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Abstract 

A study on thermal behavior of energetic 

material using numerical and experimental 

investigation 

Yoocheon Kim 

Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

The thermal behavior of energetic materials has various aspects such as 

slow decomposition reactions, fast explosion phenomenon, and very rapid 

detonation phenomenon. All these thermal behaviors of energetic material are 

basically based on thermal chemical reactions. Therefore, in order to 

numerically analyze the thermal behavior of high-energy materials, it is 

essential to construct an accurate chemical reaction rate equation 

experimentally. In this study, we have developed a chemical kinetic equation 

for unknown energetic materials by using the calorimetric method Differential 

Scanning Calorimetry (DSC). In addition, the research for explosion, 

detonation, and aging effects of energetic materials are numerically 

investigated using the established chemical reaction rate equation. 
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Firstly, the kinetic analysis of a heavily aluminized cyclotrimethylene-

trinitramine (RDX) using Differential Scanning Calorimetry (DSC) is 

conducted. The Friedman isoconversional method is applied to DSC 

experimental data and AKTS software is used for the analysis. The pre-

exponential factor and activation energy are extracted as a function of product 

mass fraction. The extracted kinetic scheme does not assume multiple 

chemical steps to describe the complex response of energetic materials; 

instead, a set of multiple Arrhenius factors is constructed based on the local 

progress of the exothermic reaction. The resulting reaction kinetic scheme is 

applied to two thermal decomposition tests and a shock-initiation test for 

validating the reactive flow response of a heavily aluminized RDX. 

The decomposition process of typical energetic material (EM) may consist 

of thousands of individual reactions as well as many intermediate species. 

However, one-step decomposition kinetics is routinely utilized for prediction 

of the shelf life of EMs. The inclusion of detailed multi-step chemistry in the 

kinetic mechanism can improve the reliability of the lifetime prediction. This 

study proposes a novel procedure for lifetime prediction of EMs, which 

adopts isoconversional kinetics to represent the decomposition reaction 

scheme. The pertinent EMs considered in the study include 97.5% 

cyclotrimethylene-trnitramine (RDX), 95% cyclotetramethylene-

tetranitramine (HMX), and boron potassium nitrate (BPN). Differential 

Scanning Calorimetry (DSC) was utilized for extracting the said 
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isoconversional kinetics complemented by experimental validation of the 

proposed chemical kinetics through a comparison of the numerical lifetime 

predictions with accelerated aging experiment measurements. 

Empirical and phenomenological hydrodynamic reactive flow models, such 

as Ignition and Growth and Johnson-Tang-Forest, have been effective in 

predicting shock initiation and detonation characteristics of various energetic 

substances. These models utilize the compression and pressure properties of 

the reacting mixture for quantifying their reaction rates. However, it has long 

been known that shock initiation of detonation is controlled by local reaction 

sites called ‘hot spots.’ In this study, a hot spot model based on the 

temperature-dependent Arrhenius reaction rate is developed. The complex 

reaction process of target explosive is addressed by conducting the 

Differential Scanning Calorimetry (DSC) while the rate of reaction is 

determined using the Friedman isoconversional method. The hot spot is 

approximated by the region of high pressure accumulation due to multiple 

shock reverberations within the polymer binder, surrounded by the bulk of 

explosive. The micro-scale Smoothed Particle Hydrodynamic (SPH) 

simulation is adopted to first identify the peak temperatures within the hot 

spots. These peak temperatures obtained from microscale level are then used 

to initialize the random sites of heat release prior to carrying out the full scale 

hydrodynamic simulation of shock-to-detonation transition (SDT). For 

validation of the simulation, a rate stick of 18-mm in radius is experimentally 
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tested. The comparison showed that detonation properties of the explosive are 

well characterized, and further no-go was witnessed if no microscale hot spot 

model is considered into the hydrodynamic simulation. Thus, the SDT process 

can be well described by the present model based on the multi-scale hot spot 

initiation. 

Keywords: Hydrodynamics, Shock-to-detonation transition, Multi-scale 

hot spot model, Energetic materials, Differential Scanning Calorimetry, 

Isoconversional kinetics, Slow cook off test, Aging effect of energetic 

material, Decomposition, Smoothed particle hydrodynamics, Aluminized 

energetic material 
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CHAPTER 1 

INTRODUCTION 

 

The understanding of the thermal response of energetic materials is of 

broad interest to the energetic materials community for the purposes of safe 

handling, storage methods, and comprehension of reaction violence. In 

particular accurate kinetics is essential for predicting the reactive flow 

behavior of energetic materials.   

Several approaches to determine the reaction profile of energetic materials 

have been proposed. The first one develops detailed mechanism that covers 

more than hundred reactions. Most of such high energy materials have 

complex reaction paths which cannot be described by a single reaction step. 

Nevertheless, the kinetics composed of too many specific reactions is not 

suitable for efficient computational chemistry for its exhaustively demanding 

computing time. The second one assumes only a few reaction steps which 

have dominance on the global chemical reaction. The third approach is an 

enhancement to isoconversional method of Friedman. The method addresses 

activation energy and pre-exponential factor which vary with each degree of 

conversion during the entire reaction. This has gained much attention thanks 

to a noticeable progress in the integral method and the availability on the 

kinetics analysis software. The kinetics obtained in this way does not assume 
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multiple chemical steps; instead, a set of multiple Arrhenius factors is 

constructed based on the local progress of the exothermic reaction. For this 

reason, we focus on the last approach for building the reaction kinetics for 

reactive flow response of energetic materials.  

To obtain kinetics of reactive materials based on thermal stimulus, several 

types of thermal tests such as Thermogravimetric Analysis (TGA), Scaled 

Thermal Explosion (STEX), One-Dimensional Time to Explosion (ODTX) 

and Differential Scanning Calorimetry (DSC) have been in use. Each of these 

experiments has its distinct scales of the device and the amount of target 

samples required for reliable data acquisition.   

In this paper, DSC experiments are conducted to extract kinetics of various 

kind of energetic materials such as propellant and high explosives. The DSC 

has been mainly used to measure the thermal decomposition characteristics of 

energetic materials. The kinetic scheme derived using DSC and 

isoconversional method is essentially a single step with a multiple set of 

Arrhenius parameters that time-evolve with the reaction progress. So, there is 

an obvious computational advantage over conventional multi-step kinetics.   

To validate the present kinetics, two representative thermal decomposition 

experiments and a shock initiation experiment are performed to compare the 

hydrodynamic simulations that utilize the present chemical kinetic scheme. 

Based on these validation process, we apply the extracted kinetics for various 

purpose of thermal behavior analysis. 
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Firstly, we predict the aging effect of energetic materials. There is a rising 

interest in the lifetime assessment of energetic materials due to its direct 

association with storage safety and service life. A priory knowledge of the 

expected lifetime of various EMs is valuable not only for safety and 

performance but also for economic reasons. Higher temperatures during 

storage accelerate the aging process of the EMs and subsequent degradation 

of thermal stability can lead to failure or accidental ignition. The EM 

composition may include various polymer binders in addition to a basic 

explosive such as cyclotetramethylene-tetranitramine (HMX) or 

cyclotrimethylene-trnitramine (RDX). Since the binders and explosives 

decompose differently, the resulting thermo-chemical reaction path will 

change as the thermal stability of each substance is changed. In our previous 

paper, the decomposition of RDX-based explosive was not affected by phase 

transition phenomenon. However, in this research, for another RDX-based 

explosive, it shows different decomposition process as composition of 

energetic material is changed. Thus it is important to conduct elaborate 

calorimetry experiment for various composition of energetic material to 

predict the aging effect. 

Secondly, we apply the extracted kinetics to simulate the hot spot based 

SDT phenomenon. Phenomenological hydrodynamic reactive flow models, 

such as Ignition and Growth and Johnson-Tang-Forest, have been successful 

in predicting shock initiation and detonation characteristics of solid explosives. 
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These models utilize the compression and pressure properties of the reacting 

mixtures for quantifying their reaction rates. In addition to these conventional 

pressure dependent model, there are several advanced model for describing 

SDT phenomenon.  

CREST model uses the reaction rate parameters obtained from particle 

velocity measurements and represents them as a function of entropy of the 

unreacted sample. It also describes the porosity in the explosive sample using 

the Snowplough model and the two-temperature model and can calculate the 

effect of initial temperature and porosity on the propagation of detonation and 

ignition. 

SURF model is built on the basis of the Ignition & Growth and adds a hot 

spot model. It is a pressure dependent rate law in which various physical 

factors such as initial temperature, porosity and distribution of hot spots are 

included in a modular form. 

What we proposed in this work is certainly distinct from currently available 

ones as we have separated the micro-scale hot spot evolution for SDT from 

the macro-scale Arrhenius-type detonation of a bulk explosive. In doing so, 

particle-based SPH method identifies the sites of high energy release from 

formation of hot spots, and then results are used to initialize the full-scale 

hydrodynamic simulation for describing a detonation. Certainly, all pressure 

based I & G model is excellent for attaining a fully developed detonation. 

However, the ignition part of the SDT process can be handled more precisely 
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as the growth process is dependent on the amount of accumulated energy 

released from the various sites of hot spots in a bulk sample.  
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CHAPTER 2 

A Development of Thermal-Based Reactive Flow 

Model for Energetic Materials and Validation 

 

2.1 Background and objective 

The understanding of the response of energetic materials is of broad interest 

to the energetic materials community for the purposes of safe handling, 

storage methods, and comprehension of reaction violence. In particular 

accurate kinetics is essential for predicting the reactive flow behavior of 

energetic materials.   

Several approaches to determine the reaction profile of energetic materials 

have been proposed. The first one develops detailed mechanism that covers 

more than hundred reactions [1]. Most of such high energy materials have 

complex reaction paths which cannot be described by a single reaction step. 

Nevertheless, the kinetics composed of too many specific reactions is not 

suitable for efficient computational chemistry for its exhaustively demanding 

computing time. The second one assumes only a few reaction steps which 

have dominance on the global chemical reaction [2,3]. The third approach is 

an enhancement to isoconversional method of Friedman [4]. The method 

addresses activation energy and pre-exponential factor which vary with each 
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degree of conversion during the entire reaction. This has gained much 

attention thanks to a noticeable progress in the integral method [5] and the 

availability on the kinetics analysis software [6]. The kinetics obtained in this 

way does not assume multiple chemical steps; instead, a set of multiple 

Arrhenius factors is constructed based on the local progress of the exothermic 

reaction. For this reason, we focus on the last approach for building the 

reaction kinetics for reactive flow response of energetic materials.  

To obtain kinetics of reactive materials based on thermal stimulus, several 

types of thermal tests such as Thermogravimetric Analysis (TGA), Scaled 

Thermal Explosion (STEX), One-Dimensional Time to Explosion (ODTX) 

and Differential Scanning Calorimetry (DSC) have been in use. Each of these 

experiments has its distinct scales of the device and the amount of target 

samples required for reliable data acquisition.   

In this paper, DSC experiments are conducted to extract kinetics of a 

multi-purpose energetic material which is comprised of 50% RDX 

(cyclotrimethylene-trinitramine) and 35% aluminum powder with 15% HTPB 

(hydroxyl-terminated polybutadiene) binder, and its initial density after 

pressing is 1.78 g/cc. The DSC has been mainly used to measure the thermal 

decomposition characteristics of energetic materials [6-9]. The kinetic scheme 

derived using DSC and isoconversional method is essentially a single step 

with a multiple set of Arrhenius parameters that time-evolve with the reaction 
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progress. So, there is an obvious computational advantage over conventional 

multi-step kinetics.   

To validate the present kinetics, two representative thermal decomposition 

experiments and a shock initiation experiment are performed to compare the 

hydrodynamic simulations that utilize the present chemical kinetic scheme. 

