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ABSTRACT 

Head-on quenching of statistically planar stoichiometric methane-air and hydrogen-air flames has been 

compared based on a Direct Numerical Simulation (DNS) database. Due the absence of OH at the wall 

CO cannot be oxidised anymore which leads to the accumulation of carbon monoxide in the near-wall 

region during flame quenching of stoichiometric methane-air flames. Furthermore, for both fuels, low-

temperature reactions at the wall have been found to give rise to accumulation of HO2 and H2O2 during 

flame quenching. As a result of this, a non-zero heat release rate can be observed at the wall during 

flame-wall interaction and this effect is particularly strong for the head-on quenching of the 

stoichiometric hydrogen-air premixed flame. The minimum Peclet number (i.e. normalised flame 

quenching distance) and the normalised wall heat flux magnitude are found to be smaller in the 

stoichiometric hydrogen-air flame than in the stoichiometric methane-air premixed flame. Moreover, it 

has been found that the flame quenching distance tends to decrease under turbulent conditions for the 

head-on quenching of the stoichiometric hydrogen-air premixed flame but the quenching distances for 

laminar and turbulent conditions remain comparable for the stoichiometric methane-air premixed flame. 

The mean reaction rate of reaction progress variable is not properly predicted in the near-wall region 

by well-known closures for the Flame Surface Density (FSD) or scalar dissipation rate (SDR). For FSD 

based mean reaction rate closure, it has been observed that recently proposed, simple chemistry DNS 

based, near-wall corrections perform satisfactorily for both fuels for the detailed chemistry case without 

adjustment of the model parameters. However, the previously proposed near-wall modification to an 

algebraic SDR closure based on simple chemistry data performs satisfactorily for the head-on 

quenching of stoichiometric methane-air premixed flame but it is found to be less effective in the case 

of the head-on quenching of stoichiometric hydrogen-air premixed flame. Moreover, the prediction of 

the mean heat release rate for head-on quenching of the stoichiometric hydrogen-air premixed flame 

cannot be achieved by the mean reaction rate closure of the reaction progress variable based on the mass 

fraction of a major species because of the important role played by intermediate species in the heat 

release rate at the wall. 

 
Keywords: Flame-wall interaction, head-on quenching, Direct Numerical Simulation, wall heat flux, 

Peclet number, stoichiometric methane-air premixed flame, stoichiometric hydrogen-air premixed 

flame 
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1. INTRODUCTION 

Modern combustors are often made smaller in size to increase energy-density and to adapt them for 

future electric powertrains. For small-sized combustors, the flame elements interact with the wall and 

alter the flow dynamics close to the wall, which will in turn affect the flame and chemical reactions in 

the vicinity of the wall. The flame-wall interaction determines the heat transfer through the wall, 

efficiency loss due to flame quenching and unburned fuel emission. Thus, a thorough understanding of 

the physics of the flame behaviour in the near-wall region is urgently needed. In this respect, a 

configuration, which is commonly known as the head-on quenching (Poinsot et al., 1993; Poinsot and 

Veynante, 2001), can present an ideal testbed where the mean direction of flame propagation aligns 

with the wall-normal direction and the flame quenches as it comes in the vicinity of a cold isothermal 

wall due to the heat loss through the wall. Poinsot et al. (1993) carried out two-dimensional Direct 

Numerical Simulations (DNS) to analyse the maximum heat flux and the flame quenching distance 

along with near-wall flame dynamics based on a single-step Arrhenius-type irreversible chemical 

reaction. The findings by two-dimensional simple chemistry DNS of head-on quenching have been 

found to be in good qualitative agreement with two-dimensional detailed chemistry simulations of head-

on quenching of H2 − air premixed flames by Dabireau et al. (2003). It has recently been demonstrated 

by Lai and Chakraborty (2016a,b) using simple chemistry DNS of head-on quenching of turbulent 

premixed flames that the findings in terms of wall heat flux and flame quenching distance from two-

dimensional simulations (Poinsot et al., 1993) remain both qualitatively and quantitatively valid even 

for three-dimensional turbulent flow conditions. Lai et al. (2018) subsequently analysed the head-on 

quenching of both laminar and turbulent statistically planar CH4 − air premixed flames by an isothermal 

inert wall based on both single-step and skeletal multi-step chemical mechanisms and revealed that the 

maximum wall heat flux and the flame quenching distance are not affected by the choice of the chemical 

mechanism. It was demonstrated by Lai et al. (2018) that the head-on quenching of premixed flames is 

principally driven by heat transfer and not by the choice of chemical mechanism (Lai et al., 2018). 

However, it has been found that both heat release rate and reaction rate of progress variable based on 

fuel mass fraction vanish at the wall for simple chemistry simulations, but the heat release rate does not 

vanish at the wall for the detailed chemistry simulations due to low-temperature chemistry involving 
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HO2 and H2O2 (Lai et al., 2018). Moreover, the absence of OH in the near-wall region leads to a high 

concentration of CO in the vicinity of the cold wall (Lai et al., 2018), which is consistent with previous 

experimental findings (Mann et al., 2014; Jainski et al., 2017a,b; Kosaka et al., 2020). The CO 

production in the near-wall region was subsequently confirmed based on unsteady two-dimensional 

head-on quenching simulation (Palulli et al., 2019; Jiang et al., 2019) and three-dimensional DNS of 

sidewall quenching of turbulent V-flames (Jiang et al., 2021).  Despite these differences between simple 

and detailed chemistry simulations, the models for the Flame Surface Density (FSD)/Scalar Dissipation 

Rate (SDR), that have been developed based on simple chemistry DNS data (Lai et al., 2016a,b; 

Sellmann et al., 2017), have also been found to be valid based on detailed chemistry simulations (Lai 

et al., 2018) and experimental (Jainski et al., 2017a) data.   

 

Hydrogen is becoming increasingly popular as an alternative fuel for the future (Strategic framework 

for hydrogen energy in the UK, 2004) and thus it is important to compare and contrast the flame-wall 

interaction for hydrogen-air flames with that for conventional hydrocarbon-air (e.g. methane-air) flames 

under statistically similar conditions so that the differences in behaviours can be utilised to design future 

generation combustors to be operated based on high hydrogen content fuels. However, a comparison of 

flame-wall interactions for H2-air and hydrocarbon-air flames under statistically similar conditions is 

rarely found in the existing literature.  The present paper will address this void in the existing literature 

by carrying out three-dimensional detailed chemistry Direct Numerical Simulations (DNS) of head-on 

quenching of statistically planar flames for stoichiometric H2 −air and CH4 −air mixtures for identical 

values of normalised turbulence intensity 𝑢𝑢′/𝑆𝑆L and integral length scale to flame thickness ratio 𝑙𝑙/𝛿𝛿th 

away from the wall, where 𝑢𝑢′ is the root-mean-square value of velocity, 𝑆𝑆𝐿𝐿 is the unstrained laminar 

burning velocity, 𝑙𝑙 is the integral length scale of turbulence and 𝛿𝛿th = (𝑇𝑇ad − 𝑇𝑇0)/ max|∇𝑇𝑇|L is the 

thermal flame thickness with 𝑇𝑇,𝑇𝑇0 and 𝑇𝑇ad being the instantaneous, unburned gas and adiabatic flame 

temperatures, respectively. The DNS data has been utilised to compare the near-wall flame dynamics 

between head-on quenching of both laminar and turbulent statistically planar stoichiometric premixed 

H2 − air and CH4 − air premixed flames by an inert cold wall. In this respect, the main objectives of 

this analysis are: 
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(a) To compare the spatial distributions of species mass fractions, temperature, heat release rate, and the 

magnitudes of maximum heat flux and the minimum Peclet number for stoichiometric CH4 − air 

and H2 − air premixed flames under both laminar and turbulent conditions with identical values of 

turbulence intensity and integral length scale to flame thickness ratio. 

(b) To assess if the near-wall modelling of the mean reaction rate and FSD/SDR closure in the case of 

head-on quenching of stoichiometric H2 − air premixed flames can be achieved similarly as that in 

the case of stoichiometric CH4 − air premixed flames. 

The aforementioned aspects will be discussed thoroughly in section 3 after introducing the 

mathematical and physical formulation in section 2. Finally, the main conclusions will be summarised 

in the final section of this paper. 

