self- 
heating can be investigated. Facilitating the heat transfer from the external heating 
coil to the sample during the heating period and hampering the heat transfer from 
the sample to the apparatus during the self-heating and explosion period calls for a 
compromise. Therefore a height/diameter ratio of about 1 has been chosen for the 
sample part of the autoclave while an air-space of 1 mm between inner sample vessel 
and the autoclave has been designed to obtain the required heat resistance. In order 
to prevent high pressures it was necessary to design a relatively large pressure vessel 
for the explosion products to expand. The low pressure autoclave is protected against 
too high a pressure by a bursting membrane of 4.5 MPa. Since oxygen from air may 
react with the hot explosion products the apparatus is purged with nitrogen before 
each test. For homogeneity of the sample mass during the self-heating period of the 
sample a 4-blade turbine stirrer has been mounted. During each test temperatures 
and pressure are monitored simultaneously. 

Thermal runaway 

As mentioned before a thermal explosion occurs if the transfer of heat from re- 
actant to surroundings is insufficient. In this case self-heating may increase the tem- 
perature of the reactant to such an extent that finally an explosion occurs. The ther- 
mal explosion of liquids (Fig. 2) consists primarily of a period in which a thermal 
runaway reaction increases the temperature of the reactant exponentially and in the 
second place a period in which the explosion causes a fast pressure rise. Between 
thermal runaway and explosion lies the transition from a reactant which is homoge- 
neous to one that is heterogeneous in temperature. At the end of the runaway stage 
temperature differences in the reacting liquid increase and result in a local initiation 
of a deflagration. 

Owing to the fact that the term thermal explosion is used in a manner slightly 
different from that in literature the definition of this term is elucidated in the fol- 
lowing scheme which gives different stages and respective features. 

THERMAL THERMAL 
= + INITIATION + EXPLOSION 

EXP LOS ION RUNAWAY 

time scale (seconds) 10 4 - 1 1 0 -  0.1 1 - 10 - 3  

main uniform non-uniform propagating reaction 
feature temperature temperature zone through a 

running-away mass 

Thermal runaway is defined as the stage during which the reacting liquid shows self- 
heating and a homogeneous temperature distribution. The feature of the subsequent 
initiation stage is the heterogeneity with respect to the temperature. The final ex- 
plosion stage is characterized by a propagating reaction zone through a reactant that 
is already reacting. 
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Fig, 2 Temperature and pressure course during a thermal explosion experiment in the low pressure 
autoclave at a prepressure of 0.1 MPa. a. linear heating followed by thermal explosion, 
b. thermal runaway stage of the thermal explosion, c. explosion stage of the thermal ex- 
plosion 

Reaction kinetic data f rom the thermal runaway curve 

From evaluating the di f ferent modes of  heat transfer i t  appears that the fo l lowing 
equation describes approximately the heating rate of the sample 

dT 
(mCp) t -~-- - -  (hS)w(T w - 7") - I h S ) g ( T -  Tg) (1) 

where (mcp) t = heat capacity of sample and sample vessel ( J K - 1 ) ,  (hS) w = heat 
transfer between sample and hot wall  (WK - 1 ) ,  (hS)g = heat transfer between sample 

and cold gas (WK -1  ). 
Equation (1) assumes that the temperature of the sample and the sample vessel are 

equal. This approximation is justif ied if the temperature does not rise too fast (e.g. less 
than 0.1 Ks - 1 ) .  Estimated values for (hS)w and (hS)g are 0.4 WK -1  and 0.2 WK -1  
respectively. 
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The thermal runaway is preceded by the heating stage (constant heating rate) and 
starts when the temperature-time curve deviates from the linear curve which origi- 

hates from external heating of the sample. In course of time the thermal runaway stage 
changes into the initiation stage. 

For evaluation of the experimental results the upper boundary of the runaway 
stage has been defined as the lowest temperature at which a difference of 2 K is 
measured between the two sensors in the sample. 

The heat resistance between the sample vessel and the autoclave is high as compared 
with the heat resistance between the reactant and the sample vessel. This means that 
the temperature difference between the sample and the sample vessel is negligible in 
the beginning of the thermal runaway curve. To judge if this simplification is allowed 
for the end of the thermal runaway curve as well, the time constant of the sample 
vessel has to be considered. With a heat capacity of 142 JK -1 ,  a heat exchange area 
of 15 �9 10 - 3  m 2 and a heat transfer coefficient of 800 to 2600 Wm-2K -1 ,  which 
holds for most organic liquids, a time constant of 4 to 12 seconds is calculated. As this 
time constant is large compared with the time-scale of the thermal runaway curve, 
the temperature of the sample vessel must be calculated in order to determine the heat 
generation of the sample. Therefore the experimental data of the thermal runaway 
curve are processed with the following equations: 

dT1 
mlcpl  - - ~ - = q g  -- (hS)14(71 - T4) - (hS)12(T1 - 7"2) (2) 

dT2 
m2Cp2 - ~ - =  (hS)12(T1 - T 2) + (hS)32(T3 - T 2) - (hS)24(T 2 - T4) (3) 

