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A B S T R A C T

The addition of hydrogen to methane changes its deflagration characteristics and increases the combustion rate. 
However, studies on the effect of hydrogen on methane deflagration remain insufficient. Therefore, based on the 
CFD code GASFLOW-MPI, a four-step combustion-mechanism model was established for methane/hydrogen 
mixtures. The deflagration characteristics of a premixed combustible gas in a 20-L spherical device was 
numerically simulated using a methane/hydrogen/air equivalence ratio of 1 and hydrogen addition in the range 
of 0–50%; subsequently. The results were compared with experimental data. The four-step methane/hydrogen 
combustion-mechanism could effectively reproduce the methane/hydrogen deflagration process on considering 
the heat losses. With an increase in hydrogen addition, the laminar burning velocity increases, and the defla
gration duration reduces. It decreases the explosion heat loss and increased the maximum deflagration pressure. 
Under adiabatic simulation, the maximum deflagration pressure decreased with an increase in hydrogen addi
tion, in contrast with the experimental results. This indicates that the heat-loss effect of the methane/hydrogen/ 
air-mixture deflagration process should not be ignored. Moreover, the heat loss during the methane/hydrogen/ 
air-mixture deflagration was mainly caused by thermal radiation. Thus, the influence of the thermal-radiation 
and convective heat-transfer mechanisms should be considered in the numerical simulations of methane/ 
hydrogen/air-mixture deflagration.   

1. Introduction

With global warming, the development of a low-carbon green
economy has become increasingly important in recent years. Studies in 
the field of energy transformation indicate that the addition of hydrogen 
to methane increases the combustion rate of fuel, making broad an 
application perspectives methane/hydrogen mixed fuels energy sources 
[1–4]. However, hydrogen addition increases the explosion sensitivity of 
methane, expands the explosion range, and increases the risk of mixed- 
fuel explosions [5,6]. Therefore, to ensure the safe use of methane/ 
hydrogen mixed fuels, it is necessary to fully understand their defla
gration characteristics and the effect of hydrogen addition on the 
deflagration process. 

Numerous studies have analyzed the explosion characteristics of 
methane/hydrogen/air mixtures [7,8]. The severity of methane/ 
hydrogen fuel explosions can be estimated using several explosion 
characteristics, such as, the peak pressure, maximum rate of pressure 
rise, and laminar burning velocity [9]. Experimental analyses indicate 

that the methane/hydrogen-mixture explosion pressure increase with 
increasing hydrogen addition [10,11]. For a specific volume ratio of the 
methane/hydrogen mixture, an increase in the initial pressure increases 
the explosion peak pressure and maximum pressure rise rate [12–14]. As 
the initial temperature increases, the explosion peak pressure of the 
methane/hydrogen mixture decreases, the maximum pressure rise rate 
increases, and the explosion duration decreases [15]. Moreover, the 
explosion-characteristic parameters of methane/hydrogen mixtures 
under different turbulence-intensity conditions have been analyzed 
[16,17]. Additionally, the effect of hydrogen addition on methane has 
been investigated in terms of the laminar burning velocity [18–22]. On 
increasing the hydrogen mole fraction in the fuel, the laminar burning 
velocity increases linearly up. Di et al. [23] have used the CHEMKIN 
PREMIX program to calculate the laminar burning velocity of a pre
mixed flame with changing the equivalence ratio (from poor to rich) and 
fuel composition (from pure methane to pure hydrogen). According to 
Shen et al. [24], the change in the laminar flame velocity of a methane/ 
hydrogen mixture is mainly affected by the total equivalence ratio. 
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2. Mathematical modeling

GASFLOW-MPI is an all-speed CFD code with parallel scalability that
uses a robust implicit continuous Eulerian–arbitrary Lagrangian- 
Eulerian solution algorithm (ICE’d-ALE) to solve compressible Navier- 
Stokes equations [39]. This section briefly introduces the governing 
equations, heat-transfer model, and reaction mechanism. 

2.1. Governing equations 

(1) Mass conservation equation:
The mass conservation equation of a methane/hydrogen mixed gas is

[40]: 

d
dt

∫

V
ρdV =

∮

S

ρudS+
∫

V
Sρ,comdV (1)  

where V denotes the fluid control volume, S denotes the control surface, 
u denotes the mass average velocity vector, and Sρ,com denotes the mass
source term.

