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Numerical Investigation of Hydrogen Role on Detonation of  
CH4/H2/air Mixtures
Chenyuan Cai, Min Li, Kaiqiang Jin, and Huahua Xiao

State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei, China

ABSTRACT
Steady one-dimensional Zeldovich-von Neumann-Dӧring (ZND) calcula-
tion and thermo-chemical analysis are performed to investigate the 
hydrogen role on ZND detonation of CH4/H2/air mixtures. Different 
hydrogen blend ratios (i.e. Hbr) ranging from 0% to 100% are selected 
in this paper. The results show that hydrogen blend ratio has 
a significant impact on the ZND detonation reaction pathway of stoi-
chiometric CH4-air mixtures. When Hbr ≤ 20%, CH4 is converted to CO2 
by route 1: CH4 => CH3 => C2H6 => . . . => CO2 and route 2: CH4 => CH3 
=> CH3O => CH2O => HCO => CO => CO2. When Hbr ≥ 50%, CH3 in 
route 2 is directly converted to CH2O through R97 (CH3 + O <=> CH2O +  
H). This causes different ZND detonation structures. The induction 
length decreases with hydrogen addition. This is because R0 (H + O2 
<=> O + OH) governs the heat release during the induction stage, 
enhancing the energy absorption in induction stage and the molecular 
thermal decomposition after leading shock wave. Finally, the effect of 
hydrogen blend ratio on the detonation cell size is explored, and 
a prediction model of detonation cell size incorporated with detonation 
stability parameter and induction length is developed for 
CH4/H2/air mixtures.
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Introduction

Nowadays, the world energy consumption is still dominated by the fossil fuels like coal and 
oil. The use of these fossil energy sources has been causing pollutions to the environment on 
which humans rely for survival. To address this issue, hydrogen has attracted considerable 
attention as a fuel candidate because of its high energy efficiency and clean combustion 
characteristics (Midilli et al. 2005). However, the properties of hydrogen in connection with 
ultra-low ignition energy, broad flammable range, faster laminar burning velocity, wide 
explosion limit, and high diffusivity, pose significant challenges to its transportation and 
storage (Ng and Lee 2008; Xiao, Duan, and Sun 2018). An efficient way to transport and use 
hydrogen fuel is blending it into existing natural gas (Cai et al. 2023; Mejía-Botero, Veiga- 
López, and Melguizo-Gavilanes 2022; Ogden et al. 2018; Oran, Gamezo, and Zipf 2015) or 
ammonia (Li and Xiao 2023a, Li and Xiao 2023b; Li, Xiao, and Sun 2022).

The binary fuel containing methane and hydrogen is regarded as an important means 
of hydrogen utilization. The combustion characteristics of CH4-H2 mixtures have been 
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studied experimentally and numerically, which contribute to a better understanding of 
the combustion behaviors. Laminar burning velocity is one of the most important 
combustion properties. The velocity was found to increase with the hydrogen fraction 
in fuel mixture (de Goey, Hermanns, and Bastiaans 2007; Huang et al. 2006; Pio and 
Salzano 2018; Yu, Law, and Wu 1986). Further exploration indicated that the increase of 
laminar burning velocity by hydrogen addition is associated with the overall activation 
energy (Cheng, Tang, and Huang 2015; de Goey, Hermanns, and Bastiaans 2007), 
adiabatic flame temperature (Cheng, Tang, and Huang 2015), inner layer temperature 
(de Goey, Hermanns, and Bastiaans 2007; Zhang et al. 2016), and global Lewis number 
(Cheng, Tang, and Huang 2015). Based on the laminar burning velocity, many premixed 
flame phenomena such as flashback, extinction, and flame propagation can be char-
acterized, and the chemical kinetics mechanisms are able to be validated or simplified 
(Okafor et al. 2018). Although the reduced mechanisms have been developed by Sher et 
al. (1988) and Gimeno-Escobedo et al. (2019), the chemical kinetics of hydrogen 
addition on methane or natural gas chemical reaction process were not well understood. 
In this context, Wang et al. (2009) investigated the chemical kinetics effect of hydrogen 
on stoichiometric CH4/H2/air mixtures by performing the one-dimensional (1D) 
numerical simulations of premixed laminar flames. They discovered that the role of 
hydrogen in the flame changes from intermediate species to reactant when the hydrogen 
fraction in the blends exceeds 20%. The result that hydrogen is an important inter-
mediate in hydrocarbon-air flames was also found by He et al. (2020).