The thermal tests are essentially motionless as such only thermal and 

chemical equations are involved simultaneously. As for modeling the full 

scale response of aluminized RDX, two set of reaction mechanisms must be 

modeled: the primary detonation of RDX proceeds the deflagration of the 

aluminized powders that are subsequently ignited by the energetic state of the 

RDX product gases at elevated temperature and pressure. The kinetic scheme 

which is derived from DSC is applied to the first stage of RDX reaction. Then 

the accurately predicted hot product gas state then ultimately gives rise to 

ignition of aluminum for subsequent burning. Results confirm the suitability 

of the presented kinetics for practical modeling of the reactive flow system.   

 

2.2 DSC experiment for kinetics extraction 

2.2.1 Differential Scanning Calorimetry using Closed Pan 

DSC experiments are carried out on Mettler Toledo DSC821e. Four different 

heating cases are considered, of which three are isothermal heating (165, 170, 

175 ℃) and one is constant heating rate at 0.5 ℃/min.The sample masses 

considered are in the range of 3.03 ~ 3.07 mg. For all DSC signals, positive  
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Fig. 2.1 DSC signal and baseline. 

 

going feature corresponds to exothermic process. The aluminum sealed closed 

pans are used: to endure the pressure generated by exothermic reaction of 

energetic materials, closed pans must be adopted for the present experiment. 

Since evaporation is faster than decomposition in the sample in an open pan 

DSC [10], one must consider the closed pan DSC in order to observe the 

exothermic chemical reaction. 

 

2.2.2 Kinetics calculation 

The DSC traces have the form of Fig. 2.1 where the reaction rate /d dt  

and the mass fraction of product   are obtained from equations below:  
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Here S(t) is DSC data as a function of time t. B(t) is called baseline which is a 

reference line for determining the magnitude of heat flow. The construction of 

baseline involves the superposition of tangents at each side of the exothermic 

signal peak. Each tangent is linked through the product mass fraction in a 

baseline function. The determination of baseline is conducted using AKTS-

Thermokinetics Software [6]. The reaction rate at the time is instant heat flow 

divided by the summation of the released energy during the full chemical 

reaction process. The product mass fraction at the time is given by the 

summation of the released energy divided by the total released energy. 

The DSC signals of heavily aluminized RDX are plotted in Fig. 2.2. In this 

figure, as the heating rate increases, the temperature range in which the 

chemical reaction occurs becomes narrower, and the peak value of the signal 
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becomes higher. Also the reaction begins and terminates at a higher 

temperature. For the heating rate of 4 ℃/min, melting is evident near 200 ℃. 

Reference [11] provided a recommendation for extracting the solid state 

kinetics to predict thermal behavior [11]. The recommendation states that all 

thermal data should be located below the melting point for accurate extraction 

of the solid state kinetics. The kinetics parameter determined from a liquid 

state decomposition as opposed to a solid state may be inappropriate for 

predicting the sample behavior during its gasification and ultimate thermal 

runaway.  

 

 

Fig. 2.2 DSC signals with four constant heating rates and phase transition 

phenomenon for the 4℃/min case. 
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Fig. 2.3 DSC signals with isothermal heating program and 0.5 ℃/min heating 

rate. 

 

For the heating rates presently considered, at the highest rate of 4℃/min 

melting occurred prior to gaseous exothermic chemical reaction. In order to 

properly address this issue, we conducted additional isothermal DSC 

experiments. The isothermal temperatures were selected below the melting 

point which starts at 200 ℃. Three isothermal heatings at 165, 170 and 

175 ℃ are considered with the temperature range of the main reaction being 

180~200 ℃. Since a significant extent of conversion may be reached before 

an isothermal state sets, we considered three representative heating 

temperatures together with a single heating rate of 0.5 ℃/min for the kinetics 
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extraction. The results of the isothermal experiment are plotted in Fig. 2.3. 

From the DSC signals used for extracting the kinetics, one can see that the 

temperature range of the main reaction is 150 ~ 200℃. This implies that DSC 

signals are of those RDX only as the aluminum reaction begins well above 

2200℃. Subsequently the kinetics obtained represents a RDX reaction of the 

mixture Table 2.1 summarizes the RDX reaction parameters for one-step and 

three-step kinetic schemes for comparison with the extracted kinetics in the 

present work [12].   

From DSC signals, the heat of reaction is defined by  

 

0

[ ( ) - ( )]
endt

t

Q S t B t dt                      (4) 

 

At each DSC experiment, the heat of reaction Q is calculated. The average 

value is used as the heat of reaction of the target sample. The biggest 

deviation of this value is 5 % as AKTS-Thermokinetics software considers 

such deviation below 10% being reliable. Under this guideline, the obtained 

heat of reaction for the aluminized RDX sample is Q=1029.1 J/g. This value 

indicates released energy per mixture mass, not per RDX mass.  

Now the time rate of reaction progress /d dt  is found from the heating 

tests [6-9]. The reaction rate is given in the form of Arrhenius, as such  
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              (5) 

 

Here R, t , T , A , E  are universal gas constant, time, temperature, 

frequency factor and activation energy for given product mass fraction  , 

respectively. ( )f  is a function reflecting the dependence on the reaction 

progress. We take the logarithm on both sides of Eq. (5): 

 

ln ln[ ( )] -
Ed

A f
dt RT





                    (6) 

 

In the Arrhenius plot, - /E R  is a slope and ln[ ( )]A f   is the intercept 

with the vertical axis coordinate being ln[ / ]d dt . There are 4 DSC 

measurements that are used in this work. The Friedman analysis of the 

aluminized RDX is presented in Fig. 2.4. Each DSC signal corresponds to a 

reaction progress on the Arrhenius plot. A straight line can be drawn that 

connects the same reaction progress state of each signal as the slope and the 

intercept with vertical axis respectively represent the activation energy and 

pre-exponential factor at that reaction progress. In Fig. 2.4, a dotted line 

indicates the 0.95  case. Following this process, one can extract the kinetic 
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parameters that correspond to a reaction progress from 0 (unreacted) to 1 

(reacted). The activation energy and pre-exponential factor with   are 

shown in Fig. 2.5. This implies that the extracted kinetics describes the full 

process of the chemical reaction elaborately through a set of Arrhenius 

parameters obtained at an instantaneous state of the reaction process.  

Table 2.1 summarizes the RDX reaction parameters for one-step and three-

step kinetic schemes— for comparison with the extracted kinetics in the 

present work. 

 

 

Fig. 2.4 Friedman analysis of aluminized RDX. 
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Fig. 2.5 Activation energy (top) and pre-exponential factor (bottom). 
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Table 2.1 Reported RDX kinetic parameters 

  
Frequency factor 

(1/s) 

Activation energy 

(kJ/ mol) 

Tarver et al. 

[3] 

Step-1 e45.5 196.8 

Step-2 e40.7 184.3 

Step-3 e35.0 142.5 

Roudit et al.  

[7] 
One-step 5.37x1020 221.0 

 

2.3 Reactive flow model validation 

2.3.1 Zero-Dimensional Thermal Test (Differential Scanning 

Calorimetry) 

The governing equations of constant volume reaction are summarized as 

follows: 

 

dT
w

dt
                           (7) 

 
-

( ) exp( )
Ed

A f
dt RT





                   (8) 
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where w  is a heating rate. In the DSC experiment using milligram of test 

sample, the heat of reaction is liberated to the reference material [7], thus the 

course of reaction is not influenced by the heat, which is neglected in Eq. (7). 

The Arrhenius parameters that evolve with the progress of reaction in Fig. 2.5 

are used in the calculation.  

The comparisons of DSC experiments and simulations are plotted in Fig. 

2.6 and 2.7 where results of DSC experiments are obtained from Eq. (1-3). 

Figure 2.6 represents reaction rate comparison and Fig. 2.7 shows the product 

mass fraction comparison. The results show good conformity between 

simulation and experiment, which suggests that the obtained kinetic scheme 

can describe a reaction process from initial solid-sate to a final product gas 

state of the aluminized RDX reaction. 

Figure 2.8 shows reaction rate comparison in the case of 0.5 ℃/min heating 

rate. For one-step comparison, the rate law of Ref. [6] is used 

 

0
0

-
(1 )exp( )

Ed
A

dt RT


                     (9)                            

 

where A0=5.37 x 1020 S-1 and E0=221 kJ/mol. The bell-shaped rate given by 

the one-step kinetics fails to reproduce the measurement, whereas the present 

kinetics is shown to do that quite well. 
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Fig. 2.6 Reaction rate comparison between experiment and simulation. 

 

Fig. 2.7 Product mass fraction comparison between experiment and 

simulation. 
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Fig. 2.8 Reaction rate and reaction progress at 0.5 ℃/min  

(experiment, present kinetics, 1-step kinetics). 

 

2.3.2 Multi-Dimensional Thermal Decomposition Test 

To show validity and applicability of the extracted kinetics to a practical 

thermal experiment, we conduct the thermal decomposition experiment or the 

slow cook-off test. The governing equations are as follows: 

 

2 2

2 2
= ( ) -

T T T
C k Q

t x y t




   


   
 (10) 

-
( ) exp( )

Ed
A f

dt RT





                   (11) 
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Here 1780  kg/m3, C =1079.78 J/kg∙K and 1.922k  W/m∙K are density, 

specific heat and thermal conductivity respectively for heavily aluminized 

RDX. Equation (10) is the energy conservation. To describe the heating 

process, heat conduction is included in two-dimensional spatial domain. In 

this experiment, the energetic materials do not ‘flow’ during the constant 

heating process. Thus mass and momentum are unchanged. The kinetic 

parameters shown in Fig. 2.5 is used in solving the reaction progress in Eq. 

(11). The second-order central difference is used for the spatial discretization, 

and a third-order Runge-Kutta method is used for time integration.  

The slow cook-off test is a standardized experiment for monitoring the 

violence of reaction of insensitive munitions [13]. The obtained measurements 

from the test are the time and temperature until the thermal runaway and the 

classification of the reaction being mild as deflagration to as severe as 

detonation.   

The schematic of the simulation is depicted in Fig. 2.9(a) and the 

experimental picture is shown in Fig. 2.9(b). The cylinder casing is made of 

steel with a density of 7870 kg/m3, thermal conductivity of 49.56 W/m∙K, and 

specific heat of 474.98 J/kg∙K. The thickness of the casing is 0.4 cm. The 

material properties of the steel are inferred from [14]. The width and length of 

the cylindrical charge are 4.5 cm and 20.0 cm, respectively. The temperature 

of the charge is measured in two positions. Gauge 1 is located at the center of 

charge and gauge 2 is located at the outer surface of the charge. The initial  
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(a)                                (b) 

Fig. 2.9 Thermal decomposition (cook-off) test with (a) schematic and (b) 

experiment photo. 

 

temperature of aluminized RDX is 30.8 ℃ and then it is heated to 108 ℃ 

within 1 hour. The oven temperature is maintained at 108 ℃ for 7 hours to 

allow the temperature to equilibrate before the final runaway is allowed to 

occur. Then the heating rate of 3.3 ℃/hour is used until an explosion is 

witnessed. The conditions given above for simulation are exactly the same as 

the actual experimental conditions. 

Figure 2.10 shows the temperature contour and temperature difference 

between gauge 1 and 2 at different times. Initially, as shown in Fig. 2.10(a), 

there is no temperature gradient and as the charge is uniformly heated by the 
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four radiant heaters of Fig. 2.10(b), concentrated heat accumulation is shown 

around the center. The decomposition starts quicker in the center region as the 

outer regions are more likely to diffuse heat outwards. The proper modeling 

of such a process is guaranteed by the thermal conductivity coefficients of 

RDX and steel. The centrally heated and localized phenomena are the known 

slow cook-off pattern of energetic materials.  

