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Abstract 

This study introduced a physics-inspired, top-down approach for modelling the 

reaction kinetics of energetic materials, based on observations of the time scale 

separation between pyrolysis and oxidation reactions. This modelling approach, named 

EM-HyChem, was developed with the inspiration of the original hybrid chemistry 

(HyChem) model, in which the reaction mechanism is divided into two submodels: 

pyrolysis and oxidation. In EM-HyChem, the key pyrolysis products and reaction 

mechanism are identified from the perspective of molecular fragments via geometry 

analysis, which is validated via neural network potential-enabled molecular dynamic 

simulations. A chemical reaction neural network (CRNN) model is applied to extract 

the rate parameters for the pyrolysis step from the reproduction of thermogravimetric 

experiments. An EM-HyChem model is later constructed by combining the pyrolysis 

step together with the oxidation models for the pyrolysis products. Two representative 

EMs, i.e., 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and 1,3,5,7-tetranitro-1,3,5,7-

tetrazocane (HMX), are considered here to evaluate the performance of the EM-

HyChem model. The predicted burning rates across a wide range of pressure conditions 

(1–100 atm) are in good agreement with the experimental measurements and the results 

of other models. Further agreement among the temperate profile, melt layer thickness 

and surface temperatures support the EM-HyChem model. 
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1. Introduction 

Energetic materials (EMs) are a class of chemical substances that are capable of 

releasing significant quantities of energy during decomposition [1, 2]. The high-energy 

properties of EMs have led to a diverse range of applications in the national defense 

and aerospace industries [3]. The combustion characteristics of EMs, such as their 

burning rate, determine their practical performance as solid propellants [4-8]. A 

comprehensive understanding of the thermal decomposition process and the kinetic 

behavior of EMs is essential for evaluating their combustion characteristics. It is 

therefore imperative to gain an in-depth understanding of their reaction kinetics, 

facilitating the design, preparation and safety assessment of such materials. 

Since the 1970s, thermogravimetric (TG) analysis and differential scanning 

calorimetry (DSC) techniques have been employed extensively in thermal 

decomposition experiments of EMs with the aim of elucidating the underlying reaction 

kinetics [9, 10]. Considering two representative EMs, i.e., 1,3,5-trinitroperhydro-1,3,5-

triazine (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), many experimental 

works have been applied to tackle their decomposition kinetics. Lee et al. [11] employed 

TG analysis to investigate the thermal decomposition process of HMX. Their findings 

revealed that HMX undergoes a crystalline transformation and melting prior to the onset 

of decomposition, which subsequently proceeds through a series of decompositions. 

Wang et al. [12] investigated the thermal decomposition of HMX via DSC, identifying 

the endothermic peak for HMX melting at 553 K and the exothermic decomposition at 

558 K. Khichar et al. [13] carried out simultaneous thermal experiments on RDX via 

TG-DSC-FTIR and reported that the thermal decomposition of RDX produced gaseous 

products such as HCHO, HCN, N2O, CO2, H2O, CO, NO and NO2. These experiments 

provide a variety of fruitful data for kinetic models to interpret the thermal 

decomposition of EMs. The representative kinetic models include the Kissinger [14], 

Ozawa [15], Friedman [16] and Starink models [17]. Lee et al. [11] employed the 

Kissinger model to analyse the DSC data of RDX, thereby deriving an apparent 

activation energy of ~144 kJ/mol. Fathollahi et al. [18] tested RDX simultaneously via 

thermogravimetry differential thermal analysis (TG-DTA) and DSC under 

nonisothermal conditions. They determined that the activation energy of RDX 

decomposition with different particle sizes ranged from 161.1-272.5 kJ/mol via both 

the Kissinger and Ozawa models. Jiao et al. [19] calculated the TG data of RDX/AP via 

the Friedman model and reported that the apparent activation energy of the low-

temperature decomposition process is negative, indicating that RDX is highly 

susceptible to deflagration in the presence of AP. Tang et al. [20] calculated the TG data 

of nitrocellulose at different oxygen contents via the Starink model, and the activation 

energy ranged from 160 to 375 kJ/mol. These available models are analogous to one-

step global reactions that serve as good tools to evaluate the reactivity of EMs under 

thermal stimuli. However, the models themselves cannot be extended to predict any 

time-resolved and species-dependent combustion characteristics, limiting their 
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applications in practical cases. 

Unlike one-step kinetic models, Patidar et al. [21] constructed a reaction kinetic 

model with elementary reactions that is capable of describing HMX decomposition at 

the condensed phase via experiments and density functional theory (DFT) calculations. 

This kinetic model includes 109 species and 157 reactions, and the mass loss in TG 

experiments can be well reproduced. However, the development of the above models 

with elementary reactions requires a significant workload and scientific intuition, not 

to mention the fine experimental apparatus used to determine the kinetic characteristics. 