T 3 = 7"3. 0 + bt (4) 

and boundary conditions at t = O: 

qg = 0  

dT1 dT2 
- - - -  - -  ~ b  

dt dt 

where T 1 = temperature of the sample, K; 7"2 = temperature of the sample, K; T 3 = 
= temperature of the bottom of the autoclave, K; 7"3. O = temperature of the bottom 
of the autoclave at t = 0, K; T 4 = temperature of the upper part of the autoclave, K; 
/'IS= heat transfer value, WK-1 ;  qg = heat generation of the sample, W and b = 
= heating rate at t = 0 ,  K s -  1. 

If T1 at t = 0 is chosen from 'the experimental curve, T 2 as well as T 3 at t = 0 
(7"3. O) can be calculated with the help of equations (2) and (3). With these initial 
values a further evaluation of the experimental T1 versus t curve (thermal runaway 
curve) is obtained by a stepwise calculation of 7"2 and qg by using equation (5): 

~(dT'2~ [dT2~ 
T2( i+  1) = T2(i) + 0.5 ~ - - ~ J i  + t - -~ - I i + l J  { t ( i +  1) - t ( i ) }  (5) 

J. Thermal Anal. 29, 1984 



538 VERHOEFF, VAN DEN BERG: THERMAL RUNAWAY IN THERMAL 

At  T1 (i + 1) the rate of temperature rise (dT2/dt) i+ 1 is calculated w i t h  equations (3), 

(4) and (5). Thereafter T2(i + 1) and qg(i + 1) are determined w i th  equations (5) and 

(2) respectively. 

A tr ial and error method is necessary to determine the activation energy of the 

runaway reaction. Suppose that the reaction can be described bv 

q g = q m  " m o = C m o ( 1  _~)n  exp { - -  R~T) (6) 

A convenient method is to take a value for  n and to check after that  if the experi- 

mental set of  (T 1, qg, ~) values obey equation (6). This procedure is repeated unt i l  

I n {qg  �9 (1 _ ~ ) - n }  becomes a linear funct ion of T l l .  A l though such a method is 

fundamenta l ly  correct, d i f f icul t ies arise in judging the best value for n. Owing to the 

small conversion range it  is even rather d i f f i cu l t  to discr iminate between zero, f irst 

and second order processes. Therefore the act ivat ion energy of the thermal runaway 

is determined by assuming a zero order reaction dur ing this stage. The faul t  that  is 

introduced by making this assumption is relatively small. A simple calculation shows 

that  the act ivat ion energies for  d i f ferent  reaction models most ly  d i f fer  less than ten 

percent. 

T a b l e  1 Influence of parameter values on the calculated values for the heat generation and con- 
version as functions of temperature 

Set of T] = 394,0 K T 1 = 411.7 K T 1 = 433.7 K 
parameters qg, W ~ qg, W ~ qg, W 

1 90.6 0.0406 415.1 0.0809 1928 0.1249 
2 80.4 0.0365 362.2 0.0720 1636 0.1096 
3 100.9 0.0455 451.5 0.0900 2005 0.1365 
4 91.4 0.0412 417.4 0.0817 1930 0.1258 
5 88.7 0.0399 400.3 0.0790 1839 0.1211 
6 91.0 0.0408 416.7 0.0812 1929 0,1252 
7 91.1 0.0410 416.8 0.0814 1929 0,1254 
8 90.6 0.0408 415.1 0.0809 1928 0,1249 

Set of mlcp~, m2cp2, (hS) 14, (hS)12, (hS)32, (hS)24, T4, 
parameters  J K -  JK -1  WK -1  WK - I  WK -1  WK - I  K 

1 200 142 0.05 30 0.32 0.17 300 
2 t 6 0  x x x x x x 

3 x 200 x x x x x 
4 x x 0.08 x x x x 
5 x x x 20 x x x 
6 x x x x 0.35 x x 
7 x x x x x 0 . 1 9  x 

8 x x x x x x 320 

x means: same value as used in set 1. 
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The sensitivity of the calculation procedure for the heat generation and conversion 
as functions of temperature with respect to the parameter values of equations (2) to 
(4) is shown in Table 1. One experimental T1 - t curve has been evaluated using dif- 
ferent parameter values. Although it appears from Table 1 that mcp values strongly 
influence the qg and ~ values, further calculations indicated that differences in activa- 
tion energies determined from the calculated qg, ~ values are smaller than 3 kJ tool -1.  