Figures 2.10(b)~(d) depict the generation of the temperature gradient as 

time progresses. More heat is localized in the center zone as the exothermic 

decomposition process is quickly taking place. In particular, in Fig. 2.10(d) 

the critical thermal runaway is about to occur as the final cook-off time and 

temperatures from the experiment are compared against numerical predictions. 

Also, the temperature difference between gauge 1 and gauge 2 are used to 

further the comparison. Figure 2.11 shows that the temperature difference 

increased rapidly as decomposition proceeded to a thermal explosion, while 

the measurements and simulation results showed excellent agreement. The 

overall comparison suggests that the present kinetics is capable of describing 

the thermal decomposition process quite well.  
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(a)           (b)            (c)           (d) 

Fig. 2.10 Temperature contours at different times: (a) Initial time, (b) 20.0 

hours, (c) 21.0 hours and (d) 21.6 hours. 

 

Fig. 2.11 Comparison of temperature differences between gauge 1 and gauge 

2. 
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Fig. 2.12 Temperature comparison from thermal decomposition test. 

 

Table 2.2 Comparison of explosion time and temperature between experiment 

and simulation 

 
Explosion 

time 

Explosion 

temperature 

Experiment 21.55 hours 165.30℃ 

Simulation 21.61 hours 165.63℃ 

 

The temperature histories are plotted in Fig. 2.12, and the corresponding 

explosion time and temperature are summarized in Table 2.2. A very good 

agreement between the experiment and simulation is observed. The results 

validate the proposed chemical kinetics and also show the applicability of the 
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model for understanding the practical energetic system under a thermal 

loading condition such as a fire. 

 

2.3.3 A Full Scale Shock Initiation Test 

A full scale initiation experiment of a heavily aluminized RDX is 

simulated. Previously [15], an impact initiation type rate law based on the 

ignition and growth framework was used for modeling this test. The model 

describes the shock to detonation transition process based on the pressure 

generated during the reaction [16]. Separate ignition term and growth term are 

used to represent the entire procedure. A simpler model, namely, the JWL++ 

model is composed of only a growth term [17], presuming the ignition has 

occurred already. Thus the exothermic growth phase of reaction describes the 

extremely rapid runaway process of a full scale initiation test. Furthermore the 

temperature-driven reaction progress as opposed to a pressure-driven can also 

be further improved if one considers the statistical hot spot model for physical 

description of such detonation initiation [18]. This statistical model adopts 

temperature based kinetics as opposed to pressure based because the reaction 

due only to a heat conduction is too slow to account for the shock initiation 

time, and thus the hot spots are modeled to increase the reactive surface area 

drastically.  

In our validation of a full scale shock initiation test, the present kinetic 

scheme is used to resolve the measured pressure signals. The test charge is 
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assumed ignited and such the reaction growth is tracked in principle similarly 

to a JWL++ framework. A spherical charge of 7.0 cm radius with 1780 kg/m3 

density is placed in a chamber at 1 bar and detonated. During the whole 

process, the aluminized RDX is taken to be homogenous. Two pressure 

gauges are placed at radial distances 1.6 m and 1.9 m away from the charge 

location. The purpose of the test was to obtain a primary detonation signal 

(pressure) followed by the sequent pressure peak that is representative of the 

aluminum afterburning. In order to simulate both chemical processes of RDX 

reaction and the aerobic reaction of aluminum, a separate reaction model for 

aluminum reactant is taken, in addition to a main reaction of RDX.   

The multi-material hydrodynamic simulation is performed using the 

reaction models [19]. The conservative laws of mass, momentum, and energy 

in two-dimensional axisymmetric coordinate are defined by 

 

+ + = ( )
U E F

S U
t z r

  

  

  
 

              (12) 

 

where the vectors represent the conservative variables 


U , spatial fluxes in 

axial and radial directions 

E  and 


F  and the source term 


S  that represents 

a variety of multi-material loading conditions. In the Eulerian frame work, 

each vector is given as follows 
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where φ= 0, 1 for rectangular and cylindrical coordinates, respectively. Here, 

ρ is density, uz, ur are velocity components in axial and radial coordinates. 

2 2( ) / 2  z rE e u u  is the total energy per unit mass with the specific internal 

energy e, and p is the hydrostatic pressure. Q  represents a source energy 

associated with the reaction of RDX and aluminum. The governing equations 

are solved by a third-order Runge-Kutta in time and ENO (essentially n on-

oscillatory) method for discretizing spatial fluxes [20]. 

The closure of the mathematical formulation is achieved by specifying the 

equation of state and the reactive flow model. The Mie-Gruneisen EOS in Eq. 

(14) is used for unreacted solid RDX [21], and the isentropic JWL EOS in Eq. 

(15) is used for the reacted gaseous product [22].  

( - )unreacted H HP P e e                (14) 
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     1 0 2 0
-(1 )- -

0
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reactedP Ae Be C
     


    (15) 

 

Here Γ is the Gruneisen gamma, HP  and He  are pressure and internal energy 

of a reference state that follows the Hugoniot curve such that 
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C0 and S are the bulk sound speed and linear Hugoniot slope coefficient, 

respectively. Also the shock speed relations are   

 

 shock particleS dU dU                (18) 

  
1/2

0 = /C P                   (19) 

 0shock particleU C SU                (20) 
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where Ushock is the shock wave velocity, Uparticle is the material particle 

velocity. A, B, C, R1, R2 are the material dependent JWL parameters with ω 

being the Gruneisen coefficient of Eq. (15). The parameters are given in Table 

2.3. 

  

Table 2.3 Equation of state coefficients for the heavily aluminized RDX 

 Model parameter Value 

Reactant 

C0 (mm/μs) 2.60 

S 1.86 

Γ 0.99 

Product 

A (GPa) 2633 

B (GPa) 8.59 

C (GPa) 1.09 

R1 6.68 

R2 1.11 

  (J/g-K) 0.09 

 

Here we are dealing with excessive amount of aluminum particles as such 

a set of separate reaction kinetics must be considered for the afterburning of 

aluminum that follows primary reaction of the mixture. As for the EOS of gas 

phase aluminum, the equation below is suitable,  
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*

AlP R T                    (21) 

* /(1 )AlR R nAn   ~ 0.75nnA          (22) 

 

where n is the number of moles per unit volume, and nAn is an empirical 

constant. In the present work, the value of  0.2 is used for  nAn [15,23].  

Then the mixture EOS is constructed from Eqs. (14), (15) and (21) as such 

that the product mass fraction 
RDX

α  and reactant depletion 1 RDX- α  and 

product mass fraction of aluminum, 
Alα . 

 

(1- )total RDX unreacted RDX reacted Al AlP P P P         (23) 

 

In a similar manner, temperature is equilibrated as follows: 

2 2( ) / 2z r

total

E u u
T

C

 
          (24) 

(1- )total RDX unreacted RDX reacted Al AlC C C C        (25) 

 

The temperature is obtained from the internal energy which is a total energy 

subtracted by the kinetic energy. The specific heat of the mixture is a sum of 

partial contributions from the mixture elements. 
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For the primary reaction of the aluminized RDX mixture, the DSC based 

kinetics is applied. Also it is assumed that no aluminum particles participate 

during the initial detonation of RDX. The afterburning of the aluminum was 

originally applied for aluminum combustion in a gas phase. The aluminum 

ignition mechanism at high pressure condition is utilized to predict the 

afterburning of a heavily aluminized RDX. A two-step Arrhenius-type 

mechanism for modeling the subsequent burning of aluminum that follows 

reaction of RDX is   

1

1 0

For 2000 K, 0.01,

( (1- ))exp -

Al

AlAl
Al Al

T

Ed
A

dt RT
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0 00 , (1- )Al Al Al Ala       (28) 
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Fig. 2.13 Schematic of a center-loaded explosion test. 

 

where the frequency factor 
1AlA =2.5 × 10-13, and the 

constants
1

22.8kcal / molAlE , 
2

106.25 10 AlA , and 
2

60.0kcal / molAlE  are 

referred from [23]. Al is the final product mass fraction of aluminum. 
0Al  

is the initial density of aluminum in the mixture, and Al  is the calculated 

density of unreacted aluminum. a is 0.35 for aluminum and b is 0.65 for 

combined RDX/binder, both of which represent the initial mass percent of the 

mixture. Then 
T  represents total final product mass fraction. Also, the heat 

release due to aluminum reaction is 
Al Alr Q  which is added to the energy 
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source 

S  of Eq. (13), where Alr  is aluminum reaction rate and AlQ  is the 

enthalpy of reaction of aluminum (85000 J/g) [24]. 

Figure 2.13 is a schematic of the experiment and simulation, showing two 

locations of pressure measurement. The numerical pressure gauges are located 

at 1.6 m and 1.9 m. In the simulation, the air is treated as void, requiring no 

EOS. Figure 2.14 shows the grid resolution test. Detonation is resolved inside 

the charge using 1/120 mm while outside the charge, a coarser grid of 10 mm 

is used to capture the pressure wave propagation.. Figure 2.15 shows a series 

of timed images from the full scale test. The aluminum is ignited at 390 μs 

behind the reacted RDX gases, whereas in [15] that used the ignition and 

growth rate law, it was ignited at 650 μs. This discrepancy is believed to come 

from the value of the RDX peak pressure. For lower peak pressure and  

 

Fig. 2.14 The grid resolution test for detonating RDX. 
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subsequently lower temperature preferably below 2000 K, Eq. (26) suggests a 

pre-exponential factor that is about 1023 times the value of the higher pressure 

(or temperature) case of Eq. (25). Such a rapid reaction rate would expedite 

ignition as noted by 390 μs as opposed to a longer 650 μs delay.    

In Fig. 2.15 (c), the burnt aluminum mass propagates toward the center as 

well as radially outward, because the fresh aluminum fuel is distributed within 

the radius of the hot product gas of RDX. Both primary peak of RDX and 

secondary peak of the afterburning are shown in the simulations. 

Figure 2.16 shows a comparison of pressures calculated and measured at 

the gauge locations at 1.6 and 1.9 meters. Calculated RDX peak slightly over-

predicts the measurement while the subsequent aluminum peak agrees well 

with the measurement. The values of RDX peak is quite consistent with the 

measurement at 8.7×105 Pa as opposed to [15] calculation of 10.5×105 Pa. 

From Fig. 2.16, the primary wave average velocity is 1730 m/s and the 

subsequent afterburning velocity is 410 m/s as estimated at gauge 1.9 m. One 

fourth of the main reaction wave speed approximates the average velocity of 

the afterburning of aluminum. 
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(a)                     

 

(b) 

 

(c) 

 

390 μs                 750 μs                  1100 μs 

Fig. 2.15 Reaction of RDX followed by the aluminum afterburning at 

different times: (a) Pressure, (b) RDX-product mass fraction, (c) Al-product 

mass fraction. 
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(a) 

 

(b) 

Fig. 2.16 Comparison of pressure calculated and measured (a) at 1.6m and (b) 

1.9m gauge locations. 
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CHAPTER 3 

Aging Effect Prediction of Energetic Materials 

 

3.1 Background and objective 

There is a rising interest in the lifetime assessment of energetic materials 

(EMs) due to its direct association with storage safety and service life. A 

priory knowledge of the expected lifetime of various EMs is valuable not only 

for safety and performance but also for economic reasons. Higher 

temperatures during storage accelerate the aging process of the EMs and 

subsequent degradation of thermal stability can lead to failure or accidental 

ignition. The EM composition may include various polymer binders in 

addition to a basic explosive such as cyclotetramethylene-tetranitramine 

(HMX) or cyclotrimethylene-trnitramine (RDX). Since the binders and 

explosives decompose differently, the resulting thermo-chemical reaction path 

will change as the thermal stability of each substance is changed. In our 

previous paper, the decomposition of RDX-based explosive was not affected 

by phase transition phenomenon [1]. However, in this research, for another 

RDX-based explosive, it shows different decomposition process as 

composition of energetic material is changed. Thus it is important to conduct 

elaborate calorimetry experiment for various composition of energetic 
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material to predict the aging effect. 