As a result, only a handful of kinetic models for EMs are available, despite the poor 

transferability of the kinetic model. In contrast to the dilemmas in the development of 

reaction models for EMs, the combustion community has made tremendous efforts to 

combine advanced diagnostic methods with highly accurate theoretical calculations for 

the reaction mechanism of hydrocarbon fuels [22, 23]. In the last decade, one of the 

most significant works is the establishment of the HyChem approach [24-26]. This 

approach embeds a physically guided approximation, i.e., separation of scales, to divide 

the fuel combustion process at high temperatures into two subprocesses: pyrolysis and 

oxidation of the pyrolysis products. The HyChem approach has been applied to describe 

the combustion of conventional jet fuels (JP-8, Jet A and JP-5) and rocket fuels (RP2-1 

and RP2-2) [27]. In HyChem models, a “one-species” fuel pyrolysis model is 

parameterized to describe fuel pyrolysis and radical-assisted pyrolysis according to 

experimental measurements, whereas the oxidation component is represented via a 

detailed foundation fuel chemistry model. The above treatment masters the critical 

physics behind combustion kinetics and reduces the model complexity by combining 

lumped steps with elementary reactions. A HyChem-like strategy could be a feasible 

approach to resolve the unknown kinetics in EMs. 

In recent years, with the advent of computational technology, novel techniques, 

such as machine learning, have been increasingly employed in the modelling of reaction 

kinetics in EMs [28]. The training process of machine learning involves the extraction 

of underlying patterns from datasets through the establishment of connections with a 

trained model. This enables the generation of predictions or decisions on the basis of 

the analysis of new data [29]. For example, Green et al. [30] devised a graph-

convolution neural network for encoding a reduced map of reactions, which was then 

employed to successfully predict reaction enthalpies, rate constants, and reaction 

classes. Nevertheless, the lack of a physical interpretation of the reaction model and the 

inability to elucidate the reaction process represent significant limitations. To address 

this limitation, Deng et al. [31] proposed a chemical reaction neural network (CRNN) 

for the autonomous discovery of reaction pathways, which is capable of identifying 

reaction pathways and optimizing kinetic parameters from the evolution of species 

concentration or mass loss without any prior knowledge of the reaction mechanism. 

Compared with traditional kinetic models [14-17] and detailed reaction models [32], 

the CRNN model [33] markedly enhances computational efficiency while ensuring 

computational accuracy. In terms of transferability, the CRNN model has demonstrated 
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its potential to resolve the thermal decomposition of EMs under different heating rates 

[33-35]. However, the CRNN model is not suitable for the direct prediction of 

combustion characteristics, such as the burning rate of EMs. 

Considering all the previous efforts in tackling the mysterious reaction kinetics of 

EMs, the available modelling methods are constrained by several inherent limitations, 

including poor transferability, high development cost and even unphysical 

interpretation. An alternative approach that can combine these advantages, such as the 

simplicity of one-step lumped reactions, the transferability of elementary reactions and 

the low development cost of data-driven methods, regardless of their inherent 

drawbacks, is desirable. In this work, a method termed the “EM-HyChem” approach is 

proposed to build a kinetic framework for EMs on the basis of the HyChem approach. 

The model encompasses a lumped pyrolysis mechanism together with a detailed 

oxidation mechanism for the pyrolysis products. To simplify the pyrolysis step, the 

molecular dynamics (MD) method is employed to identify key products and reaction 

pathways for three representative EMs, i.e., RDX, HMX and CL-20. The CRNN is then 

employed to extract the kinetic parameters from the interpretation against the mass loss 

in TG experiments. The EM-HyChem model is constructed by further combining the 

detailed oxidation mechanism of the pyrolysis products. The model predictions of the 

combustion properties, such as the burning rates of RDX and HMX, are validated via a 

classical three-phase combustion model against experimental data. 

 

2. Methodology 

A 1D combustion model was constructed to evaluate the burning rates of RDX and 

HMX in the present work. Figure 1 depicts the structure of the three-phase combustion 

model for RDX, which is consistent with the model proposed in previous works [4-6]. 

The one-dimensional model is divided into three phases: a solid layer, a melt (liquid) 

layer, and a gas layer [36-38]. The model is developed in a reference system on the 

burning surface, and the position of the liquid‒gas interface remains unchanged. The 

objective of the model calculations is to predict the burning rates of solid materials by 

solving the governing equations for energy and kinetics. 
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Figure 1. Schematic of the three-phase combustion model for self-deflagration of RDX. δ is the 

thickness of the melt layer. T0, Tmelt, TS and Tf represent the temperatures of the initial stage, melting 

point, liquid‒gas interface and flame, respectively. The mechanism size is taken from the complied 

EM-HyChem model for RDX. 

