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 A B S T R A C T

The analysis of hot-spot surface ignition is critical for ensuring the safety, operational stability, and efficiency 
of a wide range of combustion devices. In this study, direct numerical simulations (DNS) of hot-spot surface 
ignition of quiescent hydrogen-air mixtures were performed. A wide range of parameter variations was 
explored, including changes in fuel-air equivalence ratio, unburned gas temperature, pressure, hot-spot size 
on the wall, and wall surface catalytic reactivity. In addition, the impacts of differential diffusion and Soret 
effects on the hot-spot surface ignition were assessed by employing different species transport assumptions in 
the simulation. It was found that for a given mixture, ignition is achievable only if the size of the wall-
heated gas in the direction parallel to the wall exceeds a critical ignition radius, similar to the ignition 
of a spherical flame in homogeneous mixtures without wall effects. The thickness of the thermal boundary 
layer perpendicular to the wall has no significant influence on ignition occurrence.  In addition, the ignition 
occurrence and ignition delay time were found to be affected by differential diffusion through two distinct 
mechanisms. Ignition occurrence is determined by the impacts of differential diffusion on the critical ignition 
radius, which arise from the complex interactions of chemistry, mass transfer, and heat transfer, and strongly 
depend on the fuel-air equivalence ratio. In contrast, ignition delay time is primarily affected by the diffusion 
of the H radical, where faster diffusion leads to a longer delay. The comparison between the inert wall and 
an infinitely fast catalytic wall further highlights the significance of radical concentrations.
1. Introduction

For the transition to a sustainable energy system, green hydrogen 
has emerged as a promising energy carrier, particularly for the sectors 
that are difficult to electrify [1]. The use of hydrogen as a fuel in 
domestic and industrial burners and in internal combustion engines 
(ICE) of heavy-duty vehicles is expected to significantly facilitate the 
decarbonization of these applications [2]. However, the distinctly dif-
ferent combustion properties of hydrogen compared to conventional 
hydrocarbon fuels present various challenges. In particular, the use of 
hydrogen as a fuel in burners and ICE can lead to harmful combustion 
phenomena, such as flashback [3–6] in the former and pre-ignition [7,
8] in the latter. Ignition on a hot surface has been identified as one of 
the initiation mechanisms for both flashback [9] and pre-ignition [8,
10]. This study focuses on the hot-spot surface ignition of hydrogen-air 
mixtures, which is important not only for the utilization of hydrogen in 
burners and ICE but also for the safety concerns of accidental hydrogen 
leakage.

In the literature, the surface ignition of various gases and liquid 
fuels has been studied both experimentally and numerically [11–18]. 
Research has focused on the response of the minimum surface tem-
perature required for successful ignition and the ignition delay time 
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(IDT) to factors such as the fuel-air equivalence ratio [11,12,15], 
gas flow velocity and residence time [11,12], hot-spot size [11,18], 
pressure [12,15], preheating [12], surface materials and their catalytic 
reactivity [11,13,16], and fuel type [14]. In addition, the effects of 
buoyancy-induced convection on the ignition dynamics initiated by a 
glow plug have been discussed [17]. However, several fundamental 
aspects of hydrogen-air mixture ignition on hot surfaces are yet to be 
addressed. In particular, it is well known that for the successful ignition 
of gas mixtures by a spherical energy source without wall effects, a 
critical radius must be exceeded [19,20]. However, it remains unclear 
whether this principle also applies to hot-spot surface ignition and 
whether it is the size of the hot spot on the surface or the thickness 
of the thermal boundary layer perpendicular to the surface that must 
exceed a critical value. In addition, differential diffusion and Soret 
effects have been found to significantly impact hydrogen flames, in-
cluding flame-wall interactions [3], minimum ignition energy [19,21], 
and flame kernel development [22]. In particular, the hydrogen accu-
mulation in hot gas regions or near the hot wall due to the Soret effect 
was found to significantly influence the flame behavior [3,23–25]. 
Therefore, assessing the influence of differential diffusion and Soret 
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Fig. 1. Numerical configuration and boundary conditions.

effect on the ignition of hydrogen-air mixtures on hot surfaces is of 
significant interest.

