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Abstract: In order to investigate the flow and heat transfer characteristics of 
COMP-B3 under thermal stimulation, a series of slow cook-off experiments 
were designed and conducted, encompassing different sample sizes and heating 
conditions. The internal temperature profiles were captured using a high-speed data 
acquisition system. Subsequently, the internal flow and heat transfer conditions 
of the liquid COMP-B3 were analyzed through numerical simulations employing 
a non-Newtonian flow model. The results demonstrated the presence of heat 
convection within the liquid COMP-B3, regardless of sample sizes or heating 
conditions. However, it should be noted that the occurrence of heat convection 
is not necessarily observed at the onset of melting. The overall cook-off process 
can be categorized into three phases: solid (with melting), thermal conduction, 
and thermal convection. If convection occurs prior to the self-heating reaction, 
the direction of the flow field within the liquid COMP-B3 experiences a reversal 
near ignition. Additionally, a predictive method for the flow behaviour inside the 
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liquid COMP-B3 during slow cook-off is proposed. Rough estimates of the flow 
conditions can be made based on the charge temperature, the internal temperature 
difference, and the characteristic length. Importantly, these phenomena are 
theoretically applicable to a wide range of mixed melt-cast explosives, extending 
beyond COMP-B3. The results provide additional reference value for further 
investigations into the ignition characteristics of mixed melt-cast explosives under 
thermal stimulation.

Keywords: COMP-B3, Slow Cook-off, Bingham fluid, viscose flow, heat 
convection

1 Introduction

Energetic materials play a crucial role in various applications, including munitions, 
mining, and construction. Among these materials, Composition B (COMP-B) is 
a well-known mixed melt-cast explosive composed of 2,4,6-trinitrotoluene (TNT) 
and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) [1]. The specific composition 
of COMP-B can vary, but it typically consists of a blend of these two primary 
ingredients. Notably, when the mass ratio of RDX to TNT is 40:60, it is referred 
to as COMP-B3. 

Unlike RDX, TNT transitions into a liquid state when the ambient 
temperature surpasses its melting point. However, the RDX particles remain as 
a suspended solid. The suspension exhibits complex flow characteristics, which 
result in COMP-B displaying characteristics different from solid or pure melt-
cast explosives in slow cook-off tests.

In Wardell’s Scaled Thermal Explosion Experiment (STEX) tests, the 
ignition location differed for COMP-B and PBX-9501. For COMP-B, the 
highest temperature was observed in the upper part of the explosive when it 
ignited, whereas for PBX-9501, it was in the middle part. This discrepancy can 
be attributed to the presence of thermally-driven convective heat transfer in the 
molten COMP-B, which influences the location of the self-heating area [2]. 
McClelland’s subsequent tests [3, 4] verified this phenomenon. By incorporating 
the buoyancy of the different species in the system (solid and liquid) into the 
simulation model, the numerical simulations showed that convection was 
present in the heating process, which in turn caused a change in the temperature 
distribution. However, it is important to note that in McClelland’s tests, the 
temperature distribution within COMP-B changed only when the internal 
temperature reached approximately 428 K, rather than at the beginning of 
COMP-B melting. This indicates that the molten COMP-B became flowable only 
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when the internal temperature exceeded 428 K, which differs significantly from 
McClelland’s simulation results. Additional experimental evidence supporting 
the existence of convection in molten COMP-B was presented by Glascoe [5]. 
Using a high-speed photographic apparatus in the STEX tests, it was observed 
that COMP-B ignited at the upper part of the vessel in slow cook-off tests. While 
the above studies confirm the existence of convection in molten COMP-B, the 
flow behaviour of the liquid charges throughout the entire cook-off process 
remains unclear.