In addition to the basic combustion properties of CH4-H2 binary fuels, the explosion 
characteristics such as overpressure have been examined (Cai et al. 2022; Liu et al. 2021; 
Mitu et al. 2020). Su et al. (2021) further evaluated the chemical kinetic behaviors at the 
chain initiation stage of CH4/H2/air mixtures explosion process using the density func-
tional theory. They concluded that methane is crucial for the chain initiation stage, while 
hydrogen plays a more important role than methane after the chain reaction begins. 
Takita and Niioka (1996) explored the detonation of CH4-H2 and CH4-C4H10 mixtures 
by measuring the detonation velocity. They found that the mixture with a lower 
sensitivity (e.g., CH4-air mixtures) can be considerably reduced by adding a small 
amount of another fuel with a higher sensitivity, such as hydrogen and butane. 
Similar results were also obtained by Bozier et al. (2009). They discovered that adding 
hydrogen to natural gas promotes its detonability and the mixtures are more sensitive 
than heavy alkane-air mixtures when the hydrogen molar fraction exceeds 0.65. 
Recently, more detonation characteristics such as velocity deficit or fluctuation (Li 
et al. 2022; Porowski and Teodorczyk 2013), pressure (Li, Hampp, and Lindstedt 2015; 
Rudy, Zbikowski, and Teodorczyk 2016; Shamshin et al. 2021), induction length (Zhang  
2019; Zhang, Pang, and Gao 2016), detonation cell size (Mejía-Botero, Veiga-López, and 
Melguizo-Gavilanes 2022; Rodriguez et al. 2022; Zhang, Pang, and Gao 2016), and run- 
up distance (Shamshin et al. 2021; Sorin et al. 2009; Bozier et al. 2009) as well as run-up 
time (Shamshin et al. 2021) to deflagration-to-detonation transition in CH4-H2 fuel 
blends have been analyzed. Furthermore, the detonation behaviors, including the deto-
nation limits (Zhang, Pang, and Gao 2016), detonation stability (Zhang, Pang, and Gao  
2016), and critical conditions (Mejía-Botero, Veiga-López, and Melguizo-Gavilanes 2022; 
Sun and Lu 2020a, Sun and Lu 2020b) were assessed. Chaumeix et al. (2007) experi-
mentally measured the auto-ignition delay times of hydrogen/natural gas/air mixtures.
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It can be found most researchers paid more attention to the macroscopic parameters of 
the detonation of CH4-H2 mixtures, and less attention to the variation of the detonation 
properties from the perspective of chemical kinetics. Existing studies are not enough to 
understand the detailed detonation phenomenon. The internal reaction mechanism of the 
changes in the detonation influenced by the hydrogen blend ratio of CH4/H2/air mixtures 
still needs to be further explored. Zeldovich, von Neumann, Dӧering (ZND) detonation 
model provides both the ignition and the driving mechanisms for the detonation wave. This 
is an important model where the detailed chemical kinetics of the explosive reactions can be 
studied under the gas dynamics conditions corresponding to the detonation process. The 
analysis of the laminar structure of ZND detonation also provides a characteristic chemical 
length scale (e.g., induction length) for the detonation, which can be correlated with real 
detonation parameters (e.g., detonation cell size).

The objective of this work is to investigate the hydrogen blend ratio on ZND detonations 
of CH4/H2/air mixtures. This is conducted through numerical simulations by using the 
steady 1D ZND calculation and thermo-chemical analysis. Different hydrogen blend ratios 
(ranging from 0–100%) were considered in the simulations to explore the hydrogen role on 
the ZND detonations, including the detonation structure, induction length, and detonation 
cell size.