The transport equation for each gas specie is:  

d
dt

∫

V
ραdV =

∮

S

[ ραu + Jα]dS+
∫

V
Sρ,α,comdV (2)  

where α is the gas specie,ρα denotes the macroscopic density, which 
indicates the mass of each specie per unit volume, Jα is the diffusion term 
of the specieα, and Sρ,α,com represents the change in the mass of the specie 
due to hydrogen combustion in the case considered. The specific formula 
for the Jα parameter can be found in the literature [40,41]. 

(2) Momentum-conservation equation:
The momentum conservation equation is [38,40]:

d
dt

∫

V
ρudV =

∮

S

[ ρuu P τ]dS+
∫

V
ρgdV (3)  

where P denotes the pressure, τ denotes the viscous stress tensor, and g 
denotes the gravitational vector. 

(3) Energy conservation equation
The energy conservation equation is [38,40]:

d
dt

∫

V
ρIdV =

∮

S

[ ρIu Pu q]dS+
∫

V

(
SI,com + SI,conv + SI,rad + SI,cond

)
dV

(4)  

where SI,com is the energy source term owing to combustion. The heat- 
transfer mechanisms, such as convection, radiation, and steam 
condensation, were calculated using SI,conv, SI,rad, and SI,rad, respectively. 

2.2. Turbulence model 

Detached-Eddy Simulation (DES) turbulence model is used in this 
study. DES turbulence model is a hybrid turbulence model of Large-Eddy 
Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS), which 
has been successfully applied in numerous industrial applications [55]. 

2.3. Heat transfer models 

(1) Convective heat-transfer model:
The convective heat transfer between the gas and explosive spherical

device can be represented by the following [42]: 

SI,conv = hsAs(Ts T) (5)  

where hs is the surface heat transfer coefficient, As is the exposed area of 
the inner wall of the calculation unit, Ts is the surface temperature of the 
spherical device, and T is the gas temperature. 

By simplifying the Reynolds analogy formula and combining it with 
the Chilton-Colburn empirical analogy between the momentum and 
thermal boundary layers, the heat transfer coefficient hs can be obtained 
by the following equation [42,43]: 

hs =
τs

|uc|
Cp⋅Pr− 2

3 (6)  

where τs is the wall shear stress, uc is the average speed of the unit 
center, Cp is the specific heat capacity, and Pr is the Prandtl number. 

(2) Thermal radiation model:
Thermal radiation plays an important role in methane/hydrogen

deflagration. Methane/hydrogen/air-mixture deflagration involve gas 
mixtures, including CH4, H2, N2, O2, CO, CO2, and H2O [44,47]. Most of 
the flame radiation during deflagration is caused by water vapor and 
CO2 (the radiation of the other gas components is negligible compared to 
that of water vapor and CO2); therefore, only the H2O absorption data 
can be determined [45–47]. Assuming the gas to maintain thermody
namic equilibrium locally, the transport equation of the gray gas ther
mal radiation can be represented by the following [47–49]: 

Additionally, studies have confirmed the feasibility of the laminar flame 
velocity calculation model developed by Dahoe [25,26]. 

Owing to the transient nature of the deflagration process and the 
monitoring-method limitations, it is difficult to experimentally monitor 
the explosion-parameter changes during the explosion process. Numer-
ical simulations are more suitable for a detailed analysis of the key ex-
plosion parameters, to understand the mechanism of flame propagation 
and pressure rise [27–29]. Adiabatic simulations of methane/hydrogen 
explosions indicate that the explosion peak pressure decreases on 
increasing hydrogen addition [30,31]; this is contrary to the experi-
mental results, and could be due to heat loss [15,32]. However, there are 
very few quantitative studies on the effect of hydrogen addition on the 
explosion-related heat loss. Leyer et al. [33] have evaluated the heat loss 
during an explosion in a closed container by evaluating the difference 
between the theoretical internal energy of the combustion gas and 
experimental data. Numerous studies have used this method to calculate 
the heat loss during explosion [34,35]; however, this method is unable 
calculate the contribution of various heat-transfer mechanisms to the 
total heat loss. Zhang et al. [36] have considered methane/hydrogen 
mixture combustion reactions to be rapid processes and included only 
the surface heat transfer in the explosion heat-loss (neglecting the 
volumetric radiative heat loss). However, according to Goldfarb et al. 
[37], the effect of thermal radiation on combustible-gas explosions is 
significant and cannot be ignored. The numerical simulation results on a 
methane/air explosion by Lei et al. [38] also indicate that thermal ra-
diation is the most important factor causing heat loss during a methane 
explosion. A review of the aforementioned literature indicated that the 
numerical simulation of heat losses in the explosion process of methane/ 
hydrogen premixed gases require further investigation. The adiabatic- 
simulation method does not reflect the actual explosion process, and 
the accuracy of the simulation results requires analysis and 
improvement. 