Asante et al. [6] and McCallen et al. [7] both concluded that molten 
TNT ignited at the upper part of the vessel in cook-off tests of pure TNT. In 
a comparative analysis of flow behaviour and temperature evolution between 
COMP-B and TNT, Hobbs et al. [8, 9] discovered that a molten COMP-B 
suspension exhibited solid-like behaviour even after complete melting, which 
was different from the molten TNT in their tests. Subsequently, when the internal 
temperature reached approximately 413 K in the experiment, the viscosity of 
molten COMP-B suddenly decreased. Based on the fitting results obtained from 
numerical simulations, Hobbs et al. [8, 9] believed that the viscosity of molten 
COMP-B experienced a significant decrease from 2.5 · 105 to 0.2 Pa·s in a very 
short time at that temperature. They further noted that the viscosity of the TNT/
RDX suspension cannot be regarded as a constant or described with a simple 
expression of temperature. It is suspected that the abrupt drop in the suspension’s 
viscosity was strongly related to the RDX particles.

It is evident that a molten COMP-B suspension is not a Newtonian fluid 
[10]. The viscosity of COMP-B3 at elevated temperatures was investigated by 
Zerkle using a falling ball viscometer [11]. In that work, a viscosity model that 
included the temperature, strain rate, and particle volume fraction was presented. 
Subsequently, Hobbs et al. [12] incorporated this viscosity model into the slow 
cook-off simulation of COMP-B3. However, they found that Zerkle’s model 
was too flowable and that the simulation results did not match well with the 
cook-off tests. Davis et al. [13-15], in subsequent research, found the rheological 
behaviour of molten COMP-B3 and TNT/HMX suspensions fitted in well with 
those of Bingham plastics. Davis et al introduced a yield criterion to Zerkle’s 
model and proposed a viscosity model for molten COMP-B3 based on Bingham 
fluid behaviour. They used the model to simulate the motion of a falling ball in 
molten COMP-B3, and it fitted well with the tests.

In summary, although the sudden drop in viscosity of liquid COMP-B3 has 
been observed in various studies, its detailed flow behaviour remains unclear. In 
the present study, a series of cook-off tests for COMP-B3 with different sample 
sizes and heating rates, was conducted. The temperature variations within the 
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charge were recorded using embedded temperature sensors and a high-speed data 
acquisition system. By incorporating Davis’s viscosity model into the cook-off 
simulations of COMP-B3, the flow and heat transfer characteristics of the liquid 
charge were further investigated. As a result, an explanation for the presence of 
heat convections within liquid COMP-B3 during the slow cook-off process is 
presented. Additionally, a method for predicting the flow behaviour inside the 
liquid COMP-B3 was established.

2 Experimental Method

2.1 Test design
The cook-off system used in this study comprised several key components, 
including a temperature controller (Shimaden MR-13, Japan), a temperature 
data logger (Fluke 1586A, USA), a disposable heating box, and a test sample, 
as illustrated in Figure 1(a). The heating box, shown in Figures 1(b) to 1(c), had 
a maximum power capacity of 3 kW and consisted of a barrel, a scaffold, multiple 
electric heating stripes, and insulation made of rock wool. The test sample was 
vertically centered in the barrel by using a metallic frame.
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2.2 Test samples
Three types of C45E4 steel containers were used, where COMP-B3 was charged. 
Each charge had a length to diameter ratio of approximately 4:1, as depicted 
in Figure 1(d). The specific details of each test sample can be found in Table 1.

Table 1. Details of each test sample
Diameter 
of vessel

[mm]

Length of 
vessel
[mm]

Wall 
thickness

[mm]

Diameter 
of charge

[mm]

Length of 
charge
[mm]

Space
[mm]

a b
35 112 3.5 28 105 17.5 35
76 255 7.5 61 240 30
130 430 15 100 400 50

Evenly spaced pinholes, 0.9 mm diameter, were drilled along the axis on the 
side face of each vessel. During the casting process of the explosive, temperature 
sensors were embedded through the pinholes and positioned at the center of each 
charge. After cooling, the pinholes were sealed with silicone rubber to ensure 
airtightness and prevent leakage.