Method

ZND detonation solver

The ZND theory is used to describe the dynamics of 1D steady planar detonation. For the 
shock-attached frame, the evolution of the system along the path of a Lagrangian particle 
(zero-dimensional problem) is described using: 

where t is the time, v is the velocity, ρ is the density, P is the pressure, _σ is the thermicity (i.e., 
the non-dimensional energy release rate), η is the sonic parameter, Ma is the Mach number, 
N is the species number, �W is the mean molar mass, cp is the heat capacity at constant 
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pressure, T is the temperature, yk, _ωk, hk, and Wk are the mass fraction, source term, 
enthalpy, and molecular weight, respectively. The governing equations are solved using 
Cantera (Goodwin, Moffat, et al. 2022) as well as the Shock and Detonation Toolbox 
(Browne et al. 2018). The numerical method has been extensively used and tested in the 
studies, including the detonation in NH3-O2 and NH3-N2O mixtures (Weng, Mével, and 
Chaumeix 2023), the effect of ozone addition on curved detonations (Weng et al. 2023), the 
real gas effect on the steady planar detonation (Weng and Mevel 2022), and so on (Kumar, 
Ivin, and Singh 2021; Sun, Tian, and Chen 2022).

The detonation process of the mixtures is described by the Foundational Fuel Chemistry 
Model 1.0 (FFCM-1) (Tao, Smith, and Wang 2018). This detailed chemical reaction 
mechanism is composed of 291 reactions and 38 species, which has been validated by 
numerous basic experimental data of small hydrocarbon fuels (Liu et al. 2021; Tao, Smith, 
and Wang 2018), e.g., H2-CO, CH4, CH2O, CH3OH, and C2H4. The mixtures applied in this 
study are stoichiometric CH4/H2/air mixtures with various hydrogen blend ratios initially at 
298 K and 101,325 Pa, as follows: 

where xH2 is the molar fraction of hydrogen in the fuel (i.e., Hbr = 0%, 20%, 50%, 80%, 
and 100%).

Thermo-chemical analysis

The state of mixtures at every time is available from the solution of the ZND model. 
Accordingly, the rate of production, the heat release rate, and the sensitivity coefficient 
can be calculated. The methods are as follows (Li, Weng, and Mével 2022; Weng, Mével, and 
Chaumeix 2023):

The rate of production for the ith species in the jth reaction (RoPi,j) is expressed as: 

where υi;j and rj are the stoichiometric coefficient of species i and the net reaction rate of 
reaction j, respectively. For reversible reaction, rj can be positive or negative, depending on 
the dominant reaction direction. For a given species, a positive value of the production rate 
means that the species is generated and a negative one indicates consuming of the species. 
Based on the production rate of species, the ZND detonation reaction pathway can be 
established.

The heat release rate of the jth reaction (HRRj) is defined as: 

and the total heat release rate (HRRt) is calculated by: 

where ΔrH�j is the standard reaction enthalpy of the reaction j. The total heat release of 
reaction j and the detonation process can be obtained by integrating Eq. (9) and Eq. (10), 
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respectively. For the heat release rate and total heat release, a positive value indicates heat 
release, while a negative value means heat absorption. By judging the magnitude of these 
values, the main exothermic reactions and endothermic reactions in the ZND detonation 
can be determined.

The sensitivity coefficient of the jth reaction (Senj) is calculated by perturbing each 
reaction rate constant (kj) by 1%, i.e., 

where Pr and Pþr represent the parameter obtained before and after the perturbation of 
reaction rate constant, respectively. The induction length was selected to identify the 
reactions that hydrogen blend ratio has a greater influence. According to the definition, 
a reaction with a positive coefficient inhibits the reactivity and a negative one is beneficial 
for promoting the reactivity.

In addition, the rate of production, the heat release, and the sensitivity coefficient are 
normalized. The positive and negative values are summed separately, then the positive value 
is normalized with the sum of the positive ones and the negative value is normalized with 
the absolute value of the sum of the negative ones. The normalized values which are greater 
than 10% are considered in the subsequent results and discussion.