Decomposition rate of tertiary butylpe~oxybenzoate (TBPB) 

Tertiary butylperoxybenzoate (TBPB) belongs to the group of peroxyesters which 
may decompose via a single or multiple bond-breaking process [5]. It is widely used as 
a source of free radicals for polymerization. Peroxyesters show a spectrum of mecha- 
nisms ranging from oxygen-oxygen bond homolysis through the two-bond homolytic 
fragmentation with varying degrees of polar character of the transition state, to an 
ionic process. This is illustrated by the following scheme: 

O 
ii 

R COOR' -+ RCO2. + .O R' 

-* R. + CO2 + .OR' 

+ H  + - + R  + + C O 2 + H O R '  

These mechanisms operate in the peroxyesters of tertiary alcohols. Cyclic concerted 
decomposition occurs with peroxyesters of primary and secondary alcohol. Also 
metal-catalyzed decomposition may occur. 

In general it is rather diff icult to distinguish between one-bond and multiple-bond 
cleavage because in many systems the decarboxylation step 

RCO2. -+ R. + CO2 

is relatively fast. Moreover induced decomposition may occur, which means that a 
faster decomposition rate is measured as a consequence of the interaction between 
radicals and unreacted peroxyesters. TBPB shows induced decomposition. Higher con- 
centrations increase the decomposition rate, while the addition of radical scavengers 
reduces the rate increase [6]. Induced decomposition often occurs at concentrations 
above 0.1-0.2 M. Therefore reaction kinetic measurements are preferably performed 
with diluted samples. 

Several investigators have shown that TBPB is a one-bond radical initiator 
[5, 7]. Reported first order rate constants for TBPB in alkane solvents vary from 
5.97 �9 10 - 5  s -1 to 7.21 �9 10 - 5  s -1  at 388 K [7]. Blomquist [6] reports an activa- 
tion energy of 144 kJ tool -1  for the homolysis of TBPB in the temperature range 
383 K - 403 K. 

An extensive kinetic study of the stability of TBPB and para-substituted peroxy- 
benzoates has been performed by means of differential scanning calorimetry [8 -10] .  

J. Thermal Anal. 29, 1984 
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Kinetic parameters of thermolysis in several solvents are given. Investigations were 
carried out in the temperature range 373 K - 413 K. The conclusion is that the free 
activation enthalpy is a specific characteristic of the thermal stability. This parameter 
is recommended instead of the activation energy and the pre-exponential factor of the 
Arrhenius relation in evaluating the effect of aromatic ring substituents on stability. 
If the Arrhenius relation is applied to describe the experimental results the following 
values hold for TBPB in the range 373 K - 413 K: 

E = 139.0+1.7 kJ reel -1 (activation energy) 

In k 0 = 33.3+0.4 ((pre-exponential factor of a first order decomposition, s-1 ) 

For our purposes it is sufficient to use the Arrhenius relation due to the accuracy of 
the experimental results. A useful application of the Eyring relation requires discrimi- 
nation between activation energies which differ about 1 kJ mol-1 

Finally the total amount of heat, which is the sum of the enthalpies of the different 
reactions during decomposition of TBPB, has been reported for decomposition in 
several solvents [10]. Values for di-n-butylphthalate, diphenylether, tri-isopropyl- 
benzene and di-n-octyl adipate are - 318, - 259, - 280 and - 285 kJ mo1-1 re- 
spectively. 

One-bond hemolysis of TBPB in a solvent (SH) occurs according to the following 
scheme [8]: 

C6H5-C(O)OOC(CH3)3 ~ (CH3)3CO. + C6H5-C(O)O. 

(CH3)3CO. + SH ~(CH3)3COH+S.  

(CH3)3CO. -* (CH3)2C=O + CH 3. 

CH 3. + SH -->CH 4 + S .  

C6H5-C(O)O. + SH -*C6HsC(O)OH + S. 

C6H5-C(O)O. -* CO2 + C6H5. 

C6H 5. + SH -*C6H 6 + s .  

Decomposition rates by other methods 

Decomposition rate measurements of technical pure TBPB have been performed 
with the adiabatic storage test lAST), the isothermal storage test lIST), differential 
thermal analysis (DTA) and the low pressure autoclave (LPA). The AST, IST and 
DTA, which are complementary, are described by Barendregt [11] who used these 
techniques for several substances. Each test method has its specific advantages. The 
isothermal and adiabatic storage tests are the most sensitive, which means that reaction 
kinetic data are determined for the lowest possible temperature range. From in- 
vestigating the thermal stability of tertiary butylperoxypivalate [12] the conclusion 
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has been drawn that the test results of these methods agree surprisingly well for this 
substance in a rather broad concentration and temperature range. A similar, more 
extensive comparison is given here for tertiary butylperoxybenzoate. 

