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AbstrAct: Cook-off tests are commonly used to assess thermal 
behaviour of energetic materials under external thermal stimuli. 
Numerical simulation became a powerful tool to reduce the 
costs with experimental tests. However, numerical simulations 
are not able to predict the violence of thermal response, but 
instead accurately reproduce radial heat flow in the test vehicle 
and satisfactorily predict the delay time to ignition and ignition 
temperature. This paper describes the slow cook-off simulation of 
3 selected PBX based on RDX in a small-scale test vehicle, using 
the equilibrium equation of Frank-Kaminetskii and testing 2 kinetic 
models: Johnson-Mehl-Avrami (n) and Šesták-Berggren (m, n). 
The influence of successive addition of binder elements (HTPB, 
DOS, and IPDI) on slow cook-off results of selected PBX was 
assessed. The variation of ±10% in input data was performed 
to determine the influence on the slow cook-off results. Results 
showed that the addition of binder elements reduces the delay 
time to ignition as well as ignition temperature and that the 
Šesták-Berggren (m, n) kinetic model generates smaller values 
and with less deviation linked to the variation of input data. The 
selection of kinetic model as well as the variation of ±10% in 
input data had a negligible influence on the slow cook-off results 
of cured PBX.

Keywords: Thermal analysis, RDX, Activation energy, 
Kinetic model, Cook-off.
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IntroductIon

Cook-off is the most common cause of accidents with 
energetic materials and ordnance items, being normally associated 
with dramatic consequences (Tobin 1994; Kummer 1996; Wada 
et al. 2004; Ministry of Ecology Sustainable Development 
Transport Housing 2012). It describes the response of energetic 
materials in weapon systems when exposed to abnormal thermal 
environments.

From the development of new energetic materials (EM) with 
high-energy content, the assessment of munition response to 
cook-off is very important to prevent and reduce the consequences 
of accidents. The enormous cost of experimental tests, particularly 
in large scale, leads to reduction in the number of tests that 
can be performed and consequently restricts the statistical 
significance of the results. In order to decrease the costs, numerical 
simulation is a suitable solution to predict the delay time (t) to 
ignition and ignition temperature of EM for different thermal 
scenarios. The development and validation of a kinetic model 
able to model cook-off are the major challenges in this field.

The purpose of this study was to determine the influence 
of kinetic models as well as thermochemical and kinetic 
parameters on the theoretical results of the slow cook-off (SCO) 
of 3 selected PBX based on RDX, using a commercial Abaqus 
2D code (Abaqus 1998). The effect of successive addition of 
binder elements (HTPB, DOS, and IPDI) on the selected PBX 
is simulated in a SCO scenario, and the theoretical results are 
compared in terms of t for ignition and ignition temperature. 
Previous experimental results of t and ignition temperature 
obtained with a small-scale test vehicle (SSTV) (Chaves 2002) 
are used to validate kinetic models as well as thermochemical 
and kinetic parameters.
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Material
Direction

Ox Oy

EM
Uniform mesh 
with 1 node for 

each mm

Uniform mesh 
with 1 node for 

each 0.5 mm

SSTV

Cylindrical 
tube

Uniform mesh 
with 1 node for 

each mm

Uniform mesh 
with 1 node for 

each 0.5 mm

Lid
Uniform mesh 

adequate to 
section

Uniform mesh 
with 1 node for 

each 0.5 mm

Figure 1. 2-D symmetry plane of SSTV and mesh size distribution.

table 2. Mesh element size in EM and SSTV.