Results and discussion

ZND detonation structure

Figure 1 shows the temperature and pressure profiles of ZND detonation in stoichiometric 
CH4-air mixture. ZND detonation structure consists of an unburned zone, an induction 
zone, a reaction zone, and a burned zone. Before the leading shock wave, which is at 0 mm 
position, is the (a) unburned zone, where the mixture with the initial temperature (T0) of 

Figure 1. Temperature and pressure profiles of ZND detonation structure in stoichiometric CH4-air 
mixture.
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298 K and initial pressure (P0) of 101,325 Pa. The leading shock wave adiabatically com-
presses and heats the reactants to the ignition temperature. Following the leading shock 
wave is the induction zone (i.e., zone b filled with blue), which is almost thermally neutral. 
Therefore, the thermodynamics state of the shock-heated mixture remains relatively con-
stant (i.e., von Neumann temperature and pressure, TvN and PvN) through the induction 
zone. After the induction zone is the reaction zone (i.e., zone c filled with red). In the 
reaction zone, there is an increase in temperature and a decrease in pressure. For an 
unsupported detonation wave, the pressure decreases further in the expansion fan that 
trails behind the reaction zone. It is this expansion that accelerates the gases backward away 
from the front, which produces the forward thrust that supports the propagation of the 
leading shock wave. The pressure and temperature will reach Chapman-Jouguet (CJ) 
equilibrium in the (d) burned zone. The CJ detonation pressure and temperature (PCJ, 
TCJ), as well as von Neumann pressure and temperature (PvN, TvN) of stoichiometric CH4 
/H2/air mixtures with different hydrogen blend ratios, are summarized in Table 1. The 
ranges of temperature and pressure for the mixture without hydrogen are 1532–2796 K and 
1.75–3.20 MPa, respectively. As the hydrogen blend ratio increases from 0% to 100%, the 
temperature difference of mixture between CJ state and vN state increases by 12.50% while 
the pressure difference decreases by 14.48%.

According to prior research (Gimeno-Escobedo et al. 2019; Li et al. 2014; Wang et al.  
2009) about the premixed laminar flame of CH4-H2 binary fuels, some typical species (e.g., 

Table 1. Steady ZND detonation properties of stoichiometric CH4/H2/air 
mixtures with different hydrogen blend ratios.

Hbr PCJ (MPa) PvN (MPa) TCJ (K) TvN (K)

0% 1.75 3.20 2796 1532
20% 1.73 3.17 2806 1533
50% 1.71 3.11 2830 1533
80% 1.65 2.98 2881 1535
100% 1.58 2.82 2960 1538

Figure 2. Species profiles of ZND detonation structure of stoichiometric CH4-air mixture.
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CH4, CH3, and H2, etc.) are chosen to analyze the steady detonation structure. Figure 2 
shows the species profiles of ZND detonation structure of stoichiometric CH4-air mixture. 
The leading shock wave is at 0 mm position, and the induction zone (blue-filled area) of 
ZND detonation structure is behind the leading shock wave. In the induction zone, the 
active radical species are generated by the thermal dissociation of the shock-heated mole-
cules. When sufficient concentrations of the active radical species are produced, rapid 
chain-branching reactions convert the reactants to products. The mass fraction of CH4 
decreases to 0 at the end of the induction region. The amount of CH2O increases steadily 
and then decreases to 0 at a position close to the one of CH4. The mass fractions of CH3 and 
CO rise gradually, reaching a peak at the end of the induction zone. As for O and OH, their 
mass fractions increase at the position close to the end of the induction zone and decrease 
slightly until stabilized. The evolutions of the selected species indicate that CH3, CH2O, and 
CO are the important intermediate species during the detonation process of CH4-air 
mixture, while CO, OH, H2, and O are the main products.