Considering the lack of the methane/hydrogen/air-mixture explo-
sion experiment and numerical simulations, this study develops an ex-
plosion model with a four-step methane/hydrogen combustion 
mechanism using the GASFLOW-MPI code. Additionally, a mathemat-
ical model of the heat-transfer mechanism was incorporated into the 
model to calculate the ratio of convective heat transfer and thermal 
radiation in the total heat loss during a methane/hydrogen-mixture 
explosion. 



1
c

∂E(r,Ω, t)
∂t

+ li
∂E(r,Ω, t)

∂xi
= αE(r,Ω, t) +

ασT4

π (7)  

where c is the speed of light, α is the absorption coefficient, σ is the 
Stefan-Boltzmann constant, and T is the gas temperature. E(r,Ω, t) is a 
function of the position vectorr, direction vectorΩ, and timet. In addi
tion, li is the direction cosine of the vector Ω relative to the coordinate 
directionxi. 

The differential approximation method can be used to approximate 
equation (7). The approximate differential equation of the radiation 
energy density,Ur, and radiation flux vector,li, is given by the following 
[47]: 

∂Ur

∂t
+

∂qi

∂xi
=

c
λ
(∂T4 Ur) (8)  

qi =
cλ
3

∂Ur

∂xi
(9)  

2.4. Reaction mechanism 

Numerous studies indicate that the volatile gas components pro
duced during biomass conversion include CO, CO2, CH4, and H2 [50,51]. 
The Jones’ four-step global mechanism can be used to understand the 
combustion of mixed gases [52,53]. It is represented by the following 
equations: 

CH4 + 0.5O2→CO+ 2H2 (10)  

CH4 +H2O→CO+ 3H2 (11)  

CO+H2O ↔ CO2 +H2 (12)  

H2 + 0.5O2 ↔ H2O (13) 

Equations (10) and (11), describing the reaction of methane, are 
dominant in lean and rich fuel mixtures, respectively [54]. Equation 
(12) describes the conversion of CO to H2O, while equation (13) de
scribes the oxidation of hydrogen. To reduce the computational time for
chemical-equilibrium calculations in this global mechanism, all the re
actions are considered to be irreversible [53].

The forward reaction rates for four reactions can be written as: 

ω̇f ,1 = Cf ,1Tn1e(− Ea,1/RT)[CH4]
0.5
[O2]

1.25 (14)  

ω̇f ,2 = Cf ,2Tn2e(− Ea,2/RT)[CH4]
1
[H2O]

1 (15)  

ω̇f ,3 = Cf ,3Tn3e(− Ea,3/RT)[CO]
1
[H2O]

1 (16)  

ω̇f ,4 = Cf ,4Tn4e(− Ea,4/RT)[H2]
0.25

[O2]
1.5 (17)  

where Cf is the frequency factor, n is the temperature exponent, Ea is the 
activation energy. The subscripts 1, 2, 3, and 4 respectively denote the 
four reactions. The reaction parameters are summarized in Ref. [52]. 

3. GASFLOW-MPI modelling

3.1. Experimental layout

The explosion experiment of a methane/hydrogen mixture in a 20-L 
spherical device conducted by Ma et al. [31] was selected for simulation 
in this study. Fig. 1 shows the geometric model of the 20-L spherical 
device. The experimental apparatus consisted of an explosion vessel, 
electric ignition system, and data acquisition system. The ignition source 
was located in the center of the 20-L spherical device, and the pressure 
and temperature monitoring points were located on the inner walls of 
the explosion vessel. In the experiment, 99.99 % pure methane and 
hydrogen were used. All the additional experimental details are 

mentioned in Ref. [31]. 

3.2. Numerical simulation set-up 

The following hydrogen addition (volume fraction of hydrogen) was 
used in the numerical simulation: 

XH2 =
VH2

VH2 + VCH4

(18)  

where XH2 is the hydrogen addition, VH2 is the hydrogen volume, and 
VCH4 is the methane volume. 