Cylindrical tube

EM
0

y

xCentral node

Lid

COOk-Off MODel AnD ChARACteRistiCs Of 
test VehiCle

A numerical simulation of SCO was performed with a 
heating rate (HR) of 3.3 °C/h, according to STANAG 4383 and 
MIL-R-398A, based on the following equilibrium equation 
of Frank-Kamenetskii (Mader 1979; Victor 1997; Abaqus 
1998; Dickson et al. 2000; Atwood et al. 2002; Suvranu 2011; 
Vyazovkin et al. 2011):

element types used throughout the model were diffusion 
continuum axisymmetric 3 nodes (DCAX3) and diffu- 
sion continuum axisymmetric 4 nodes (DCAX4).

where: k is the thermal conductivity (W/m∙K); T is the 
temperature (K); ρ is the density (kg/m3); ∇2 represents the 
Laplacian operator; cρ is the specific heat capacity (J/kg∙K); 
t means time (s); S is the heat generation inside the system, 
which can be given by:

(1)

(2)

where: q is the heat of reaction (MJ/kg); h(α) is the empirical 
kinetic model function; A is the pre-exponential factor (1/s); 
E is the activation energy (kJ/mol); R is the universal constant 
(kJ/mol∙K).

In order to establish a comparison with previous experimental 
SCO results (Chaves 2002), a SSTV of cylindrical shape with 
capacity of 1.57 cm3 — internal diameter (id) = 10 mm and 
length (l) = 20 mm — was used for numerical simulation. 
Physical properties of the material used for the SSTV are 
presented in Table 1.

steel
thermal 

conductivity, 
k (W/m∙k)

specific 
mass, 

ρ (kg/m3)

specific heat 
capacity, 
cp (J/kg∙k)

DIN 42CrMo4 42.7 7,900 460.9

table 1. Physical properties of the steel used for the SSTV.

nuMeRiCAl Results AnD DisCussiOn
Numerical simulation was performed using a 2-D 

symmetry plane of the SSTV and the finite element mesh 
shown in Fig. 1. A small mesh element with size of 0.5 mm 
was used near the wall of the test vehicle (Table 2 and Fig. 1) to 
increase the accuracy of the calculations of temperature and 
sharp pressure peaks that appear during an explosion. The 

Heat transfer boundary condition around SSTV was 
governed by natural convection and radiation. Adopted values 
for the natural convection heat transfer coefficient and emission 
factor were 7.5 W/m2∙K and 0.8 (Incropera and De Witt 1990), 
respectively. The compositions of the 3 selected PBX used in 
this study are shown in Table 3.

Reference
Composition (%, w/w)

RDX htPB DOs iPDi

PBX RH8515 85 15 - -
PBX RHD8515 85 11.5 3.5 -
PBX RHDI8515 85 10.46 3.49 1.05

table 3. Composition of the 3 selected PBX based on RDX.

Between the EM and the SSTV no gap was considered, that 
is, the filling ratio was assumed ideal (100%). However, the 
existence of voids is a usual practice, which, according to some 
authors, can go up to about 10% (Jones and Parker 2004). The 
percentage of gap is usually used to provide adjusted results 
between simulations and experiments.
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Model symbol f (α)

Johnson-Mehl-Avrami 
(Šesták and Berggren 1971)

JMA 
(n) n·(1 – α)·[–ln(1 – α)]1 – (1/n)

Šesták-Berggren (Šesták 
1984; Šesták 1993)

SB 
(m, n) αm·(1 – α)n

table 4. Kinetic models tested for numerical simulation of 
SCO of the selected PBX based on RDX.

kinetiC MODels As Well As 
theRMOCheMiCAl AnD kinetiC PARAMeteRs

To characterize the influence of kinetic models on the 
theoretical results of SCO of the selected PBX, 2 kinetic models 
were tested (see Table 4), and the results of t to ignition and 
ignition temperature were used for comparison purposes.

results And dIscussIon

Numerical simulation performed for RDX was the starting 
point to study the addition effect of binder elements, and the 
results were used for comparative purposes. Figure 2 shows the 

Kinetic parameters were obtained using isoconversional 
methods, and non-isothermal kinetic analysis was based on 
differential scanning calorimetry (DSC) and thermogravimetry 
(TG) data. Friedman method (Friedman 1964), based on TG 
data, was selected to describe the thermal decomposition of 
RDX and PBX RH8515. For the other PBX (PBX RHD8515 
and PBX RHDI8515) it was used the KAS method (Kissinger 
1957; Akahira and Sunuse 1971), based on DSC data. The 
thermochemical and kinetic parameters used for numerical 
simulation are shown in Table 5.