This paper aims to address the above-mentioned questions through 
direct numerical simulations (DNS). A series of two-dimensional DNS 
using detailed chemical kinetics has been performed, employing a wide 
range of parameters, including variations in fuel-air equivalence ratio, 
unburned gas temperature, pressure, hot-spot size on the wall, and wall 
catalytic reactivity. The influence of differential diffusion and the Soret 
effect is separately assessed by employing different species transport 
assumptions in the DNS. Due to the wide range of parameter variations 
and the complex interactions of wall effects, heat and mass transfer, 
and chemistry, a quiescent initial condition without flow is considered. 
Effects of laminar and turbulent flows are the subject of future study. 
The analysis primarily focuses on the occurrence of ignition and the 
ignition delay time.

2. Configuration and numerical methods

2.1. Configuration

Due to the axisymmetric flame configuration, two-dimensional sim-
ulation domains and cylindrical coordinates are employed. The numer-
ical configuration, including the boundary conditions, is shown in Fig. 
1. The wall temperature 𝑇wall is specified to exhibit a hot spot and vary 
smoothly in space, as given by 

𝑇wall = 𝑇u + (𝑇max − 𝑇u) ⋅ exp(−
𝑟2

2𝑅2
), (1)

where 𝑇u is the unburned gas temperature, 𝑇max the maximum wall 
temperature, 𝑟 the radial coordinate, and 𝑅 the hot-spot size.  To 
facilitate ignition within a reasonable time frame and to minimize com-
putational costs, a relatively high wall temperature of 𝑇max = 1400 K
is selected in this study, which aligns with the previous studies [15,
17]. Homogeneous quiescent fuel-air mixtures are specified as initial 
condition.

The simulations conducted are summarized in Table  1. The cases 
are named according to their initial conditions and numerical setup. 
For instance, the case ‘P1T300LexSI’ represents an initial condition 
with a pressure of 1 bar and an unburned gas temperature of 300 K. 
Further, ‘x’ indicates that the non-unity Lewis numbers (𝐿𝑒) of indi-
vidual species are considered, while ‘S’ and ‘I’ denote the inclusion 
of the Soret effects and an inert wall, respectively. Here, the Lewis 
numbers of individual species are kept constant and derived from 
the burned gas of the corresponding unstretched laminar flames. It is 
worth noting that for all the cases in Table  1, parameter variations 
of fuel-air equivalence ratio 𝜙 ∈ [0.3, 0.5, 0.7, 1.0, 2.0] and hot-spot 
size 𝑅∕𝑙f ,min ∈ [0.2, 0.5, 1.0, 2.0, 4.0, ∞] are conducted. These variations 
in 𝑅 are chosen so that both ignition and no-ignition cases can be 
observed under the given thermodynamic conditions. This implies that 
the case ‘P1T300LexSI’, for example, comprises 30 simulations. Here, 
𝑙f ,min represents the minimum unstretched flame thickness across dif-
ferent equivalence ratios (𝜙) for each combination of pressure (𝑝) and 
2 
Table 1
Overview of the simulations.
 Case 𝑝 𝑇u 𝐿𝑒 Soret Wall 𝑙f ,min  
 name [bar] [K] [–] [–] [–] [μm] 
 P1T300LexSI 1 300 x Yes inert 329  
 P1T300LexSN 1 300 x Yes non-inert 329  
 P1T500LexSI 1 500 x Yes inert 387  
 P1T500LexSN 1 500 x Yes non-inert 387  
 P2T300LexSI 2 300 x Yes inert 142  
 P2T300LexSN 2 300 x Yes non-inert 142  
 P2T500LexSI 2 500 x Yes inert 170  
 P2T500LexSN 2 500 x Yes non-inert 170  
 P1.5T300LexSI 1.5 300 x Yes inert 201  
 P1.5T300LexSN 1.5 300 x Yes non-inert 201  
 P5T423LexSI 5 423 x Yes inert 55  
 P5T423LexSN 5 423 x Yes non-inert 55  
 P10T516LexSI 10 516 x Yes inert 26  
 P10T516LexSN 10 516 x Yes non-inert 26  
 P1T300LexNoSI 1 300 x No inert 329  
 P1T300Le1NoSI 1 300 1 No inert 329  
 P1T300Le2NoSI 1 300 2 No inert 329  