 

In the solid layer, the slow reaction rate is negligible, and the energy equation is 

solved via Eq. (1): 

 '' ( )p

dT d dT
m C

dx dx dx
= , (1) 

where ''m  is the mass flux rate, pC  is the specific heat of the solid layer, T  is the 

temperature, and   is the thermal conductivity in the solid layer. Once the material 

melts, a liquid layer is formed where the material begins to thermally decompose under 

pyrolysis. The liquid layer is represented as a liquid solution containing dissolved gas, 

assuming negligible mass diffusion within the liquid layer. The governing equations in 

the liquid phase are expressed below: 

 '' k
k k

dY
m W

dx
= , (2) 
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1

( )
n

p k k k

k

dT d dT
m C h W

dx dx dx
 

=

= − , (3) 

where k  represents the kth substance in the liquid, kY  is the mass fraction, k  is 

the molar production rate, kW  is the molecular weight, and kh  is the enthalpy. The 

molar production rate is controlled by the pyrolysis model. For example, a previous 

work included 109 species and 157 reactions to resolve the pyrolysis kinetics of HMX 

decomposition [21]. In this work, we use a one-step pyrolysis model for RDX/HMX 

decomposition to yield NO2 and CH2N. The rationale for this pyrolysis model will be 
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explained in a later section. 

In the gas layer, a set of governing equations is developed: 

 
pW

RT
 = , (4) 
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dx dx
 = − + , (5) 
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where    is the mass density, p   is the pressure, W   is the average molecular 

weight, R  is the universal gas constant, kv  is the diffusion velocity, and pkC  is 

the specific heat of the first substance in the gas layer. The gas-phase kinetic model 

describes the oxidation reaction process of NO2 and CH2N. The Cantera [39] solver is 

employed here to simulate the aforementioned chemical dynamics under steady-state 

conditions. 

The mass flux rate ''m  is calculated iteratively between the liquid and gas layers. 

The mole fraction of surface matter in the liquid layer is provided as an input to the gas 

layer. The mass balance at the liquid‒gas interface is automatically satisfied, and the 

energy balance at the interface determines the mass flux rate ''m : 

 
'' ''

1 1

n n

k k k k

k kliquid gas

dT dT
m Y h m Y h

dx dx
 

= =

   
− = −   

   
  , (7) 

An empirical equation for pyrolysis, analogous to the Arrhenius formula, is 

employed at the liquid‒gas interface to delineate the interrelationship between the 

surface temperature ST  and the mass flux rate ''m  [36, 40-42]: 

 
''

0 exp( )S Sm m E RT= − , (8) 

where SE  is the surface activation energy (cal/mol) and 0m is a constant (g/cm2·s-1). 

Both are fitted by the experimental data of Zenin [43-45]. All the parameters involved 

in the combustion model are given in Table S1. The burning rate br   of the solid 

materials is calculated for a given pressure according to the following formula: 

 

''

b

m
r


=  (9) 
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3. Decomposition of RDX and HMX 

3.1 Molecular simulation of pyrolysis reactions 

According to recent MD studies of RDX and HMX decomposition [46], the major 

decomposition intermediates and products are the same, including NO2, NO, H2O, N2 

and CO2, and the corresponding time histories of the above species are nearly identical. 

Another US research team reported that RDX and HMX decomposition yield the same 

number of products per unit mass basis via MD simulations (Figure 8 in ref. [47]). Both 

works considered an in-house neural network reactive force field to support the MD 

simulations, and the same phenomenon was identified independently. The above 

phenomenon raises the question of why RDX and HMX have different molecular 

structures but have the same pyrolysis characteristics. 

To resolve the above question, we hypothesized that the reaction kinetics of RDX 

and HMX are similar to those of their molecular fragments, i.e., CH2N-NO2 or, more 

aggressively, CH2N and NO2 (i.e., CH2N+NO2). This study innovatively introduces a 

molecular fragment model to evaluate the pyrolysis mechanisms of RDX and HMX. 

The inspiration for this hypothesis comes from the molecular structures of RDX and 

HMX because they can both be represented as (CH2N-NO2)3 and (CH2N-NO2)4, 

respectively. Additionally, CL-20, which has a (CHN-NO2)6 structure, is included in a 

comparative study to further evaluate the above approximation. 