The following fuel equivalence ratio was used in the numerical 
simulation: 

ϕ =
(F/A)

(F/A)stoic
(19)  

where ϕ is the fuel equivalent ratio, (F/A) is the fuel–air ratio, and 
(F/A)stoic is the stoichiometric ratio of fuel to air. 

Here, three-dimensional modeling was conducted according to the 
geometric size of the 20-L spherical device described in Ref. [31]. The 
initial ambient temperature and atmospheric pressure of the spherical 
device were 300 K and 0.1 MPa, respectively. Four premixed gases with 
equivalence ratios of 1 and methane/hydrogen volume ratios from 
100:0 to 50:50 were prepared, as listed in Table 1. The gravitational 
acceleration was set to 9.8 m/s2. The wall material of the spherical 
explosive device is steel, the density (ρ) is 7850 kg/m3, the specific heat 
at constant pressure (Cp) is 490 J/kg⋅K, the heat transfer coefficient (K) 
is 50 W/m⋅K, and the emissivity coefficient is 0.85. 

For high calculation accuracy and computational efficiency, the 
computational domain was set as a uniform grid with a 3D-mesh size of 
6.6 mm (L) × 6.6 mm (W) × 6.6 mm (H). The number of grids set in the 
x-, y-, and z-axes directions was 53, with a total of 148,877 grids. The 

Fig. 1. Geometric model of the 20-L explosion-reaction vessel.  

Table 1 
Mixture compositions in the numerical simulations conducted at 300 K and 0.1 
MPa.  

XH2 Ф = 1  

Hydrogen/% Methane/% Air/% 

0 % 0 9.5 90.5 
10 % 1.02 9.17 89.81 
30 % 3.58 8.35 88.07 
50 % 7.19 7.19 85.62  

B. Lei et al.



product generated by the reaction continued to transfer heat to the side 
wall. 

The term te indicates the duration of a methane/hydrogen/air- 
mixture deflagration [15]. According to Fig. 6, compared to a pure 
methane explosion with 0 % hydrogen addition, the deflagration dura
tion decreased (by 8.7 %, 32.2 %, and 50.3 %) on adding 10 %, 30 %, 
and 50 % hydrogen. The addition of hydrogen possibly increased the 
chemical reaction rate of methane due to its rapid reactivity, shortening 
the deflagration duration. 

As mentioned in Section 4.1, the adiabatic and heat-loss simulation 
results of the maximum deflagration pressure showed opposite trends 
with hydrogen addition. Under adiabatic simulation, compared to a pure 
methane deflagration with 0 % hydrogen addition, the maximum 
deflagration pressure decreased by 0.6 %, 1.3 %, and 2.9 % on 
increasing the hydrogen addition. This phenomenon could be attributed 
to the significantly lower heating value (LHV) of hydrogen compared to 
that of methane [30]. In the adiabatic simulation without heat loss, a 
lower total heat was released by the reaction on adding more hydrogen 
to the spherical device, decreasing the maximum deflagration pressure. Fig. 2. Mesh sensitivity analysis.  

Fig. 3. Comparison of the measured and calculated peak pressures of 
deflagration. 

Fig. 4. Comparison of the measured and calculated maximum pressure rise 
rates of deflagration. 

geometric model of the 20-L spherical device was divided into two 
different types of grid numbers to verify the reasonability of the number 
of grids and their independence in the numerical simulation. Fig. 2 
shows the pressure-change curves in the spherical device with 148,877 
and 297,754 grids. The simulation results for the two types of mesh 
numbers were the same. Therefore, to improve the computational effi-
ciency, 148,877 numerical simulation model grids were used in this 
study. 

4. Results and discussion

4.1. Accuracy verification of the simulation results

In this study, adiabatic and heat-loss simulations (simulations 
considering heat loss) were used to quantitatively analyze the effect of 
hydrogen addition on the methane deflagration characteristics. Fig. 3 
compares the experimental and simulation results of the maximum 
deflagration pressures with different hydrogen additions at an equiva-
lent ratio (Φ) of 1. A linear relationship was observed between the 
maximum deflagration pressure and hydrogen addition. In the adiabatic 
simulation, the maximum deflagration pressure decreased with 
increasing hydrogen addition. The simulation results were not in 
agreement with the experimental results. Contrarily, in the heat-loss 
simulation, the maximum deflagration pressure was consistent with 
the experimental results. Therefore, calculating the heat loss is crucial 
for studying the deflagration process. Fig. 4 compares the experimental 
and simulation results of the maximum pressure rise rates of the defla-
gration with different hydrogen additions at Φ = 1. The adiabatic and 
heat-loss simulation results were consistent with the experimental re-
sults, with the latter exhibiting a slightly better agreement. Therefore, 
the numerical model considering heat loss accurately reflected the 
actual methane/hydrogen/air-mixture deflagration process. 