The effect of adding hydrogen into stoichiometric CH4-air mixture on the ZND 
steady detonation structure can be seen in Figure 3. For the cases with Hbr = 20%, 
50%, and 80%, the mass fraction evolutions of CH4, CH3, CH2O, CO, O, and OH are 
similar to the mixture without hydrogen addition. The main difference is that CH2O in 
the mixtures with 50% and 80% Hbr show different growth trends, especially in the case 
containing 80% Hbr. There is hardly any CH2O over a relatively long distance in the 

Figure 3. Species profiles of ZND detonation structure of stoichiometric CH4/H2/air mixtures with 
different hydrogen blend ratios, i.e., Hbr = (a) 20%, (b) 50%, (c) 80%, and (d) 100%.
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induction zone. The slow increase of CH2O mass fraction during the induction stage is 
more obvious with increasing hydrogen blend ratio. As for stoichiometric H2-air 
mixture, the mass fractions of O and OH are more than the mixture with methane. 
In addition, the mass fraction of H2 exhibits different evolution trends when the 
hydrogen blend ratio increases from 0% to 100%. When Hbr ≤ 20%, H2 mass fraction 
increases and then decreases until stabilized, see Figures 2 and 3a. As shown in 
Figure 3b-d, the mass fraction of H2 decreases and tends to be a constant for the 
cases with Hbr ≥ 50%. This indicates that in CH4-H2 binary fuels, the consumption of 
hydrogen surpasses its generated amount when the hydrogen blend ratio exceeds 
a critical value. The critical hydrogen blend ratio is 20%, which is in accordance with 
the study of Wang et al. (2009) on the laminar flame of CH4/H2/air mixtures.

Figure 4 shows the maximum mass fraction of selected species during ZND detonation of 
stoichiometric CH4/H2/air mixtures with different hydrogen blend ratios. With the 
increases of hydrogen addition, the mass fraction of CH4 decreases and the mass fraction of 
H2 increases, but the mass fraction of CH3 increases. This can be contributed to the fact that 
adding hydrogen promotes the conversion of CH4.

In order to explore the changing mechanisms of CH2O, CH3 and H2 mass fractions in 
stoichiometric CH4/H2/air mixtures ZND detonation structures, the ZND detonation 
reaction pathways were established, as shown in Figure 5. For the pathway of C-reactions, 
CH4 is converted to CO2 in the following two routes:

Route 1: CH4 => CH3 => C2H6 => . . . => CO2,
Route 2: CH4 => CH3 (=> CH3O) => CH2O => HCO => CO => CO2.

Figure 4. Maximum mass fraction of selected species during ZND detonation of stoichiometric CH4/H2/air 
mixtures with different hydrogen blend ratios.
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The transformation process of C2H6 to CO2 in route 1 is governed by H-abstraction and 
thermal decomposition (Xiao and Li 2022). In route 1, H2 can be generated by CH4 through 
R135 (CH4 + H <=> CH3 + H2). The reaction producing H2 in route 2 is R86: CH2O + H 
<=> HCO + H2. These two reactions result in the formation of hydrogen during the 
combustion of hydrocarbon fuels, as shown in Figures 2 and 3a. In addition, more than 
95% of the spontaneously produced hydrogen reacts with either OH or O to form H. The 
production of H provides a certain source of hydrogen (10%-35%) for R135 and R86. 
However, more than 35% of H reacts with O2 to produce OH, which is eventually converted 
to H2O (see H-reactions).

In the cases of hydrogen blend ratio from 0% to 80%, route 1 is one of the main ZND 
detonation reaction pathways of stoichiometric CH4/H2/air mixtures. When Hbr = 0%, 
20%, 50%, and 80%, the conversion rate of CH4 to CH3 is 98.6%, 98.9%, 99.4%, and 
99.65%, respectively, showing an increasing trend (see Figure 4). This reaction pathway 
indicates that R135 (CH4 + H <=> CH3 + H2) plays the key role in facilitating the chemical 
reaction. Adding H2 produces more H and promotes the forward reaction of R135, 
increasing the production of H2 and forming the positive feedback. For the cases with 
Hbr = 0% and 20%, route 2 is CH4 => CH3 => CH3O => CH2O => HCO => CO => CO2. 
When Hbr increases to 50% and 80%, after CH4 is converted to CH3, part of CH3 is 
converted to CH2O by reacting with O (i.e., R97: CH3 + O <=> CH2O + H) without forming 

Figure 5. Reaction pathway analysis for stoichiometric CH4/H2/air mixtures with different hydrogen blend 
ratios based on C-reactions and H-reactions. The values are the absolute ones of the negative rate of 
production: purple, Hbr = 0%; red, Hbr = 20%; green, Hbr = 50%; blue, Hbr = 80% and brownness, 
Hbr = 100%.
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the intermediate product CH3O. This change in the pathway results in different evolutions 
of CH3 and CH2O in the mixtures containing 50% and 80% hydrogen (see Figures 2 and 3). 
When the hydrogen blend ratio increases to 100%, there are two main reaction pathways for 
the ZND detonation, which can be seen in H-reactions:

Route 3: H2 => H => HO2 (=> OH) => H2O,
Route 4: H2 (=> H) => OH => H2O.