The influence of the degree of conversion on the rate constant has been deter- 
mined by consecutive AST experiments. Twenty-five tests were necessary to decom- 
pose the peroxide completely. 
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Fig. 3 Heat generation of TBPB as a function of concentration at different temperatures as mea- 
sured with the help of the AST 

Evaluation of the heat generations measured at a certain temperature in successive 
tests results in the concentration dependence of the rate of decomposition. The 
results of this evaluation are given in Figure 3 for four temperatures: 335, 345, 350 
and 360 K. From this Figure it is concluded that below concentrations of about 
500 kg m - 3  the decomposition of TBPB is a first order process. The reaction rate 
constant is: 

where k 0 -- 2.819 �9 1015 s -1  , E = t44.65 kJ tool -1  , temperature range: 345-360 K. 

In the concentration range 500-900 kg m - 3  the decomposition of TBPB can be 
described by a second order process. This is shown in Fig. 4. In this case the heat 
generation is: 

qm = kOQCm,O(1- ~;)2 exp ( - - - ~ )  (8) 

where k O = 1.02 �9 1012 m 3 kg -1  s - 1 ,  E = 139.5 kJ tool - 1 ,  Q = 1380 kJ kg - 1 ,  

Cm, 0 = 1040 kg m - 3 ,  temperature range: 335 K - 355 K. 
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Fig. 4 Heat generation of TBPB as a function of quadratic concentration at two temperatures 
measured with the help of the AST 

In the concentration range 900 -1040  kg m - 3  the decomposition of TBPB follows 
a high-order (above 2) process, which points to autocatalysis. 

A direct method to measure the concentration dependence of the heat generation 
is found in the isothermal storage test (IST). With this technique the heat generation 
of a sample of 0.01 kg is measured as a function of time by heat flow sensors. Some 
results for TBPB are given in Fig. 5. These measurements clearly show autocatalysis 
at the beginning of the decomposition of technical pure TBPB. Further elaboration of 
the results reveals that the conversion must be about 20% before the decomposition 
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Fig, 5 Heat generation of TBPB as a function of time at different temperatures as measured with 
the help of the IST. a. 348.2 K ; b .  347.7 K ; c ,  342.2 K ; d .  335.8 K; e. 330,1 K 
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obeys a second order process. This agrees with the AST results. Up to a conversion of 
about 20% the activation energy amounts to 163-+6 kJ mo l -1 .  Chemical analysis after 
the test (which is normally not performed until complete conversion) makes it possible 
to determine the heat of reaction. 

Non-isothermal differential thermal analysis is a technique that provides data from 
which both the temperature and concentration dependence of the heat generation can 
be found. Due to the small amount of sample (milligrams), decomposition rate data 
are determined at considerably higher temperatures than those covered by AST and 
IST. The DTA experiments have been performed in pressuretight nickel-chromium 
sample vessels provided with an inner glass vessel. The nett volume of the vessel is 
0.5 �9 10 - 6  m 3. Evaluation of the DTA curves has been carried out by means of the 
following equations (see also [11]: 

YK1 
qm = (9) 

m 

Y (10) T 1 = T o v  - ~vT"ov + K2 

where y = DTA signal, V; K 1 = calibration constant, indium sensitivity, WV-1 ;  T 1 = 
= temperature of the liquid sample, K; Toy = oven temperature, K; 7"ov = heating 
rate of the oven, Ks-  1 ; Tv = time constant of the sample vessel, s; K 2 = sensor sensi- 
t ivity constant, V K -  1. 

In opposition to the evaluation procedure of AST measurements, where a zero 
order approach is permitted owing to the small changes in concentration during one 
AST experiment, the evaluation method of a non-isothermal DTA experiment has to 
take account of both temperature and concentration changes during the experiment. 
A possible solution is to make use of the general heat generation equation [6] and to 
solve it by trial and error. 

Other solutions are discussed in [ 11]. The trial and error method assumes the order 
n and subsequently calculates qm/(1 - ~ ) n  as a function of T1 from the measured 
DTA curve. Graphical representation of In q m / ( 1 -  ~)n versus 1/T1 reveals whether 
the assumed order is acceptable for the observed DTA curve. 