 

2. GOVERNING EQUATIONS AND NUMERICAL IMPLEMENTATION 

The well-known, compressible SENGA2 code (Cant, 2012) has been employed to perform the detailed 

chemistry, three-dimensional, turbulent HOQ DNS. A resolution of 15 grid points across the thermal 

flame thickness 𝛿𝛿th results in a uniform Cartesian grid of dimension 256 × 256 × 256 for a cubic 

domain with a side length of 7.65 mm. High order spatial (10th order central difference scheme for the 

internal grid points decreasing at non-periodic boundaries to a one-sided 4th order scheme) and temporal 

discretization schemes (explicit low-storage 4th order Runge-Kutta) guarantee an accurate solution of 

the governing equations. The mean flame propagation takes place in the negative 𝑥𝑥1-direction. The 

inert, isothermal wall at the left-hand boundary is kept at an unburned gas temperature 𝑇𝑇0 of 300 K, 

while the opposite wall is taken to be partially non-reflecting (Poinsot and Lele, 1992). The directions 

perpendicular to the direction of mean flame propagation are taken to be periodic. A no-slip condition 

is imposed on the wall, which is considered to be isothermal, and the wall-normal diffusive flux is taken 

to be zero. The methane-air chemistry has been described by a skeletal chemical mechanism for 

atmospheric pressure combustion involving 16 species and 25 reactions (among these 10 reactions are 

reversible) (Smooke and Giovangigli, 1991). By contrast, a chemical mechanism involving 9 species 

and 19 reactions (Li et al., 2004) has been used for simulations of H2-air premixed flames. CHEMKIN 

(Kee et al., 2000) polynomials have been used to specify the temperature dependent thermo-physical 
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properties, such as viscosity or thermal conductivity. Mixture-averaged transport is adopted for both 

CH4-air and H2-air premixed flame simulations. The reacting species and temperature fields have been 

initialised using a 1D steady-state solution for the appropriate stoichiometry and thermochemistry. The 

turbulent fluctuations away from the wall have been generated using a synthetic, homogeneous isotropic 

velocity field following Rogallo (1981). No slip conditions are specified for all velocity components at 

the wall and the diffusive mass fluxes in the wall normal direction are considered to be zero. Table 1 

summarises the initial turbulence parameters away from the wall for cases A and B: the initial values 

of normalised root-mean-square (rms) turbulent velocity fluctuation 𝑢𝑢′/𝑆𝑆L, the ratio of integral length 

scale to flame thickness  𝑙𝑙/𝛿𝛿th, the Damköhler and Karlovitz  numbers Da = 𝑙𝑙𝑆𝑆L/𝑢𝑢′𝛿𝛿th, and Ka =

(𝑢𝑢′ 𝑆𝑆L⁄ )1.5(𝑙𝑙 𝛿𝛿th⁄ )−0.5 along with the heat release parameter values 𝜏𝜏 = (𝑇𝑇ad − 𝑇𝑇0)/𝑇𝑇0.  

Table 1. Initial turbulence parameters away from the wall 

Case Mixture Chemical Mechanism 𝒖𝒖′/𝑺𝑺𝐋𝐋 𝒍𝒍/𝜹𝜹𝐭𝐭𝐭𝐭 𝐃𝐃𝐃𝐃 𝐊𝐊𝐊𝐊 𝝉𝝉 

A Stoichiometric H2 − air  9 species, 19 reactions 5.0 2.5 0.5 7.0 7.0 

B Stoichiometric CH4 − air 16 species, 25 reactions 5.0 2.5 0.5 7.0 6.0 

 

The simulations have been run for 18 initial eddy turnover times (i.e. 18 𝑙𝑙/𝑢𝑢′) for cases A and B to 

ensure that the maximum and the minimum wall heat fluxes approach each other. In all simulations it 

has been ensured that the dimensionless wall normal distance  𝑥𝑥+ = 𝑢𝑢𝜏𝜏∆𝑥𝑥/𝜈𝜈 remains smaller than unity 

at all times (here 𝑢𝑢𝜏𝜏 = �|𝜏𝜏w|/𝜌̅𝜌 is the friction velocity, ∆𝑥𝑥 is the grid spacing, 𝜈𝜈, 𝜏𝜏w and 𝜌̅𝜌 are the 

kinematic viscosity the mean wall shear stress and mean gas density at the wall, respectively). Both 

cases A and B fall on the same location on the Borghi-Peters diagram (Peters 2000) and they nominally 

represent the thin reaction zones regime combustion (Peters, 2000). The adiabatic flame temperature 

for the stoichiometric CH4 − air mixture is different to the stoichiometric H2 − air flame for the same 

unburned gas temperature (i.e. 𝑇𝑇0 = 300 K), and thus the values of heat release parameter 𝜏𝜏 = (𝑇𝑇ad −

𝑇𝑇0)/𝑇𝑇0 for cases A and B are different. However, this difference in 𝜏𝜏 values should not play a major 

role because it was demonstrated previously (Poinsot et al., 1993; Poinsot and Veynante, 2001) that the 
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heat flux and the flame quenching distance in the case of head-on quenching are not significantly 

affected by the heat release parameter.   

 

The reaction progress in premixed flames, can be quantified either in terms of the reaction progress 

variable 𝑐𝑐 or using non-dimensional temperature 𝑇𝑇 as follows (Poinsot et al., 1993; Poinsot and 

Veynante, 2001) 

𝑐𝑐 =
𝑌𝑌R,0 − 𝑌𝑌R
𝑌𝑌R,0 − 𝑌𝑌R,∞

 and 𝑇𝑇 =
𝑇𝑇� − 𝑇𝑇0
𝑇𝑇ad − 𝑇𝑇0

  . (1) 

Here the subscripts 0 and ∞ indicate values in the unburned and fully burned gas respectively and 𝑌𝑌R 

denotes a suitable reactant mass fraction. This convention results in a value of 𝑐𝑐 = 0.0 in the unburned 

reactants and 𝑐𝑐 = 1.0 in the fully burned products and increases monotonously in between. The reaction 

progress variable 𝑐𝑐 is defined based on methane and hydrogen mass fractions, for cases A and B 

respectively. It is also worth noting that alternative definitions of 𝑐𝑐 are possible by using either an 

alternative reactant mass fraction (e.g. O2 mass fraction) in Eq. 1 or by using a suitable product mass 

fraction 𝑌𝑌P (e.g. H2O mass fraction) in 𝑐𝑐 = (𝑌𝑌P − 𝑌𝑌P,0)/(𝑌𝑌P,∞ − 𝑌𝑌P,0). The choice of the definition of 𝑐𝑐 

does not directly affect the conclusions of the analysis conducted here, and thus this aspect will not be 

discussed further in this paper. 
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Figure 1. Distributions of 𝑐𝑐 (based on fuel mass fraction) and non-dimensional temperature 𝑇𝑇 at 
different time instants for (1st -2nd column) case A (stoichiometric hydrogen-air premixed flame), and 
(3rd -4th column) case B (stoichiometric methane-air premixed flame).  
 

As the cases considered here are statistically planar flames with the mean direction of flame propagation 

aligning with 𝑥𝑥1 −direction, the Reynolds/Favre averaging operation for a general quantity has been 

conducted in the homogeneous directions (i.e. over 𝑥𝑥2 − 𝑥𝑥3 planes) following several previous analyses 

(Zhang and Rutland, 1995; Veynante et al., 1997; Lai and Chakraborty, 2016a-b; Lai et al., 2017a-c, 

2018). 
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Case A Case B 

  

  

 
Figure 2. PDFs of 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗   within the region given by 0.1 ≤ 𝑐𝑐 ≤ 0.9 for case A (1st column) at time 
𝑡𝑡𝑆𝑆L/𝛿𝛿th = 0.67 (top) and 1.57 (bottom), case B (2nd column) at time 𝑡𝑡𝑆𝑆L/𝛿𝛿th = 0.72 (top) and 1.28 
(bottom). 
 

