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Experimental and numerical approach of afterburning 

effects in fuel-rich explosives within confined spaces 

Abstract 

The detonation of fuel-rich explosives yields combustible products that persistently 

burn upon mixing with ambient oxygen, releasing additional energy through a 

phenomenon known as the afterburning effect. This process greatly influences the 

evolution of confined blast loading and the subsequent structural response, which is 

crucial in confined blast scenarios. Given the complex nature of the reaction process, 

accurate analysis of the afterburning effect remains challenging. Previous studies have 

either overlooked the mechanisms of detonation product combustion or failed to 

provide experimental validation. This study introduces a three-dimensional model to 

effectively characterize the combustion of detonation products. The model integrates 

chemical reaction source terms into the governing equations to consider the combustion 

processes. Numerical simulations and experimental tests were conducted to analyze the 

combustion and energy release from the detonation products of fuel-rich explosives in 

confined spaces. Approximately 50% of the energy was released during the combustion 

of detonation products in a confined TNT explosion. Although the combustion of these 

products was much slower than the detonation process, it aligned with the dynamic 

response of the structure, which enhanced the explosive yield. Excluding afterburning 

from the analysis reduced the center-point deformation of the structure by 30%. 

Following the inclusion of afterburning, the simulated quasi-static pressure increased 
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by approximately 45%. Subsequent comparisons highlighted the merits of the proposed 

approach over conventional methods. This approach eliminates the reliance on 

empirical parameters, such as the amount and rate of energy release during afterburning, 

thereby laying the foundation for understanding load evolution in more complex 

environments, such as ships, buildings, and underground tunnels. 

Keywords: Blast loading; Numerical simulation; Experimental study; Fuel-rich 

explosives; Confined space; Afterburning model; Reactive flow 

1. Introduction 

 Fuel-rich explosives inherently contain insufficient oxygen to achieve the complete 

oxidation of elements during detonation, resulting in the production of combustible 

intermediates such as CO, CH4, H2, and carbon [1]. Common fuel-rich explosives 

include TNT, RDX, and PETN, which have been extensively studied in air-blast 

environments owing to their hazardous nature [2,3]. However, in confined explosion 

scenarios, environmental factors, such as the compartment geometry, crucially impact 

the dynamics of explosion loading [4,5]. The detonation of fuel-rich explosives 

disperses numerous unreacted detonation products. Upon exposure to oxygen, these 

products (particularly CO and carbon) undergo further reactions, releasing additional 

energy and enhancing the initial blast impact, in a phenomenon referred to as the 

afterburning effect [6–8].  

In open-field explosions, the scaled distance Z = R/W1/3 [9], where R represents the 

stand-off distance and W denotes the charge weight, is a critical parameter that is 
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extensively used to characterize explosive loading [10–12]. However, confined 

explosions are substantially influenced by environmental conditions, including the 

spatial dimensions and extent of enclosure, which significantly alter their dynamics. 

These explosions typically undergo two distinct phases [13–15]. Initially, they resemble 

the instantaneous pulse load of open-field explosions, but are characterized by multiple 

peaks resulting from reflections within the enclosed space. This is followed by a second 

phase where the dynamics stabilize into a sustained pressure load, referred to as the 

quasi-static pressure load. Furthermore, the constraints imposed by the confined space 

can considerably increase the intensity of the explosion, making it several times more 

powerful than a free-field explosion [16,17]. These differences render the scaled 

distance Z less effective for describing confined explosive scenarios. Consequently, 

researchers have proposed replacing the stand-off distance R with the confined space 

volume V, suggesting W/V as a new characteristic parameter for confined explosions 

[18]. The choice of V as a parameter is justified by its direct relation to the available 

oxygen, which influences the extent of combustion of the detonation products [19]. 

Empirical formulas related to confined explosive loading using the W/V ratio have been 

derived from experimental data [20–22]. Consequently, manipulating the oxygen 

content within confined spaces has become the primary experimental approach for 

studying afterburning effects [23]. Studies [23–25] have indicated that substituting air 

with inert gases, such as helium and nitrogen, can greatly reduce the intensity of 

confined explosions, with structural deformations reduced by more than 40% in 
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scenarios where afterburning is suppressed. Moreover, introducing water mist greatly 

curtails the afterburning effect, although the underlying mechanisms vary [26]. Further 

research has shown that the combustion of detonation products is influenced primarily 

by turbulence caused by wall reflections, as revealed by the expansion rates of fireballs 

in different gaseous environments [27]. The disparity in propagation speeds between 

detonation products and shock waves also suggests that afterburning minimally affects 

the initial shock wave [7]. 