4.2. Pressure 

Fig. 5 shows the adiabatic simulation results of the deflagration 
pressure–time for different hydrogen additions. Fig. 6 shows the simu-
lation results of the deflagration pressure–time with different hydrogen 
additions considering heat loss. Both the simulation results showed the 
same trend before the deflagration pressure reached the peak value; 
subsequently, when the deflagration pressure reached the peak value, 
the adiabatic simulation ignored the heat loss during deflagration, and 
the deflagration pressure remained constant at the peak value. 
Contrarily, in the heat-loss simulation, the deflagration pressure 
decayed after reaching the peak value, because the high-temperature gas 



However, the simulation results considering the effect of heat loss on the 
deflagration process were different. With increasing hydrogen addition, 
the maximum deflagration pressure increased by 0.9 %, 3.7 %, and 6.0 
%. Hydrogen can accelerate the chemical reaction rate of methane and 
accelerate the heat release rate of the mixture. However, hydrogen 
addition also shortens the deflagration duration. The sudden rise of 
temperature in the spherical explosive device will lead to the accelera
tion of radiation heat transfer rate, but the fast reactivity of hydrogen 
shortens the heat-transfer time, which leads to a decrease in total heat 
loss. Therefore, the maximum deflagration pressure will increase with 
the increase of hydrogen addition. 

4.3. Maximum rate of pressure rise 

Fig. 7 shows the simulation results of the deflagration pressure-rise 
rate with different hydrogen additions, considering heat loss. The 
maximum rate of pressure rise increased with increasing hydrogen 
addition. Hydrogen addition shortens the deflagration duration; there
fore, the time to reach the peak pressure-rise rate decreased on 
increasing hydrogen addition. 

According to a formula derived by Dahoe [26] for calculating the 
pressure-rise rate, the maximum pressure-rise rate can be explained by 
the maximum deflagration pressure and laminar burning velocity, as 

follows: 

dP
dt

= 3(Pmax P0)(
4π

3VV
)

1/3
[1 (

P0

P
)

1/γ Pmax P
Pmax P0

]
2/3

(
P
P0
)

1/γSuL (20)  

where Pmax is the deflagration peak pressure, P0 is the initial pressure, P 
is the deflagration pressure, VV is the explosion vessel volume, SuL is the 
laminar burning velocity, and γ is the adiabatic coefficient of the un
burnt mixture. 

The laminar burning velocity increases 1.5–2 times with hydrogen 
addition to 50 % [18–22]. The maximum deflagration pressure is also 
increases due to less heat losses (Fig. 6). Then, these two factors leading 
to the maximum pressure-rise rate to increase with the increase of 
hydrogen concentration. 

4.4. Velocity and temperature of the gas 

Fig. 8 (a) shows the airflow velocity field when the pressure reaches 
the peak with different hydrogen additions. As shown in Fig. 8 (a), the 
gas in the spherical explosive device diffused outward under the action 
of the pressure wave, while it showed a bottom-up movement due to 
buoyancy. The outer airflow was compressed and moved to the center of 
the spherical device after hitting the side wall. At this time, the 
maximum airflow velocity increased with increasing hydrogen addition. 
With adding 0 %, 10 %, 30 %, and 50 % hydrogen, the maximum airflow 
velocities of 4.89 m/s, 5.30 m/s, 5.75 m/s, and 9.65 m/s, respectively, 
were observed. The outward-diffused gas was compressed and moved 
toward the center of the spherical device, and the velocity difference 
between the outward-diffusing gas and inward-moving gas generated a 
vortex in the flow field. Fig. 8 (b) shows the airflow velocity field at 0.4 s 
with different hydrogen additions. Subsequently, on completion of the 
combustion reaction, the explosion pressure wave gradually dis
appeared, and the gas in the spherical explosion device mainly moved 
from bottom to top under buoyancy. Therefore, at 0.4 s, the airflow 
velocity in the middle of the spherical device decreased with increasing 
hydrogen addition. The gas was compressed on hitting the upper wall of 
the sphere, and it rebounded, forming a vortex ring near the side walls of 
the spherical device. 