In order to minimize the interference of the temperature sensors on the flow 
of liquid COMP-B3 during and after melting, 0.8 mm diameter K-type sheathed 
thermocouples were used. The thermocouple probe was designed to be thin to 
minimize disruption to the flow characteristics. The measuring points inside the 
charge were marked 1~3 or 1~7, indicating the sequential numbering from the 
top to the bottom of the charge. This allowed for temperature measurements at 
different depths within the charge in order to observe the temperature distribution 
and changes during the slow cook-off process.

2.3 Heating method
The heating box’s effective power output was dynamically regulated by the MR-
13 temperature controller. This controller utilized a PID (proportion-integration-
derivation) algorithm to continuously compare the actual temperature measured 
on the outer surface of the vessel with the set value. The controller made 
adjustments to the output power every second to achieve precise temperature 
control. By appropriately tuning the control parameters, the temperature of the 
vessel could be precisely regulated according to a predefined heating rate. This 
control mechanism ensured precise and consistent heating conditions for the 
slow cook-off experiments.

The heating rates employed in this study were determined based on the 
guidelines outlined in the standardization agreement of NATO (North Atlantic 
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Treaty Organization) for slow cook-off test procedures (STANAG 4382) and 
other relevant research papers [16-21]. Two different heating rates were selected 
to represent both faster (1 K/min) and slower (3.3 K/h) heating conditions. 

For the slower heating condition, the temperature of the vessel was initially 
raised at a rate of 10 K/h until it reached 323 K. It was then maintained at 
323 K for approximately 1 h. After this holding period, the temperature was 
further increased at the rate of 3.3 K/h until the charge experienced ignition or 
combustion. 

A total of six experiments were conducted in this study, labelled as S-1, S-3.3, 
M-1, M-3.3, L-1, and L-3.3. The leading letters in each label denote the size of 
the vessel used in the experiment, while the numbers indicated the corresponding 
heating rates. Specifically:
‒ “S” referred to the small-sized vessel,
‒ “M” referred to the medium-sized vessel,
‒ “L” referred to the large-sized vessel,
‒ “1” indicated the faster heating rate of 1 K/min,
‒ “3.3” indicated the slower heating rate of 3.3 K/h.
These labels were assigned to distinguish between the different combinations 
of vessel sizes and heating rates employed in the experiments, enabling clear 
identification and categorization of the test conditions.

3 Numerical Simulation

3.1 Assumptions
In the numerical simulations for the cook-off process, several simplifying 
assumptions were made to streamline the calculation model. These 
assumptions include:
(i) Heat convection and heat conduction were considered as the primary 

heat transfer mechanisms during the cook-off process, while radiation 
was neglected.

(ii) The liquid COMP-B was treated as an incompressible fluid, and its density 
was solely dependent on temperature. The impact of pressure was not taken 
into account.

(iii) The decomposition of COMP-B3 was assumed to follow a one-step, two-
species reaction, with only temperature influencing the reaction rate.
To facilitate the simulation, 3D grid models of each test sample were 

generated and meshed using the ANSYS ICEM CFD software [22], as shown 
in Figure 1 (step (e)).
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3.2 Reaction model
Based on the Frank-Kamenetskii reaction model and the Arrhenius equation, the 
heat generated by the thermal decomposition reaction of the explosive (Qm) can 
be expressed using Equation 1 [23]:
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where ρc is the density of the explosive, which will be discussed later. Q represents 
the reaction heat of the explosive per unit mass. A is a pre-exponential factor, and 
Ea and R refer to the activation energy and the universal gas constant, respectively. 
The values for Ea and R can be found in Table 2.

Table 2. Reaction model parameters [24]
Symbol Description Unit Value

Ea Activation energy J/mol 22000
Q Reaction enthalpy J/kg 5.86 · 106

A Pre-exponential factor 1/s e35.67

R Universal gas constant J/(mol·K) 8.31451

3.3 Viscosity model
COMP-B3, which consists of TNT and RDX, exhibits non-Newtonian behaviour 
when completely molten. TNT, being one of the components, transitions into 
a liquid phase when the ambient temperature exceeds its melting point. On the 
other hand, RDX remains in the solid state, creating a suspension in the molten 
TNT. While molten TNT is known to exhibit typical Newtonian fluid behaviour 
[25-28], when a Newtonian fluid is filled with a high load of solid particles, 
the presence of these particles alters its flow characteristics. In such cases, 
the suspension does not follow Newtonian fluid behaviour and is commonly 
referred to as a Bingham plastic [29, 30]. The rheological characteristics of this 
suspension play a significant role in determining the overall flow and heat transfer 
characteristics of COMP-B3 during the slow cook-off process.