Induction length

The induction length (ΔI) is an important detonation characteristic, which is of great 
significance to the prediction of detonation limit (e.g., detonation cell size and critical 
pressure). It is defined as the distance from the leading shock wave to the maximum 
thermicity. Figure 6 shows the thermicity profiles of ZND detonation of stoichiometric 
CH4/H2/air mixtures with different hydrogen blend ratios. The maximum thermicity and 
induction length are influenced by hydrogen blend ratios evidently. For the mixtures with 
Hbr = 0%, 20%, 50%, 80%, and 100%, the induction length is 22.35, 11.32, 3.35, 0.75, and 
0.21 mm, respectively. When the hydrogen blend ratio increases from 0% to 100%, the 
induction length decreases with a 99.06% decrement.

Since the induction length is the characteristic length measuring the heat release zone 
based on the chemical dynamics (Lee 2008), the normalized heat release of main reactions 
during the ZND detonation process in stoichiometric CH4/H2/air mixtures with various 
hydrogen blend ratios was shown in Figure 7. It is found that R0, R34, and R237 are 
important to the total heat absorption in stoichiometric CH4-air mixture. After adding 
hydrogen to the mixture, R0 is influenced considerably. When Hbr = 100%, the heat 
absorbed by R0 accounts for 90% of the total heat absorption.

Figure 6. Thermicity profiles of ZND detonation of stoichiometric CH4/H2/air mixtures with various 
hydrogen blend ratios.
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Further analysis focuses on the change of the heat release rate with the postshock 
distance aside from the investigation on the dominant reactions. Figure 8a shows the heat 
release rate by different reactions for the ZND detonation of stoichiometric CH4-air 
mixture. The heat release rate of exothermic reaction (R111) is reduced to 0 after the 
induction phase, which is related to the distribution of CH3 (see Figure 2). For the main 
endothermic reactions (R0 and R34), the heat release rates reach the peak at the end of the 
induction zone. Figure 8b-e shows the heat release rate of the main reactions as a function of 
postshock distance for the stoichiometric CH4/H2/air mixtures with (b) 20%, (c) 50%, (d) 
80% and (e) 100% Hbr. In the mixture with Hbr = 20%, all the heat release rates evolutions 
of the main reactions are similar to the mixture without hydrogen addition. The main 
difference is the peak values of heat release rate. For the cases with Hbr = 50%, 80%, and 
100%, the maximum heat release rates of all the exothermic reactions and the main 
endothermic reaction (R0) increase significantly with rising the hydrogen blend ratio. 
This indicates that R0 is the most important reaction governing the heat release during 
the ZND detonation. Adding hydrogen promotes the heat release of R0 and enhances the 
energy absorption during induction phase, thereby making the molecular thermal decom-
position after leading shock wave easier (Lee 2008) and leading to the decrease of induction 
length.

To explore whether R0 is the most important reaction affecting the induction length, the 
sensitivity analysis of the induction length was conducted. Figure 9 shows the normalized 
sensitivity of induction length to reaction rate constant for ZND detonation of stoichio-
metric CH4/H2/air mixtures with various hydrogen blend ratios. According to the defini-
tion in thermo-chemical analysis, the reactions with a negative normalized sensitivity (i.e., 
R0, R3, R104, and R106) are beneficial for promoting the reactivity of mixtures. The 

Figure 7. Normalized heat release of main reactions in stoichiometric CH4/H2/air mixtures with different 
hydrogen blend ratios.
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Figure 8. Heat release rate by different reactions for ZND detonation of stoichiometric CH4/H2/air 
mixtures with (a) 0%, (b) 20%, (c) 50%, (d) 80%, and (e) 100% Hbr as a function of postshock distance.
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normalized sensitivity of R0 is influenced by hydrogen blending more significantly com-
pared with those of R3, R104, and R106. As for the normalized sensitivity of R0, it becomes 
smaller with the increasing hydrogen blend ratio. This shows that with the increase of 
hydrogen blend ratio, R0 has a stronger promoting effect on the reactivity of mixtures. This 
further proves that R0 controls the main heat release during the ZND detonation, and 
causes a decrease in induction length with increasing hydrogen blend ratio.

