
29th ICDERS July 23–28, 2023 SNU Siheung, Korea

Non-equilibrium effects in H2−O2−diluent mixtures using
the ZND reactor model

João Vargas, Karl P. Chatelain, Deanna A. Lacoste
Mechanical Engineering Program, Physical Science and Engineering Division, King Abdullah University

of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia

Clean Combustion Research Center (CCRC), King Abdullah University of Science and Technology

Xiangrong Huang, Rémy Mével
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1 Introduction

In recent years, there have been a variety of works on non-equilibrium effects on detonations [1–8].
Most of these works have been dedicated to the estimation of the cell size or width using a variety of
non-equilibrium assumptions. With the advent of direct visualization of the induction zone using NO-
LIF [9], characterizing possible non-equilibrium effects within the detonation cycle becomes desirable.

The objective of this work is to characterize possible non-equilibrium effects by observing the variation
of the induction zone length (IZL) for thermal equilibrium and non-equilibrium thermodynamic formu-
lations with varying initial conditions. To achieve this, the IZL was computed using a ZND reactor
model for a H2−O2−diluent mixtures.

2 Methodology

Two different thermodynamic models/formulations are used to compare the IZL with and without as-
sumptions of thermal non-equilibrium. These are the polynomial (equilibrium) and state-to-state (STS,
non-equilibrium) models. The polynomial formulation is widely used in combustion applications and
defined by the use of sets of coefficients of usual expressions to obtain the thermodynamical properties
of known species. In this work, the NASA-9 polynomial model is used [10] with coefficients sourced
from the JANAF database [11]. The STS formulation uses analytical expressions for the thermody-
namics of species. Additionally, the definition of species is revised to include state-specific levels in the
model. As such, individual internal levels of molecules are treated as individual pseudo-species. A more
in-depth explanation of these formulations can be found in [1].

The ZND model is described by the following set of ODE [12]:
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where Yi and ω̇i are the mass fraction and production rate of species i. The gas velocity, Mach number,
pressure, and density are denoted u, M , P , ρ, respectively, and σ̇ represents the so-called thermicity
which is calculated as:

σ̇ =

N∑
i

(
m

mi
− hi

CpT

)
ω̇i

ρ
. (2)

Here, the symbols mi and hi represent the molar mass and the enthalpy of species i, respectively.
The symbols m, CP and T are the average molar mass, the specific heat at constant pressure and the
temperature of the gas. The IZL is defined as the distance of the shock to the thermicity peak. In
this work we mainly focus on the effect of thermal non-equilibrium dynamics on the IZL. Therefore, a
straightforward comparison between simulations in this work and experimental results cannot be made.
Instead, a comparison of different thermodynamic models and an assessment of the relative importance
of non-equilibrium on the IZL is attempted.

3 Chemical-Kinetic Model

The reaction model used in this work is a reduced model from [13] and [14]. The reduced model was
slightly modified to be used with state-specific species H2 and O2 for the case of STS simulations.
Similarly to the methodology in [1], the reactive reactions of these state-to-state species must be redis-
tributed. Only the Arsentiev [15] redistribution model was considered in this work, due to its simplicity.
From the calculations in [1], the trends obtained with the other two redistribution models are expected
to be similar to the ones obtained with the redistribution model of [15]. However, the second and third
model presented by Vargas et al. should exhibit respectively a decreased and increased impact of non-
equilibrium effects. The inelastic collisions of O2 were used in the same manner as in [1] and are further
detailed in [16, 17]. The inelastic rates for H2 were adapted from calculations [18, 19] for H2 + H and
H2 + He.

4 ZND Simulations and Vibrational Distributions

Figure 1 shows the comparison of the temperature (A) and thermicity (B) profiles of the Eq. (polyno-
mial) and Non-Eq. (STS) models in a ZND reactor, for a stoichiometric mixture of H2 − O2 initially at
293 K and 101.3 kPa. In Fig. 1A, the Eq. temperature profile is constant within the von Neumann state
(Position ≤ 10−5 meters) and after the reaction zone (position > 10−4 meters), which is characterized
by a sudden rise of temperature. In contrast, the Non-Eq. temperature profile shows a slow decrease of
temperature in the von Neumann state and a later reaction zone onset than the Eq model. The tempera-
ture decay before the reaction zone is characterized by a change of slope around 10−6 m, also observed
on the thermicity profile evolution in Fig. 1B. The Eq. thermicity profile is constant until the reaction
zone, peaks in the reaction zone at the highest energy release rate and then, relaxes to another constant
value in the burnt gases. The Non-Eq. thermicity is significantly lower than the Eq thermicity profile
within the induction zone. Additionally, the Non-Eq. IZL is about 1.8 times larger than the Eq. one.
After the reaction zone, the evolution of the thermicity profiles are similar for both models, although the
equilibrium values are slightly different.