In this study, a viscosity model based on the Bingham fluid behaviour, 
as proposed by Zerkle et al. [11] and Davis et al. [13-15], was employed to 
characterize the fluidity of liquid COMP-B3 during the slow cook-off process. 
The viscosity model can be expressed using the following equations:
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This model accounts for the flow characteristics of the suspension, 
considering both the presence of the molten TNT and the solid RDX particles, 
and provides a basis for simulating the motion and flow of liquid COMP-B3 
during the slow cook-off process. In the viscosity model for liquid COMP-B3, 
the viscosity (μ) is influenced by various factors, including the local temperature 
(T), the particle volume fraction of solid RDX (φ), the maximum particle volume 
fraction of solid RDX that can be supported in the liquid COMP-B3 (φmax), and 
the strain rate (γ). The model incorporates additional parameters, which are 
outlined in Table 3, along with their corresponding values. The thermo-physical 
parameters of COMP-B3 and the C45E4 steel that were used in the heat transfer 
calculations are summarized in Tables 4 and 5.

Table 3. Viscosity model parameters
Symbol Description Unit Value Ref.

Tm Melting point of COMP-B3 K 353 [11]

φC
Critical particle volume 
fraction of RDX ‒ 0.336 [14]

φ∞
Limiting volume fraction of 
RDX in high strain ‒ 0.713 [11]

φ1
Limiting volume fraction of 
RDX in low strain ‒ 0.55 [31]

ρR Density of RDX kg/m3 1820 [32]

ρC Density of COMP-B3 kg/m3
for T ≤ Ts: 1690

for T > Ts: 
1690 ‒ 0.675(T ‒ Ts)

[4]

Ts
Solid temperature of 
COMP-B3 K 353.15 [24]
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Table 3. continuation
Symbol Description Unit Value Ref.
α

Fitted parameter

‒ 0.0127 [11]
β ‒ 0.304 [11]
W ‒ 6874 [14]
m ‒ 2.37 [14]
B ‒ 1.76 · 106 [13]
n ‒ 4 [13]
c ‒ 100 [13]
D ‒ 8.73 [31]
P ‒ ‒0.398 [31]
a0 ‒ 0.0426 [4]
a1 ‒ 0.0753 [4]
a2 ‒ 0.1340 [4]
a3 ‒ 0.7474 [4]

Tm.TNT Melting point of TNT K 354.15 [4]
Tm.RDX Melting point of RDX K 478.15 [4]

Table 4. Thermo-physical parameters of COMP-B3 [24]
Parameter Unit Value

Thermal conductivity W/(m·K)
for T < Ts: 0.17
for Ts ≤ T ≤ T1: 0.17 ‒ 0.025(T ‒ Tm)
for T > T1: 0.15

Specific heat J/kg 2.1538T + 413.15
Melting enthalpy J/kg 128000

Table 5. Thermo-physical parameters of C45E4 steel [33]
Parameter Unit Value

Density kg/m3 7850
Specific heat J/kg 475
Thermal conductivity W/(m·K) 44

The viscosity model, boundary conditions, and reaction model were 
implemented in the FLUENT software using user-defined function (UDF). The 
heating rates were specified as 1 K/min and 3.3 K/h. All initial conditions were 
set according to the actual experimental tests.
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4 Results

The measured ignition temperatures for each test are shown in Figure 2. In the 
M-1 and M-3.3 tests, two thermocouples were damaged during the experiments 
for unknown reasons, resulting in missing temperature data for those specific 
points. However, despite this setback, it does not hinder the analysis of the 
test data as a whole. The remaining temperature data from the other sensors 
can still provide valuable insights and enable a comprehensive analysis of the 
ignition behaviour.
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Figure 2. Temperatures inside the vessels when ignition occurred

Figure 3 displays a comparison between the measured (left-hand side plots) 
and the simulation temperatures (right-hand side plots), along with the calculated 
average flow velocity curves. Additionally, temperature contours are provided 
at several specific points within the simulation.