Fig. 9 shows the gas-mass and temperature change curves generated 
by the heat-loss simulation. The explosion peak-temperature increased 
with increasing hydrogen addition. Peak temperatures of 2179 K, 2212 
K, 2299 K, and 2397 K, were observed for hydrogen additions from 0 % 
to 50 %. According to the gas-mass change curve, during the deflagra
tion process, as the amount of hydrogen added increased, the mass 
consumption rate of CH4 and mass generation rates of CO and CO2 

Fig. 5. Adiabatic simulations of the methane/hydrogen-mixture deflagration 
pressure curves. 

Fig. 6. Heat-loss simulations of the methane/hydrogen-mixture deflagration 
pressure curves. 

Fig. 7. Heat-loss simulations of the methane/hydrogen-mixture deflagration 
pressure-rise-rate curves. 



gradually increased. The gas-mass change rate accelerated after adding 
hydrogen, confirming the ability of hydrogen to accelerate the chemical 
reaction rate. Additionally, as indicated by Fig. 9 (a), when the hydrogen 
addition was 0 %, the hydrogen in the mixed gas was entirely generated 
by the methane combustion reaction. According to Fig. 9 (b), when the 
hydrogen addition was 10 %, the hydrogen quality showed an upward 
trend in the time range of 0.075–0.1 s. According to Fig. 9 (c) and (d), 
the hydrogen mass did not show an upward trend for 30 % and 50 % 
hydrogen addition. Thus, when the hydrogen addition exceeded 30 %, 
the added-hydrogen content was significantly larger than that generated 
by the methane reaction, and the added hydrogen dominated the 
reaction. 

4.5. Heat loss 

Fig. 10 shows the total heat release, heat loss, and heat-loss-rate 
curves of the deflagration with different hydrogen additions for the 
heat-loss simulation. Stage I was the combustion reaction stage, with te 
as the critical point (with up to 99.9 % methane/hydrogen consump
tion). In stage I, a heat-release process started immediately after the 
methane/hydrogen/air-mixture deflagration. The total heat release of 
the combustion reaction reached a peak value when the methane/ 
hydrogen completely reacted. At this stage, the high-temperature flame 
and gas products produced by the deflagration predominated the heat- 
loss process, and the total heat loss continued to increase. Since the 
LHV of hydrogen is lower than that of methane, the total heat release 
decreased with increasing hydrogen addition. In stage II, the combustion 
reaction ended, and the total heat release of the combustion reaction 
remained unchanged after reaching the peak value. At this stage, the 
high-temperature gas products lost heat to the side wall, and the total 

heat loss continued to increase. The heat accumulated in the spherical 
device during the deflagration can be calculated by subtracting the lost 
heat from the total heat released by the combustion reaction [34]: 

Qaccumulated = Qreleased Qtransferred (21)  

where Qaccumulated is the heat accumulated in the spherical device, Qreleased 
is the total heat released by the combustion reaction, and Qtransferred is the 
heat transferred by the high-temperature flame and gas products to the 
side wall (total heat loss). As shown in Fig. 10, the end time of the 
combustion reaction (te) always lagged behind the corresponding time 
of the maximum heat-loss rate. With an increase in hydrogen addition, 
the gap between the two gradually decreased. 

According to the heat loss curve (Fig. 10), the total heat loss in the 
deflagration process (stage I) decreased with increasing hydrogen 
addition. For hydrogen additions of 0 %, 10 %, 30 %, and 50 %, the total 
heat losses were 10.074 kJ, 9.332 kJ, 7.719 kJ, and 5.633 kJ, respec
tively. This can be explained using the following equation: 

Qtransferred =

∫

Hratedt (22)  

where Qtransferred is the total heat loss, Hrate is the heat-loss rate, and dt is 
the heat-loss time during the deflagration. The heat-loss rate charac
terizes the heat loss per unit time. The total heat loss was proportional to 
the heat loss rate and time. Compared to a pure methane deflagration 
with 0 % hydrogen addition, the heat loss rate increased by 4.6 %, 18.6 
%, and 37.5 %, respectively, with adding 10 %, 30 %, and 50 % 
hydrogen, while the heat-loss times were reduced by 8.8 %, 31.9 %, and 
50 %, respectively. Therefore, with an increase in hydrogen addition, 
the decrease in heat-loss time was more significant than the increase in 
the heat-loss rate. According to equation (18), the total heat loss 

Fig. 8. Airflow velocity-field distributions.  