3. RESULTS & DISCUSSION 

Flame-turbulence interaction 

The isosurfaces of reaction progress variable 𝑐𝑐 and non-dimensional temperature  𝑇𝑇 at different time 

instants are exemplarily shown in Fig. 1 for cases A and B. The time instants, shown in Fig. 1 (and also 

in subsequent figures), are different for cases A and B because the flame propagates at different rates 

in these two cases and thus interacts with the wall at different time instants. The probability density 

functions (PDFs) of 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗  for 0.1 ≤ 𝑐𝑐 ≤ 0.9 at two different time instants representing early and later 

stages of FWI are presented in Fig. 2 for cases A and B, where 𝑁𝑁��⃗ = −∇𝑐𝑐/|∇𝑐𝑐| is the local flame normal 

vector and 𝑀𝑀��⃗   is the wall normal vector. In this configuration, a value of 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗ = −1.0  is representative 

of head-on quenching of a perfectly planar flame propagating towards the wall. Moreover, the departure 
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of 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗  from –1.0 also provides a measure of local flame wrinkling. It is evident from Fig. 2 that the 

PDFs of 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗  peak at –1.0 for both cases for all time instants but the probability of finding 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗ ≠

−1.0 increases with time, and this tendency is stronger in case A than in case B. At 𝑡𝑡 = 1.67𝛿𝛿𝑡𝑡ℎ/𝑆𝑆𝐿𝐿, 

case A exhibits significant probabilities of finding 𝑁𝑁��⃗ ∙ 𝑀𝑀��⃗ > 0.0, indicating the roles of entrained flame 

elements in flame quenching, as suggested previously by Poinsot et al. (1993) and Zhao et al. (2018). 

However, this tendency is relatively weaker in case B due to smaller extent of flame wrinkling than in 

case A.  Figure 2 indicates that there are local occurrences of sidewall and oblique-wall quenching in 

both cases although the flame-wall interaction in both cases takes place in predominantly head-on 

quenching mode. The likelihood of sidewall and oblique-wall quenching is higher in case A than in 

case B due to the greater extent of flame wrinkling in case A than in case B due to thermo-diffusive 

effects arising from  𝐿𝐿𝐿𝐿 < 1 species (e.g. H, H2) in case A (see Lai et al., 2016a, Konstantinou et al., 

2021 for  𝐿𝐿𝐿𝐿 < 1 effects in the context of simple chemistry). 

 

 
(a) 

 
(b) 

Figure 3. Variations of (a) 𝑐̃𝑐 and (b) 𝑇𝑇�  with 𝑥𝑥1/𝛿𝛿th at different time instants for (left column) case A 
and (right column) case B.  
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(a) 

 
(b) 

Figure 4. Variations of (a) Ω�𝑐𝑐 = 𝜔̇𝜔�𝑐𝑐 × 𝛿𝛿th/𝜌𝜌0𝑆𝑆L and (b) Ω�𝑇𝑇 = 𝜔̇𝜔�𝑇𝑇 × 𝛿𝛿th �𝜌𝜌0𝑆𝑆L𝐶𝐶𝑝𝑝0𝑇𝑇0��  with normalised  
wall normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for (left column) case A and (right column) case 
B. 
 

It can further be seen from Fig. 1 that both 𝑐𝑐 and 𝑇𝑇 isosurfaces approach the wall as time progresses but 

the evolutions of 𝑐𝑐 and 𝑇𝑇 distributions take place at different rates. It can be appreciated from Fig. 1 

that the distributions of 𝑐𝑐 and  𝑇𝑇 are qualitatively similar away from the wall but their distributions are 

significantly different in the vicinity of the wall for both cases A and B because the boundary conditions 

for temperature and fuel mass fraction are different at the wall. The wall normal component of the mass 

diffusion flux of the reaction progress variable vanishes at the wall, whereas a Dirichlet type boundary 

condition is imposed for temperature. These differences in boundary conditions for 𝑐𝑐 and 𝑇𝑇 lead to 

decoupling between these two quantities at the wall and a similar behaviour has been observed in 

previous simple chemistry DNS studies (Poinsot et al., 1993; Lai and Chakraborty, 2016a,b). The 

inequality between 𝑐𝑐 and 𝑇𝑇 is particularly stronger for the stoichiometric H2-air premixed flame case 

(i.e. case A) than in the case of the stoichiometric CH4 − air premixed flame (i.e. case B) and the 

significant inequality between 𝑐𝑐 and 𝑇𝑇 can be observed in case A even when the flame is away from the 

wall due to differential diffusion of heat and species induced by light species such as H and H2.  
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Figure 5. Variation of Favre-averaged mass fractions of H2, O2, H2O, O, OH, H, HO2 and H2O2 with the 
normalised wall normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for head-on quenching of a turbulent 
stoichiometric hydrogen-air premixed flame (case A).  
 

Distributions of Favre-averaged values of reaction progress variable and temperature 

The decoupling between 𝑐𝑐 and  𝑇𝑇 is reflected also in their Favre-averaged counterparts 𝑐̃𝑐 and 𝑇𝑇� , where 

𝑞𝑞� = 𝜌𝜌𝜌𝜌����/𝜌̅𝜌  and 𝑞𝑞� denote the Favre-averaged and Reynolds averaged values of a general quantity 𝑞𝑞, 

respectively. This can be substantiated from Figs. 3a and 3b where the variations of 𝑐̃𝑐 and 𝑇𝑇�  with the 

normalised wall-normal distance 𝑥𝑥1/𝛿𝛿th are shown at different time instants, respectively. The 

corresponding variations of the mean normalised reaction rate of progress variable  Ω�𝑐𝑐 =

𝜔̇𝜔�𝑐𝑐 × 𝛿𝛿th/𝜌𝜌0𝑆𝑆L and the normalised mean heat release rate Ω�𝑇𝑇 = 𝜔̇𝜔�𝑇𝑇 × 𝛿𝛿th (𝜌𝜌0𝑆𝑆L𝐶𝐶𝑝𝑝0𝑇𝑇0)�  (where 𝜔̇𝜔𝑇𝑇 =

−∑ 𝜔̇𝜔𝑖𝑖ℎf,𝑖𝑖
0𝑁𝑁

𝑖𝑖=1  is the dimensional heat release term with 𝜔̇𝜔𝑖𝑖 ,𝐶𝐶𝑝𝑝0 and ℎf,𝑖𝑖
0  being the reaction rate, mixture 

specific heat at constant pressure in the unburned gas and enthalpy of formation of species i, respectively 
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and 𝑁𝑁 is the total number of species) in the wall-normal direction are shown in Figs. 4a and 4b, 

respectively at different time instants for both cases A and B.   

 

A comparison between 𝑐̃𝑐 and 𝑇𝑇�  distributions in Fig. 3 reveals that 𝑇𝑇�  vanishes at the wall (i.e. 𝑥𝑥1 𝛿𝛿th⁄ =

0), whereas the value of 𝑐̃𝑐 increases from 𝑐̃𝑐 = 0  at the wall with time during the flame-wall interaction. 

This behaviour is a result of isothermal wall boundary condition and vanishing of the wall-normal 

diffusive flux of the reaction progress variable definition. This observation is consistent with previous 

findings for both laminar and turbulent flames (Lai and Chakraborty 2016a,b; Lai et al., 2018). A 

comparison between Figs. 3 and 4 reveals that Ω�𝑐𝑐 either vanishes in case B or assumes negligible values 

in case A at the wall even when a non-zero value of 𝑐̃𝑐 is obtained at the wall. Thus, the increase in 𝑐̃𝑐  at 

the wall in case B does not arise due to chemical reaction but originates due to the diffusion of the 

unutilised fuel pockets from the quenching sites to the burned gas side. To explain higher 𝑐̃𝑐 values at 

the wall in case A than in case B, it is worthwhile to consider the variations of Ω�𝑐𝑐  in the wall-normal 

direction. It can be seen from Fig. 4a that Ω�𝑐𝑐 vanishes in the vicinity of the wall in the stoichiometric 

CH4 − air flame (i.e., in case B), whereas Ω�𝑐𝑐  decreases as the wall is approached but a non-zero value 

is obtained at the wall during the flame-wall interaction in the stoichiometric H2-air premixed flame 

case (i.e. case A).  This non-zero value of Ω�𝑐𝑐  leads to higher values of 𝑐̃𝑐 at the wall in case A than in 

case B where Ω�𝑐𝑐 vanishes at the wall.  It can further be seen by comparing Figs. 4a and 4b that  Ω�𝑇𝑇 does 

not vanish at the wall in both cases A and B even when Ω�𝑐𝑐 assumes vanishingly small values in the 

near-wall region.  
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Figure 6. Variation of Favre-averaged mass fractions of CH4, O2, CO2, H2O, OH, H, HO2, H2O2 and CO 
with the normalised wall normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for head-on quenching of a 
turbulent stoichiometric methane-air premixed flame (case B).  
 