Conventionally, the aging effect has been estimated using the Arrhenius 

approach [2] or Berthelot approach [3] utilizing a one-step decomposition 

kinetics, which does not accurately represent the actual chemical response of a 

thermally stimulated EM. Another, technique for estimating shelf life of the 

EMs utilizes accelerated aging tests, which measure the shelf life at elevated 

temperatures and subsequently extrapolate to the storage conditions. However, 

even the accelerated aging tests require several days to several months for 

completion. This makes these techniques highly resource-consuming and time 

intensive. Therefore, in order to predict the aging effect and to extract the 

relevant thermal decomposition kinetics, an effective technique is necessary. 

Recently, a novel method for observing aging effect using Laser Induced 

Breakdown Spectroscopy (LIBS) has been proposed [4]. Although, such a 

method accurately estimates the aging of a propellant by measuring the 

elemental composition of propellant, it does not reveal the influence of aging 

on performance of energetic material such as remaining heat of reaction. 

The decomposition kinetics of EMs can be extracted by several 

experimental techniques such as thermo-gravimetry (TG), scaled thermal 

explosion (STEX), one-dimensional time to explosion (ODTX) study, 

accelerated rate calorimetry (ARC) and differential scanning calorimetry 

(DSC). Each of these experimental techniques has its distinct characteristics 

and requires different amount of EM sample for reliable data acquisition. 
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Considering the low sample mass requirement of the DSC technique, which 

aids the safety of operation, it has been used widely in order to investigate the 

thermal decomposition characteristics of energetic materials [5-7].  

Furthermore, the calorimetric data obtained using DSC experiments can be 

used to construct the reaction parameters as a functions of the reaction 

progress variable, such that the decomposition and thermal runaway process 

are precisely tracked and reproduced. In the current study, in order to extract 

the decomposition kinetics of the energetic materials, an isoconversional 

approach is adopted [1]. Thanks to a noticeable progress in the integral 

method [8] and kinetics analysis software [9], such method has gained much 

attention recently for description of decomposition mechanism of energetic 

materials [10]. Recently, for describing fast reaction phenomena such as 

explosion and detonation by numerical simulation, the isoconversional 

kinetics was adopted for numerical formulation as chemical reaction [1]. In 

the same way, the application of isoconversional kinetics for numerical 

calculation can be extended to predict a very slow decomposition 

phenomenon such as aging process 

In this research, we have proposed a calculation based method for 

predicting shelf life of energetic materials and aging effects using 

experimentally extracted isoconversional decomposition kinetics. The 

isoconversional kinetics of an energetic material is conventionally extracted 

utilizing only non-isothermal DSC [7] technique. However, in the current 
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study, the combination of non-isothermal and isothermal DSC technique was 

chosen to elucidate the influence of phase transition on decomposition process. 

In this method, the isoconversional kinetics describes the whole 

decomposition process by a set of reaction parameters that vary with reaction 

progress, thus providing an improved match with the aging experimental data. 

This approach enables prediction of aging effect solely through calculation 

using isoconversional kinetics, saving the experimental cost and time. Recent 

work by Burnham et al. [11] reports prediction of EM lifetime based on 

isoconversional method. In contrast, the current study includes accelerated 

aging experiments and compares the predicted value with actually aged 

sample. The decomposition kinetics of two high explosives, namely HMX and 

RDX as well as a propellant formulation based on boron and potassium nitrate 

(BPN) have been elucidated. Additionally, the aging of BPN samples was 

experimentally simulated using elevated ambient temperatures. During this 

test, BPN was aged at 71 ℃ for extended period of time and the heat of 

reaction of the aged sample was subsequently evaluated. This value was 

compared against the predictions obtained from the newly constructed 

decomposition kinetics according to the aerospace industrial guideline [12]. 

The experimental and predicted values for the BPN samples were found to be 

in reasonable agreement. 

 

3.2 Experimental study for isoconversional kinetics 
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calculation 

3.2.1 Energetic materials under study 

The first EM under study is a high explosive consisting of 97.5% RDX, 

0.5% polyisobutylene, 0.5% graphite, and 1.5% calciumstearate. The second 

EM is composed of 95% HMX and 5% of VITON-A. The third EM is a 

propellant that consists of 24% Boron, 71% Potassium nitrate, and 5% 

Laminac binder (BPN). 

 

3.2.2 Experimental set up 

DSC experiments were carried out with a Mettler Toledo DSC 3 instrument 

utilizing the standard 40 µL sealed aluminum pans with a purge flow of 

nitrogen maintained at 80 mL min-1. The sealed pans allow observation of the 

decomposition process without detrimental effect of EM evaporation. The 

EMs were tested under non-isothermal experimental conditions where the 

product of the sample mass and heating rate was maintained below 1 mg ℃ 

min-1 

 in order to prevent self-heating of the sample [13]. Table 3.1 shows the 

details of experimental parameters maintained during non-isothermal DSC 

experiments. 
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Table 3.1 Non-isothermal experimental conditions 

Sample 
Heating rate 

/°C min-1 

Temperature range 

/°C 

Sample mass 

/mg 

97.5% 

RDX 

0.5, 1.0, 2.0 

and 4.0 
30~450 0.2 ~ 1.7 

95% 

HMX 

0.5, 1.0, 2.0 

and 4.0 
35~400 0.1 ~ 1.7 

BPN 2.0, 4.0 and 8.0 35~600 0.2 ~ 1.0 

 

Additionally, isothermal DSC experiments were carried out for the RDX 

based EM in order to evaluate the effect of phase transition on the 

decomposition reactions. The RDX based EM was tested at the constant 

temperatures of 185 and 195 °C. As HMX and BPN decomposition 

exothermic point are detached from phase transitions point, it is considered 

that phase transition does not influence the exothermic decomposition, and 

thus only non-isothermal experiments were conducted for the EMs under 

study. 

 

3.3 Isoconversional kinetics calculation 

Figure 3.1 shows a typical experimental DSC trace in which S(t) denotes 

the measured DSC data as a function of time while B(t) indicates the reference 

line or baseline constructed for determining the magnitude of the heat flow in 

or out of the sample. The construction of the baseline involves the 
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superposition of tangents at each side of the exothermic signal peak. Each 

tangent is linked through the product mass fraction in a baseline function. The 

reaction rate at time t may be expressed as the instantaneous heat flow divided 

by the summation of the energy released during the entire decomposition 

process. The product mass fraction at the time is given by the summation of 

the energy released divided by the total energy released. Mathematically, the 

mass fraction of reaction products (  ) and the reaction rate ( d dt ) can be 

obtained using Eq. (1)-(3). 
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Where, 
0t  and 

endt  represent time of start and end point of reaction peak, 

respectively, while, a1, a2, b1, and b2 are constants indicating the location of 

the tangents to the exothermic peak. 
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Fig. 3.1 Standard DSC signal and baseline. 

 

3.4 Results and discussion for kinetics calculation 

3.4.1 Isothermal DSC results 

The phase transition or melting temperature for RDX is known to be 

204.5 °C [14]. Figure 3.2(a) shows the endothermic DSC peak at 204 ℃ for 

the phase transition for RDX based EM obtained using the heating rate of 

2.0 ℃ min-1. In order to elucidate the influence of phase transition on 

chemical reactions, isothermal DSC experiments were conducted at the 

temperature of 185 and 195 ℃. Figure 3.2(b) and (c) show the experimental 

results which indicate that an isothermal heating below melting temperature 

does not result in significant exothermic reactions. It shows 10-4 order of 

energy flow, which is ignorable in terms of magnitude compared to the  
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(a) 

 

(b) 
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(c) 

Fig. 3.2 Phase transition phenomenon in 97.5% RDX during non-

isothermal DSC, (b) Isothermal DSC signal of 97.5% RDX at 195 ℃ and (c) 

Isothermal DSC signal of 97.5% RDX at 185 ℃. 

 

exothermic decomposition peak of Fig. 3.2 (a) which shows an order of 10.  

These results indicate that the exothermic reactions for RDX occur primarily 

in the liquid phase. 

 

3.4.2 Non-isothermal DSC results 

Figure 3.3 shows the non-isothermal DSC signals of the EMs considered in 

the current study. As the heating rate increased, the peak value of the DSC 

signal, the initiation temperature, and the termination temperature become 

higher in all EMs. 
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The heat of reaction (Q) was calculated from the DSC signal at each 

heating rate using Eq. (4). The average value of all heating rates was assumed 

to be the effective heat of reaction for the given sample. The maximum 

deviation in the experimental values in the current study was found to be 9% 

which is considered acceptable. 

 

0

[ ( ) - ( )]
endt

t

Q S t B t dt                        (4) 

 

The calculated heat of reaction indicating the energy released per mixture 

mass for the 97.5% RDX, 95% HMX and BPN sample was found to be 

2241.8, 1488.6 and 6024.4 J g-1, respectively.  

The reaction rate was calculated using a relationship expressed in the form 

of Arrhenius equation as shown in Eq. (5). 

 

-d
[ ( )]exp
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A f
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                (5) 

 

Where, R, t, T, A , and E  indicate the universal gas constant, time, 

temperature, frequency factor, and activation energy for given product mass 

fraction   respectively. The function ( )f  reflects the dependence of the 

reaction rate on the reaction progress. Taking a logarithm of both sides of Eq. 
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(5) yields Eq. (6). 

 

(a) 

 

(b) 
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(c) 

Fig. 3.3 Non-isothermal DSC signal for 

 (a) 97.5% RDX, (b) 95% HMX and (c) BPN. 

 

d
ln ln[ ( )]-

d

E
A f

t RT





                     (6) 

 

In the Arrhenius plot obtained from Eq. (6), - /E R  is the slope of the 

linear curve and ln[ ( )]A f   corresponds to the intercept with the vertical 

axis with coordinate ln[d / d ]t . The reaction rate and reaction progress were 

obtained from the DSC signals shown in Fig. 3.3 and Eqs. (1)-(2) in order to 

conduct Friedman analysis from the Arrhenius plots. 
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(a) 

 

(b) 
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(c) 

Fig. 3.4 Friedman analysis plots for  

(a) 97.5% RDX, (b) 95% HMX and (c) BPN. 

 

(a) 
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(b) 

 

(c) 

Fig. 3.5 Isoconversional decomposition kinetics of  

(a) 97.5% RDX, (b) 95% HMX and (c) BPN. 
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3.4.3 Friedman analysis 

The Friedman analysis results for each EM are presented in Fig. 3.4 where 

each measured DSC signal corresponds to a reaction progress curve on the 

Arrhenius plot. A straight line connecting equal reaction progress states of 

each signal was drawn. The slope and the intercept with vertical axis for these 

lines represent the activation energy and pre-exponential factor at that 

particular reaction progress. Following this process, one can extract the 

kinetic parameters that correspond to a reaction progress from 0 (unreacted) to 

1 (completely reacted). The activation energy and pre-exponential factor 

varying with   are shown in Fig. 3.5. This implies that the extracted 

kinetics describes the complete process of the chemical reaction through a set 

of Arrhenius parameters obtained at an instantaneous state of the reaction 

progress. 

 

3.4.4 Validation of advanced isoconversional kinetics 

In order to validate the extracted kinetics, the DSC measurements were 

reproduced using the proposed kinetic parameters. The comparison of DSC 

experiments and calculations is plotted in Fig. 3.6. The results show good 

agreement between simulation and experiment, which suggests that the 

obtained kinetic scheme can describe thermal decomposition of target 

energetic materials from an initial solid-sate to a final product state. 
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(a) 

 

(b) 
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(c) 

Fig. 3.6 Validation of isoconversional decomposition kinetics – reaction 

rate calculation (a) 97.5% RDX, (b) 95% HMX and (c) BPN. 