In order to measure the importance of accuracy of 
thermochemical and kinetic parameters on the results of SCO 
simulation, a sensitivity test for ±10% in the input data was 
performed, and the influence on t for ignition and ignition 
temperature was evaluated.

Parameters RDX PBX Rh8515 PBX RhD8515 PBX RhDi8515

Specific mass, ρ (kg/m3) 1,800 1,564 1,565 1,569

Activation energy, E (kJ/mol) 189.67 156.26 168.44 269.32

Heat of reaction, q (MJ/kg) 2.002 2.446 2.076 1.540

Specific heat capacity, 
cp (J/kg∙K)

20 °C: 996.0 
135 °C: 1,154.0

20 °C: 1,270.0 
120 °C: 1,471.0 
135 °C: 1,481.0

20 °C: 1,311.0 
100 °C: 1,311.0 
130 °C: 1,286.0

20 °C: 1,309.0 
90 °C: 1,207.0 

120 °C: 1,086.0

Thermal conductivity, 
k (W/m∙°C)

20 °C: 0.260 
160 °C: 0.203 20 °C: 0.255 20 °C: 0.255 20 °C: 1.110 

48 °C: 1.090

Kinetic model SB (m, n) 
pre-exponential factor, A (1/s)

(0.242; 1.168) 
3.34 × 1017

(0.741; 0.335) 
6.27 × 1013

(0.570; 0.236) 
8.79 × 1014

(1.793; 1.434) 
2.32 × 1027

Kinetic model JMA (n) 
pre-exponential factor, A (1/s)

1.232 
1.95 × 1017

1.0 
6.27 × 1013

1.0 
6.58 × 1014

1.0 
5.83 × 1026

table 5. Thermochemical and kinetic parameters used as input data in the SCO simulation of selected EM.

Figure 2. Temperature contour distribution in SSTV and PBX 
RHDI8515 in successive times during the SCO process.
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typical temperature contour distribution in the SSTV and PBX 
RHDI8515 at successive times during SCO process. As a result 
of the large difference between thermal conductivity of the 
SSTV and EM, the temperature increases evenly throughout the 
cylindrical wall of the SSTV up to a certain instant, from which 
heat generation arises inside the SSTV, driving to the ignition at 
the centre of the EM. The ignition at the centre of the EM occurred 
around 190 °C, when the difference between temperature of the 
cylindrical wall and the caps of the SSTV was around 40 °C.

Together, the slow HR and the small scale of test vehicle 
compel thermal decomposition to occur almost uniformly in 
a large area at the centre of the SSTV. Figure 3 show the mass 
decomposition (M) and temperature (T) profiles at the central 
node of SSTV for the kinetic models Šesták-Berggren (SB) 
(m, n) and Johnson-Mehl-Avrami (JMA) (n). The M and T 
profiles of EM are very similar for both kinetic models; however, 
it can be observed the influence of successive additions of 
binder elements, both on t for the onset of M and on t for ignition. 

Table 6 shows the results of numerical simulation of 
SCO — t, M, and T — at the central point of SSTV, for RDX 
and the selected PBX based on RDX, allowing a comparative 
analysis between the kinetic models and a measurement of 
the influence of the addition of binder elements.

The results obtained for the 3 selected PBX show the 
influence of the successive additions of binder elements and 
the variation associated with the sensitivity test performed with 
±10% of variation in input data (thermochemical and kinetic 

parameters). The results show: (a) t and T at the onset of M 
and (b) t for ignition, ignition temperature and M fraction at 
the onset of ignition.

Figure 3. Profiles of temperature (T) and mass decomposition 
(M) at the central node of SSTV for SCO scenario. (a) using SB 
(m, n) kinetic model, (b) using JMA (n) kinetic model.