A comparison between Figs. 3 and 4 indicates that Ω�𝑇𝑇 remains vanishingly small at the wall at early 

times when the flame is away from the wall for both cases but Ω�𝑇𝑇   assumes significant non-zero values 

at later times when the flame reaches the vicinity of the wall. This behaviour is particularly strong for 

the stoichiometric H2-air premixed flame case (i.e., case A) where the magnitude of Ω�𝑇𝑇  at the wall 

during flame-wall interaction becomes comparable to the peak values of Ω�𝑇𝑇 when the flame is away 
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from the wall. By contrast, in the stoichiometric CH4-air flame case (i.e., case B), the magnitude of 

Ω�𝑇𝑇  at the wall during flame-wall interaction remains much smaller than the peak values of Ω�𝑇𝑇 when the 

flame is away from the wall. However, a comparison between Figs. 3 and 4 reveals that high values of 

Ω�𝑇𝑇 are obtained at high-temperature locations in case A when the flame is away from the wall, whereas 

at some stages of flame-wall interaction the peak value of Ω�𝑇𝑇 can be found at the wall where the 

temperature is the lowest. Thus, the mechanism behind the high magnitudes of Ω�𝑇𝑇 at the wall is expected 

to be significantly different to that when the flame is away from the wall, which leads to large values 

of Ω�𝑇𝑇 within the flame.  

 

Heat release rate at the wall 

To explain the mechanism for heat release rate at the wall, the variations of major and important 

intermediate species mass fractions in the wall-normal direction at different time instants for cases A 

and B are shown in Figs. 5 and 6, respectively. It can be seen from Figs. 5 and 6 that both H2 and CH4 

are depleted in the vicinity of the wall in cases A and B, respectively which is reflected in the increase 

of 𝑐̃𝑐 at the wall with time in Fig. 3.  

 

The mass fractions of CO, OH and H remain small in the unburned gas, but they assume peak values 

within the flame before decreasing weakly towards the burned gas side in the case of the stoichiometric 

methane-air premixed flame case (i.e., case B) when the flame is away from the wall. The mass fractions 

of OH and H remain small at the wall when the flame is away from the wall, but these mass fractions 

increase in the wall-normal direction for both cases A and B. The OH radical is responsible for CO 

oxidation according to CO+OH→CO2+H in case B, which also leads to the production of H, and this 

is crucial for chain branching reactions (e.g., H+O2→OH+O; O+H2O→OH+OH) at high temperature. 

The absence of OH and low temperature in the near-wall region at the advanced stage of flame 

quenching give rise to the accumulation of CO in this region, where the CO oxidisation process becomes 

slower, and production of H from this chain stagnates. The near-wall accumulation of CO is consistent 

with previous experimental (Mann et al., 2014; Jainski et al., 2017a,b; Kosaka et al., 2020) and 

numerical (Palulli et al., 2019; Jiang et al., 2019,2021) studies.   
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(a) 

 
                                         (b) 

 
Figure 7. Percentage of the overall heat release at the wall arising from different species at different 
time instants for (a) case A and (b) case B. 
 

Figures 5 and 6 show that the mass fractions of HO2 and H2O2 exhibit significant increases at the wall 

during advanced stages of flame quenching for cases A and B. However, this tendency is particularly 
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prevalent in the stoichiometric H2-air premixed flame-wall interaction. The reaction steps 

O2+H+M→HO2+M and 2HO2→H2O2+O2 can take place at a low temperature, and these reaction steps 

are responsible for the considerable rise of HO2 and H2O2 concentrations at the wall. In the 

stoichiometric H2-air premixed flame-wall interaction, the reactions H2+OH→H2O+H and 

H2+O→OH+H can take place at relatively low temperatures if OH and O are supplied, and eventually, 

H is consumed in several intermediate chemical reactions (e.g. O2+H+M→HO2+M, H+O+M↔OH+M, 

H+OH+M↔H2O+M), which can take place at low temperature during flame-wall interaction when O 

and OH diffuse to the near-wall region from the flame. This can be substantiated by the increases in H 

and H2O concentration at the wall as the flame approaches the wall in the case of flame-wall interaction 

of the stoichiometric H2-air premixed flame (i.e., case A). This consumption of H2 at the wall in case 

A is reflected in the non-zero value of 𝑐̃𝑐 and non-zero value of Ω�𝑐𝑐 at the wall.  

 

The percentage shares of a given species 𝛼𝛼 on the total mean heat release rate at the wall (i.e. %HR =

−𝜔̇𝜔𝛼𝛼����ℎ𝑓𝑓𝑓𝑓0 /𝜔̇𝜔�𝑇𝑇 × 100 = 𝜔̇𝜔𝛼𝛼����ℎ𝑓𝑓𝑓𝑓0 × 100/∑ 𝜔̇𝜔𝛼𝛼����ℎ𝑓𝑓𝑓𝑓0𝑁𝑁
𝛼𝛼=1 )  at different time instants are shown in Figs. 7a and 

7b for cases A and B, respectively. It can be seen from Fig. 7b that the heat release at the wall in the 

case of stoichiometric CH4-air flame originates principally due to HO2 and H2O2 due to low-temperature 

chemical reactions O2+H+M→HO2+M and 2HO2→H2O2+O2, which is consistent with previous 

findings (Lai et al., 2018). Figure 7a indicates that the heat release at the wall in case A arises principally 

due to H and H2O, which is consistent with the increases of the concentration of these species at the 

wall with the progress of flame-wall interaction. Furthermore, the importance of O2+H+M→HO2+M, 

H+O+M↔OH+M, H+OH+M↔H2O+M is reflected in the principal role played by H and H2O on the 

near-wall heat release rate in case A. The chemical reactions H+O2 ↔OH+O, H2+O↔OH+H, H2 + 

OH↔H2O +H and H2O + O↔OH+OH remain active for high temperatures, which includes chain 

branching reactions (e.g. H+O2→OH+O; H2O+O→OH+OH) and they are responsible for the heat 

release rate within the flame. At early times when the flame is away from the wall, H, OH and O are 

not available in the near-wall region (see Fig. 6) and thus the reactions O2+H+M→HO2+M, 

H+O+M↔OH+M, H+OH+M↔H2O+M, H+HO2↔2OH cannot take place at the wall. However, as 

time progresses and the flame comes in the vicinity of the wall, the chemical reactions such as 
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O2+H+M→HO2+M, H+O+M↔OH+M, H+OH+M↔H2O+M, H+HO2↔2OH can take place in the 

presence of O and OH, and accordingly lead to the heat release at the wall.  

 

Wall heat flux and quenching distance 

The near-wall behaviour of Ω�𝑐𝑐 and Ω�𝑇𝑇 influences the heat flux and the minimum wall-normal distance 

of the flame surface in the case of flame quenching. In this configuration, the flame-wall interaction can 

be characterised by the maximum value of the normalised wall heat flux magnitude Φ (i.e. Φmax) and 

the minimum value of the Peclet number (i.e. Pemin), which are defined as (Poinsot et al., 1993; Poinsot 

and Veynante, 2001; Lai and Chakraborty, 2016a,b; Lai et al., 2018): 

Φ = |𝑞𝑞w|/�𝜌𝜌0𝑆𝑆L𝐶𝐶𝑝𝑝0(𝑇𝑇ad − 𝑇𝑇0)�   and  Pe = 𝑋𝑋/𝛿𝛿th      (3) 

where 𝑞𝑞w = −𝜆𝜆 (𝜕𝜕𝑇𝑇�/𝜕𝜕𝑥𝑥1)w is the instantaneous wall heat flux with 𝜆𝜆  being the thermal conductivity, 

and 𝑋𝑋 is the wall-normal distance of a predetermined 𝑇𝑇 value (e.g. the non-dimensional temperature for 

which either the maximum value of reaction rate of 𝑐𝑐 or the maximum heat release rate is obtained) for 

a 1D unstretched freely propagating premixed flame. The temporal evolutions of Φ and Pe during head-

on quenching of both laminar and turbulent premixed flames have been presented elsewhere (Poinsot 

et al., 1993; Lai and Chakraborty., 2016a,b, Lai et al., 2018). The same qualitative behaviours have 

been observed here and thus are not explicitly shown for the sake of brevity but the maximum 

(minimum) values of Φ (Pe) will be discussed because of their importance in characterising the flame 

quenching process due to the wall heat loss.  