The results of three DTA runs with TBPB under different experimental conditions 
are given in Table 2 and one run in Fig. 6. From Table and Figure it is apparent that it 
is extremely diff icult to conclude about reaction order and activation energy. The 
general picture from the DTA experiments agrees broadly with the aforementioned 
results from AST and IST: a second order decomposition preceded by an autocatalytic 
process and followed by a first order decomposition. However, the activation energies 
resulting from the three DTA runs differ markedly. The presence of oxygen seems 
to influence the decomposition process as appears from the values of the heat of 
reaction and the activation energy. Heat generation values in the temperature range 
370 K - 385 K in experiment DTA-1 (nitrogen) exceed the values of DTA-2 (air) by 
a factor of 2 to 4. Obviously oxygen inhibits the decomposition of TBPB. 
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Fig. 6 Results of  DTA-1 

Table 2 DTA results for  TBPB in a pressuretight sample vessel 

Conditions D T A - 1  D T A - 2  D T A - 3  

toy,  rnK s - t  33.1 33.3 3.33 
m, mg 4.91 5.05 46.03 
Atmosphere nitrogen air nitrogen 
Sample vessel NiCr, glass NiCr, glass NiCr, glass 

Results 

Q, kJ m o l -  ] 229 274 232 

E, C, E, C, E, C0 
kJ mol - 1 W kg - ] kJ mol - ] W kg - 1 kJ mol - 1 W k g -  1 

,~ 0.01 n = 0 206 3.1.1030 270 6.0.10 38 264 1.2.10 39 
l~ ~ 0.20 n = 2  118 2.3.101~ 164 22.10 24 110 1.2"101"/ 
~ ~ 0.30 n = l  

~ 0.40 n = 1 93 1.0.10 15 
~ 0.60 n = 1 101 1.4.1016 109 6.0.1016 

/~ =~ 0.85 n = 1 148 5.5.10 21 

Calculated qm at 400 K, W k g -  1 qm at 400 K, W k g -  t qm at 400 K, W k g -  ] 

= 0.20 570 540 330 
= 0.30 500 630 220 
= 0.40 430 540 190 
-- 0.60 290 360 140 
= 0.85 39 140 52 
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The differences between DTA-1 and DTA-3 may partly be attributed to the slightly 
different temperature ranges and are manifest if heat generations at corresponding 
conversions are compared for one temperature. Several values are given in Table 2 for 
a temperature of 400 K. This temperature lies in the measuring range of both experi- 
ments, which means that extrapolation from the measured conditions to the respective 
conversions at 400 K is rather small. Nevertheless considerable differences in heat 
generations occur between DTA-1 and DTA-3. The explanation of these differences 
must be sought in the simplified calculation procedure of the heat generation as a 
function of temperature from the original DTA signal, in the different mass of sample 
and in decomposition in the gas phase. 

Thermal runaway of tertiary butylperoxybenzoate 

This paragraph deals with the results of various experiments with tertiary butyl- 
peroxybenzoate (TBPB) in the LPA. First of all the results of a series of "standard" 
tests with 100 g of TBPB are discussed. The experimental procedure for these tests 
has been given before. For practical reasons the temperature-time curve is not 
evaluated directly from point T 1 (t = O) where the curve begins to deviate from the 
linear heating curve. The first measuring point is the point which deviates 5 K from the 
extrapolated linear heating line. The conversion ~ at that point is estimated by means 
of the actual heat generation and the time from T 1 (t = 0). The "end point" of the 
thermal runaway curve is determined by the moment when the difference between 
the two thermocouples exceeds 2 K. The results of seven identical experiments with 
TBPB in the LPA are as follows: 

Experimental conditions: 

T ~ 4 0 m K s  -1  Tg = 300 K 

m = 1 0 0 g  ~ o = 5 s - 1  

nitrogen PO = 0.1 MPa 

Results: zero order: 

E = 127.8 kJ mo l -1 ,  standard deviation 2.0 kJ mo1-1 

C = 7.53 �9 1019 W kg -1  , standard deviation 4.06 �9 1019 W kg -1 

The relatively large standard deviation of the heat generation factor is caused by the 
fact that a mutual dependency exists between E and C. Determination of the spread 
in heat generation requires recalculation of C values after application of the same 
(mean) activation energy. 

With a value of 128 kJ mol -1  a mean C value of 7.35 ~ 1019 W kg -1  with a 
standard deviation of 0.10 �9 1019 W kg -1  has been obtained. Therefore the heat 
generation of TBPB can be summarized by the following formula 
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128000 
qm = 7 . 4 "  1019 exp 8.314 T (11) 

temperature range: 380-430 K, pressure range: 0.1-0.15 MPa, conversion range: 
0-12.  

In Fig. 7 a logarithmic plot of qm versus the reciprocal temperature is given as an 
example of the results of an LPA experiment. In Fig. 8 an isothermal curve at 405 K 
is shown. This plot has been obtained by converting all the data points shown in Fig. 7 
to the temperature of 405 K by using the Arrhenius relation and the activation energy 
that follows from the zero order approximation. Figure 8 clearly shows the auto- 
catalytic behaviour of TBPB up to a conversion of about 0.05. 