Theoretical analyses and numerical simulations are crucial for examining blast 

loading from fuel-rich explosives in confined settings. Edri developed a model to 

predict the quasi-static pressure in such scenarios, which is based on the thermodynamic 

properties of detonation products [28,29]. However, this model does not consider the 

combustion of the detonation products and estimates the quasi-static pressure solely 

from their final state. Furthermore, the Jones–Wilkins–Lee equation of state has been 

augmented by incorporating additional energy terms. These modifications have 

improved the accuracy of modeling post-detonation energy release during afterburning 

processes, making the computational approach directly applicable in popular 

commercial solvers such as Autodyn and LS-DYNA [30]. This method depends heavily 

on precisely defining input parameters regarding the rate and quantity of energy release, 

necessitating extensive experimental calibration. Therefore, the rational introduction 

and simplification of these key parameters have attracted considerable attention [31,32]. 

In the realm of gas explosions, scholars have employed computational fluid dynamics 
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to investigate gas and dust explosions [33–36], analyzing them as reactive fluids. This 

approach effectively accounts for the combustion of various components under pressure 

loading. However, no similar in-depth studies have been conducted on fuel-rich 

explosives [37]. The scarcity of detailed data on the pressure load histories of confined 

explosions has fundamentally limited advanced research in this area. 

 Extant research highlights that the blast loading of fuel-rich explosives in confined 

spaces remains inadequately explored. Generally, these loadings are managed through 

simplified rates of energy release in numerical simulations [29] or are based on final-

state analyses in theoretical studies [28]. The few studies that have accounted for 

chemical reaction mechanisms have failed to achieve effective validation against 

experimental data, and no related research has been pursued further [8]. Both numerical 

and theoretical frameworks fall short in accurately representing the combustion 

behaviors of detonation products, thereby impeding an understanding of afterburning 

effects on explosive loading during such events. The common problem lies in the 

insufficient comparative validation between experiments and numerical simulations, 

which has resulted in the lack of a standardized method applicable to confined 

explosions of various fuel-rich explosives. To address this problem, we designed and 

executed experiments using C7H5N3O6
 (TNT) in a confined space to analyze the energy 

release characteristics of fuel-rich explosives. TNT is classified as a highly negative 

oxygen balance explosive with an oxygen balance rate of -74.0%. This indicates that 

the available oxygen in TNT is insufficient to completely oxidize the other combustible 
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elements, causing the release of a substantial amount of combustible material as 

detonation products during an explosion. Additionally, we developed a model that 

incorporates the combustion of detonation products as a reactive flow component. The 

model was validated against experimental results, shedding light on the energy release 

behavior of fuel-rich explosives in confined environments. This study aims to provide 

data support and analytical methods to facilitate a deeper understanding of the confined 

explosion behavior of fuel-rich explosives and lay the groundwork for the further 

exploration of explosion behavior in more complex environments. 

2. Experimental method 

Based on the volumetric composition of atmospheric oxygen (21% O2), 

stoichiometric analysis indicates that the complete oxidation of 1 mol of TNT requires 

0.591 m3 of air. When scaled to the unit mass, the critical confinement volume for the 

full combustion of 1 kg of TNT is calculated as 2.584 m3. This establishes a threshold 

W/V ratio of 0.387 kg/m3, below which sufficient oxygen is available in a confined 

system to sustain complete reactions of the detonation products under idealized 

conditions. Consequently, below this critical ratio, oxygen-rich environments 

demonstrate enhanced afterburning effects during confined TNT explosions. 

As depicted in Fig. 1, a confined chamber was designed with a hollow structure, 

featuring open ends, internal dimensions of 900 mm × 400 mm × 400 mm, and a wall 

thickness of 20 mm. For the experiments, target steel plates were sealed at both ends to 

create a controlled explosive environment with 20 mm-thick flanges. The explosive 
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charge was centrally suspended and initiated with a detonator. The internal pressure and 

temperature were monitored using a PCB CA102B pressure sensor and C2-7-K-L 

thermocouple temperature sensor, respectively, which were placed as depicted in Fig. 

1. The data acquisition system used for measuring the load data was operated at a 

sampling frequency of 106 Hz. The CA102B pressure sensor, equipped with an 

ablation-resistant coating on its sensing surface, reliably captures data under 

instantaneous shocks at up to 1500 °C. The C2-7-K-L thermocouple, with a response 

time of 20 ms, accurately measures temperatures up to 1300 °C. 

 

Fig. 1. Confined explosion setup: (a) Test layout; (b) Arrangement of pressure and 

temperature gauges. 

To investigate the afterburning characteristics of the fuel-rich explosives, we 

conducted experiments using three different charge masses in the confined chamber. 

Considering the chamber dimensions of 900 mm × 400 mm × 400 mm, the charge mass 
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required to achieve noticeable afterburning effects was less than 56 g. The TNT charges, 

which were cylindrical, were detonated at one end using a detonator. The explosives 

used in the test were obtained from the Beijing Institute of Technology, with a detonator 

equivalent of approximately 1 g of TNT. Following each test, any residual material was 

meticulously removed from the chamber to avoid any interference with subsequent 

experiments. The chamber was sealed with 2.7 mm-thick target plates, each with a 

tensile strength of 364 MPa. The deformation contours of the target plates were 

captured using an optical scanner, which provided valuable insights into the structural 

impacts of the explosions. 