351The Flow and Heat Transfer Behaviour of Liquid COMP-B3...

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

 
(a)                                                       (b)



352 J. Zhou, S. Wang, Z. Liu, H. Zhang, A. Pi

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

 
(c)                                                        (d)

 
(e)                                                        (f)



353The Flow and Heat Transfer Behaviour of Liquid COMP-B3...

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

 
(g)                                                        (h)

 
(i)                                                        (j)



354 J. Zhou, S. Wang, Z. Liu, H. Zhang, A. Pi

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

 
(k)                                                        (l)

Figure 3. 
A

 com
parison betw

een the m
easured (left-hand side plots) and the sim

ulation tem
peratures (right-hand 

side plots):
‒ experim

ents for S-1 (a), S-3.3 (c), M
-1 (e), M

-3.3 (g), L-1 (i) and L-3.3 (k),
‒ sim

ulations for S-1 (b), S-3.3 (d), M
-1 (f), M

-3.3(h), L-1(j) and L-3.3 (l) 



355The Flow and Heat Transfer Behaviour of Liquid COMP-B3...

Copyright © 2023 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

5 Discussion

5.1 Temperature
As depicted in Figure 2, the larger the volume of the sample or the faster the 
rate of temperature increase, the greater the temperature differences within the 
sample. Additionally, the results of each test indicated that the temperature at point 
1 (top of the explosive) reached the highest value upon ignition. Moreover, the 
measured results consistently demonstrate a progressive decrease in temperature 
from top to bottom inside the vessel when ignition occurred. This observation 
suggests that ignition occurred in the top area of the vessel across all test types. 
The temperature contours in the simulations, as depicted in Figure 3 (shown in 
the right-hand side plots), further confirm this inference.

As illustrated in Figure 3(a), during the S-1 test, it was hard to differentiate 
the temperatures of individual measuring points after the COMP-B3 melted. 
However, as the internal temperature approached approximately 408 K, the 
temperature at point 1 exhibited increasingly higher temperatures compared to 
the other points. Eventually, the test sample ignited when the wall temperature 
reached approximately 457 K. Notably, when that occurred, the distribution of 
internal temperatures appeared to follow a certain order. The temperature in the 
top portion was higher than the temperature in the bottom portion of the vessel 
at a given time, as depicted in Figure 3(b).

In the case of the slower heating condition (S-3.3), depicted in Figure 3(c), 
the behaviour was distinct. After the complete melting of the charge, the internal 
temperature distribution remained relatively unchanged for an extended period, 
resembling the pre-melting state. It was only when the temperature inside the 
charge reached approximately 430 K that the self-heating reaction commenced, 
leading to the release of energy. Consequently, the temperature inside the charge 
increased more rapidly than the temperature at the vessel’s surface. In Figure 3(d), 
it can be observed that when ignition occurred, the hottest area of the explosive 
was near point 1. However, the self-heating reaction first manifested itself at 
the center of the vessel.

As depicted in Figures 3(e) and 3(i), the temperature profiles of the M-1 
and L-1 tests exhibited similarities. At the onset of the tests, there was a rapid 
increase in the temperature difference between the center and the surface of the 
charge in both cases. As the explosives next to the inner surface of the vessel 
began melting, a significant amount of heat was absorbed, causing a deceleration 
in the temperature rise within the charge. Furthermore, point 1 displayed the 
highest temperature when ignition occurred, while most of the other measuring 
points remained below the melting point of the explosive. This suggests that 
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the majority of the explosive remained in a solid state during the M-1 and L-1 
tests. Moreover, it was observed that the upper part of the charge melted faster 
than the lower part; this is supported by the temperature contours presented in 
Figures 3(f) and 3(j).