~.Cn 102 -- 
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1~ 2.6 25 2 3  ~ 
l IT,x10-3 K -1 

Fig. 7 Heat  generat ion of  TBPB as a func t ion  of  t empera tu re  
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Fig. 8 Heat generat ion o f  TBPB as a funct ion o f  conversion at a constant temperature 

A series of experiments with TBPB has been performed at different prepressures 
within the range 800-10  kPa. The results of this series is summarized in Table 3. 
If the prepressure is larger, a higher activation energy is found. This is illustrated by 
the heat generation values. As the temperature increases the influence of the pre- 
pressure becomes more pronounced: at 430 K and a prepressure of 800 kPa the heat 
generation is more than 3 times as high as at 10 kPa. An explanation for these 
phenomena is found in the heat consuming process of evaporation of decomposition 
products and of TBPB. From the composition of the decomposition products it fol- 
lows that a maximum amount of about 70 g of products with an atmospheric boiling 
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Table 3 Thermal runaway data of TBPB. Temperature range: 380 K-430 K, Conversion range: 
0-0.12, Experimental conditions: 7- = 40 mK s- 1, Tg = 300 K, (~ = 5 s--- ], nitrogen 

Po, E, C, q, kW kg- 1 
kPa kJ mol -  1 W kg-- ] 380 K 390 K 400 K 410 K 420 K 430 K 

800 135 6.63 
4o0 133 3.76 
1 O0 128 7.40 
6O 122 1.19 
40 106 8,38 
20 101 1.88 
10 96 3.77 

102o 0.2 0.5 1.6 4.2 10.7 26.4 
10 20 0.2 0.6 1.6 4.3 10.8 26.2 
1019 0.2 0.5 1.4 3.6 8.9 20.9 
101o 0.2 0.5 1.4 3.4 8.0 18.0 
1016 0.2 0.5 1.2 2.6 5.5 11.1 
1016 0.2 0.6 1.2 2.5 5.2 10.1 
10 is 0.2 0.5 1.1 2.2 4.3 8.2 

point  below 430 K is formed from 100 g of TBPB. If the heat of evaporation is 

assumed to be 500 J g -1  it fol lows that evaporation of 11 g s -1  is necessary to 

account for the decrease of 5.5 kW kg -1  at 100 kPa wi th respect to 800 kPa at 430 K. 

From the heat generation of 26.4 kW kg -1  at 430 K fol lows a maximum evapora- 

t ion of 13 g s - 1 .  The discrepancy of 11 g s -1  is caused by two other phenomena, 

viz. accumulation of decomposit ion products in the l iquid during the thermal runaway 

and condensation at the upper steel part of  the sample vessel which is in contact wi th 

the relatively cold gas phase. 
To enable a comparison between DTA and LPA results four tests have been per- 

formed wi th a 40% w / w  solution of TBPB in dibutylphthalate. The results calculated 

on the assumption of  a 0.6 conversion of TBPB are: 

118000 
qm = 2.0 �9 1018(1 - ~) exp 8.314 T (12) 

E = 117.9 kJ mo1-1 , standard deviation 4.3 kJ mo1-1 

C = 2.0 �9 1018 W kg - 1 ,  standard deviation 0.1 �9 1018 W kg -1  

temperature range: 3 9 5 - 4 4 5  K, pressure range: 0 .1 -0 .15  MPa, conversion range: 

0 .60-0.74.  

Final ly the thermal runaway o f  TBPB has been measured in air instead of nitrogen 
in the LPA. The results obtained are similar as for  nitrogen. 

Discussion 

Heat generations 

In the preceding paragraphs many heat generation equations have been given for 
the decomposit ion of TBPB. A variety of experimental condit ions have passed in 

review. The results are convenient ly arranged in Fig. 9. From this Figure a careful 
comparison can be made wi th  the results obtained wi th  AST, IST, DTA and LPA. 
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Fig. 9 Comparison of  test results of TBPB 

N o t w i t h s t a n d i n g  the  w ide  t empe ra tu re  range, wh i ch  ex tends  f r o m  330  K to  4 4 0  K,  

there  is a surpr is ing ly  good  agreement  be tween  the  d i f f e r e n t  test results w i t h  respect 

to  heat  genera t ion  qm as a f u n c t i o n  o f  t empera tu re .  A re la t i ve ly  na r row  band covers 

al l  the results p l o t t e d  in Fig. 9a. A t  one  t empe ra tu re  the  q m / ( 1  - ~)n values d i f f e r  b y  

a fac to r  o f  no t  more  than  6. I f  the  respect ive ~ and n values o f  the  ind iv idua l  l ines 

are taken  in to  accoun t  the  qm values appear  t o  agree ve r y  we l l .  However ,  t he  act iva- 

t i o n  energies d i f f e r  ma rked l y .  
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Autocatalytic range 