3. Numerical simulations 

3.1. Afterburning model considering the combustion of detonation products 

The reaction fluid is governed by the continuity, momentum, and energy equations. 

A chemical reaction source term added to the energy equation describes the energy 

release of the detonation products [8], and the Arrhenius equation describes the energy 

release mechanism of the chemical reaction source term [36]. Chemical kinetics 

examines the reaction mechanisms and rates at which chemical species interact at the 

molecular level. In the context of modeling the transport of reactive species, the reaction 

rates k for all reactions in the chemical mechanism serve as source terms for the 

transport equations. These rate constants are typically determined using the Arrhenius 

equation, which describes the rate as a nonlinear function of the temperature: 
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 
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 
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k AT

R T



 (1) 

where Ru denotes the universal gas constant, A denotes the pre-exponential factor, β is 

the temperature index, and Ea represents the activation energy. 

In the model of reactive transport, all species are subject to convection and 

diffusion across the computational domain and engage in chemical reactions according 

to the established reaction mechanism. This study employs the Eddy Break-Up (EBU) 

model to simulate the dynamics of reactive fluids. In this model, the reaction rate is 

influenced by the achievable rates of turbulence, as well as the mixing of reactants and 

thermal energy. 

To analyze practical scenarios in a confined explosion setting involving fuel-rich 

explosives, the key processes, initial pressure, and initial temperature must be clarified. 

The explosion of fuel-rich explosives typically comprises three stages [36]: (1) 

Detonation stage: During this stage, the detonation wave propagates through the 

explosive material, generating detonation products. This stage generally lasts several 

microseconds. (2) Adiabatic expansion stage: Oxygen does not participate in the 

reaction during this phase, which usually persists for hundreds of microseconds. (3) 

Afterburning stage: In this final stage, the detonation products mix with oxygen, 

combust, and release additional energy. The dynamics of the explosion process for TNT 

explosives in a confined environment are depicted in Fig. 2. 
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Fig. 2. Explosion dynamics of TNT in a confined space. 

 

The TNT explosion within a confined space was numerically simulated to mirror 

the actual explosive process through three distinct stages: (1) the detonation stage, 

where the explosion is assumed to be an instantaneous detonation [38,39]; (2) the 

adiabatic expansion stage, characterized by the minimal mixing of air with the 

detonation products, indicating suboptimal mixing conditions under which little energy 

is released from the detonation products; and (3) the afterburning stage, where the 

reflected shock wave enhances the mixing of the detonation products with oxygen.  

During detonation, CO, H2, CH4, and carbon—all combustible—release additional 

energy when they are sufficiently mixed with oxygen in a high-temperature 

environment. Thermodynamic polynomial data were utilized to accurately model the 

gases. Specifically, the heat capacity (Cp) of the gaseous products was characterized 

using a polynomial equation with five coefficients, effectively capturing the behaviors 

of these gases under various conditions. 
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2 3 4

1 2 3 4 5

pC
a a T a T a T a T

R
= + + + +

 (2) 

The primary detonation products involved in the afterburning process of a TNT 

explosion include CO, H2O, N2, CO2, H2, CH4, and carbon [40]: 

 C7H5N3O6→2.2CO+1.6H2O+1.5N2+1.1CO2+0.36H2+0.27CH4+3.43C (3) 

The composition was derived from Cheetah equilibrium analysis, which focuses 

solely on the primary species and ensures the balance of the reaction equation by 

normalizing the Cheetah values. Additionally, atmospheric N2 and O2 play crucial roles. 

The heat capacities of these substances at specific temperatures were determined using 

polynomial coefficients [39], as depicted in Fig. 3(a). Because the detonation in this 

study occurred under constant-volume conditions, the heat capacity at constant volume 

(Cv) was calculated. The relationship between the heat capacity at a constant pressure 

(Cp) and the heat capacity at a constant volume (Cv) can be expressed using the 

following equation: 

 p vC C R− =  (4) 

Furthermore, the Cv values for the various substances were obtained, as shown in 

Fig. 3(b).  
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Fig. 3. Key parameters: (a) Heat capacity of the reactive fluid components at a constant 

pressure (Cp); (b) Heat capacity of the reactive fluid components at a constant volume 

(Cv); (c) Mass fraction of the detonation product; (d) Thermodynamic relationships.  

The temperature Tm of the mixed gases within the high-pressure gas can be 

obtained using thermodynamic relationships. 

 
m

0

d
T

v
T

WQ n C T= 
 (5) 

where Cv represents a temperature-dependent function. Eq. (5) indicates that the energy 

WQ required to increase the temperature of n moles of gas from T0 to Tm can be 

determined using Cv. Given WQ, n, Cv, and T0, the initial temperature Tm of the high-

pressure gas was determined. 
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The mass-weighted heat capacity at a constant volume (Cvm) of the mixed gases is 

computed as follows: 

 
( )m

1=

=
N

v i v

i

C y C i
 (6) 

where yi and Cv(i) represent the mass fraction and heat capacity at a constant volume of 

component i of the mixed gases, respectively, with N indicating the total number of 

components in the mixture. 