Onset of mass decomposition (1) Onset of ignition (2)

kinetic model
Delay time 

(min)
temperature

(°C)
Delay time

(min)
temperature

(°C)
Mass decomposition 

fraction (%)

RDX

SB (m, n) 3,282.7 180.9 3,491.0 205.4 54

JMA (n) 3,357.2 185.5 3,487.7 197.6 65
PBX Rh8515

SB (m, n) 3,026.5 ± 84.8 167.1 ± 5.0 3,227.4 ± 35.7 179.6 ± 2.3 60.6 ± 5.5

JMA (n) 3,085.9 ± 99.7 170.4 ± 6.3 3,259.9 ± 79.2 181.7 ± 6.1 61.2 ± 6.7
PBX RhD8515

SB (m, n) 3,078.3 ± 52.4 169.7 ± 3.0 3,246.7 ± 5.4 179.7 ± 0.3 70.7 ± 0.5

JMA (n) 3,162.2 ± 158.4 174.3 ± 8.8 3,333.6 ± 130.7 184.7 ± 7.5 71.2 ± 1.6
PBX RhDi8515

SB (m, n) 3,221.2 ± 0.00 1,77.2 ± 0.00 3,447.5 ± 0.99 190.5 ± 0.99 63.9 ± 4.26

JMA (n) 3,221.2 ± 0.03 1,77.2 ± 0.00 3,444.5 ± 6.36 190.4 ± 0.23 58.1 ± 8.92

table 6. Numerical simulation results of SCO (HR = 3.3 °C/h) of RDX and selected PBX based on RDX.
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heating rate 
(°C/h)

Delay time to 
ignition 
(min)

ignition temperature 
at the centre of 

sstV (°C)

3.1 2,900.7 175.0

4.9 2,078.5 179.9

table 7. Experimental results of SCO test of PBX RH8515 
in a SSTV (Chaves 2002).

The numerical simulation results of SCO of RDX showed that 
t for ignition and ignition temperature obtained with SB (m, n) 
kinetic model was higher than that obtained with the JMA (n) one 
(3.3 min of difference for t and 7.8 °C of difference for ignition 
temperature). However, the delay time between the onset of mass 
decomposition and the onset of ignition was significantly lower 
when JMA (n) kinetic model was used, which corresponds to 
higher mass decomposition fraction (65 in opposition to 54%). 
Consequently a faster increase in pressure inside the test vehicle 
and a higher violence response of EM are expected.

The numerical simulation results of SCO obtained with 
both kinetic models showed that the addition of HTPB binder 
or/with DOS plasticizer to RDX decreased t and T at the onset 
of M and at the onset of ignition. This trend was higher when 
JMA (n) kinetic model was used.

When the IPDI curing agent was added the results of t at 
the onset of M and at the onset of ignition became closer to 
RDX, particularly when SB (m, n) kinetic model was used. 
However, regarding to ignition temperature the approach to 
RDX’s results was not comparable.

When SB (m, n) was used, the addition of 15% (w/w) of 
HTPB to the RDX produced a reduction of 7.55% in the delay 
time to ignition and 12.6% in ignition temperature. When 
the 15% (w/w) of binder elements was the result of the HTPB 
addition (11.5%, w/w) and DOS (3.5%, w/w), the reduction 
in the delay time to ignition and ignition temperature was 7.0 
and 12.5%, respectively.

When the JMA (n) kinetic model was used, the HTPB 
addition (15%, w/w) to RDX produced a reduction of 6.53 and 
8.05%, respectively. Besides, when the 15% (w/w) of binder 
elements was the result of the HTPB addition (11.5%, w/w) and 
DOS (3.5%, w/w), the reduction was 4.41 and 6.53%, respectively.

When SB (m, n) kinetic model was used and the 15% (w/w) 
of binder elements was the result of the HTPB addition (10.46%, 
w/w), DOS (3.49%, w/w), and IPDI (1.05%, w/w), the reduction 
was 1.25 and 7.25%, respectively. When the JMA (n) kinetic 
model was used, the reduction was 1.24 and 3.64%.