Detonation cell size

Detonation cell size is a basic parameter to characterize the detonation behaviors. Figure 10 
shows the detonation cell size of stoichiometric CH4/H2/air mixtures. The data in Figure 10 
includes two parts. One part is calculated initially at 298 K and 101,325 Pa through the 
prediction model of detonation cell size proposed by Westbrook et al. (1983), Gavrikov et al. 
(2000), Ng et al. (2007), and Lu et al. (2021). These prediction models of detonation cell size 
(λ) are summarized in Table 2, and the coefficients in the models proposed by Gavrikov et 
al. (2000) and Ng et al. (2007) can be found in their prior research. In addition, the 
detonation stability parameter χ, which measures the stability of detonation, is defined as 
(Ng et al. 2005): 

where ΔR is the reaction length, and εI is the effective activation energy during the induction 
process. The reaction length is estimated by the ratio of the particle velocity at the CJ plane 
(uCJ) to the maximum thermicity ( _σmax) in the shock-attached frame. The effective 

Figure 9. Normalized sensitivity of induction length to reaction rate constant for ZND detonation of 
stoichiometric CH4/H2/air mixtures with different hydrogen blend ratios.
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activation energy can be obtained by running two calculations of the constant-volume 
explosion with initial conditions (T1,τ1) and (T2, τ2): 

where τ is the induction time.
Another part is the experimental data picked up from Ref (Bozier et al. 2009; Oran, 

Gamezo, and Zipf 2015; Rudy, Zbikowski, and Teodorczyk 2016; Wang et al. 2018) and the 
Detonation Database (Kaneshige and Shepherd 1997). These experiments are conducted 
initially at 293–300 K and 100–101.5 kPa. It is shown that all the detonation cell sizes 
become smaller with the increase of hydrogen blend ratio, due to the decrement of the 
induction length. As for the predictions by the models, the results calculated by the model of 
Ng et al. (2007) are relatively more consistent with the experimental measurements on the 

Figure 10. Detonation cell size of stoichiometric CH4/H2/air mixtures with various hydrogen blend ratios.

Table 2. Prediction model of detonation cell size.
Author Prediction model

Westbrook et al. λ ¼ 29I
Gavrikov et al. lg λ

I

� �
¼ TvN

T0
a TvN

To
� b

� �
þ εI cεI � d þ e � f TvN

To

� �
TvN
T0

h i
þ g ln TvN

To

� �
þ h ln εIð Þ þ

TvN
To

i
εI
� k

εm
I

TvN
To

� �
� j

Ng et al.
λ ¼ A xð ÞI ¼

Pn

i¼1
aix� i þ bixi
� �

I ¼ Ao þ
an
xn þ . . . . . . :þ a1

x1 þ b1x1 þ . . . . . .þ bnxn
� �� �

I

Lu et al. λ ¼ � 5:34� 10� 4ε4
I þ 3:63� 10� 2ε3

I � 9:41� 10� 1ε2
I þ 8:96εI þ 2:81

� �
I

This work λ ¼ A xð ÞI ¼ 101:89242x� 0:31696
� �

I
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whole, especially compared with Gavrikov’s, Gavrikov et al. (2000). However, the prediction 
model developed by Ng et al. (2007) significantly overestimates the detonation cell size of 
the cases with low hydrogen blend ratio (Hbr = 0%) for CH4/H2/air mixtures.