The mass fractions of the detonation products in the mixed gases are detailed in 

Fig. 3(c). For explosives with specific compositions, such as TNT, the detonation 

products are assumed to remain relatively stable, enabling the initial pressure and 

temperature to remain constant across different charge masses when the explosive is 

converted into a high-pressure gas of equal volume. In the case of a 28 g TNT explosion, 

the total substance produced by the detonation was 1.2895 mol. With an initial 

temperature T0 of 298 K and a specific detonation energy of 4.495 MJ/kg, the initial 

temperature of the detonation products was calculated to be 3366 K using the integrated 

Cvm function illustrated in Fig. 3(d). By employing the ideal gas law to define the initial 

state of the high-pressure gas, the initial pressure p0 can be formulated as 

 0
0

nRT
p

V
=  (7) 

where n indicates the total amount of detonation products, R denotes the ideal gas 

constant, and V denotes the volume of the explosive charge. Given the parameters 

associated with the TNT detonation process, the initial pressure of the high-pressure 
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gas was determined to be 2016 MPa. Notably, this methodology for determining the 

initial parameters is applicable to any explosive scenario with known detonation 

products and energy values. Fig. 4 depicts an afterburning model for fuel-rich 

explosives in a confined space based on reactive flow dynamics. 

 

Fig. 4. Afterburning model for fuel-rich explosives based on reactive flow dynamics. 

3.2. Numerical model for confined explosions 

The afterburning model was employed to develop a numerical model that 

simulates a blast environment within a confined space. The model represents a confined 

chamber with dimensions of 900 mm × 400 mm × 400 mm within the fluid domain, 

starting with an initial temperature of 298 K and initial pressure of 0.1 MPa. The high-

pressure gas with an initial temperature of 3366 K and a pressure of 2016 MPa fills the 

actual volume of the explosive charge. Additionally, specific gas compositions were 

Jo
urn

al 
Pre-

pro
of



 

 15 

assigned based on the proportions of different gases in the fluid domain. Notably, the 

mass fractions of nitrogen and oxygen in the air domain were 0.767 and 0.233, 

respectively. While the initial conditions remained consistent across different charge 

sizes, the volume of the high-pressure gas varied correspondingly. In addition, the 

potential chemical reactions of the detonation products had to be defined. This study 

considered only a simplified chemical reaction process, deliberately excluding complex 

reversible reactions. The primary chemical reactions, as presented in Table 1, were 

characterized by their corresponding reaction rate coefficients [41]. 

Table 1 

Chemical reaction parameters of the detonation products. 

Detonation  

products 
Chemical reaction 

Pre-exponential 

factor 

Activation 

energy /(J·mol-1) 

C C + O2 → CO2 1.0×1015 1.0×105 

CO CO + 0.5O2 → CO2 7.0×107 6.7×104 

H2 H2 + 0.5O2 → H2O 4.0×1014 6.7×104 

CH4 CH4 + 2O2 → CO2 + 2H2O 1.6×1013 1.1×105 

The combustion of the detonation products was simulated using the EBU model 

within Simcenter STAR-CCM+. The realizable k-epsilon turbulence model was utilized 

to address the interactions between the detonation products and surrounding air. Owing 

to the temperature-dependent characteristics of chemical reactions, which are 

influenced by the mixing efficiency and oxygen availability, an adaptive mesh 

refinement (AMR) strategy was employed. This strategy featured a minimum grid size 
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of 1 mm to enhance the computational efficiency. The criteria for mesh adaptation, 

governed by the concentrations of detonation products and temperature gradients, 

adopted a midpoint subdivision approach to accurately delineate reaction fronts, 

thereby reducing computational overhead during the initial stages. The confined 

explosion model, as depicted in Fig. 5, utilized 64-core parallel processing at 4.1 GHz 

to achieve a temporal resolution of 5 ms within 120 computing hours. 

 

Fig. 5. Numerical model for confined explosions: (a) Computational fluid dynamics 

model; (b) AMR update. 

4. Results and discussion 

4.1. Explosive loading in confined spaces 

The temperature and pressure load histories recorded during the experiment are 

shown in Fig. 6. In Fig. 6(a), the temperature clearly shows a pattern of rapid increase 

followed by a gradual decrease. Although real-time temperature measurements at the 

gauge points were not feasible, the pattern indicates that temperature conduction 

occurred much slower than pressure evolution. This observation suggests that the initial 

stages of the explosion within the confined chamber were adiabatic, allowing for the 
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assumption that the energy released by the charge explosion was entirely converted into 

the internal energy of the mixed gases. The pressure histories under various charge 

conditions are shown in Figs. 6(b)−6(d). 