The analysis of previous results about the influence of the 
addition of binder elements showed that the delay time to ignition 
predicted with both kinetic models is close. For the ignition tempe- 
rature, a larger gap between the results of the 2 kinetic models was 
observed, being the minimum difference for the PBX RHDI8515 
(3.61%) and the maximum difference for the PBX RHD8515 (5.98%).

The sensitivity test of ±10% in input data (thermochemical 
and kinetic parameters; see Table 5) produced less variation 

on the results of SCO of PBX RH8515 and PBX RHD8515 
when the SB (m, n) kinetic model was used. When the PBX is 
cured (PBX RHDI8515), the effect of sensitivity test of ±10% in 
input data on the results of SCO was negligible for both kinetic 
models, except for mass decomposition results. This exception 
was higher when JMA (n) kinetic model was used.

In order to validate the more suitable kinetic model to 
describe the SCO of PBX based on RDX, simulation results 
of PBX RH8515 were compared with the experimental ones 
obtained in a SSTV made with the same material as well as the 
same geometry and size (Chaves 2002). The experimental results 
of SCO tests conducted with PBX RH8515 were performed 
with a HR close to 3.3 °C/h, used for numerical simulation. 
Table 7 shows the experimental results of the delay time to 
ignition and ignition temperature at the centre of SSTV.

The delay time to ignition and ignition temperature are 
influenced by the HR. While the ignition temperature increased 
with the HR increasing, the delay time to ignition decreased. 
The simulation results of the delay time to ignition and 
ignition temperature obtained with SB (m, n) kinetic model 
showed a better approach with the experimental results than 
that obtained with the JMA (n) kinetic model.

If an interpolation of experimental results is conducted for 
HR = 3.3 °C/h, the difference between experimental and theoretical 
results for SB (m, n) kinetic model is 14.9 and 2.34% for the delay 
time to ignition and ignition temperature, respectively. If the 
results of sensitivity test of ±10% in input data are considered 
the difference of the delay time to ignition is between 13.6 and 
16.2% and the difference on ignition temperature, between 1.03 
and 3.65%. If the comparison is carried out with the theoretical 
results obtained with JMA (n) kinetic model the difference of the 
delay time to ignition and ignition temperature increases to 16 
and 3.53%, respectively. Thus, if a variation of ±10% in input data 
is allowed, the theoretical results of both models are intercepted.

In order to improve the validation of kinetic models in future, 
the comparison should be conducted with experimental results 
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performed with the same HR, and an intermediate scale vehicle 
is recommended to move away the influence of the thermal 
conductivity from the cap to the centre of test vehicle by the 
thermocouple.

conclusIons

The numerical simulation of SCO of RDX and 3 selected 
PBX based on RDX was performed using Abaqus 2D code 
to determine the influence of binder elements on the SCO 
results of PBX and how much this influence is governed by 
the selection of kinetic model and variation of ±10% in input 
data (thermochemical and kinetic parameters).

For the same percentage of binder elements (15%, w/w) 
in PBX, the addition of HTPB binder alone or with DOS 
plasticizer produced the decrease in the delay time to ignition 
and ignition temperature. When IPDI curing agent was 

added to PBX, a significant increasing was observed in both 
results. The comparison of influence of kinetic models on the 
theoretical results of SCO of PBX RH8515 and PBX RHD8515 
showed lower delay time to ignition and ignition temperature 
when SB (m, n) kinetic model was used. Nevertheless, when 
curing agent was added, the results became similar for both 
kinetic models.

A comparison with experimental results for PBX RH8515 
showed a better approach to theoretical results when SB (m, n) 
kinetic model was used. The sensitivity test of ±10% in input data 
produced higher variation on the SCO results of PBX RH8515 
and PBX RHD8515 and when JMA (n) kinetic model was used.
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