Geometric analysis revealed that the internal C‒N and C‒C bonds of RDX and 

HMX molecules are broken (Figure 2), leading to the decomposition of RDX and HMX 

into three and four CH2N-NO2 fragments, respectively. NO2 is the major intermediate 

in the decomposition of RDX and HMX [32, 48]. Further breakage of the N‒N bond in 

CH2N-NO2 fragments generates CH2N and NO2. Therefore, both RDX and HMX 

molecules can be simplified to a structure of (CH2N+NO2)n (n = 3, 4). The above 

operations on molecular structures provide a possible reason for the same pyrolysis 

characteristics of RDX and HMX observed in MD simulations [47]. In contrast, the 

CL-20 molecule yields six CHN-NO2 fragments via C‒N and C‒C bond scission, and 

further breakage of the N‒N bond results in the formation of six CHNs and six NO2 

molecules. Instead, we can approximate CL-20 as a (CHN+NO2)6 structure. 
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Figure 2. Disruption of C‒N, C‒C and N‒N bonds in the structures of (a) RDX, (b) HMX and (c) 

CL‒20 to form fragment units, i.e., CH2N-NO2, CHN-NO2, CH2N, CHN and NO2. The blue, red, 

gray and white atoms represent nitrogen, oxygen, carbon, and hydrogen, respectively. 

In this work, state-of-the-art neural network potential (NNP)-enabled MD 

simulations are applied to evaluate the decomposition characteristics of RDX, HMX 

and CL-20 via the above molecular fragments. The corresponding structures, which 

consist of both the complete molecules and the fragment units, are shown in Figure 3. 

Each RDX and CL-20 crystal structure is a 2×2×2 supercell containing 64 molecules, 

whereas the HMX crystal contains 16 molecules. The CH2N-NO2 and CHN-NO2 units 

are named fragment model 1 (FM1). The initial structures composed of CH2N and NO2 

for RDX and HMX and CHN and NO2 for CL-20 are termed fragment model 2 (FM2). 

The initial model was built via Packmol [49], with molecular fragments randomly 

distributed throughout the system, maintaining the same density as RDX, HMX, and 

CL-20 crystals. The radial distribution functions (RDFs) of the initial geometry for the 

crystals and fragment units are included in Figure S1. According to the RDF results of 

the C‒C pair, the results of the crystal case exhibit several clear peaks, whereas the 

results of the fragment model show no obvious peak at either short- or long-range 

distances, indicating the presence of amorphous structures. 
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Figure 3. Initial models of (a) RDX, (b) HMX, and (c) CL-20, including molecules and fragment 

units (CH2N-NO2, CHN-NO2, CH2N, and CHN, NO2). 

 

Here, each case with fragment units first undergoes a 20 ps low-temperature 

relaxation at 300 K. The equilibrated structures are then simulated at a high temperature 

of 2000 K under the NVT ensemble for 100 ps to capture the pyrolysis kinetics. In 

Figure 4, the thermal decomposition processes of RDX, HMX, RDX-FM1, HMX-FM1, 

RDX-FM2 and HMX-FM2 exhibit notable similarities. In particular, the primary 

gaseous products of RDX and HMX crystals, i.e., H₂O and N₂, are rapidly formed 

within 0 to 25 ps and 0 to 40 ps, respectively. This is consistent with the findings of 

previous MD simulations, as RDX and HMX share almost the same decomposition 

characteristics [46, 47]. In addition, FM1 and FM2 also show the same trends as those 

of the crystal cases. For other species, such as NO, CO2, and HNO2, we can draw the 

same conclusion. Only exceptions can be observed before ~2 ps; for example, the case 

of the RDX crystal shows a peak of NO2, whereas the FM2 cases exhibit a decay trend 

because NO2 is one of the starting species in FM2. Overall, during the decomposition 

of RDX and HMX, whether in the form of intact molecules or different molecular 

fragment units, the evolution patterns of the types and quantities of intermediates and 

products over time present minor differences. This finding suggests that the 

decomposition rate of EM molecules during the pyrolysis stage is much faster than their 

oxidation rate. In the pyrolysis stage, the RDX and HMX molecules rapidly decompose 

into CH2N and NO2. The subsequent oxidation reactions are driven primarily by the 

oxidation of these two intermediates. Therefore, the pyrolysis process of EMs can be 

simplified into two stages: the pyrolysis of EM molecules into key intermediates and 

further oxidation of the intermediates. This is consistent with the core idea behind the 

original HyChem approach [24]. 
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Figure 4. Evolution of decomposition products at 2000 K: (a) RDX and (b) HMX. The first, second 

and third rows represent the cases of the crystal, fragment model 1 (CH2N-NO2 unit), and fragment 

model 2 (CH2N and NO2 fragments), respectively. 

 

In addition, the (CHN-NO2)6 structure of CL-20 is used as a reference to verify the 

rationality of the above-simplified method. In Figure 5, the results indicate that the CL-

20 molecule and its fragment models follow a similar evolution pattern in terms of 

product type and formation order. For example, CL-20-FM1 and CL-20-FM2 produce 

the same product types observed in the case of the CL-20 crystal. Moreover, both 

models demonstrate a high degree of consistency in the patterns of product formation. 