 

Fig. 6. Loading characteristics from explosive tests: (a) Temperature histories; (b) 

Pressure histories for 28 g of TNT; (c) Pressure histories for 35 g of TNT; (d) Pressure 

histories for 42 g of TNT. 

Despite efforts to contain the high-pressure gas, leaks through the clamping gaps 

and bolt holes in the target plate were observed, as depicted in Fig. 7(a). This noticeably 

decreased the pressure, indicating that the detonation products could not fully undergo 

combustion reactions. The pressure trends over an extended duration, primarily 

analyzed based on the pressure data recorded within the first 5 ms of the explosion, are 
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shown in Fig. 7(b). During this period, a stable quasi-static pressure was noted, with no 

significant trends of pressure decrease observed. 

 

Fig. 7. Confined explosion dynamics: (a) Leakage of high-pressure gas; (b) Extended 

pressure histories; (c) Energy relationships at various charge levels; (d) Estimation of 

target plate deformation based on the input energy. 

The detonation energy of TNT predicted by Cheetah was 4.495 MJ/kg, and the 

total energy released from the complete combustion of all the products was 10.01 MJ/kg 

[29]. This indicates that the total energy was 3.23 times the original detonation energy 

when the full potential of the detonation products is considered. Theoretically, when 

the complete release of afterburning energy is considered, this afterburning component 

constitutes 69% of the total released energy. 
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Assuming that the volume of the explosive charge is negligible compared with the 

volume of the confined space [29], 

 
m 0

m 01 1

 
= − 

− − 

p p W
Q

V 

 (8) 

The total energy Q released in a confined environment can be estimated through 

quasi-static pressure measurements, coupled with the relatively stable detonation 

energy. The energy released from the afterburning phase during the explosion process 

can thus be calculated. The results detailed in Fig. 7(c) show that as the charge amount 

increases, the proportion of afterburning energy to the total released energy gradually 

decreases but always remains below the theoretical maximum of 69%. This suggests 

that in a confined space, despite ample oxygen to support the combustion of the 

detonation products, the actual energy released does not reach the ideal level. This 

shortfall is primarily due to factors such as temperature changes in the detonation 

products during diffusion and their degree of mixing with oxygen. Essentially, 

combustible detonation products release their full energy only under optimal conditions, 

which include the precise temperature settings and appropriate fuel–oxygen mixing 

required for chemical reactions. Simultaneously, during the initial stages, when the 

detonation products and air are not thoroughly mixed, the expansion of these products 

can cause air leakage through gaps in the device. This leakage reduces the amount of 

air available for reactions, subsequently leading to afterburning energy levels that are 

below the theoretical maximum. However, the proportion of afterburning energy in the 
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total energy released is approximately 50%. The addition of this significant amount of 

energy substantially influences the load histories and represents a critical factor, 

meriting further investigation of its impact on the structural responses. 

4.2. Dynamic response of the target plate 

The deformation contours of the target plates after testing were captured using an 

optical scanner, revealing central deformations of 14.7, 18.4, and 19.9 mm. The 

deformation exhibited a pronounced dome shape with clear plastic hinges extending 

diagonally toward the edges. 

To quantify the response of the target plate in a confined space explosion scenario, 

the dimensionless response number ϕin was introduced [42]: 

 

( )
e e

in 1/2 2

0

=

b

E V

LL H




 (9) 

where Ee represents the explosive energy per unit volume, Ve represents the explosive 

volume, σ0 denotes the material strength, L denotes the length of the target plate, Lb 

denotes the length of the cuboid chamber, and H denotes the thickness of the target 

plate.  

Moreover, a linear relationship exists between the dimensionless number ϕin and 

dimensionless deformation δ/H, 

 
in0.0178 0.7678= +H   (10) 

The predicted dimensionless deformation falls within a narrow interval of ±1 δ/H, 

demonstrating good prediction accuracy. Notably, the dimensionless number ϕin is 
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derived by excluding afterburning effects; thus, it accounts only for the detonation 

energy and does not consider the additional energy input from afterburning. By 

incorporating an expected deviation of +1 δ/H, the predicted deformation for the test 

conditions can be determined, as shown in Fig. 7(d). Predictions omitting afterburning 

effects were generally found to be 30% lower than actual measurements, highlighting 

the significant impact of afterburning on the explosive yield in confined explosions. 

Furthermore, by incorporating the afterburning energy described in Section 4.1 into 

the dimensionless response number ϕin, the predicted values for the target plate 

deformation were recalculated to account for all input energies. Notably, the predicted 

deformations surpassed the experimental measurements when all energy inputs were 

considered. This discrepancy primarily arises from the afterburning energy being 

released at a rate lower than that of the dynamic response of the structure. Although this 

energy continues to be released over time, only a portion significantly contributes to 

the structural deformation. This observation is consistent with the phenomenon of 

structural saturation under dynamic responses [13]. 