 

3.5 Aging-effect prediction 

3.5.1 Conventional techniques 

Energetic materials undergo a change in performance characteristics such 

as heat of reaction and reaction kinetic parameters due to the aging 

phenomenon. Under room temperature storage conditions, energetic materials 

decompose at an extremely slow rate. This makes the experimental 

verification of aging at room temperature storage conditions practically 

impossible as the experimental duration would span over decades.  

Most commonly used theoretical prediction method is Arrhenius approach 
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[2] which predicts the shelf life of an EM using ratio of reaction rates between 

temperature T1 (storage temperature) and T2 (elevated temperature) at which 

thermally accelerated aging experiments are conducted. The Arrhenius 

approach utilizes Eq. (7) and (8). 

 

exp( / )ak A E RT                    (7) 

1 2

2 1 2 1

1 1
 = exp aEt k

t k R T T

  
     

  
              (8) 

 

Here, t1 and t2 are the shelf life at temperature T1 and T2, respectively while, k1 

and k2 are reaction rates at temperature T1 and T2, respectively. 

This commonly used approach has been criticized by several 

researchers [15] as it uses a single set of Arrhenius reaction parameters and 

neglects the dependency of these reaction parameters on reaction progress and 

temperature. Furthermore, it has been reported that the Arrhenius approach 

over-predicts the shelf life of EMs [16].  

Another popular method for shelf life prediction is Berthelot method [3] in 

which the dependency of reaction parameters on temperature has been 

considered. However, this approach still does not consider the reaction 

progress dependency. 

 

3.5.2 Isoconversional technique and prediction  
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The reaction rate according to isoconversional kinetics can be expressed 

using Eq. (9) for an EM stored isothermally at temperature T. This equation 

can describe the reaction rate at any reaction progress and temperature as the 

reaction parameters are expressed as functions of reaction progress. 
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                  (9) 

 

As for the reliability of isoconversional kinetics for aging effect prediction, 

some researchers have provided simulation results [11], while the present 

work has followed the recommendations provided by Kinetics Committee of 

the International Confederation for Thermal Analysis and Calorimetry 

(ICTAC) in order to improve the accuracy of the DSC data for determining 

the kinetic parameters [13]. This is then substantiated by the repeatable 

experimental results.   

In isoconversional kinetics, Arrhenius parameters are varied with reaction 

progress, but it utilizes the same value of heat of reaction for all reaction 

progress. So one assumes that reaction progress represents the remaining heat 

energy after a certain storage period.  

As per the aerospace industry standard for energetic materials, an EM is 

guaranteed to have three years of additional shelf life if it does not degrade 

significantly during storage at 71 °C for one month [12]. So remaining 
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fraction of the energetic materials after aging for one month at 71 °C is 

predicted. The prediction is calculated from Eq. (9) and isoconversional 

kinetics of Fig. 3.5. For all EMs, it does not degrade after one month storage 

at 71 °C. Predicted remaining fraction is almost unity. 

Figure 3.7 shows the calculated reaction progress at a certain temperature 

over extended periods of time. We set the reaction progress value of 0.01 after 

20 years as criterion for un-decayed performance of EMs. It was observed that 

if 97.5 % RDX was stored at temperatures below 149.0 ℃, an un-decayed 

performance of EMs can be expected for 20 years. Similarly, 95% HMX must 

be stored at temperatures below 110 ℃ for a 20 year safe storage. The 

temperature for BPN storage without any decay was calculated as 160 ℃. 

Figure 3.7 also shows a dramatic decay of RDX and BPN when stored at 

higher temperatures while HMX shows gradual decay even at elevated 

temperature. This corroborates the previously reported insensitivity of HMX 

[17].  

This study is focused on polymer-bonded explosives, which composed 

differently compared to pure RDX, HMX, or any other composition 

containing these high explosives. Such EM compositions may include various 

polymer binders in addition to basic explosives such as HMX or RDX. Since 

the binders and explosives decompose differently, the resulting thermo-

chemical reaction path will change as the thermal stability of each substance 

is changed. Thus, the lifetime of the EMs under study may not be comparable 
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to other reported value of RDX and HMX. 

As can be seen in Fig. 3.7, the energetic materials considered in this study 

have almost no aging when stored at room temperature of 30 °C . In practical 

usage of these energetic materials, the shelf life may be different than the 

predicted values due to unexpected situation such as fire, vibration, or the 

geometry of entire system which energetic materials are actually employed. 

However, the estimate provides an approximate guideline for storage and 

utilization of energetic material. 

 

 

(a) 
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(b) 

 

(c) 

Fig. 3.7 Reaction progress calculation with isothermal condition,  

(a) 97.5% RDX, (b) 95% HMX and (c) BPN. 
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3.5.3 Validation of aging effect prediction 

In order to validate the proposed technique for aging effect prediction, the 

predicted fraction of remaining EM was compared with the value of actually 

aged-sample. The accelerated aging experiments were conducted for BPN at 

71 °C for 8, 16, 24 and 48 weeks. The experiment was conducted in a 

customized oven which maintained constant humidity and temperature. 

Following each accelerated aging experiment, non-isothermal DSC tests were 

carried out with 2 °C min-1 heating rate with sample masses of 1.23, 1.37, 

0.266 and 0.75 mg for 8, 16, 24 and 48 weeks aged sample, respectively.  

The BPN was assumed to have the same value of heat of reaction at all 

reaction progress level and the remaining fraction of BPN was calculated 

using Eq. (10). 

 

( ) - ( )

( ) - ( )

Aged

remained

Unaged

S t B t dt

S t B t dt
 




(0 1)           (10) 

 

Figure 3.8 shows the non-isothermal DSC signals of the aged-BPN samples 

which yield the heat of reaction as 6022.1, 6019.3, 6014.8 and 6012.8 J g-1 for 

8, 16, 24 and 48 weeks aged-BPN, respectively. The heat of reaction of 

unaged BPN is 6024.4 J g-1. So remaining fraction of BPN was 0.999, 0.999, 

0.998 and 0.998 for 8, 16, 24 and 48 weeks aged-BPN, respectively. And the 
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predicted remaining fraction of BPN from Eq. (9) and isoconversional 

kinetics of Fig. 3.5 was 0.999 for all aging period. Even though it does not 

show remarkable degradation to compare the value accurately, our method 

shows good prediction such that it is un-decayed for the period of aging. 

These validation process with BPN demonstrates the feasibility of the aging 

effect prediction method outlined in this work. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 3.8 Heat of reaction and non-isothermal DSC signal with 2.0 ℃ min-1 

heating rate for (a) 8, (b) 16, (c) 24 and (d) 48 weeks aged-BPN. 
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CHAPTER 4 

A Study on Multi-Scale Hot Spot Initiation of 

Detonation using Experiments and Simulation 

 

4.1 Background and objective 

Phenomenological hydrodynamic reactive flow models, such as Ignition 

and Growth [1] and Johnson-Tang-Forest [2], have been successful in 

predicting shock initiation and detonation characteristics of solid explosives. 

These models utilize the compression and pressure properties of the reacting 

mixtures for quantifying their reaction rates. In addition to these conventional 

pressure dependent model, there are several advanced model for describing 

SDT phenomenon.  

CREST model [3] uses the reaction rate parameters obtained from particle 

velocity measurements and represents them as a function of entropy of the 

unreacted sample. It also describes the porosity in the explosive sample using 

the Snowplough model and the two-temperature model [4] and can calculate 

the effect of initial temperature and porosity on the propagation of detonation 

and ignition. 

SURF model is built on the basis of the Ignition & Growth and adds a hot 

spot model [5]. It is a pressure dependent rate law in which various physical 
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factors such as initial temperature, porosity and distribution of hot spots are 

included in a modular form. 

What we proposed in this work is certainly distinct from currently available 

ones as we have separated the micro-scale hot spot evolution for SDT from 

the macro-scale Arrhenius-type detonation of a bulk explosive. In doing so, 

particle-based SPH method identifies the sites of high energy release from 

formation of hot spots, and then results are used to initialize the full-scale 

hydrodynamic simulation for describing a detonation. Certainly, all pressure 

based I & G model is excellent for attaining a fully developed detonation. 

However, the ignition part of the SDT process can be handled more precisely 

as the growth process is dependent on the amount of accumulated energy 

released from the various sites of hot spots in a bulk sample [6].  

In addition, we also describe a method of constructing a temperature based 

detonation rate law (Arrhenius) for any unknown explosive composition using 

a laboratory scale calorimeter, necessitating only a small amount of sample 

mass. But our model has important hypothesis as follow: the first one is 

proposed kinetic model is based on calorimetric data measured at ambient 

pressure rather than shock pressure. And it is an extrapolation of the 

isoconversional reaction rate to high pressure encountered in shock-to-

detonation transition. In this background, the applicability of the proposed 

kinetic model on SDT simulation is examined in this study. The obtained rate 

law accompanies the micro-scale particle hydrodynamic simulation of the 
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shock-induced ignition, providing go/no-go criteria for given impact stimuli. 

As a result, we were able to accurately reproduce the velocity of detonation 

for the tested explosive sample. 

As per the existing literature, the conventional thermal based hot spot 

models which are generally based on one-step kinetics fall short of describing 

the complex process of hot-spot initiated reactions, and thus complex 

decomposition kinetics have been preferred for enhancing the simulation [7]. 

In this paper, the isoconversional decomposition kinetics is experimentally 

measured using Differential Scanning Calorimetry. The three representative 

methods of determining the reaction kinetics of energetic materials are as 

follows. The first approach elaborates a detailed mechanism that covers more 

than a hundred reactions [8]. Most of such high-energy materials have 

complex reaction paths, which cannot be described by a single reaction step. 

Nevertheless, the kinetics involving multiple specific reactions is time 

consuming and does not allow for an efficient computational chemistry. The 

second choice, a multi-step scheme, assumes only a few reaction steps which 

determine the global chemical reaction [9] offering significant reduction in the 

computation with reasonable accuracy. Lastly, the method that utilizes 

Friedman’s isoconversional method [10] efficiently addresses the factors such 

as activation energy as well as the pre-exponential factor that varies with each 

degree of conversion during the entire reaction. The kinetics obtained through 

this method does not require multiple chemical steps. Instead, a set of multiple 
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Arrhenius factors, namely activation energy and pre-exponential factor, is 

constructed based on the local progress of the entire progress of the 

exothermic reaction. Thus, we have built the reaction kinetics following the 

reaction progress of a designated energetic sample. The kinetic scheme 

derived this way features a single step with tabulated Arrhenius terms 

parametrized with respect to the local reaction progress variable. This 

provides a computational advantage over conventional multi-step kinetics, as 

well as the precision of reactive flow simulations [7]. 

In order to simulate the temperature evolution during SDT from hot spots, 

Smoothed Particle Hydrodynamics (SPH) based micro-scale simulation is 

used. The size of hot spot is approximately of the order of 1 µm and to capture 

the peak temperature evolution of hot spots, the mesh size is kept smaller than 

1 µm. As the diameter of explosive sample is on the order of 10 mm, the mesh 

resolution is insufficient for covering the hot spot domain during macro scale 

detonation simulation. Thus for a detonation calculation which properly takes 

into account the hot spots, a macro scale hydrocode simulation should be 

linked to a microscale simulation of hot spot through a Lagrangian-Eulerian 

multiscale framework. In order to obtain the peak temperatures at microscale 

simulation, a Lagrangian SPH was adopted. The hot spot is approximated by 

the region of high pressure accumulation due to multiple shock reverberations 

within the lower density region of a binder (Estane), surrounded by the bulk 

of HMX. To describe this, we consider three different sizes of hot spot 
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bounded by the end walls of HMX and one end impacted at high velocity. The 

peak temperatures obtained from the microscale level hot spots are then used 

to initialize the random sites of heat release prior to carrying out the full scale 

hydrodynamic simulation of shock-to-detonation transition (SDT). The SEM 

image of the explosive sample locates the initial sites of designated heat 

release. For validation of the simulation, a rate stick of 18-mm in radius is 

designed and tested.  