For the slow heating rate, the temperature traces of M-3.3 and L-3.3 (Figures 
3(g) and 3(k)) appear to be similar to the temperature traces of S-1 (Figure 3(a)), 
despite having a different chamber size and different heating rates. After the 
explosives had melted completely, the internal temperature distribution remained 
similar to the pre-melting stage. It was not until the inside charge reached about 
402 K for M-1 or 382 K for L-1 that the upper part started to become hotter than 
the lower part until ignition. Eventually, the temperature at point 1 became the 
highest. In the L-3.3 test, the temperature stratification was more pronounced due 
to a greater difference in internal temperatures, as shown in Figures 3(h) and 3(l).

5.2 Flow and convection
The average flow velocity within the molten charge, as illustrated in Figures 
3(b), 3(d), 3(h) and 3(l), was directly obtained from the simulation results in 
the FLUENT software. Interestingly, the results indicated that even when the 
charges were completely melted, the average velocity of the flow field remained 
very low. This suggests that heat conduction was the main mode of heat transfer 
inside the explosive at that time, and that the suspensions were nearly stationary. 
The influence of heat convection on the internal temperature distribution was 
minimal. As the temperature increased, the viscosity of the charge (now liquid) 
decreased until it reached a point where it yielded and started to flow. Under the 
influence of gravity and buoyancy, convection occurred, resulting in an increase 
in the intensity of the flow field. 

In the case of S-3.3, the average flow velocity inside the liquid explosive 
continued to increase until ignition, as depicted in Figure 3(d). However, in the 
cases of S-1, M-3.3, and L-3.3, as shown in Figures 3(b), 3(h) and 3(l), the flow 
velocity initially increased after the suspension yielded, but then experienced 
a significant drop before rising again near ignition. This phenomenon can be 
attributed to the flow behaviour and the occurrence of the self-heating reaction.
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(a)                          (b)                          (c)                          (d)

Figure 4. Flow traces of S-3.3 before self-heating (a), S-3.3 after self-
heating (b), S-1 before self-heating (c) and S-1 after self-heating (d)

In the case of S-3.3, prior to the occurrence of the self-heating reaction, 
the temperature difference between the surface of the vessel and the inside of 
the charge was negligible. The flow field intensity remained relatively low for 
a significant period after the charge had melted. The flow traces of point A in 
Figure 3(d) are depicted in Figure 4(a). Subsequently, as the self-heating reaction 
initiated at the center, heat started to accumulate in the central region of the 
charge, leading to an increase in the temperature difference within the liquid 
explosive. Eventually, buoyancy forces drove the hot liquid to flow and rise to 
the top of the vessel near ignition. The flow traces of point B in Figure 3(d) are 
shown in Figure 4(b).

However, the simulation of S-1 showed a significant difference. The 
average flow velocity in S-1 exhibited a significant drop followed by an increase 
when it approached ignition. We believe that this behaviour is likely due to the 
redirection of the flow field inside the vessel. Prior to the onset of the self-heating 
reaction, the liquid charge had undergone yielding, resulting in the appearance 
of buoyancy-driven flow. The fraction of liquid charge at the vessel surface 
was hotter than that at the center, causing the hotter liquid with lower density 
to flow along the internal surface towards the top of the vessel. Subsequently, 
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it cooled down and flowed along the center towards the bottom, leading to the 
accumulation of the hot fraction at the top. The flow traces of point A in Figure 
3(b) are shown in Figure 4(c). Once the self-heating reaction initiated at the top 
of the charge, where this region became hotter than the surface, the direction of 
flow circulation was completely reversed. The flow traces of point B in Figure 
3(b) are shown in Figure 4(d). Initiated by the self-heating reaction, following 
the yielded flow, the redirection of the flow field resulted in a sharp decrease 
and subsequent increase in the average flow velocity near ignition.