4.3. Effect of the combustion of detonation products on pressure histories 

Three sets of numerical simulations were conducted with charges of 28, 35, and 42 

g to evaluate the impact of chemical reactions, and the resulting pressure histories are 

shown in Fig. 8. Figs. 8(a), 8(c), and 8(e) show the effects of the chemical reactions of 

the detonation products, whereas the results presented in Figs. 8(b), 8(d), and 8(f) do 

not consider these reactions. The pressure histories that incorporate the afterburning of 
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the detonation products are consistent with the experimental data, particularly in 

capturing the initial pressure peak and subsequent transient changes. The deviations 

between the quasi-static pressures derived from the numerical simulations and 

experimental values were 9.8%, 11.0%, and 9.2%, respectively. This discrepancy may 

be attributed to gas leakage from the testing chamber, although its impact is negligible 

in the early stages, generally causing the calculated values to exceed the experimental 

results. The numerical discrepancies in impulses at 1.1 ms compared with the 

experimental results were 8.7%, 8.8%, and 7.1%, respectively, which were primarily 

due to slightly lower calculated peak values. As the impulse duration increased, the 

deviation caused by the initial peak discrepancies decreased, with errors reduced to less 

than 3% by 3 ms. 
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Fig. 8. Comparative analysis of pressure histories: (a) 28 g of TNT with afterburning; 

(b) 28 g of TNT without afterburning; (c) 35 g of TNT with afterburning; (d) 35 g of 

TNT without afterburning; (e) 42 g of TNT with afterburning; (f) 42 g of TNT without 

afterburning. 
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Notably, the experiments were not conducted in a completely sealed environment, 

which led to some pressure leakage after the explosion. This leakage reduced the 

experimental pressure histories after a brief period of quasi-static pressure, which 

caused the numerical results to exhibit higher impulse values in later stages than the 

experimental data. Nevertheless, the methodology developed to account for the 

afterburning of detonation products effectively replicates the real physical environment 

and provides a robust tool for analyzing explosive loading characteristics in confined 

spaces. 

A further comparison with pressure histories that did not consider the combustion 

of detonation products, as shown in Figs. 8(b), 8(d), and 8(f), reveals that the difference 

in the initial peak values is relatively minor, with the impulse difference after the first 

peak being less than 10%. However, in the experimental setup, the pressure load 

exhibited a noticeable overall rising trend due to the combustion of detonation products, 

whereas in the numerical simulations that omitted afterburning, the pressure tended to 

stabilize more directly. The final quasi-static pressure differences were 45.2%, 46.6%, 

and 46.0%, respectively. These findings align closely with those reported by Zhou et al. 

[25], who noted that the quasi-static pressure in a nitrogen environment was 46.9% 

lower than that in air. 

Notably, the aspect ratio of the charge influenced the magnitude of the initial shock 

wave peak. In the numerical simulations, the pressure peak at the gauge did not increase 

with increasing charge mass. Instead, it followed a pattern consistent with the 
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experimental data, where the pressure peak for a 35 g charge was lower than that for a 

28 g charge. This trend was observed in both the experimental and numerical results, 

indicating that changes in the aspect ratio of the charge contribute to variations in the 

pressure. However, these variations in the initial peak had a minor impact on the 

subsequent impulse. Over time, the magnitude of the impulse still demonstrated an 

increasing trend with increasing charge mass. 

4.4. Evolution of detonation products 

The release of energy and the changes in the quantities of substances emitted from 

the detonation products within the confined space are shown in Fig. 9. The variations 

in the pressure and mass fractions of CO and CO2 during the numerical simulations are 

shown in Fig. 10. Notably, this study utilized high-temperature, high-pressure gases as 

substitutes for TNT charges, which do not involve the effects of the location of the 

initiation point. However, the initial gas retains the geometric shape of the TNT charges 

before detonation, effectively preserving the characteristics of cylindrical charges 

during the propagation of shock waves and diffusion of detonation products. 
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Fig. 9. Analysis of the combustion process in a confined space: (a) Energy release 

during afterburning; amounts of substance in (b) 28 g of TNT, (c) 35 g of TNT, and (d) 

42 g of TNT. 
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Fig. 10. Evolution of the pressure, CO2 mass fraction, and CO mass fraction during the 

explosion of 42 g of TNT: (a) 0.04 ms; (b) 0.08 ms; (c) 0.12 ms; (d) 0.24 ms; (e) 0.28 

ms; (f) 0.48 ms. 

 

During the initial 0.05 ms, the detonation products did not undergo chemical 

reactions. During this period, the total amounts of afterburning energy released and the 

detonation products remained constant, with the mass fraction distribution contours for 

CO and CO2 remaining identical despite the difference in their initial concentrations. 

The shock wave reached the near wall after 0.05 ms, inducing complex turbulence. At 
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this stage, the interface between the detonation products and air fulfilled the necessary 

reaction conditions of temperature and degree of mixing, prompting the detonation 

products to begin reacting rapidly with oxygen to release energy. This rapid reaction 

phase lasted approximately 0.1 ms, during which the combustible products at the 

interface were swiftly consumed. Following their collision with the wall, most of the 

detonation products were driven into the interior of the high-pressure gas mass. 