 

The maximum values of Ω𝑐𝑐 and Ω𝑇𝑇  for a 1D unstretched stoichiometric CH4 −air premixed flame is 

obtained close to 𝑇𝑇 = 0.7 (Liu et al., 2002), and thus the Peclet number for the stoichiometric CH4 −air 

premixed flame can be defined based on the wall-normal distance of the 𝑇𝑇 = 0.7 isosurface. The 

minimum Peclet number for laminar head-on quenching of the stoichiometric CH4 −air premixed flame 

(i.e.  (Pemin)L) is found to be 1.54, whereas the minimum value of the Peclet number Pemin for the 

turbulent simulation has been found to be 1.70. As the minimum Peclet number is indicative of the 

flame quenching distance, it can be inferred that the minimum quenching distance for the turbulent 
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head-on quenching of the stoichiometric CH4 −air premixed flame considered here (i.e. case B) remains 

comparable to that obtained from the corresponding 1D laminar flame simulation, which is consistent 

with previous findings based on single-step chemistry with unity Lewis number (Lai et al., 2016a).  

 

In contrast to the stoichiometric CH4 −air premixed flame, the maximum value of Ω𝑐𝑐 is obtained at  

𝑇𝑇 ≈ 0.5, whereas the maximum value of Ω𝑇𝑇 is attained at 𝑇𝑇 ≈ 0.3 for a 1D unstretched stoichiometric 

H2 −air premixed flame. The minimum Peclet number for 1D laminar head-on quenching of the 

stoichiometric H2 −air premixed flame based on the wall-normal distance of the 𝑇𝑇 = 0.3 (𝑇𝑇 = 0.5) 

isosurface is 0.13 (0.38). However, the minimum Peclet number 𝑃𝑃𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚 based on the 𝑇𝑇 = 0.3 (𝑇𝑇 = 0.5) 

isosurface during head-on quenching of turbulent stoichiometric H2 −air flame is found to be 0.11 

(0.24). This suggests that the minimum quenching distance decreases under turbulent conditions in the 

stoichiometric H2 −air premixed flame, which is consistent with the decrease in the minimum 

quenching distance under turbulent conditions for 𝐿𝐿𝐿𝐿 < 1 simple chemistry DNS (Lai and Chakraborty, 

2016a). The flame elements, which are convexly curved towards the reactants, remain close to the wall 

because of the geometric configuration of head-on-quenching. The differential diffusion effects induced 

by faster diffusion of reactants than the thermal diffusion rate in the regions, which are convexly curved 

towards the reactants, give rise to relatively higher rates of heat release and higher temperature in these 

regions in the stoichiometric H2 − air premixed flame than in the corresponding laminar  flame (e.g. 

𝑇𝑇 ≈ 0.5 is associated with 𝑐𝑐 = 0.75 in the stoichiometric H2 −air premixed flame), which is similar to 

the flames with characteristic Lewis number smaller than unity (i.e. 𝐿𝐿𝐿𝐿 <1) (Rutland and Trouve, 1993; 

Chakraborty and Cant, 2005; Lai and Chakraborty, 2016a; Konstantinou et al., 2021). This can be 

substantiated from Fig. 8 where the instantaneous 𝑐𝑐 = 0.75 isosurfaces coloured by non-dimensional 

temperature 𝑇𝑇 are shown for cases A and B at different time instants. Therefore, the turbulent flame 

elements, which are convexly curved towards the reactants, can potentially resist the heat loss through 

the wall and can reach closer to the wall before quenching than in the case of head-on-quenching of the 

corresponding planar laminar flame.  
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It can further be seen from Fig. 8 that there is a variation of non-dimensional temperature also on the 

𝑐𝑐 = 0.75 isosurface even for the stoichiometric CH4 −air premixed flame, where the relatively high 

temperature zones are associated with the regions which are concave to the fresh reactants. By contrast, 

relatively low temperature values are obtained at the zones which are convex to the fresh reactants in 

case B (see Fig. 8).  This behaviour is analogous to 𝐿𝐿𝐿𝐿 > 1 flames in the context of simple chemistry 

simulations where the faster focusing of heat fluxes than the defocusing of mass fluxes of the reactants 

at the regions which are concavely curved regions leads to high values of reaction rate magnitudes and 

temperatures (Rutland and Trouve, 1993; Chakraborty and Cant, 2005; Lai and Chakraborty, 2016a; 

Konstantinou et al., 2021). The presence of 𝐿𝐿𝐿𝐿 > 1 species such as CO and CO2 along with heavier 

hydrocarbons (e.g. C2H2, C2H4 and C2H6) in the reaction zone for the stoichiometric CH4 − air 

premixed flame induces the behaviour analogous to 𝐿𝐿𝐿𝐿 > 1 flames. As the low temperature zones face 

the wall in the stoichiometric CH4 −air premixed flame in contrast to high temperature zones in the 

stoichiometric H2 −air premixed flame, the flame in case B quenches more readily than in case A. This 

also explains the larger flame quenching distance in the stoichiometric CH4 − air premixed flame than 

in the stoichiometric H2 − air premixed flame. 

 

It is worth noting that the spatial distribution of temperature in the laminar premixed stoichiometric 

CH4 − air premixed flame is significantly different from that in the laminar premixed stoichiometric 

H2 − air premixed flame. In the CH4 − air premixed flame, a high-temperature gradient is obtained 

close to the burned gas side of the flame where the maximum heat release rate is obtained (e.g. 𝑇𝑇 ≈

0.7), whereas the temperature gradient remains small for 𝑇𝑇 > 0.3  in the stoichiometric H2 −air 

premixed flame (Liu et al., 2002). Thus, the minimum Peclet number based on the 𝑇𝑇 isosurface 

corresponding to the maximum heat release in the stoichiometric H2 − air premixed flame turns out to 

be smaller than that in the case of a CH4 − air premixed flame for both laminar and turbulent conditions. 

This is consistent with previous findings by Dabireau et al. (2003) and Gruber et al. (2010). 
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Figure 8. Instantaneous views of the 𝑐𝑐 = 0.75 isosurface coloured by the local non-dimensional 
temperature 𝑇𝑇 for case A (1st column) at time 𝑡𝑡𝑆𝑆L/𝛿𝛿th = 0.67 (top) and 1.57 (bottom), case B (2nd 
column) at time 𝑡𝑡𝑆𝑆L/𝛿𝛿th = 0.72 (top) and 1.28 (bottom), 
 

In head-on-quenching, the instant when the minimum Peclet number is obtained coincides almost with 

the attainment of the maximum value of the normalised wall heat flux magnitude  Φmax. The maximum 

value of the normalised wall heat flux magnitude Φmax for 1D laminar head-on quenching for the 

stoichiometric CH4 − air premixed flame has been found to be 0.47, whereas a comparable value (i.e., 

Φmax = 0.48) is obtained during the flame-wall interaction of the corresponding turbulent flame. In 

the turbulent head-on-quenching case, there are more flame surface elements in the vicinity of the wall 

due to flame wrinkling and thus the maximum heat flux value can be greater than the corresponding 

value for the 1D head-on-quenching simulation. However, for both laminar and turbulent head-on-

quenching of the stoichiometric CH4 −air premixed flames, Φmax roughly scales with 1/Pemin (i.e. 