The vibrational distribution function (VDF) can be used to assess the degree of non-equilibrium in the
considered state-specific species. In Fig. 2 the VDFs of H2 and O2 are shown at selected positions.
These positions correspond to the labels in the non-equilibrium thermicity profile in Fig. 1. Also shown
in Fig. 2 are the corresponding Boltzmann distributions (i.e. the VDF under equilibrium) at the gas tem-
perature at the corresponding position in the profile. Between the shock and position A, some excitation
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Figure 1: Temperature (A) and thermicity (B) profiles as a function of the position after the shock in
a ZND reactor for a reaction model in equilibrium (black) and non-equilibrium (red). The gas is a
stoichiometric mixture of H2 − O2 initially at 293 K and atmospheric pressure.

of the H2 and O2 vibrational levels can be seen. It is also clear that the H2 excitation proceeds much
faster than O2. At position B, H2 is almost in thermal equilibrium. Between positions B and C, the same
phenomena can be seen for O2. Both species are almost in thermal equilibrium. The change of slope
of the temperature decrease within the induction zone mentioned above can be attributed to the change
of dominant excitation processes; before position B, H2 excitation dominates and after nearly reaching
equilibrium, O2 excitation is dominant. Between positions C and D the overall reaction changes from
endothermic to exothermic. This leads to a new thermal non-equilibrium zone where the distributions
of H2 and O2 are far from their respective Boltzmann distribution in position D. This indicates that
non-equilibrium is not limited to the induction zone, but is also taking place as a result of the main heat
release event. However, thermal equilibrium is re-established fast between positions D and E.
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Figure 2: Vibrational distribution functions (VDF) of the considered state-specific species H2 (red) and
O2 (blue) at selected locations and their respective distributions under a thermal equilibrium assumption,
solid and dashed black lines, respectively.
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5 Induction Zone Length Calculations

ZND simulations were performed using the previously validated [1] in-house code. All simulations have
an initial temperature of 293 K. Figure 3 shows the IZL as a function of different initial conditions for
the Eq. and Non-Eq. formulations. In the lower part of each plot, the IZL ratio between Non-Eq. and
Eq. formulations is given.
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Figure 3: Induction zone length and ratio of the non-equilibrium and equilibrium IZL calculated in a
ZND reactor as a function of initial pressure (A), diluent percentage of Ar (B), or N2 (C) and, equivalence
ratio (D) for a H2−O2−diluent mixture initially at 293 K and atmospheric pressure when applicable.

5.1 Effect of Initial Pressure

The IZL was calculated for eleven initial pressures, between 101 and 103 kPa. Simulations were carried
out for a stoichiometric mixture of H2 − O2 initially at 293 K. The IZL as a function of the initial
pressure of the gas is shown in Fig. 3A for Eq. and Non-Eq. formulations. Both models indicate a
power-law decrease of the IZL with increasing initial pressure. At higher initial pressures, the Non-Eq.
IZL approaches the Eq. calculated IZL. This is in line with the conventional wisdom in thermal Non-
Eq. literature where the higher the rate of collisions between particles in the gas, the lower the degree of
Non-Eq.

5.2 Effect of Diluent Percentage

The IZL was calculated for a varying Ar or N2 dilution, between 0% and 55%. The resulting mixtures of
H2−O2−diluent were kept stoichiometric and at an initial pressure of 101.3 kPa and temperature of 293
K. The IZLs as a function of Ar or N2 dilution are shown in Fig. 3B and 3C, respectively. For Ar dilution,
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both formulations predict a decreased IZL with increasing Ar percentage up to some minimum between
20–25% and 25–30% of dilution for Non-Eq. and Eq., respectively. Then, for higher dilution, the IZL
increases with the diluent mole fraction. The higher the Ar dilution, the greater the difference between
Eq. and Non-Eq. IZLs, as their ratio increases monotonically until it asymptotes between 50–55%
dilution. In the case of N2 dilution, the IZL increases monotonically with increasing diluent percentage
for both formulations. However, the ratio of the IZL decreases with increasing diluent percentage. The
role of Non-Eq. in the induction zone is larger when Ar dilution is used compared with N2 as diluent.

5.3 Effect of Equivalence Ratio

The variation of IZL with equivalence ratio was calculated in intervals of 0.1 between 0.4 and 1.5 for
mixtures of H2−O2 with an initial pressure of 101.3 kPa and temperature of 293 K. Figure 3D shows the
profile of the IZL as a function of the equivalence ratio. For lean mixtures, the IZL shows a minimum
between 0.5–0.6 and around 0.7 for Non-Eq. and Eq. models, respectively. The relative importance of
Non-Eq. also seems to decrease for the lean mixtures, remains constant for equivalence ratios between
1 and 1.3 and decreases slightly for richer mixtures.

6 Conclusions

A detailed comparison of Eq. and Non-Eq. was made in the case of a stoichiometric H2 − O2 mixture
under detonation conditions. Two zones of thermal Non-Eq. in the ZND reactor were observed, one
in the induction zone and another in the vicinity of the thermicity peak. The IZL was computed in a
spectrum of conditions by varying initial conditions for H2 − O2 − diluent mixtures. The importance of
the Non-Eq. effects on the IZL was initially assessed by comparing the ratio between Non-Eq. and Eq.
IZLs. Non-Eq. may have a greater or lesser impact depending on the initial conditions and its impact
on IZL is up to a factor of 2.1. Based on individual parametric studies, the strongest non-equilibrium
effects were observed at low pressure, high Argon dilution and rich conditions. The weakest effects
were observed with nitrogen dilution or at higher pressures.
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