Subsequently, as most of the unreacted detonation products lacked sufficient oxygen, 

both the quantity of these products and the rate of afterburning energy release decreased 

noticeably. By approximately 0.3 ms, the detonation products had reached the end walls 

of the confined chamber and were reflected back, which gradually increased the mixing 

with oxygen and consequently increased the rate of energy release until approximately 

2.0 ms. As the reaction continued, the concentration of combustible components within 

the confined space gradually diminished, and the reaction of the detonation products 

also slowed. The energy release during this phase slowed primarily owing to the 

complex turbulent state that developed inside the confined space, which made the 

necessary temperature and reactant mixing conditions for sustained chemical reactions 

increasingly difficult to achieve. The energy release from the detonation products of a 

28 g explosive charge ceased after approximately 12 ms, as demonstrated by pressure 

measurements. These measurements indicated that the afterburning energy contributed 

between 47.9% and 51.5% of the total energy output. This range is notably below the 

theoretical maximum of 69%, a discrepancy that can be attributed to two main factors: 
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(1) pressure attenuation through structural clearances within the experimental setup and 

(2) incomplete combustion of detonation products owing to the kinetic limitations of 

the afterburning reactions under time-constrained conditions. 

CO2, a primary product of both TNT detonation and afterburning, initially 

registered a maximum mass fraction of 0.213. As the afterburning reaction progressed, 

CO2 continually formed at the interface, resulting in concentrations higher than its 

initial mass fraction and creating zones of high CO2 concentration. This also led to a 

faster diffusion of CO2 than of CO. Analyzing the mass fractions of CO and the changes 

in the pressure load revealed that the diffusion of detonation products greatly lagged 

behind the propagation of the shock wave. This lag explains why the energy released 

from the combustion of the detonation products had almost no impact on the initial 

shock wave load. 

In summary, the energy released from the combustion of detonation products in a 

confined space unfolds into three distinct phases for varying charges, as shown in Fig. 

9(a). The energy release rates across these phases differ by almost an order of magnitude. 

The initial phase features the highest rate of energy release, where the reaction 

dynamics are predominantly governed by the rates of chemical reactions. Here, the 

chemical reactions rapidly consume the fuel at the interface between the detonation 

products and oxygen, producing CO2 and H2O. In the second phase, the rate of energy 

release significantly decreases because of substantial fuel consumption at the interface 

and the dilution of reactants by CO2 and H2O. However, the confined space and the 
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reflection of shock waves promote more effective mixing of the detonation products 

with oxygen. The reaction rate during this phase is influenced by the geometric 

dimensions of the confined space and the distribution of the detonation products, 

resulting in varying energy release rates for different charges. In the final phase, as the 

fuel is largely consumed and the reactant concentration becomes diluted, the rate of 

energy release gradually decreases until the detonation products cease to react and 

release energy. 

4.5. Replicability and applications 

4.5.1. Comparison with the JWL equation correction method 

A numerical simulation was performed for the experimental conditions in this 

study using the method proposed in [30]. The modified JWL equation of state was used 

to model the afterburning effects in a confined explosion scenario. The total 

afterburning energy, start time, and duration of energy release had to be determined; 

however, the duration could not be directly determined. Therefore, for the experiments 

in this study, parametric trial simulations were performed for various durations td, and 

the results are shown in Fig. 11(a).  
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Fig. 11. Comparison and application: (a) Pressure history for various durations; (b) 

Afterburning in a complex connected space; (c) Numerical computational modeling; (d) 

Comparison of results. 

 

The results confirm that the method can produce simulation results that are 

comparable to the experimental results through iterative trial-and-error processes. 

However, as a critical parameter, the duration is highly dependent on the experimental 

calibration, and the durations obtained by trial-and-error calculations cannot be 

generalized. In contrast, the method established in this study relies on the chemical 

reactions of detonation products to describe the release of afterburning energy. Even 

simplified chemical reactions can reflect the essential process of afterburning energy 
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release, thereby eliminating experimental dependence. 

4.5.2. Localized connectivity space explosion analysis 

In addition, for the 42 g TNT explosion scenario examined in this study, a wall 

constraint was incorporated into the numerical model, with a 200 mm-diameter vent 

hole situated in the center to simulate a more intricate space with local connectivity. 

Clearly, the developed method enables the release of afterburning energy into the 

adjacent space through the diffusion of detonation products, which cannot be achieved 

using a traditional method [30]. Conventional methods rely on the fixed oxygen content 

within the space to determine the amount of afterburning energy released. However, as 

shown in Fig. 11(b), the diffusion of detonation products, such as CO, through the 

locally connected region into adjacent spaces, where they come into contact with more 

oxygen, has been observed. When the detonation products maintain a sufficiently high 

temperature, they undergo further combustion in the neighboring space, releasing 

additional energy. This enhanced analytical approach provides a more comprehensive 

framework for studying the explosive behavior of fuel-rich explosives in complex 

spaces. 