Φmax~1/Pemin), which is consistent with previous findings based on single-step chemistry (Poinsot et 

al., 1993; Lai and Chakraborty, 2016a,b; Lai et al., 2018). By contrast, Φmax for head-on quenching of 

the turbulent stoichiometric H2 −air premixed flame case (i.e., case A) is found to be 0.15, whereas the 

value in the corresponding case of laminar 1D head-on quenching is 0.12. These Φmax values in the 
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case of head-on quenching of stoichiometric H2 −air premixed flames are smaller than 1/Pemin.  This 

behaviour can be explained in the following manner. The maximum heat flux magnitude scales as: 

|𝑞𝑞w|~𝜆𝜆∆𝑇𝑇/𝑋𝑋, where ∆𝑇𝑇 is the dimensional temperature rise over the quenching distance 𝑋𝑋. This 

suggests that Φmax can be taken to scale as: 

                            Φmax~𝛿𝛿z∆𝑇𝑇/[(𝑇𝑇ad − 𝑇𝑇0)𝑋𝑋]~(𝛿𝛿z 𝛿𝛿th⁄ )𝑃𝑃𝑒𝑒min−1 ∆𝑇𝑇/(𝑇𝑇ad − 𝑇𝑇0)                              (4) 

where 𝛿𝛿Z = 𝛼𝛼𝑇𝑇0/𝑆𝑆L is the Zel’dovich flame thickness with 𝛼𝛼𝑇𝑇0 being the unburned gas thermal 

diffusivity. In the stoichiometric CH4 − air premixed flame ∆𝑇𝑇/(𝑇𝑇ad − 𝑇𝑇0) remains of the order of unity 

(≈0.7), whereas this ratio is much smaller than unity (≈0.3) for the stoichiometric H2 − air premixed 

flame. Moreover, (𝛿𝛿th 𝛿𝛿z⁄ ) in the stoichiometric H2 −air premixed flame is much greater than in the 

stoichiometric CH4 − air premixed flame, which also contributes to smaller values of Φmax in the 

stoichiometric H2 − air premixed flame in comparison to that in the stoichiometric CH4 −air premixed 

flame. This is also consistent with previous findings by Dabireau et al. (2003) and Gruber et al. (2010). 

Thus, the scaling Φmax~1/Pemin cannot be used for the stoichiometric H2 −air premixed flame.  

 

 
(a)                                                                             (b) 

 
Figure 9. Variations of Ω�𝑐𝑐 (▬▬),  𝜌𝜌0𝑆𝑆𝐿𝐿Σgen × 𝛿𝛿𝑡𝑡ℎ/𝜌𝜌0𝑆𝑆𝐿𝐿  (▬ ▬), and the prediction of Eq. 6 (▬○ ▬), 
with normalised wall normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for (a) case A and (b) case B. 
 
 

FSD based mean reaction rate closure in the near-wall region 

The differences in thermo-chemistry and heat transfer characteristics between the head-on-quenching 

of stoichiometric CH4 − air and stoichiometric H2 − air premixed flames revealed by the foregoing 

discussion are likely to have implications on the near-wall modelling of mean reaction rate. The mean 
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reaction rate 𝜔̇𝜔� in turbulent premixed flames away from the wall is often modelled with the help of 

generalised FSD 𝛴𝛴gen = |∇𝑐𝑐|�����  (Boger et al., 1998) as: 

𝜔̇𝜔�𝑐𝑐 ≈ (𝜌𝜌𝑆𝑆d)��������s𝛴𝛴gen (5) 

where (𝑄𝑄)�����s = 𝑄𝑄|∇𝑐𝑐|�������/𝛴𝛴gen indicates a surface-averaging operation and 𝑆𝑆d = (D𝑐𝑐/D𝑡𝑡)/|∇𝑐𝑐| is the 

displacement speed (Boger et al., 1998). The quantity (𝜌𝜌𝑆𝑆d)�������𝑠𝑠 is often modelled as (𝜌𝜌𝑆𝑆d)�������s ≈ 𝜌𝜌0𝑆𝑆L 

(Boger et al., 1998; Hawkes and Cant, 2001). The temporal evolutions of �𝜌𝜌0𝑆𝑆L 𝛴𝛴gen� × 𝛿𝛿th/𝜌𝜌0𝑆𝑆𝐿𝐿 in 

the wall-normal direction are compared to Ω�𝑐𝑐 in Fig. 9, which shows that 𝜌𝜌0𝑆𝑆L𝛴𝛴gen overpredicts 𝜔̇𝜔�𝑐𝑐 in 

the near-wall region and predicts the non-zero value of the mean reaction rate at the wall for both cases 

A and B. This behaviour is also consistent with previous findings based on simple chemistry (Alshaalan 

et al., 1998; Bruneaux et al., 1996,1997; Sellmann et al., 2017). It can be noted that in the derivation of 

Eq. 5 it is assumed that the mean molecular diffusion rate ∇ ∙ (𝜌𝜌𝜌𝜌∇𝑐𝑐)�������������� remains negligible in comparison 

to the mean reaction rate 𝜔̇𝜔�𝑐𝑐 (i.e. 𝜔̇𝜔�𝑐𝑐 ≫ ∇ ∙ (𝜌𝜌𝜌𝜌∇𝑐𝑐)��������������) but this is not necessarily the case in the near-wall 

region in the case of head-on quenching because 𝜔̇𝜔�𝑐𝑐 vanishes but ∇ ∙ (𝜌𝜌𝜌𝜌∇𝑐𝑐)�������������� does not in the flame 

quenching zone. 

 

Sellmann et al. (2017) demonstrated that the models proposed by Alshaalan et al. (1998) and Bruneaux 

et al. (1996,1997) do not adequately capture the near-wall behaviour of Ω�𝑐𝑐 in head-on quenching and 

the same behaviour has been observed here and thus is not shown here for the sake of brevity. Sellmann 

et al. (2017) proposed a new model expression for the FSD based 𝜔̇𝜔�𝑐𝑐 closure based on simple chemistry, 

which was found to predict the mean reaction rate for a range of different conditions in terms of 

turbulence intensity and global Lewis number. The model expression by Sellmann et al. (2017) is given 

as: 

𝜔̇𝜔�𝑐𝑐 = 𝐴𝐴1𝐿𝐿𝐿𝐿−1𝜌𝜌0𝑆𝑆L𝛴𝛴gen, where 𝐴𝐴1 = 0.5[erf (𝑥𝑥1 𝛿𝛿𝑍𝑍⁄ − 0.7Π ) + 1]  

and Π = (𝑃𝑃𝑃𝑃min)L𝛿𝛿th/𝛿𝛿𝑧𝑧[erf(8𝐿𝐿𝐿𝐿 − 6.0) + 1]/2 

(6) 

Here, 𝐿𝐿𝐿𝐿 refers to the Lewis number of the species based on which 𝑐𝑐 is defined, (𝑃𝑃𝑃𝑃min)L is the Peclet 

number evaluated based on the wall-normal distance of 𝑇𝑇 = 0.3 (𝑇𝑇 = 0.7) isosurface for case A (case 
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B) according to the previous discussion on the minimum Peclet number. Figure 9 shows that Eq. 6 

satisfactorily predicts the variation of 𝜔̇𝜔�𝑐𝑐 both away from and close to the wall for both cases A and B. 

Thus, the FSD based reaction rate closure proposed previously based on a-priori analysis of simple 

chemistry DNS data is found to be valid also for detailed chemistry simulations of head-on quenching, 

which is consistent with previous computational findings (Lai et al., 2018). 

 

  
(a)                                                                               (b) 

 
Figure 10. Variations of Ω�𝑐𝑐 (▬▬), 2𝜌̅𝜌𝜀𝜀𝑐̃𝑐/(2𝑐𝑐𝑚𝑚 − 1) × 𝛿𝛿𝑡𝑡ℎ/𝜌𝜌0𝑆𝑆𝐿𝐿  (▬ ▬), and the prediction of Eq. 8 
(▬○ ▬), with normalised  wall normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for (a) case A and (b) 
case B. 
 