In the present study, the target material is comprised of 95% 

cyclotetramethylene-tetranitramine (HMX) and 5% Estane binder, the 

percentage represented by weight. Its initial density after pressing is 1.82 g/cc. 

Hereafter, we designate target material as 95% HMX. 

 

4.2 Kinetics analysis of HMX-based explosive 

4.2.1 DSC experimental set up 

DSC experiments were carried out with a Mettler Toledo DSC 3 instrument 

utilizing the 40 microliter aluminum crucible. Sealed aluminum pans were 

used to endure the pressure generated by the exothermic reaction of energetic 

materials. Additionally, as evaporation is faster than decomposition with the 

sample in an open pan DSC [11], the closed pan DSC was employed in order 

to observe the exothermic chemical reaction. Furthermore, a purge flow of 

nitrogen at 80 mL/min was maintained throughout the experiment. The 

energetic materials were tested under non-isothermal experimental conditions, 
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where the product of the sample mass and heating rate was maintained below 

1 mg ℃/min-1, in order to prevent self-heating of the sample [12]. The sample 

masses were in the range of 0.2 ~ 1.7 mg. Four constant heating rates of 0.5, 

1.0, 2.0, and 4.0 °C/min were utilized between 35 and 600 ℃. 

 

4.2.2 Isoconversional method 

DSC is a calorimetry performed using very small amount of sample. A 

sample pan and a reference pan are placed in the furnace where the heat is 

applied, and both are heated to the same temperature. In this situation, the 

difference in the exothermic value between the sample pan and the reference 

pan is caused by the chemical reaction of the sample, and the difference of the 

generated energy is transferred between the two fans by thermal equilibrium. 

The transferred heat flow is measured as a DSC signal. The DSC traces have 

the form of Fig. 4.1 where the mass fraction of product   and the reaction 

rate /d dt  are obtained from the equations (1)-(3). 
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Here, S(t) is DSC data as a function of time t. B(t) is called baseline which is a 

reference line for determining the magnitude of heat flow. The construction of 

the baseline involves the superposition of tangents at each side of the 

exothermic signal peak. Each tangent is linked through the product mass 

fraction in a baseline function. The reaction rate at the time t is the instant heat  

 

Fig. 4.1 DSC signal and baseline. 
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Fig. 4.2 DSC signals with four constant heating rates. 

 

flow divided by the summation of the released energy during the full chemical 

reaction process. The product mass fraction at the time is given by the 

summation of the released energy divided by the total released energy. 

The DSC signals of 95% HMX are plotted in Fig. 4.2. In this figure, as the 

heating rate increases, the peak value of the signal becomes higher. Also the 

reaction begins and terminates at a higher temperature. 

The heat of reaction (Q) was calculated from the DSC signal at each 

heating rate using Eq. (4). The average value of all heating rates was assumed 

to be an effective heat of reaction for the given sample. The maximum 

deviation in the experimental values in the current study was found to be 8% 

which is considered acceptable. 
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Under this guideline, the obtained heat of reaction for the 95% HMX 

sample is Q=1293.6 J/g. This value indicates the energy released per unit 

mass of mixture.  

The reaction rate was calculated using a relationship expressed in the form 

of Arrhenius equation as shown in Eq. (5). 
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Here, R, t, T, A , and E  indicate the universal gas constant, time, 

temperature, frequency factor, and activation energy for the instantaneous 

product mass fraction , respectively. The function ( )f  reflects the 

dependence of the reaction rate on the reaction progress. Taking a logarithm 

of both sides of Eq. (5) yields Eq. (6). 
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In the logarithmic plot obtained from Eq. (6), - /E R  is the slope of the 

linear curve, and ln[ ( )]A f   corresponds to the intercept with the vertical 

axis ln[d / d ]t . The reaction rate and reaction progress were obtained from 

the DSC signals shown in Fig. 4.2 in order to conduct Friedman analysis from 

the Arrhenius plot. 

Friedman analysis is used to extract the kinetics parameters of the target 

material. And the analysis is conducted on the Arrhenius plot (reaction rate- 

 

 

Fig. 4.3 Friedman analysis of 95% HMX. 
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inverse of temperature) using DSC experimental data. The Friedman analysis 

results for 95% HMX are presented in Fig. 4.3 where each measured DSC 

signal corresponds to a reaction progress curve on the Arrhenius plot. A 

straight line connecting equal reaction progress states of each signal is drawn. 

The slope and the intercept with vertical axis for these lines represent the 

activation energy and pre-exponential factor at that particular reaction 

progress, . For instance, the straight line represents the connection of 

reaction progress of =0.95 shown in Fig. 4.3. Following this process, one can 

extract the kinetic parameters that correspond to a reaction progress from 0 

(unreacted) to 1 (completely reacted). In this approach, a high correlation 

factor of 0.99 is obtained, which represents the linear relationship between 

DSC signal and the heating rates in the Arrhenius plot.  

The Friedman analysis assumes that the straight line connecting equal 

reaction progress of each DSC signal passes through the same state of reaction 

progress of other DSC signals of higher and lower heating rates. This means 

that a straight line also passes through the other temperature regions where no 

experiment actually took place. This is because the straight line is statistically 

obtained from the four different signals, and if a high correlation factor 

prevails, then the DSC signals of all other heating rates will also be distributed 

along this straight line. This is the reason why one can apply the extracted 

kinetics in the regions of higher temperatures.  

The activation energy and pre-exponential factor varying with  are shown  
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Fig. 4.4 Activation energy and pre-exponential factor parametrized by the 

progress of reaction . 

 

in Fig. 4.4. This implies that the extracted kinetics describes the complete 

process of the chemical reaction through a set of Arrhenius parameters 

obtained at an instantaneous state of the reaction progress. 

 

4.2.3 Kinetics verification 

To verify the extracted kinetics following the method described, the DSC 

measurements were reproduced using the proposed kinetic parameters. The 

relevant equations that describe the evolution of temperature and chemical 

progress are as follows.  
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Here w  is a heating rate. During the DSC experiment, samples of the order 

of a few milligrams are utilized, and the heat of reaction is liberated to the 

reference material [13]. Thus the course of the reaction is not influenced by 

the generated heat, which is neglected in Eq. (7). The Arrhenius parameters 

that evolve with the progress of the reaction from Fig. 4.4 are used in the 

calculation.  

The comparison of the reaction progress from DSC experiments and 

simulations is plotted in Fig. 4.5. The obtained simulation conforms well to 

the experimental measurement, suggesting that the kinetics extraction is 

suitable for describing the reaction progress of a 95% HMX.  
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Fig. 4.5 Reaction progress comparison between experiment and simulation. 

 

4.3 Micro-scale hot-spot simulation via Smoothed 

Particle Hydrodynamics 

Micro-scale simulation was conducted based on a fully Lagrangian SPH 

method. The SPH code is constructed and validation problems are conducted. 

The temperature evolution data calculated from the SPH simulation will be 

used at the macroscale hydrocode simulation for initializing the random 

regions of peak heat release during the process of SDT.   

 

4.3.1 Numerical method 

Any function f(x) can be represented through its convolution with a kernel 
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function, W, as shown in [14]. Kernel interpolants are the basis of a SPH 

method. 

 

( ) ( ) ( , )f x f x W x x h dx                    (9) 

 

where h is the smoothing length defining the influence domain of the kernel 

function. The kernel function has the follow two properties: 
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where ( )x x   is Delta function. 

 

( , ) 0  when W x x h x x mh               (11) 

 

where m is the constant that defines the effective (non-zero) area of the 

smoothing function called ‘support domain’ mh. 

At the interpolation point jx , the support domain defines the volume jV . jV is 

defined using the mass jm and the density j as follows. 
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of the particle located within mh . Thus, any interpolation point jx can be 

associated with the particle of the mass jm and the density j . With the help of 

the integral representation (9), the discrete or particle approximation of any 

function at location of particle ix can be written as 
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Here ijW denotes ( , )i jW x x h , N is the number of interpolation points 

(hereafter the number of particles), and jf is the value of the function 

associated with the particle j. If the kernel with compact support is chosen, 

then the size of the support domain defines the number of neighboring 

particles. 

With the help of (13), the particle approximation for gradient of the field 

function at the location of particle i can be written as 
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where /ij ij iW W x    and the gradient is calculated with respect to ix . In this 

equation the term if has been added in order to ensure that the derivatives of a 

constant function vanish. If ijW  is a function of the distance between 

particles ij i jr x x  , then 
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The momentum equation is written as follows 
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As we apply the particle approximation of Eqs. (9)~(16), Eq. (17) is then 

converted into a SPH form. 
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Equation (18) represents the SPH form of the momentum equation as solved 

in the simulation. We consider the spring force between particles to describe the 

solid behavior of HMX and Estane. Spring force is ,springf kx  with effective 

spring constant 0 ( , , )i jk E l x x t .  represents the notation of spatial 

dimension, E is Young’s modulus and 0 ( , , )i jl x x t is the direction vector in the 

undeformed state between particle i and j. The value of Young’s modulus is 

listed in Table 4.1. 

The energy equation is written as follows 
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By applying the particle approximation of Eqs. (9)~(16), Eq. (19) is then 

converted into a SPH form. 
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ijv represents the velocity difference between particle i and j. And ei represents 

the internal energy of particle i. The temperature of particle i, Ti is calculated 

from equation as follows 

,v i i i
c T e                       (21) 

 cv, i represents specific heat of particle i at constant volume. 

 For a kernel function, we adopt the quadratic spike function to avoid any 

particle clustering issue. The kernel function is written as follows 
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where /q r h , and r is the distance between two particle. d is number of spatial 

dimension, and d is the normalization constant. 

The density is calculated through the updated volume. In the SPH simulation, 

initial mass is assigned to each particle. The initial mass inim  is calculated 

by 0 /inim A N . Here 0 is initial density of the material, and A is the 

considered area. In our simulation, each particle is bounded by the spring force. 

So at each time step, the particle moves at its velocity. Subsequently, as the 

position of particle is changed, the relevant volume also changes, and the density 

is updated, accordingly.  
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In addition to the governing equations above, Mie-Gruneisen EOS was used to 

calculate the pressure of the material to satisfy the mathematical closure.  
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Table 4.1 Material properties and Mie-Gruneisen factor of 95% HMX 

Parameter HMX Estane 

0  (kg/m3) 1891 1100 

  0.7 1.0 

s  1.79 1.7 

0c  (m/s) 3070 2350 

vc  (J/kg K) 1757 1480 

0 0ve c T  (J/kg) 5.27 x 105 4.44 x 105 

E  (MPa) 25325 6250 
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where 01 ( / )    , and 1/  . 

The Mie-Gruneisen factors and material properties have been summarized in 

Table 4.1 [15, 16]. 

 

4.3.2 SPH code validation 

4.3.2.1 Riemann problem at shocked condition 

To validate our SPH code, we calculate the Riemann problem at shocked 

conditions. Through this validation process, we can confirm the accuracy of 

describing the material interface and shock interface. We initialize the 

problem in a following manner. Length of shock tube is 1 mm and material 

interface is initially located at x=0.5 mm. For the left side, properties of HMX 

at shocked state are assigned as 32400 kg/mleft  , 99.5 10 PaleftP   , 

1024m/sxv  . The right side of Estane is assigned the unshocked conditions 

such as 31100 kg/mright  , 101325 PaleftP  , 0 m/s xv  . 