Fig. 9. Explosion gas-mass and temperature curves.  

Fig. 10. The total heat release, heat loss, and heat-loss-rate curves of the deflagration.  



% of the total heat loss, respectively, while the convective heat-transfer 
mechanism accounted for 15.1 %, 14.2 %, 13.3 %, and 10.9 % of the 
total heat loss, respectively. Thus, thermal radiation was the primary 
heat-loss mechanism in the combustion reaction of methane/hydrogen/ 
air mixtures, and increasing the hydrogen addition increased the pro
portion of thermal-radiation heat transfer. 

5. Conclusion

In this study, a four-step combustion-mechanism model for
methane/hydrogen mixtures, based on the CFD code GASFLOW-MPI 
and the deflagration process of methane/hydrogen/air mixtures, was 
numerically simulated. To compare the numerical simulation and 
experimental results, the influence of hydrogen addition into a 20-L 
spherical device on the deflagration characteristics of methane/ 
hydrogen/air mixtures were analyzed in detail. For the adiabatic 
simulation, the maximum deflagration pressure decreased with an in
crease in hydrogen addition. This is inconsistent with the experimental 
results. However, the simulation results of the maximum deflagration 
pressure (considering heat-loss) increased on increasing hydrogen 
addition. This is consistent with the experimental results. Therefore, the 
heat-loss effect of methane/hydrogen/air-mixture deflagration in the 
20-L spherical device should not be ignored. For the simulation
considering heat-loss, adding hydrogen to methane accelerated the
chemical-reaction and laminar-combustion rates. The higher reactivity
of hydrogen caused a shorter deflagration duration (te), and the heat-loss
time of the high-temperature flame to the ball wall was shortened.
Finally, in the heat-loss simulation, the maximum deflagration pressure
increased with an increase in hydrogen addition. Thus, the change in

Fig. 11. Rate of change curves of heat radiation and convective heat loss.  

obtained by multiplying the two values decreased with an increase in 
hydrogen addition. 

Fig. 11 shows the thermal radiation rate and convective heat transfer 
rate curves. The thermal-radiation start-up time was always less than 
that of the convective heat-transfer process. This phenomenon could be 
attributed to the instantaneous production of high-temperature air mass 
by the rapid induction of the thermal-radiation mechanism by the 
methane/hydrogen/air-mixture deflagration, and gradual induction of 
the convective heat transfer efficiency (limited by the flow field speed). 
Moreover, the heat radiation and convective heat transfer rates 
increased with increasing hydrogen addition. For a pure methane 
deflagration with 0 % hydrogen, the peak rates of thermal radiation and 
convective heat transfer were 221.441 kJ/s and 85.082 kJ/s, respec-
tively; the maximum thermal radiation rate increased by 4.0 %, 17.8 %, 
and 33.9 %, respectively, for hydrogen additions of 10 %, 30 %, and 50 
%, while the maximum convective heat transfer rate increased by 4.8 %, 
17.1 %, and 33.9 %, respectively. After adding hydrogen to methane, the 
fast reactivity of hydrogen shortened the time of explosion significantly, 
causing a rapid accumulation of heat in the spherical device, a rapid 
increase in temperature, and an exponential increase of the thermal 
radiation rate. The increase in the convective heat transfer rate was 
possibly due to an increase of the temperature difference between the 
high-temperature gas product and the sphere wall after hydrogen 
addition. 

The green and yellow colored areas in Fig. 11 represent heat lost by 
the thermal-radiation and convective heat-transfer mechanisms, 
respectively. In the combustion reaction process (Stage I), when the 
hydrogen addition was 0 %, 10 %, 30 %, and 50 %, the thermal- 
radiation mechanism accounted for 84.9 %, 85.8 %, 86.7 %, and 89.1 
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heat loss mechanism caused by hydrogen addition during the deflagra-
tion of methane/hydrogen/air mixtures was the main reason for the 
increase in the maximum deflagration pressure. Additionally, thermal 
radiation was identified to be the dominant heat-loss mechanism during 
the deflagration of methane/hydrogen/air. For hydrogen additions of 0 
%, 10 %, 30 %, and 50 %, the thermal-radiation mechanism accounted 
for 84.9 %, 85.8 %, 86.7 %, and 89.1 % of the total heat loss, respec-
tively. Therefore, increasing hydrogen addition enhanced the contri-
bution of thermal-radiation heat loss. 
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