In the very beginning of the decomposition of TBPB, up to conversions of about 
0.03 (DTA) and 0.05 (LPA), autocatalytic decomposition occurs, resulting in a very 
high apparent activation energy of at least 200 kJ tool -1 (DTA). Each separate test 
proves an autocatalytic decomposition of TBPB in the initial phase. An eminent test 
for studying the autocatalytic behaviour of TBPB is the isothermal storage test (IST) 
because this phenomenon only occurs in a very narrow conversion range in the 
beginning of decomposition. Its eminence especially springs from its sensitivity, which 
is sufficiently high to measure at temperatures at which the rate of decomposition is so 
low that conversion during the temperature equilibration after inserting the sample is 
small in relation to the conversion range of autocatalytic behaviour. An isothermal 
DTA experiment is inadequate because a substantial part of autocatalytic decomposi- 
tion occurs before the sample has attained its measuring temperature. No more useful 
is non-isothermal DTA because the autocatalytic decomposition is completed in a very 
small temperature range, which causes an inaccurate activation energy. Moreover the 
actual heat transfer from the sample to the measuring sensor is so complex that 
evaluation of such a very small part of the DTA curve is at least doubtful. 

The low pressure autoclave (LPA) and the adiabatic storage test (AST) are more 
useful than DTA but less suitable than IST for studying the autocatalytic decomposi- 
tion of TBPB. Owing to the change in both the temperature and the conversion of the 
sample during experimentation the influence of the two variables has to be derived 
from the temperature-time curve. In fact it is necessary to solve one equation with 
two unknown variables. Therefore LPA and AST results are less useful for the study 
of the influence of the conversion on the decomposition than IST is. 

First order and second order range 

The above mentioned factors elucidate the fact that the zero order lines of Fig. 9a 
show the least similarity. When the first and second order lines in the low temperature 
regime (AST) are extrapolated to higher temperatures the agreement is excellent, ex- 
cept for the literature data in [9]. The low position of the literature line can be 
explained by the phenomenon of induced decomposition which often occurs at con- 
centrations above 0.2 M (roughly equivalent to conversions below 0.96). A comparison 
of the LPA results from 40% w/w TBPB in dibutylphthalate with the literature line 
reveals that qm increases with a factor of about 2 by induced decomposition. It ap- 
pears from Fig. 9a that the zero order AST line after extrapolation covers the zero 
order LPA line. The difference between both lines is their activation energy. The same 
holds for the first order AST line and the first order LPA line. In both cases the 
activation energy has its lowest value for the LPA results which originate from the 
highest temperature range. As pointed out in the previous paragraph this is caused by 
evaporation. If evaporation is reduced, for example by increasing the prepressure of 
the LPA test, the activation energy is also in accordance with the AST value. 
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Interpretation o f  D TA curves 

It has already been concluded that the DTA results agree with the other tests 
because they are covered by a narrow band in Fig. 9a. The activation energies of the 
DTA experiments differ markedly from the other test results. Moreover there exist 
considerable differences between different DTA experiments. A comparison of DTA-1 
and DTA-3 shows that the results are affected by heating rate and sample mass. 
A distinct advantage of a non-isothermal DTA run is that it covers the whole con- 
version range. At the same time this has the consequence that the method is rather 
insensitive for the determination of reaction kinetic parameters of a substance like 
TBPB that shows a changing reaction mechanism. Nevertheless DTA activation ener- 
gies are significantly lower than LPA values. Also considerable differences occur 
between the heat generations calculated at 400 K from the results of DTA-1 and 
DTA-3. 

A first explanation of these results is the simplified calculation of the heat genera- 
tion values from the DTA signal by means of the equations used. Heat transfer from 
the sample to the measuring sensor has to overcome several resistances: sample/glass, 
glass/steel and steel/sensor. Approximation of these resistances by one calibration 
constant K 2 to correct the sample temperature is too simple. Owing to the gaseous 
reaction products the heat transfer coefficient from sample to glass decreases substan- 
t ial ly in the course of the test, The pressure inside the vessel, which changes if another 
sample mass is used, also influences the heat transfer coefficients inside the vessel. 

A second explanation concerning the deviating DTA results is found in the possi- 
bi l i ty of decomposition in the gas phase of the sample vessel. At higher temperatures 
decomposition of gaseous TBPB is more probable. Experiment DTA-2 shows that air 
instead of nitrogen in the gas phase in the sample vessel has a marked influence. 
Further investigations into these aspects are recommended so as to obtain a better 
evaluation method for DTA curves of substances like TBPB. 