 The results are shown in Fig. 4.6. The solid line represents the exact solution 

of a Riemann problem and the dotted line represents the calculation shown at 

0.04 μs. Upon initiation, the shock wave is propagated to the right, while 

rarefaction is propagated to the left with a contact discontinuity shown. The 

result is in a good agreement with the exact solution, suggesting that the SPH 

formulation is properly implemented for describing the interface motions.  
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4.3.2.2 Square patch problem 

The second validation is the rotation of a square patch. This validation 

problem is chosen for testing the ability of the code to precisely handle the  

 

(a) 

 

(b) 
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(c) 

Fig. 4.6 Riemann problem solved at 0.04 μs for 

(a) pressure, (b) density, and (c) velocity. 

 

(a) 
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(b) 

 

(c) 

Fig. 4.7 Square patch problem with time at (a) 0 s, (b) 0.015 s and (c) 0.02 s. 

Dotted line represents exact solution. 
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free surface motion. Also this can show the robustness of a constructed SPH 

method [17]. Although this validation problem is conducted for fluid state in 

particular, it is directly applicable to the particle clustering of the hot spot 

problem.   

A square patch of a viscous fluid is initially assigned and subjected to the 

following velocity field: xv y , yv x  . Here  is angular velocity and 

set to 100 s-1. Upon start of simulation, square patch undergoes large 

deformation of the free boundary due to a centrifugal force. One looks for the 

capability to handle such complex instability without the particle clustering. 

The initial length of each side is 2 m, and the particle number is 2601. The 

Tait EOS is applied, and initial pressure field is set to zero everywhere. 

The simulation results are plotted in Fig. 4.7. The dotted line shows the 

exact solution of location of instability [17]. If particle clustering problem is 

not resolved, then location of instability would differ from the exact solution 

as the particle approximation is interrupted by particle clustering. As shown in 

the results, the SPH code was able to exactly match the exact solution with 

high precision.  

 

4.3.3 Temperature evolution within a polymer binder, Estane, upon 

impact 

The SPH is used to calculate the peak temperature of hot spot that is 

approximated by the region of high pressure accumulation due to multiple 
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shock reverberations within the Estane, surrounded by the bulk of HMX. The 

hot spot is generated in the Estane as oppose to HMX as it has lower wave 

impedance. As pressure wave is propagated from HMX to Estane, the end 

walls subsequently impede the compression wave from escaping and allow 

pressure building, leading to a peak temperature generation.   

To recapture this process via SPH technique, the initial simulation domain 

is defined as in Fig. 4.8. The left end of HMX is impacted at a speed of 700 

m/s. Here, the red particles represent HMX, while the gray particles represent 

Estane. In the simulation, the gap size is defined as the size of the binder, 

namely Estane. Thus the gaps of 1, 3, 5 μm represent the distance between 

two bounding HMX walls along the impact direction, and the maximum 

temperature within such gap is examined. The entire length of simulation 

domain is 10 μm, while Estane region is located in the middle. Thus, the 

variation in gap size corresponds to a specific hot spot size, and thus the 

corresponding HMX wall thickness will also vary. For all cases of gap sizes 

considered, the maximum temperature occurred near the center of the Estane 

upon pressure reverberations within. The SPH simulation required 2500 

particles with the smoothing length being 1.3 Δx for the corresponding 

quadratic spike function.  
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Fig. 4.8 Schematic of a micro-scale impact simulation via SPH. The gap 

distance is measured in Estane binder bounded by two HMX walls.   

 

 

Fig. 4.9 Calculated peak temperatures for each gap size. 

 

Figure 4.9 shows the temperature distribution right at the instance when a 

peak temperature is achieved. The corresponding interface between 
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HMX/Estane begins at 4.5, 3.5, 2.5 μm for each gap distance of 1, 3, 5 μm. 

Accordingly the peak values are occurring within the low-density region of 

the sample due to shock wave coalescence inside the gap. The peak 

temperatures and the corresponding gap sizes are summarized in Table 4.2.  

 

Table 4.2 SPH calculated maximum temperature for each Estane gap size. 

Gap size 1 μm 3 μm 5 μm 

Temperature (K) 1310.15 1521.42 1673.45 

 

 

4.4 Shock-to-Detonation Transition experiment and 

hydrocode simulation 

The data obtained from SPH-based micro-scale simulation can be utilized 

to initialize a localized hot-spot capable of achieving instantaneous heat 

release. Subsequently, the micro-scale SPH simulation first identifies the peak 

temperatures at the site of hot spot. Peak temperatures from microscale level 

then initialize the random sites of heat release prior to a full-scale 

hydrodynamic SDT simulation. Here, the SEM image of the explosive sample 

is used to obtain the distribution of localized sites of heat release. 

 For validation of the simulation, a rate stick of 18-mm in radius is 

experimentally conducted, and the detonation properties are compared. 
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4.4.1 Rate stick test 

Rate stick test is an experiment for characterizing the detonation velocity 

according to the radius of the target explosive. In our research, a rate stick of 

18 mm in diameter was tested for validation purpose of the proposed model. 

Figure 4.10 depicts the experimental schematic of the test. The booster charge 

is initiated in order to allow the rate stick to develop into a full detonation for 

measuring the velocity of detonation. The steady detonation wave was 

observed by utilizing a cylindrical charge length long enough to damp out any 

booster overdrives or initiation transients that can persist for up to the five 

times the initial charge diameter. A charge length-to-diameter ratio of 7 was 

chosen to adequately capture the fully-developed detonation velocities. 

Electronic pins were utilized to measure the propagation velocity of the 

detonation wave. It was observed that if the installed pin is exposed to a high-

temperature pressure shock wave, a breakage occurred and a Time-to-Digital 

Converter (TDC) was used to measure the arrival time of the shock wave, 

sensing an ascending (or descending) waveform of input pulses. We used the 

pin CA-1041 (DYNASEN, Inc.), while a high-speed counter Lec-4208 

(LeCroy, Inc.) was used as the wide range real-time TDC. The TDC was 

designed to capture the time measurements in real time and required a wide 

dynamic range with high resolution. The propagation of the detonation front 

along the length of each charge was measured using five equally spaced 

sensor probes. The TDC with a bandwidth of 1 GHz or frequency resolution  
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Fig. 4.10 Schematic of a 18-mm cylindrical rate stick test. 

 

of 1 ns (109 s) was used during each test. 

 

4.4.2 Numerical simulation setup 

The conservative laws of mass, momentum, and energy in axisymmetric 

coordinate are described by the equation below. 
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Here, the vectors represent the conservative variables 


U ; spatial fluxes in 

axial and radial directions are represented by 

E  and


F , respectively, while 

the source term 

S  represents a variety of multi-material loading conditions. 

In the Eulerian framework, each vector is explained as follows. 
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Here φ represents 0 and 1 for rectangular and cylindrical coordinates, 

respectively. Furthermore, ρ represents density, while uz and ur represent 

velocity components in axial and radial coordinates. The 

equation 2 2( ) / 2  z rE e u u  denotes the total energy per unit mass with the 

specific internal energy e, while p represents the hydrostatic pressure. And the 

value of Q is 1293.6 J/g which extracted from section 4.2.2. 
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Along with these conservation equations, for describing inert materials the 

Mie-Gruneisen EOS of Eq. (23) is used, while for reactive high explosive the 

isentropic Jones-Wilkins-Lee (JWL) EOS in Eq. (27) is utilized [18].  

 

1 0 2 0( / ) ( / )R R
reacted vP Ae Be C T                    (27) 

 

Parameterization of JWL EOS was done by multiple CHEETAH runs to use in 

the empirical fitting procedure. The obtained JWL EOS parameters are 

summarized in table 4.3. And for temperature calculation, following 

simplified form of JWL temperature equation was adopted [18]. We assume 

that specific heat Cv is constant. 
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Table 4.3. JWL EOS parameters for 95% HMX 

Parameter A (GPa) B (GPa) R1 R2  (J/g K) 

Value 458 8.3 3.721 1.068 0.359 
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Then the total pressure of HMX is calculated from product mass fraction  . 

 

(1 )total unreacted reactedP P P                 (29) 

 

In Eq. (26), the source energy associated with the reaction of HMX is 

represented by Q , while HS HSQ  represents the reaction energy released 

due to hot spots similar to [19]: 
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Here acP  denotes the criterion for temperature increase of Estane. If the 

pressure increases above acP , the Estane starts to pressure reverberation. In 

our simulation with 0.75 GPaacP  , HS represents the fraction of hot spot that 

react. This value starts from 1 and reaches 0 when it finally reacts. In the 

above equation, HS represents the reaction rate, while   represents the 

induction progress variable that has the initial value of 0. This variable is 

associated with the induction time. The variable can be tracked using the 

following model. 
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 is the induction rate. The induction time  is the time required to create 

the hot spot following the shock passage. This time denotes the duration 

between the delivery of shock and the attainment of peak temperature. The 

values for different hot spot sizes are 1 1.5nsm  , 3 2.4nsm  , 

and 5 3.4nsm  . The heat of reaction of hot spot can be defined as follows. 

 

[ ]HS v peak SQ c T T                    (34) 

 

Here, vc represents the constant volume specific heat of HMX, while peakT  

represents the maximum temperature when the shock passed through the gap. 

The reference temperature is denoted by sT . peakT data obtained from the 

micro-scale simulation have been utilized. 
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The computation domain of the rate stick test is shown in Fig. 4.11. Hot 

spots of sizes 1, 3, 5 μm are assumed to be randomly distributed inside the 

charge as follows. The distance inside the gap or between binder walls is 

examined by using Scanning Electron Microscope (SEM) images [20]. The 

average distance between binders is determined together with deviation, all of 

which are then entered into the random distribution function of the hydrocode. 

For instance, if five meshes represent the average distance between the 

binders surrounded by HMX, the distance with deviation is expressed as 4 or  

 

 

Fig. 4.11 Simulation domain of a 18-mm rate stick (a half domain)  

shown with random hot spots. 
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6 meshes. Through this process, the hot spot elements shown in SEM image 

can be represented rather realistically in the hydrocode. The explosive is 

impacted at lower boundary as 700 m/s. And left, right and upper boundary 

has out flow boundary condition. 

 

4.4.3 Results and discussion 

Figure 4.12 shows the grid resolution test results for detonation peak 

pressure at t=10.5 s. For low resolution case, The irregular tail structure is 

observed due to insufficiently resolved computational mesh. And it shows 

how numerical artifacts or tail oscillations disappeared with the refined grid 

size. It can be seen that as the grid size increases, the position and pressure  

 

 

Fig. 4.12 The grid resolution test for detonation peak pressure at t=10.5 s. 
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magnitude of the detonation peak converge. 

Figure 4.13 is the simulation results showing the difference in the initiation 

process due to the shock between the cases when hot spots are considered and 

not considered. It is observed that the shock wave is propagated, following a 

700 m/s impact at the lower end of the explosive. At the initial stage of 

propagation, the shock wave transition to a detonation does not take place 

immediately. Noticeably an empirical model such as Ignition and Growth 

would immediately identify such transition automatically from the beginning, 

which is unphysical. Moreover, our study considered the Arrhenius rate with 

the microscale hot-spot model to calculate the entire process of SDT from the 

outlined method. As shown in Fig. 4.13(b), an initiation failure is observed if 

no hot-spot model is considered into a hydrocode simulation. As the shock 

passes through the hot spots, their heat of reaction is liberated, and a 

tremendous energy release is surmounted at the shock front, instantaneously. 