 

Figure 5. Distribution of decomposition products from the CL-20 crystal, fragment model 1 (CHN-

NO2 unit), and fragment model 2 (CHN and NO2 fragments). 
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Considering the above cases of RDX, HMX and CL-20, we can thus approximate 

their pyrolysis via a single-step reaction as RDX/HMX => CH2N + NO2 and CL-20 => 

CHN + NO2. This serves as an effective approximation for understanding their 

pyrolysis process. Therefore, the pyrolysis kinetics of the molecular fragment models 

elucidate the intrinsic mechanisms of the thermal decomposition of EMs. 

 

3.2 Chemical reaction neural network-enabled pyrolysis modelling 

The CRNN is employed to extract lumped pyrolysis reactions and the 

corresponding kinetic parameters by training against the experimental mass loss in TG 

measurements. Previous successful CRNN models for RDX [33], HMX [35], and CL-

20 [34] have been developed. The potential intermediates and reaction pathways were 

inferred from experimental evidence or theoretical calculations [50, 51]. However, in 

this work, we impose a one-step pyrolysis pathway in the training of the CRNN model 

via the fragment model with CH2N/CHN and NO2. The thermogravimetric data of RDX 

[33], HMX [35] and CL-20 [34] were taken from previous measurements. Figure 6 

shows the excellent reproduction of the experimental results obtained via the one-step 

pyrolysis reaction. The predicted curves yield relative errors of 0.027, 0.017, and 0.02 

for RDX, HMX and CL-20, respectively. The kinetic parameters of all three one-step 

pyrolysis models are shown in Table 1. Figure S2 shows the mass evolution of RDX, 

HMX and CL-20 and describes the distribution of the main pyrolysis products, i.e., 

CH2N, CHN and NO2. 

Table 1. Pyrolysis reactions and kinetic parameters of RDX, HMX and CL-20 

Reaction Ea (cal/mol) n A (cm3/mol/s) 

RDX => 3CH2N + 3NO2 46270.97 0.53 3.4856e+16 

HMX => 4CH2N + 4NO2 78446.58 1.11 3.4397e+25 

CL-20 => 6CHN + 6NO2 59579.35 0.53 5.1847e+21 
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Figure 6. Predicted TG curves and experimental results for (a) RDX, (b) HMX, and (c) CL-20. The 

orange line and blue dots represent the predicted results from the CRNN models and experimental 

measurements, respectively. 

4. The EM-HyChem approach 

From the above molecular simulations of RDX, HMX and CL-20 combined with 

the CRNN approach, the complex decomposition mechanism is built by a one-step 

lumped reaction, representing a global, fast and path-insensitive solution. This provides 

a solid basis for combining the HyChem approach with an efficient and easy-to-apply 

kinetic model that can simulate the critical combustion characteristics of EMs. The 

above framework is termed the “EM-HyChem” approach (Figure 7). In contrast to the 

original HyChem approach [24], the pyrolysis model is not constrained by the 

fundamental combustion characteristics of the fuel, such as the ignition delay or 

speciation profile. Instead, state-of-the-art NNP-enabled MD simulations are applied to 

identify the molecular fragments that replace the detailed pyrolysis process. Here, we 

discuss the key assumptions and demonstrate the successful application of the current 

method for nitramine explosives (RDX, HMX and CL-20). In addition, the potential of 

the EM-HyChem approach for composites requires further evaluation compared with 

the known success of the original HyChem approach for practical fuels, i.e., Jet A [24], 

rocket fuels [25] and bioderived jet fuels [27]. 

The key assumptions are listed below: 
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(1) Energetic molecules include molecular fragments representing both fuel and 

oxidizers. They can be approximated as premixed mixtures at the molecular level. 

(2) The oxidation step is far slower than the pyrolysis step. High-temperature MD 

simulations driven by the thermodynamic limit can reproduce the key molecular 

fragments involved in decomposition well. 

(3) The number of molecular fragments needed to describe pyrolysis is substantially 

smaller than that needed to describe the corresponding energetic molecules. The 

complexity of a molecule is highly reduced. For example, the decomposition of 

RDX and HMX can be replaced by the formation of CH2N and NO2 (Figure 4). 

(4) The mass loss evolution from TG experiments is a good constraint for deriving the 

decomposition rate of the measured materials. 

(5) The combined kinetic model must include a lumped model for fuel pyrolysis and a 

detailed oxidation model for the molecular fragments as the products of the lumped 

pyrolysis model. 