Conclusions 

Thermal runaway, the first stage of a thermal explosion of a liquid, is characterized 
by a uniform temperature of the liquid or liquid-gas dispersion. Evaluation of the 
temperature-time history from a thermal explosion of 100 g of sample in the low 
pressure autoclave (LPA) results in reaction kinetic data for tertiary butylperoxy- 
benzoate (TBPB) which are in very good agreement with the other test results treated 
in this article, and with literature, As is apparent from independent calibration ex- 
periments the accuracy of the LPA results is such that the reliability rises above the 
results of differential thermal analysis (DTA). 

Technical pure TBPB has been investigated in the wide temperature range of 330 K 
to 440 K. Decomposition starts with a short period of autocatalysis, up to a conver- 
sion of about 0.05. The subsequent decomposition can be described by a second order 
process in the first instance and by a first order process in the last resort. Induced 
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d e c o m p o s i t i o n  occurs up to  a convers ion  o f  abou t  0.95.  Exce l len t  agreement  exists 

fo r  the ad iabat ic  storage test (AST)  results in the  3 3 0 - 3 6 0  K range and the  [ P A  

results in the  3 8 0 - 4 4 0  K range. 

Depend ing  on  the pressure, t he rma l  r u n a w a y  o f  TBPB is to  a greater o r  less e x t e n t  

accompan ied  b y  evapo ra t i on  o f  TBPB and d e c o m p o s i t i o n  products .  

D e v e l o p m e n t  o f  a mo re  real ist ic eva lua t i on  m e t h o d  fo r  non- i so the rma l  D T A  curves 

o f  substances l ike TBPB is s t rong ly  recommended .  This  should p re fe rab ly  be per- 

f o r m e d  b y  means o f  a mode l  substance whose k ine t i c  data have been d e t e r m i n e d  

accura te ly  by  means o f  L P A  exper imen ts .  
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Zusammenfassung - Zur Untersuchung der thermischen Explosion yon FKissigkeiten wurde ein 
Niederdruckautoklav konstruiert. Es wurde das erste Stadium der thermischen Explosion, des 
thermische "Durchgehen" untersucht. Die Auswertung des Temperatur--Zeit-Geschehens ergibt 
kinetische Daten. Vergleiche mit  anderen thermischen Methoden zeigen, dal~ diese Methode zuver- 
I~ssiger als die DTA ist. Terti~ir-Butylperoxybenzoat wurde im Temperaturbereich von 330-440  K 
untersucht. Die Zersetzung verl~uft zu Beginn eine kurze Zeit bis zu einer Konversion von etwa 
0.05 autokatalytisch. Die folgende Zersetzung kann in erster Linie als ein Prozell zweiter Ordnung 
und letztlich als ein nach erster Ordnung verlaufender Prozei~ angesehen werden. Eine induzierte 
Zersetzung erfolgt bis zu einer Konversion von 0.95. 

PeamMe -- ~LrlR H3yqeHHR TepMHqecKoro B3pblBa )KH/IKOCTeI~ 5blJ3 ROCTpOeH aBTOKnaB HH3KOrO 
,0,aBneHHR. H3yqeHa nepBaR CTa~HR TepMHqeCKOrO B3pblBa-TepMHqecKoro npoSera, rlpoBe/leHa 
oLleHKa pe3yJlbTaTOB TeMnepaTypa'BpeMR no ,IlaHHblM KHHeTHKH peaKLtHH. CpaeHeHHe 3TOrO 
MeTo/la c ApyrHMH TepMHqecKHMH MeTO,0,aMH noKa3ano ero nyquJylo Ha~e>KHOCTb no cpaBHeHHK) 
C ~TA.  J'lepeKHCb TpeT'6yTHn6eH3OaTa HCCJle/loBaHa B o6naCTH TeMnepaTyp 330--440 K. Pa3no- 
)KeHHe HaqHHaeTC,q C KOpOTKOI'O nepHoAa aeToKaTanHaa, npoTeKaK)Lu, ero co cTeneHbK) npeBpa- 
uJ, eHHR OKOnO 0,05. rlocne/ly~0u4ee pa3no)ffeHHe MoN(eT 6blTb OnHCaHO peaKu, HeR eToporo nopR,l~- 
Ka AnR nepeoro npHMepe, a �9 Kpa~HeM cnyqae-peeKu, Het~ nepBoro nopR/1Ka. HH/WLO4pOBaHHOe 
pa3no~KeHHe npoTeKaeT co cTeneHblO npeBpeuJ, eHHR OKOnO 0,95. 

J. Thermal Anal. 29, 1984 