This process of hot-spot initiated SDT is shown in Fig. 4.13(a), showing a 

development into a full detonation wave with randomly driven sites of heat 

release due to hot spots.   

Figure 4.14 shows the fully-developed detonation wave, shown in pressure 

and temperature contours. The present simulation shows structural complexity 

with irregular flow structures for temperature profile due to the existence of 

multiple energy release sites associated with hot spots. 

The experimental, theoretical, and numerical quantities are also compared 
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for detonation properties. The detonation velocity is measured from the rate 

stick pins, while both temperature and pressure must be given from the 

thermo-chemical equilibrium code [21]. The detonation velocity was found to 

be 8640.43 m/s. The development of pressure profile along the vertical  

 

 

(a) Go  

 

(b) No go 

Fig. 4.13 Temperature evolution showing (a) Go case with multiple heat 

release at randomly distributed hot spots and (b) No-go case when no hot spot 

used. 
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(a) 

 

(b) 
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(c) 

Fig. 4.14 Shock to detonation transition using hot spot initiation: 

 (a) pressure, (b) temperature and (c) density. 

 

direction is plotted in Fig. 4.15. The irregular pressure structure generated in 

the ignition and transition stages is changed into smooth pressure structure as 

fully developed. The detonation pressure was reported to be 34.55 GPa, while 

the corresponding temperature was 3211.2 °K and detonation density was 

2478 kg/m3. The comparison between experimental and numerical values is 

summarized in Table 4.4. Besides the slight underestimation in temperature, 

the comparison is quite successful, suggesting that the method proposed in  
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Fig. 4.15 Pressure development along the vertical axis of 18 mm rate stick. 

 

Table 4.4 Comparison of detonation properties between experiment  

(18 mm radius stick) and simulation. 

Properties Experiment Simulation 

Det. Pressure (GPa) 32.9 34.5 

Det. Temperature (K) 3253 3211.2 

Det. Density (kg/m3) 2422 2478 

Det. Velocity (m/s) 8752 8647.6 

 

this paper is adequate for describing the complex SDT phenomenon using the 
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hot spot model. 
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CHAPTER 5 

CONCLUSION 

 

In this study, numerical and experimental techniques were used to analyze 

the behavior of energetic materials due to thermal loading. Differential 

scanning calorimetry and Friedman analysis for extracting the chemical 

kinetics of a target energetic material was applied. Based on the extracted 

kinetics, various thermal behaviors of various energetic materials are analyzed. 

The specific findings and conclusions are summarized as follows. 

 

(1) A chemical kinetic scheme for a heavily aluminized RDX is 

constructed based on the DSC experiment and the Friedman 

isoconversional method. The obtained kinetics with Arrhenius terms 

that are parametrized by the reaction progress is validated against the 

experimental data. In the general reactive flow simulation of energetic 

materials, the present approach possesses considerable advantage in 

terms of computational efficiency as it closely resembles a single step 

global reaction scheme while it utilizes innumerable set of Arrhenius 

parameters that are directly obtained from the instantaneous progress of 

the reaction. The method outlined here is directly applicable to any 

other type of energetic materials of wide interest. 
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(2) Isoconversional decomposition kinetics of various EMs are constructed 

based on Friedman analysis. The extraction procedure utilized for the 

kinetics is universal in nature and may be applied to various 

composition of polymer-bonded explosives as well as double base, 

triple base, and composite propellants. Conventionally used method for 

predicting shelf life and aging effect assume that EM follows one-step 

kinetics. But real EM follows thousands of specific decomposition 

steps. The proposed method adopts isoconversional kinetics which can 

describe specific decomposition process, conducted by calculation, not 

by the time-consuming massive aging experiment. The predicted results 

of BPN are compared with the actual aged sample for validation of the 

proposed method, and the comparison shows good conformity between 

predictions and experimental results. 

 

(3) What we proposed in this work is certainly distinct from currently 

available SDT model as we have separated the micro-scale hot spot 

evolution for SDT from the macro-scale Arrhenius-type detonation of a 

bulk explosive. In doing so, particle-based SPH method identifies the 

sites of high energy release from formation of hot spots, and then 

results are used to initialize the full-scale hydrodynamic simulation for 

describing a detonation. Certainly, all pressure based I & G model is 

excellent for attaining a fully developed detonation. However, the 
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ignition part of the SDT process can be handled more precisely as the 

growth process is dependent on the amount of accumulated energy 

released from the various sites of hot spots in a bulk sample.  

In addition, we also describe a method of constructing a temperature 

based detonation rate law (Arrhenius) for any unknown explosive 

composition using a laboratory scale calorimeter, necessitating only a 

small amount of sample mass. The obtained rate law accompanies the 

micro-scale particle hydrodynamic simulation of the shock-induced 

ignition, providing go/no-go criteria for given impact stimuli. As a 

result, we were able to accurately reproduce the velocity of detonation 

for the tested explosive sample. 

 

In this study, the thermal behavior of the energetic material, which is the 

subject of analysis, can be classified according to the violence of reaction. (i) 

Prediction of the aging effect at room temperature, which is based on a very 

slow decomposition reaction. (ii) A slow cook off test in the range of 100 ℃~ 

200 ℃ which is based on the decomposition-explosion reaction. (iii) Shock to 

detonation transition simulation, which is based on the very rapid reaction in 

multiple hot spots at extreme temperature. Experimental-numerical studies 

were carried out to predict various thermal behaviors according to these 

reaction violence, and the validity was confirmed through each verification 

process.
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초   록 

 

고에너지 물질의 열적거동을 수치적으로 해석하는데 있어 가장 

중요한 부분은 대상 고에너지 물질의 정확한 온도기반 반응속도 방

정식을 확보하는 것이다. 고에너지 물질의 온도기반 반응속도식은 

열량 분석실험을 통해 도출되는데 본 연구에서는 시차주사열량계 

(DSC) 실험을 이용하여 대상 고에너지 물질의 반응속도식을 확보

하였다. 본 연구에서 대상으로 삼은 고에너지 물질은 개발단계에 있

는 미지의 폭약 5종과 추진제 1종을 대상으로 하였다. 대상 물질은 

직접 개발된 미지의 물질로서 문헌이나 논문등을 통해 반응속도식

에 대해 보고된 바가 없는 물질이다. 따라서 대상 물질의 반응속도

식 추출은 열적 거동의 수치적 해석에 있어서 필수적으로 수행되어

야 하는 과정이다. 

대상 물질의 열적 특성에 따라 DSC 실험 과정에 있어 정밀하게 

실험 데이터를 확보할 수 있는 방법론이 확립되었다. 고에너지 물질

의 상변화가 발열 현상에 미치는 영향에 대해 해석할 수 있는 방안

을 제시하였다. 또한 자기 가열 현상 및 DSC 실험에 사용되어야 

하는 팬을 정확히 고려하여 신뢰도 있는 실험결과를 확보하였다. 

DSC 실험결과를 이용하여 추출된 반응속도식은 Friedman 등전환 

방법을 이용한 반응속도식으로서 기존에 사용되던 반응속도식들에 

비해 향상된 정확도와 계산 효율성을 확보할 수 있게 한다. 

추출된 반응속도식을 이용하여 대상 고에너지 물질의 열적거동을 

반응속도에 따라 크게 세 가지 형태로 나누어 수치적 해석을 수행

하였다. 첫 번째로 고에너지 물질의 노화효과에 대한 연구를 수행하

였다. 고에너지 물질의 노화 현상은 상온에서 진행되는 매우 느린 
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속도의 분해 반응이 기반이되는 현상이다. 노화가 진행됨에 따라 대

상 고에너지 물질은 성능의 저하 현상을 겪게 되고 이는 고에너지 

물질의 실제 운용 과정에 있어 매우 중요한 영향을 미친다. 이에 대

해 실제비용이 많이 소모되는 실험기반의 예측방법이 아닌 정확한 

반응속도식을 이용한 계산을 통한 예측방법론을 제시하였다. 

두 번째로 고에너지 물질의 분해-폭발 현상에 대한 수치적 해석

을 수행하였다. 고에너지 물질의 열에 의한 폭발 특성을 분리하기 

위한 실험으로서 완속가열실험이라는 표준 실험이 존재하는데 이를 

통해 대상 고에너지 물질의 열에 대한 민감도 및 폭발성능, 위험도 

등에 대한 평가가 가능하다. 본 연구에서는 도출된 반응속도식을 이

용하여 대상 고에너지 물질의 폭발 시간 및 온도 폭발특성에 대해 

정확하게 해석을 수행하였다. 

마지막으로 수행된 문제는 매우 빠른 반응속도가 기반이되는 고

에너지물질의 충격에 의한 충격파-데토네이션 천이현상 해석이다. 

고에너지 물질의 데토네이션 현상의 수치적 해석은 지금까지 경험

식 기반의 비 물리적인 모델들을 통해 이루어져 왔다. 실제 데토네

이션 천이현상은 물리적 측면에서 온도 기반의 핫 스팟 반응이 기

반이 되는 현상이며 이를 해석하기 위해 도출된 반응속도식과 핫 

스팟 모델을 멀티 스케일 기법으로 적용하였다. 제안된 방법론을 통

해 대상 고에너지 물질의 데토네이션 물성치 해석을 수행하였으며 

실험값 및 이론값과 비교하여 타당성을 검증하였다. 

 

주요어 : 하이드로다이나믹 해석, 충격-폭발 천이 현상, 멀티스케

일 핫 스팟 모델, 고에너지 물질, 시차주사 열량계, 노화효과, 프리

드만 등전환 방법, 완속가열 시험, 알루미늄 고함유 고에너지 물질 

학  번 : 2014-30358 


	CHAPTER 1: INTRODUCTION.
	CHAPTER 2: A Development of Thermal-Based Reactive Flow Model for Energetic Materials and Validation
	2.1 Background and objective.........
	2.2 DSC experiment for kinetics extraction..
	2.3 Reactive flow model validation

	CHAPTER 3: Aging Effect Prediction of Energetic Materials..
	3.1 Background and objective.........
	3.2 Experimental study for isoconversional kinetics calculation
	3.3 Isoconversional kinetics calculation..
	3.4 Results and discussion for kinetics calculation
	3.5 Aging-effect prediction...

	CHAPTER 4: A Study on Multi-Scale Hot Spot Initiation of Detonation using Experiments and Simulation...
	4.1 Background and objective.
	4.2 Kinetics analysis of HMX-based explosive .
	4.3 Micro-scale hot-spot simulation via Smoothed Particle Hydrodynamics.
	4.4 Shock-to-Detonation Transition experiment and hydrocode simulation .

	CHAPTER 5: CONCLUSION.
	REFERENCES..


<startpage>15
CHAPTER 1: INTRODUCTION. 1
CHAPTER 2: A Development of Thermal-Based Reactive Flow Model for Energetic Materials and Validation 6
 2.1 Background and objective......... 6
 2.2 DSC experiment for kinetics extraction.. 8
 2.3 Reactive flow model validation 17
CHAPTER 3: Aging Effect Prediction of Energetic Materials.. 38
 3.1 Background and objective......... 38
 3.2 Experimental study for isoconversional kinetics calculation 41
 3.3 Isoconversional kinetics calculation.. 43
 3.4 Results and discussion for kinetics calculation 45
 3.5 Aging-effect prediction... 56
CHAPTER 4: A Study on Multi-Scale Hot Spot Initiation of Detonation using Experiments and Simulation... 65
 4.1 Background and objective. 65
 4.2 Kinetics analysis of HMX-based explosive . 69
 4.3 Micro-scale hot-spot simulation via Smoothed Particle Hydrodynamics. 78
 4.4 Shock-to-Detonation Transition experiment and hydrocode simulation . 92
CHAPTER 5: CONCLUSION. 107
REFERENCES.. 110
</body>