(6) The composite can be treated as a separate decomposition to form the corresponding 

molecular fragments. This requires further verification considering simplified 

composites. 

In this study, the EM-HyChem approach constructed by MD and the CRNN is 

employed to overcome the limitations of traditional methods and to build pyrolysis 

models of EMs with greater efficiency and accuracy. This approach provides a 

theoretical framework for understanding the combustion behavior of EMs. 

 
Figure 7. Schematic diagram of the EM-HyChem approach. 

 

4.1 Lumped fuel pyrolysis model and oxidation model 

 The chemical formulas for both RDX and HMX are represented by CnH2nN2nO2n. 

The EM-HyChem model employs a one-step pyrolysis reaction to mimic the thermal 

decomposition of EMs: 
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 2 2RDX 3CH N+3NO→ , (10) 

 2 2HMX 4CH N+4NO→ . (11) 

Reactions 1 and 2 indicate that RDX and HMX molecules undergo N-NO2 bond 

breakage on their side chains, followed by ring opening (C‒N fission) of the primary 

ring, resulting in the formation of CH2N and NO2 small molecules. The kinetic 

parameters of reactions 1 and 2 are taken from thermogravimetric experiments using a 

CRNN (Table 1). The oxidation model of pyrolysis products, i.e., NO2 and CH2N, is 

treated via gas-phase elementary reactions [52, 53]. The gas-phase elementary reactions 

also include the gas-phase decomposition reactions of RDX and HMX because not all 

RDX and HMX are consumed in the condensed phase reactions at pressures lower than 

~10 atm (Figure S3). 

 

4.2 Experiments 

For experimental analysis, Zenin [44] employed a micro-thermocouple technique 

to examine the combustion wave structure and burning rates of RDX and HMX 

powders with particle sizes ranging from 20 μm to 50 μm in nitrogen environments 

ranging from 1 to 90 atm. Atwood et al. [8] measured the burning rates of large, high-

purity bulk powders of RDX and HMX in a nitrogen atmosphere from 0.24 MPa to 345 

MPa via the film cinematography technique. Homan et al. [54] employed absorption 

spectroscopy to obtain the burning rate of a 0.8 cm diameter RDX sample within an air 

environment comprising a pressure range of 1–2 atm. The above burning rate data for 

RDX and HMX are compiled as a reference to validate the predictive capabilities of the 

EM-HyChem model. In addition to the burning rate data, the surface temperature and 

melt layer thickness over a wide range of pressures are also considered in the model 

validation. 

 

4.3 Previous model development 

Liau [5], Prasad [6] and Davidson et al. [4] built 1D combustion models for RDX 

monopropellants to investigate the structure of combustion waves via a semiglobal 

condensed-phase reaction kinetics mechanism and a detailed gas-phase reaction 

kinetics mechanism. A three-phase combustion model comprising solid, liquid and gas 

was constructed by Liau et al. [5]. The selected condensed-phase and gas-phase kinetic 

mechanisms included 3 reactions for 8 substances and 178 reactions for 38 substances. 

On the basis of the combustion model, the temperature distribution of RDX 

spontaneous combustion under different pressures and the effect of pressure on the 

burning rate of RDX monopropellants were evaluated. The pressure exponent of the 

burning rate was also extracted from the numerical prediction as 0.83. Prasad et al. [6] 

revised the condensed-phase reaction mechanism originally proposed by Liau et al. [5] 
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and expanded the gas-phase kinetic mechanism to include 48 substances and 228 

reactions. They subsequently predicted the temperature distribution of the autoignition 

process of RDX at 1 atm and the burning rate at varying pressures on the basis of the 

constructed combustion model. Their findings revealed that the burning rate is 

proportional to the 0.76 power of the pressure. Davidson et al. [4] modified the kinetic 

parameters of the condensed-phase decomposition of RDX and incorporated the 

evaporation process. In turn, the burning rate, surface temperature and melt layer 

thickness of RDX at varying pressures were well reproduced against experimental 

measurements [4-6]. 

In the case of HMX monopropellants, Patidar et al. [55] used a similar 1D three-

phase combustion model as Liau [5] for RDX to study the propagation of HMX 

combustion waves. Unlike the three-step global reaction mechanism developed by Brill 

[56] and Thynell et al. [57], Patidar et al. [55] developed a detailed reaction mechanism 

for HMX decomposition in the condensed phase via density functional theory (DFT) 

and TGA/FTIR studies, which included 109 substances and 157 reactions [21]. The gas-

phase kinetic mechanism was originally developed by Chakraborty et al. [58] through 

quantum mechanical calculations and consists of 89 species and 462 reactions. In a 

subsequent work, Patidar et al. [55] used a combustion model to analyse the temperature 

distribution and the dependence of the burning rate on pressure for the spontaneous 

combustion of HMX at 1 atm. As the predicted burning rates at high pressures were 

markedly higher than the experimental values (Patidar model 1 in Figure 8b), the gas-

phase kinetic mechanism was revised to improve the burning rate (Patidar model 2 in 

Figure 8b). The updated mechanism contains 81 species and 278 reactions [52]. 