5.3 Estimation of yield flowing
Based on the physical and flow characteristics of the charge, the entire cook-off 
process can be divided into three stages, as illustrated in Figure 3. The first stage 
is the solid phase with melting (light blue), which occurs from the beginning 
until the complete melting of the charge. The second stage is thermal conduction 
(lavender). During this period, when the charge is fully liquid, but due to its high 
viscosity, the non-uniform temperature suspension remains stationary, and no 
convection occurs. The final stage is thermal convection (light pink), which begins 
with the flow of the liquid charge and continues until ignition. As the temperature 
increases, more RDX dissolves, resulting in a decrease in the viscosity of the 
liquid charge. This decrease in viscosity, along with the temperature differences 
caused by the self-heating reaction, overcomes the resistance. Consequently, the 
liquid charge starts to flow, and convection changes the temperature distribution 
inside the vessel.

Except for M-1 and L-1, the transition from thermal conduction to thermal 
convection was observed in all of the other four tests, albeit at different 
temperatures. This transition can be described by the Rayleigh number (Ra), 
which characterizes the behaviour of fluids when there are non-uniformities in 
mass density, typically caused by temperature differences [34].
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where ρ is the fluid density, β is the thermal expansion coefficient, ∆T is the 
temperature difference, g is the gravitational acceleration, L is the characteristic 
length, μ is the viscosity, and α is the thermal diffusivity. When the Rayleigh 
number Ra is below a critical value, there is no flow, and heat transfer occurs 
mainly through conduction. However, when the Rayleigh number exceeds the 
critical threshold, heat is transferred through thermal convection.
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For the yielded liquid charge, ρ and μ exhibited minimal changes with 
temperature, β, α and g were constant. Thus: 
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where the radius of each charge is denoted as L. T0 represents the transition 
temperature, which is determined from the measured charge temperatures at 
the transition point indicated in Figure 3. This transition point is identified by 
a noticeable divergence in the measured temperatures of the liquid charge among 
the different measurement points. ∆T represents the temperature difference 
between the charge center and the surface. The temperature characteristics of each 
test at the transition from thermal conduction to thermal convection are shown 
in Table 6. Data from Table 6 were fitted with temperature in an exponential 
function, as shown in Figure 5.

Table 6. Temperature characteristics of transition
Label T0 [K] ∆T [K] L [mm] ∆TL3 [K·mm3]
S-1 408.2 22.2 14 60917

S-3.3 446.5 2.1 14 5762
M-3.3 409.4 7.3 30.5 207120
L-3.3 382.6 7.7 50 962500

‒ 427.2* 4* 25.4* 65548*
* Taken from Ref. [4]
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Figure 5. Fitted transition parameters

Hence a criterion can be proposed to roughly predict the flow inside the 
liquid charge in slow cook-off tests based on experimental results:
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where λ is used to determine whether flow occurs at a certain temperature. 
If λ < 0, the liquid charge can quite possibly remain stationary even it is fully 
melted, or, conversely, the thermal convection is possibly already happening in 
the suspension when λ > 0.

6 Conclusions

♦ In slow cook-off tests of COMP-B3 (RDX/TNT = 40:60), natural convection 
does exist, but it may not necessarily occur at the beginning of the explosive’s 
melting. The entire cook-off process can be divided into three stages: solid 
(with phase change), thermal conduction, and thermal convection.

♦ After the complete melting of COMP-B3, if convection occurs before the 
self-heating reaction, the flow field direction near ignition will be reversed, 
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or conversely, it will remain uninterrupted. Due to the influence of thermal 
convection, COMP-B3 will ignite at the top side during slow cook-off.

♦ In the studies of the flow and heat transfer characteristics of COMP-B3 in 
the slow cook-off, all the affecting factors that have been discussed in the 
past studies, such as lengths, diameters, and heating rates, can be ultimately 
categorized as the impact of temperature differences on the flow behaviour.

♦ An estimation method for predicting the flow behaviour inside the liquid 
COMP-B3 during slow cook-off is proposed based on the calculation of 
the Rayleigh number. The flow conditions can be roughly predicted by 
considering the charge temperature, the inside temperature difference, and 
the characteristic length.
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