Scalar dissipation rate (SDR) based mean reaction rate closure in the near-wall region 

Another alternative mean reaction rate closure was proposed by Bray (1980) using the scalar dissipation 

rate in the following manner: 

𝜔̇𝜔�c  = 2𝜌̅𝜌𝜀𝜀𝑐𝑐� (2𝑐𝑐m − 1)⁄  (7) 

where 𝜀𝜀𝑐𝑐� = 𝜌𝜌𝜌𝜌∇𝑐𝑐′′ ⋅ ∇𝑐𝑐′′����������������/𝜌̅𝜌 is the unresolved SDR, and 𝑐𝑐m = ∫ [𝜔̇𝜔𝑐𝑐]L𝑓𝑓(𝑐𝑐)d𝑐𝑐1
0 /∫ [𝜔̇𝜔]L𝑓𝑓(𝑐𝑐)d𝑐𝑐1

0  is a 

thermo-physical parameter (0.75 and 0.87 in cases A and B, respectively) with 𝑓𝑓(𝑐𝑐) being the burning-

mode PDF. Equation 7 was originally derived for 𝐷𝐷𝐷𝐷 ≫ 1 where a presumed bimodal distribution with 

impulses at 𝑐𝑐 = 0.0 and 𝑐𝑐 = 1.0 can be taken to approximate the PDF of 𝑐𝑐. However, Chakraborty and 

Cant (2011) demonstrated based on scaling arguments that Eq. 7 remains valid also for 𝐷𝐷𝐷𝐷 < 1 

combustion within the flamelet regime. The variations of 2𝜌̅𝜌𝜀𝜀𝑐𝑐� (2𝑐𝑐m − 1)⁄ × 𝛿𝛿th/𝜌𝜌0𝑆𝑆L with the 

normalised wall-normal distance 𝑥𝑥1/𝛿𝛿th at different time instants are compared to the corresponding  

Ω�𝑐𝑐 variations in Fig. 10, which shows that Eq. 7 predicts 𝜔̇𝜔�c satisfactorily when the flame is away from 
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the wall (e.g. 𝑡𝑡𝑆𝑆L 𝛿𝛿th⁄ = 0.67 and 0.72 in cases A and B, respectively). However, Eq. 7 does not capture  

Ω�𝑐𝑐 variations and overpredicts the mean reaction rate significantly in the near-wall region showing non-

zero values at the wall when the flame starts to interact with the wall (e.g. 𝑡𝑡𝑆𝑆L 𝛿𝛿th⁄ = 1.34 and 1.12 in 

cases A and B, respectively).  

 

 
(a)                                                                           (b) 

Figure 11. Variations of  𝑐𝑐′′2�  (▬▬),  𝑐̃𝑐(1 − 𝑐̃𝑐)(▬ ▬) with normalised wall normal distance 𝑥𝑥1/𝛿𝛿th at 
different time instants for (a) case A and (b) case B.  
 

The deviation of 𝑐𝑐′′2�  from  𝑐̃𝑐(1 − 𝑐̃𝑐 ) provides the measure of the departure of the pdf of 𝑐𝑐 from a bi-

modal distribution with impulses at 𝑐𝑐 = 0.0 and 𝑐𝑐 = 1.0, and also from the high Damköhler number 

limit. Figure 11 shows the variations of  𝑐𝑐′′2�  and 𝑐̃𝑐(1 − 𝑐̃𝑐 ) with the normalised wall-normal distance 

𝑥𝑥1/𝛿𝛿th at different time instants, which shows that 𝑐𝑐′′2�  is smaller than 𝑐̃𝑐(1 − 𝑐̃𝑐 ) even when the flame 

is away from the wall due to Da < 1 combustion and this behaviour is sustained in the near-wall region 

during flame-wall interaction. Thus, the PDF of 𝑐𝑐 does not follow a bimodal distribution, and the 

flamelet assumption is rendered invalid during flame quenching, which indicates that Eq. 7 cannot be 

used in the near-wall region during flame quenching (Gruber et al., 2010; Lai and Chakraborty, 

2016a,b). Lai and Chakraborty (2016a,b) modified Eq. 7 for the near-wall region based on simple 

chemistry DNS  data as: 

𝜔̇𝜔� =
2𝜌̅𝜌𝜀𝜀𝑐𝑐�

2𝑐𝑐m − 1
𝐴𝐴2 exp�𝑐̃𝑐 − 𝑇𝑇�� + 𝐵𝐵2𝐶𝐶2𝜌𝜌0𝑆𝑆L �

𝜀𝜀𝑐𝑐�
𝐷𝐷�

exp �−0.5 �
𝑥𝑥1
𝛿𝛿𝑍𝑍
− Π�

2
� 

 
   (8i) 

The model parameters 𝐴𝐴2, 𝐵𝐵2 and 𝐶𝐶2 are given by: 
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 𝐴𝐴2 = 0.5{erf[3.0(𝑥𝑥1 𝛿𝛿Z⁄ − Π)] + 1}, 𝐵𝐵2 = 0.5[erf(𝑥𝑥1 𝛿𝛿𝑍𝑍⁄ − Π) + 1] and 𝐶𝐶2 = 2.31erf�2.6�𝑐̃𝑐 − 𝑇𝑇���  

                                                                                                                                                        (8ii) 

It is worth noting that (𝑐̃𝑐 − 𝑇𝑇�) remains relatively small for 𝑥𝑥1 𝛿𝛿th⁄ ≫ �𝑃𝑃𝑒𝑒min,�𝐿𝐿, which leads to 

𝐴𝐴2 exp�𝑐̃𝑐 − 𝑇𝑇�� ≈ 1.0 and 𝐵𝐵2𝐶𝐶2 = 0, reducing Eq. 8i to Eq. 7 away from the wall.  The second term on 

the right-hand side of Eq. 8i becomes significant when (𝑐̃𝑐 − 𝑇𝑇�) assumes large values in the vicinity of 

the wall during flame quenching (Lai and Chakraborty, 2016a,b; Lai et al., 2018). It can be seen from 

Fig. 10 that Eq. 8 satisfactorily predicts Ω�𝑐𝑐 for both cases A and B when 𝜀𝜀𝑐𝑐�   is directly computed from 

DNS data. However, 𝜀𝜀𝑐𝑐�  also needs closure and recently Lai and Chakraborty (2016a,b) modified an 

existing model for 𝜀𝜀𝑐𝑐�   (Kolla et al., 2009; Chakraborty and Swaminathan, 2011) for head-on quenching 

using a-priori analysis of simple chemistry DNS data: 

 

𝜀𝜀𝑐𝑐� =
𝐴𝐴ϵ exp �−1.2𝐿𝐿𝐿𝐿�𝑐̃𝑐w − 𝑇𝑇�w�

3�
𝛽𝛽′

�2𝐾𝐾𝑐𝑐∗Le−1.88 𝑆𝑆L
𝛿𝛿th

+ 𝐶𝐶3
𝜀𝜀̃
𝑘𝑘�
− 𝜏𝜏

𝐶𝐶4(1− 𝑐𝑐�)ϕ

𝐿𝐿𝐿𝐿2.57
𝑆𝑆L
𝛿𝛿th

� 𝑐̃𝑐 (1 − 𝑐̃𝑐) 

 
 
(9i) 

Here, 𝑞𝑞�w refers to the Favre mean value at the wall for a quantity 𝑞𝑞 at a given instant of time and 𝐾𝐾𝑐𝑐∗ is 

a thermo-chemical parameter which is given by (Kolla et al., 2009):  

                                                    𝐾𝐾𝑐𝑐∗ = 𝛿𝛿th
𝑆𝑆L

∫ [𝜌𝜌(𝐷𝐷∇𝑐𝑐⋅∇𝑐𝑐)∇⋅𝑢𝑢��⃗ 𝑓𝑓(𝑐𝑐)]Ld𝑐𝑐
1
0

∫ [𝜌𝜌(𝐷𝐷∇𝑐𝑐⋅∇𝑐𝑐)𝑓𝑓(𝑐𝑐)]Ld𝑐𝑐
1
0

                                                         (9ii) 

The parameter 𝐾𝐾𝑐𝑐∗ is equal to 0.60𝜏𝜏 and 0.87𝜏𝜏 in cases A and B, respectively), 𝐴𝐴𝜖𝜖 =

0.5[erf(𝑥𝑥1 𝛿𝛿Z⁄ − Π) + 1] is a model parameter in Eq. 9i such that 𝐴𝐴𝜖𝜖 exp �−1.2Le �𝑐̃𝑐w − 𝑇𝑇�w�
3� ≠ 1 in 

the near-wall region and reduces to 1.0 away from the wall. Kolla et al. (2009) and Chakraborty and 

Swaminathan (2011) suggested: 