Although the Liau, Prasad and Davidson models can predict certain combustion 

properties of EMs, the semiglobal kinetic model in the condensed phase does not 

accurately capture the correct physicochemical processes. In addition, the detailed 

kinetic model constructed by Patidar is also limited by the high workload in model 

development and high computational costs. In this work, we demonstrate the 

advantages of the EM-HyChem model in terms of its effectiveness, simplicity and high 

transferability. To achieve these goals, a lumped pyrolysis mechanism, as suggested 

from the fragment model, is integrated with the detailed elementary reaction mechanism 

in the aforementioned models. In particular, the detailed condensed-phase reaction 

mechanism (109 substances and 157 reactions) [21] is replaced by Reaction 1, which 

involves only three substances and one reaction for HMX. For the gas-phase 

combustion mechanism of HMX, we use the updated mechanism from the Patidar 

website [52]. For the gas-phase combustion mechanism of RDX, we simplify the 

mechanism from Pitz et al. [53], which consists of 49 substances and 185 reactions. The 

simulation results of the EM-HyChem model are compared with those of the 

aforementioned models in terms of burning rates, surface temperatures and melt layer 

thicknesses. 
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4.4 Tests against burning rates of RDX and HMX 

The burning rate represents the most critical property in solid propellant 

combustion. The pressure dependence of the burning rate is typically expressed as [36]: 

 
n

br ap= ,  (10) 

where n is the pressure exponent of the burning rate and a is a constant. 

Figure 8 presents a comparison of the predicted burning rates obtained at an initial 

temperature of 298 K with experimental data and all available numerical results. For 

both RDX and HMX, the predicted burning rates of the EM-HyChem model are in good 

agreement with the experimental data and the other numerical methods despite their 

simplicity in the pyrolysis step. The experimental data on the burning rate of RDX 

obtained by Zenin [44], Miller, Homan [54], and Atwood et al. [8] are fitted to obtain a 

value of 0.041 and a pressure exponent n of 0.82 via eq. (10). The Prasad model [6] and 

Davidson model [4] yield a of 0.043, n of 0.80, and a of 0.033, n of 0.87, respectively. 

The EM-HyChem model predicts a of 0.039 and n of 0.9, and both values are within 5% 

of the above counterparts. For the burning rates of HMX, the experimental values of a 

is 0.042, and n is 0.79 [8, 44]. Patidar model 1 [55] yield a of 0.044 and n of 0.94, and 

Patidar model 2 [52] reproduces a of 0.032 and n of 0.82. In comparison, the EM-

HyChem model predicts a reduced a of 0.015 and a greater n of 1.04 because of the 

underprediction of burning rates in the moderate-pressure region (<10 atm). In 

particular, the burning rate under atmospheric conditions is underestimated by 30.7% 

compared with that of the Patidar Model 2. This is because the EM-HyChem model 

predicts a greater residual mass at the end of HMX pyrolysis at low pressures, which 

absorbs more heat during gas-phase decomposition. This results in lower overall heat 

release and, consequently, a lower predicted burning rate (Figure S3). 

Figure 8. Burning rates predicted by the EM-HyChem model for (a) RDX and (b) HMX with 

experimental results or results from numerical simulations. The dots and lines represent the 

experimental values and numerical predictions, respectively. The Patidar model 1 and Patidar model 

2 in Figure 8b consider a detailed condensed-phase reaction including 109 species and 157 reactions 

[21]. The gas-phase reactions of Patidar model 2 are consistent with those of the EM-HyChem 

model. 
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Simplified gas-phase mechanisms are employed to eliminate the macromolecular 

reactions associated with RDX and HMX. The corresponding prediction of the burning 

rate is consistent with the original gas-phase mechanisms for pressures higher than 10 

atm (Figure S4). Considering the potential practical applications of the EM-HyChem 

approach, the gas-phase oxidation model can be further reduced to some extent because 

solid propellants typically operate at pressures higher than 20 atm, when the residual 

mass in the melt layer is expected to be negligible. The above point is also supported 

by heat flux analysis, as the key reactions contributing to the overall heat release are 

governed by the oxidation of pyrolysis fragments at pressures higher than 10 atm 

(Figure S5 and S6). 