In this context, we develop a detonation cell size prediction model for CH4/H2/air 
mixtures based on the prediction model proposed by Ng et al. (2007). In Ng model, the 
detonation cell sizes can be calculated as λ ¼ AðχÞΔI . Since the induction length is constant 
for a certain mixture, the relationship between the coefficient A and stability parameter χ is 
plotted in Figure 11a to investigate the trend of A(χ). The data in group 1 are the 
experimental data of detonation cell size in Figure 10. The data in group 2 come from the 
experiments (Bozier et al. 2009; Kaneshige and Shepherd 1997) and the equivalent ratio, 
initial pressure, and initial temperature range from 0.5–2.5, 25.5–151.3 kPa, and 293–300 K, 
respectively in these experiments. These initial conditions differ relatively large compared 
with those in this study. The stability parameters in Figure 11a are calculated using FFCM-1 
mechanism. The coefficient A is obtained by dividing the measured detonation cell size by 
the calculated induction length. The evolution of A(χ) can be determined by fitting the data 
in Figure 11a. Finally, the detonation cell size prediction model for CH4/H2/air mixtures can 
be expressed as: 

This prediction model is also added in Table 2 for comparison with other models.
Figure 11b shows the comparison between the measured values of the detonation cell size 

and the calculation results using Eq. (14). When the calculated detonation cell size is equal 
to the experimental measurement, the data is located on the 45° line in Figure 11b. In 
addition, a range of prediction accuracy of ± 20% is plotted. It is notable that the calculated 
detonation cell sizes using the prediction model are close to the measurements, which can 

Figure 11. (a) Evolution of A with stability parameter χ, and (b) comparison of measured and calculated 
values of detonation cell size in CH4/H2/air mixtures.
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be seen in Figures 10–11. The error can be controlled within ± 20% for most detonation cell 
size predictions of CH4/H2/air mixtures, especially for large ones.

Conclusions

The ZND detonations of stoichiometric CH4/H2/air mixtures were explored numerically in 
this paper, which can be helpful for understanding the ZND detonation structure and 
characteristics of CH4-H2 binary fuels. Different hydrogen blend ratios were selected to 
explore the effect of hydrogen on the ZND detonation structure and the detonation 
characteristics (induction length and detonation cell size) by steady 1D ZND calculation 
and thermo-chemical analysis.

The results show that hydrogen plays a significant role on the ZND reaction pathway 
of CH4/H2/air mixture. When Hbr ≤ 20%, CH4 is converted to CO2 by route 1: CH4 => 
CH3 => C2H6 => . . . => CO2 and route 2: CH4 => CH3 => CH3O => CH2O => HCO 
=> CO => CO2. When Hbr ≥ 50%, CH3 in route 2 is directly converted to CH2 
O through R97 (CH3 + O <=> CH2O + H). This leads to different growth trends of 
the mass fractions of CH3 and CH2O in the mixtures with 50% and 80% Hbr in the 
ZND detonation structures compared with those for Hbr ≤ 20%. Interestingly, hydrogen 
was found can be generated by R135, R86, and R15 in stoichiometric CH4/H2/air 
mixtures during the detonation process. R135 (CH4 + H <=> CH3 + H2) is the most 
important reaction in facilitating the conversion of CH4 to CH3.

The induction length decreases significantly as the hydrogen blend ratio increases. The 
thermal-chemical analysis indicates that the endothermic reaction (R0: H + O2 <=> O +  
OH) governs the decrease of induction length. Increasing the hydrogen proportion in 
stoichiometric CH4/H2/air mixtures enhances the heat release of R0 during the induction 
stage. This is favorable to the absorption of energy and the molecular thermal decomposi-
tion after the leading shock wave.

In the mixtures of stoichiometric CH4/H2/air, the detonation cell size decreases with the 
increase of hydrogen blend ratio. A prediction model of detonation cell size incorporated with 
detonation stability parameter and induction length, λ ¼ AðχÞΔI ¼ ð101:89242χ� 0:31696ÞΔI , was 
developed for CH4/H2/air mixtures. The prediction results obtained by using this model show 
a good agreement with the prior experimental measurements. In the future, the impact of 
initial pressure on the structure and characteristics of ZND detonation in CH4/H2/air 
mixtures still needs to be explored.
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