  Φ = 0.2 + 1.5(1 − 𝐿𝐿𝐿𝐿), 𝛽𝛽′ = 6.7, 𝐶𝐶3 = 1.5�KaL �1 + �KaL��  and 𝐶𝐶4 = 1.1 (1 + KaL)0.4⁄     (10) 

where KaL = (𝛿𝛿th𝜀𝜀̃/𝑆𝑆L3)1/2  is the local Karlovitz number and 𝜀𝜀̃ is the dissipation rate of turbulent 

kinetic energy 𝑘𝑘� . Further information on the derivation of Eqs. 8-9 can be found elsewhere (Kolla et 

al., 2009; Lai and Chakraborty, 2016a,b) and thus is not repeated here.  
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The predictions of Eq. 9 are compared to  𝜀𝜀𝑐𝑐� × 𝛿𝛿th/𝑆𝑆L extracted from DNS data for cases A and B in 

Fig. 12 for different time instants, which shows a satisfactory agreement with DNS data both near and 

away from the wall for the stoichiometric CH4 −air premixed flame case (i.e. case B) but this model 

does not perform well especially in the near-wall region during the flame-wall interaction in the 

stoichiometric H2 −air premixed flame case (i.e. case A). Moreover, some quantitative disagreement 

between Eq. 9 and 𝜀𝜀𝑐𝑐�  extracted from DNS data can be seen in case A even when the flame is away from 

the wall.  Therefore, the applicability of the algebraic closure 𝜀𝜀𝑐𝑐�  remains questionable for flames where 

the non-unity Lewis number effects are strong due to the availability of light species (e.g., H2 − air 

premixed flames). Sellmann et al. (2017) and Lai et al. (2016c) proposed transport equation based FSD 

and SDR closures, respectively for non-unity Lewis number flames using simple chemistry DNS data. 

The assessment of these closures in the context of detailed chemistry DNS data is beyond the scope of 

the current analysis but will form the foundation of further analysis. Furthermore, it can be appreciated 

from Fig. 4 that the profiles of Ω�𝑐𝑐 and Ω�𝑇𝑇 are both qualitatively and quantitatively similar in the 

stoichiometric CH4 − air premixed flame case (i.e., case B) but that is not the case for the stoichiometric 

H2 − air premixed flame (i.e., case A). Thus, it may not be sufficient to model  𝜔̇𝜔�𝑐𝑐 for the closure of 

𝜔̇𝜔�𝑇𝑇 for the stoichiometric H2 − air flame case because 𝜔̇𝜔�𝑐𝑐 closure deals with major species but that is 

not sufficient to capture the important role played by intermediate species in the head-on quenching of 

stoichiometric H2 − air premixed flames. Thus, further analyses will be needed for the closure of 𝜔̇𝜔�𝑇𝑇 

for the premixed flame-wall interaction of H2 − air flames. 

 
(a)                                                                            (b) 

Figure 12. Variations of  𝜀𝜀𝑐𝑐� × 𝛿𝛿th/𝑆𝑆L (▬▬) and the prediction of Eq. 9 (▬ ▬) with normalised  wall 
normal distance 𝑥𝑥1/𝛿𝛿th at different time instants for (a) case A and (b) case B. 
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4. CONCLUSIONS 

The statistical behaviour of the head-on quenching of a stoichiometric H2 −air premixed flame by an 

inert isothermal wall is compared to that in the case of a stoichiometric CH4 −air premixed flame under 

both laminar and turbulent conditions with the same turbulence intensity and length scale ratio away 

from the wall. The main findings are as follows: 

• A significant amount of inequality between the reaction progress variable and the non-dimensional 

temperature has been found to prevail in the near-wall region for both stoichiometric methane-air 

and hydrogen-air premixed flames. However, the extent of this inequality is relatively greater in the 

stoichiometric hydrogen-air flame than in the stoichiometric methane-air flame and this inequality 

is obtained also away from the wall for the stoichiometric hydrogen-air premixed flame.  

• It has been found that the mean heat release rate does not vanish at the wall in head-on quenching 

of both stoichiometric methane-air and hydrogen-air premixed flames even when the mean reaction 

rate of reaction progress variable defined based on fuel mass fraction assumes vanishingly small 

values in the near-wall region. This behaviour is particularly strong for the stoichiometric hydrogen-

air flame case where the mean heat release rate at the wall could become comparable to the 

corresponding value within the reaction zone when the flame is away from the wall.  

• The heat release at the wall in the case of the stoichiometric CH4 −air premixed flame arises 

principally due to HO2 and H2O2 caused by low-temperature chemical reactions O2+H+M→HO2+M 

and 2HO2→H2O2+O2 and the lack of OH in the vicinity of the wall gives rise to a high concentration 

of CO in the near-wall region, because of the absence of CO+OH→CO2+H. It has been found that 

HO2 and H2O2 exhibit significant increases in concentration at the wall during advanced stages of 

flame quenching for both stoichiometric methane-air and hydrogen-air premixed flames, and this 

tendency is particularly prevalent in the stoichiometric H2-air premixed flame-wall interaction.  

• In the stoichiometric H2-air premixed flame case, the reactions H2+OH→H2O+H and 

H2+O→OH+H can be sustained at relatively low temperatures if OH and O are supplied, and 

eventually, H is consumed in several intermediate chemical reactions (e.g. O2+H+M→HO2+M, 

H+O+M↔OH+M, H+OH+M↔H2O+M) which can take place at low temperature during the flame-

wall interaction when O and OH diffuse to the near-wall region from the flame. These low-
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temperature reactions lead to heat release rate at the wall for the head-on quenching of the 

stoichiometric H2-air premixed flame.   

• The differences in thermo-chemistry between stoichiometric hydrogen-air and methane-air 

premixed flames lead to considerable differences in the flame quenching distance and the maximum 

wall heat flux magnitude. The minimum Peclet number and the normalised wall heat flux magnitude 

are found smaller in the stoichiometric H2-air premixed flame than in the stoichiometric CH4-air 

premixed flame. Moreover, it has been found that the flame quenching distance tends to decrease 

under turbulent conditions for the head-on quenching of the stoichiometric H2-air premixed flame 

but the quenching distances for laminar and turbulent conditions analysed here remain comparable 

for the stoichiometric CH4 −air premixed flame.  

• The FSD and SDR based mean reaction rate closures modified for capturing the near-wall behaviour 

using single-step chemistry DNS data in the past (Lai and Chakraborty, 2016a,b; Sellmann et al., 

2017) have been found to perform reasonably well for the head-on quenching of both stoichiometric 

CH4-air  and H2-air premixed flames.  

• An algebraic SDR closure developed based on single-step chemistry DNS data has been found to 

perform well only for the head-on quenching of the stoichiometric CH4-air premixed flame and its 

predictions are found to be inadequate in the near-wall region for the head-on quenching of premixed 

stoichiometric H2-air premixed flames. Thus, it might be necessary to use the transport equation 

closures for modelling FSD and SDR in the case of head-on quenching of H2-air premixed flames 

where the effects of differential diffusion of heat and mass can be significant.  

• It may not be sufficient to model the mean reaction rate of major species to capture the mean heat 

release rate for the head-on quenching of the stoichiometric H2 −air premixed flame because the 

mean reaction rate closure of the reaction progress variable based on major species mass fraction 

may not be sufficient to capture the important role played by intermediate species in the wall heat 

release in this case. Thus, further analyses will be needed for the closure of the mean heat release 

rate for the flame-wall interaction of premixed H2 −air flames.  
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It is worth noting that the present analysis has been conducted for a single set of values of 𝑢𝑢′/𝑆𝑆𝐿𝐿 and 

𝑙𝑙/𝛿𝛿𝑡𝑡ℎ but the statistics of wall heat flux, lame quenching distance and the performance of the mean 

reaction rate closure have been found to be valid for a wide range of turbulence intensities based on 

simple chemistry DNS (Lai et al., 2016a, Sellmann et al., 2017). Therefore, it can be expected that the 

conclusions drawn from this paper are not dependent only on one set of turbulent condition and are 

likely to remain quantitatively valid for a wide range of turbulent conditions. It is admitted that a change 

in equivalence ratio 𝜙𝜙 may modify some of the results presented here, as it changes the effective Lewis 

number of the flame. However, the stoichiometric cases considered here as a first attempt before 

analysing the equivalence ratio effects. Therefore, further investigation will be necessary to analyse 

effects of equivalence ratio on the comparison of HOQ characteristics between hydrogen-air and 

methane-air flames.  
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