In addition to burning rates, other predicted combustion characteristics of the EM-

HyChem model for RDX and HMX, including the temperature profile, melt layer 

thickness, and surface temperature, are compared with the experimental data and 

numerical results (Figure 9). In Figure 9(a), the predicted RDX temperature profile for 

spontaneous deflagration at ambient temperature and pressure is computed via the EM-

HyChem model, with the findings of the Prasad and Liau models [5, 6]. The horizontal 

point at x=0 corresponds to the boundary of the melt layer and gas layer. The predicted 

temperature profile via the EM-HyChem model is more consistent than those via the 

other two models. The adiabatic flame temperature obtained by the Prasad model is 

~3200 K, which is ~100 K higher than that predicted by the EM-HyChem and Liau 

models. The melt layer thicknesses of RDX at different pressures are also well 

reproduced by the EM-HyChem model compared with the Davidson model as well as 

the experimental data of Zenin [4, 44] at moderate pressures (< 20 atm). At high 

pressures (> 20 atm), both our model and the Davidson model underestimate the 

experimental values to some extent [4, 44]. Considering the surface temperature at the 

boundary between the melt layer and gas layer, the EM-HyChem model also makes 

good predictions across pressures from 1 to 100 atm, which aligns with the predictions 

of the Davidson model and exhibits a negligible discrepancy (~30 K) with experimental 

data from Zenin [4, 44]. Similarly, in Figure 9(b), the temperature distribution, melt 

layer thickness, and surface temperature of HMX are better captured by the EM-

HyChem model than the methods of Patidar, Prasad, and Zenin [6, 44, 52] despite the 

underestimated burning rates at moderate pressures (<20 atm). The sensitivity of heat 

conduction in the melt layer to the above combustion characteristics, i.e., burning rate, 

melt layer thickness, and surface temperature, was also investigated to rule out their 

importance in the prediction (Figure S7). No obvious impact is shown in the cases of 

the burning rate and surface temperature, highlighting that a correct yet simple EM 

chemistry model is necessary for the excellent prediction of the above combustion 

characteristics. Therefore, the EM-HyChem model is capable of physically predicting 

the combustion characteristics during the combustion of solid materials. 
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Figure 9. Predicted combustion characteristics via the EM-HyChem model for (a) RDX and (b) 

HMX: temperature profile at 1 atm (left), melt layer thicknesses at 1 to 100 atm (middle), and surface 

temperatures at 1 to 100 atm (left) compared with experimental results or other numerical results 

[4-6, 44, 52]. 

 

One-step lumped reactions have been extensively applied in past studies of EM 

decomposition and have prevailed for historic reasons, such as limited fitting capability 

and model simplicity. The EM-HyChem approach is a simplified modelling framework 

for deriving a one-step pyrolysis model together with an oxidation model for the 

pyrolysis products. Although it falls within the catalogue of one-step lumped reactions 

for pyrolysis, the two approaches are not the same in nature. First, the pyrolysis model 

is inspired by chemical intuition and supported by state-of-the-art NNP-enabled MD 

simulations. Second, the rate parameters of the pyrolysis model are derived from the 

modern NN enabled solver, which has a great fitting ability with limited computing 

costs. The above two points form a solid basis for the EM-HyChem approach and yield 

an alternative way to develop a physically based model with great generalizability and 

simplicity. Despite potential issues in the extension of the EM-HyChem approach to 

other critical systems in EMs, the value of the original HyChem approach in the 

combustion community has been demonstrated in various applications, including 

ignition [24, 25], flame speed [25, 27], extinction strain rate [26], and even kinetics in 

turbulent flows [59]. We believe that the EM-HyChem approach must inherit excellent 

adaptability from the pioneering work of the HyChem approach. 

 

Conclusions 

In this study, the reaction kinetics of the pyrolysis and oxidation reactions of RDX 

and HMX are modelled via MD simulations and a CRNN model in combination with 

the HyChem approach. Simplified submodels of the pyrolysis processes of RDX, HMX 
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and CL-20 are obtained, resulting in the following reactions: RDX => 3NO2 + 3CH2N, 

HMX => 4NO2 + 4CH2N and CL-20 => 6NO2 + 6CHN. The subsequent oxidation of 

the pyrolysis products is constructed through the EM-HyChem model. On the basis of 

the EM-HyChem model, the burning rates across a wide range of pressure conditions 

are well predicted for RDX and HMX, exhibiting a high degree of consistency 

compared with experiments and previous models. Further validation of the EM-

HyChem model from other combustion characteristics, including temperature profiles, 

melt layer thicknesses, and surface temperatures, is also demonstrated, thereby 

establishing a robust theoretical foundation and efficient computational means for the 

simulation of EMs. The success of the EM-HyChem model highlights its potential to 

resolve the complex reaction kinetics of EMs and offers a new direction for practical 

applications. Further extension of the EM-HyChem model for other EMs will be 

feasible in future studies. 
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