4.5.3. Application to other fuel-rich explosives 

To confirm the replicability of the proposed model, a comparative analysis was 

performed using PE-4 explosives, which exhibited afterburning effects. PE-4 

explosives are composed of 87% RDX and 13% mineral oil. Aerobic and anaerobic 

detonation tests of PE-4 explosives were conducted in a confined cylindrical chamber, 
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and the pressure history was recorded within the chamber [37]. The detonation products 

contained combustible components including CO, carbon particles, and small 

molecular hydrocarbon intermediates. By analyzing the compositional characteristics 

of the detonation products, the initial temperature and pressure of the high-pressure gas 

cloud generated during the PE-4 explosion were found to be 3480 K and 1735 MPa, 

respectively. 

A numerical model was established based on the experimental conditions, as 

shown in Fig. 11(c), and the results for 50 g PE-4 are shown in Fig. 11(d). The 

experiment was designed to record the quasi-static pressure within a confined space; 

consequently, the initial overpressure from the simulation is not commensurate with the 

experimental results. However, the final quasi-static pressure results indicate that the 

discrepancy between the calculated and experimental results is only 8%, thereby 

substantiating the efficacy of the method developed in this study in accurately reflecting 

the explosive behavior of fuel-rich explosives in a confined space. 

4.5.4. Discussions 

In the context of widely studied open-field explosions, limited research has been 

conducted on the afterburning process. This is primarily because the reactions at the 

product–oxygen interface are often hindered by the formation of new products, such as 

CO2 and H2O, which prevent the sustained combustion of detonation products. In open-

field scenarios, the focus is predominantly on the initial pressure peak, and as the 

combustion of detonation products progresses relatively slowly, it has minimal impact 
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on the outcome of these explosions. However, a confined environment alters the 

diffusion of the detonation products, resulting in a significantly higher explosive yield 

for fuel-rich explosives than that observed in an open-field setting. This highlights the 

importance of considering environmental factors when handling hazardous materials 

such as fuel-rich explosives. Therefore, the load characteristics observed in open-field 

tests should not be directly applied to assess the explosive yield in confined spaces, 

because they do not accurately reflect the dynamics and potential risks associated with 

such environments. 

With frequent terrorist attacks worldwide, confined explosion scenarios, such as 

inside buildings, underground tunnels, and ship interiors, are becoming increasingly 

common. The afterburning effects of fuel-rich explosives have a pronounced effect on 

the intensity of the blast loads. The development of reliable analytical tools for 

characterizing afterburning effects can improve the understanding of the risks posed by 

various explosion scenarios and facilitate further refinement of relevant design 

standards. 

5. Conclusions 

This study explored the blast-loading characteristics of fuel-rich explosives within 

confined environments. Experimental investigations were conducted on the detonation 

of TNT in restricted spaces, and numerical methods that integrate the combustion 

dynamics of detonation products were subsequently developed. The experimental and 

computational analyses led to several key conclusions:  
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(1) In confined spaces, fuel-rich explosives such as TNT exhibit extensive 

afterburning of detonation products, which is influenced by environmental factors, such 

as oxygen availability and spatial limitations. The experiments demonstrated that the 

energy released from the detonation products constituted approximately 50% of the 

total energy output. Although the burning rate of these products was lower than that of 

the initial detonation, it matched the dynamic structural response rate, thereby 

enhancing the overall explosive yield. Neglecting afterburning effects resulted in a 

reduction of approximately 30% in the center-point deformation of the structure. 

(2) A newly developed numerical model incorporating a chemical reaction source 

term effectively characterizes the loading behavior of fuel-rich explosives in confined 

environments. This model considers the effects of chemical reactions of the detonation 

products on the loading dynamics. The inclusion of combustion in the numerical 

simulations led to a 45% increase in the quasi-static pressure, which aligned with the 

experimental findings. However, the influence of afterburning on the initial blast 

loading was minimal, primarily because of the differential diffusion rates between the 

shock waves and detonation products. 

(3) Spatial constraints in confined environments greatly affect the afterburning 

behavior of detonation products. The experimental setup revealed that the combustion 

process could be segmented into three distinct phases. Initially, combustion 

predominantly occurs at the interface between the detonation products and oxygen, 

governed almost exclusively by the theoretical chemical reaction rate. The subsequent 
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phases depend on the enclosure dimensions. Once the initial fuel supply at the interface 

is exhausted, turbulence ensues, facilitating further mixing of the high-pressure gases 

with oxygen, thereby moderating the rate of detonation product consumption according 

to the mixing intensity and reaction temperature. 

In summary, this study provides detailed experimental pressure history data for 

TNT explosions in confined spaces and establishes a comprehensive afterburning 

analysis method based on reactive flow. Further investigations are required to explore 

mixed explosives, more complex environments, and the applicability of the proposed 

methods. 
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