unburned gas temperature (𝑇u). The flame thickness 𝑙f  is computed 
from the maximum temperature gradient. To ensure consistency in 
comparisons, when modifying the species transport assumptions or wall 
catalytic reactivity, the values of 𝑙f ,min are taken from the corresponding 
reference cases with names ending in ‘LexSI’. The flame thickness for 
all cases, covering various 𝜙, is provided in the supplementary material 
(Table S-1). For 𝑅 = ∞, the simulation reduces to a 1D problem. In 
total, 425 2D and 85 1D simulations were conducted. The parameter 
variations in thermodynamic conditions include the typical conditions 
for residential burners ((1 bar, 300 K) and (1 bar, 500 K)), intake 
stroke of turbocharged hydrogen engines ((1.5 bar, 300 K) and (2 bar, 
300 K)), and compression stroke of turbocharged hydrogen engines 
((5 bar, 423 K) and (10 bar, 516 K)). Since pre-ignition in hydro-
gen engines typically occurs at pressures below 10 bar [26], higher 
pressures are not considered. To investigate the differential diffusion 
effects, the Lewis numbers of all species are set to unity and two for the 
cases ‘P1T300Le1NoSI’ and ‘P1T300Le2NoSI’, respectively. The Soret 
effect is disabled in the cases ‘P1T300LexNoSI’, ‘P1T300Le1NoSI’, and 
‘P1T300Le2NoSI’. To assess the catalytic effects of the wall, the in-
finitely fast heterogeneous catalysis (IFHC) model for surface reactions 
proposed by De Nardi et al. [27] is employed in the cases with names 
ending in ‘N’ (non-inert), representing the extreme scenario of infinitely 
fast catalysis. This complements the opposite extreme of the inert wall 
assumption considered in the other cases. Unlike simply setting the 
radical concentration on the surface to zero, IFHC ensures element con-
servation during radical recombination on the surface. Further, isobaric 
auto-ignition and forced spherical ignition of homogeneous mixtures 
without wall effects are also simulated as references for comparison.

2.2. Numerical methods

The governing equations and the numerical methods used in this 
study are the same as the previous studies [28,29]. The Soret effect 
is included following Zhou et al. [30] and Schlup et al. [31] with a 
mixture-averaged thermal diffusion model. The chemical reactions are 
described with a detailed mechanism proposed by Panigrahy et al. [32], 
which has been validated with experiments under different conditions. 
The ideal gas law is used as the equation of state. In the DNS, the low-
Mach number limit [33] is employed for the reacting flow. The diffusive 
scalar transport is described using the Curtiss-Hirschfelder approxima-
tion [34]. The diffusivity of species i is determined by 𝐷i = 𝜆∕(𝜌𝑐p𝐿𝑒i), 
where 𝜆 is the mixture thermal conductivity, and 𝜌 and 𝑐p are the 
mixture density and specific heat capacity at constant pressure, re-
spectively. 𝐿𝑒i denotes the Lewis number of species i. The numerical 
schemes used in this study are the same as those in previous works [28,
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29] and are therefore not repeated here. However, they are provided 
in the supplementary material for convenient reference.

The simulation domain is specified to be sufficiently large, with 
a size of at least 3𝑅. The numerical cell size is selected to satisfy 
𝛥𝑥 ≤ 𝑙f ,min∕20, ensuring sufficient resolution of both the wall thermal 
boundary layer and the flame. A time step size of 0.0025 to 0.5 μs
is chosen, such that the formation of the thermal boundary layer 
due to wall heating and the ignition process are adequately resolved. 
Simulations were performed in most cases until ignition occurs. For 
cases without successful ignition, simulations were performed for a 
duration of at least five times the longest ignition delay among the 
30 simulations within the same case group, such as ‘P1T300LexSI’ in 
Table  1. Near the end of the simulation, the scalar fields exhibit nearly 
no variation over time.

3. Results and discussion

3.1. Ignition dynamics

This section examines the dynamics of successful and failed ignition. 
Fig.  2(a) shows the temperature distribution at various time instances 
for two cases with (left) and without (right) successful ignition. A 
criterion for successful ignition is introduced in the following. The 
white lines represent the temperature iso-line at 𝑇 = 800 K. 𝑅f ,r and 
𝑅f ,y denote the size of the hot-gas region in the directions parallel 
and perpendicular to the wall, respectively, which changes with time. 
The successful ignition case belongs to ‘P1T300LexSI’, while the no-
ignition case belongs to ‘P1T300Le1NoSI’. Both cases have 𝜙 = 0.3
and 𝑅 = 𝑙f ,min. The thermal boundary layer initially expands over 
time, particularly in the direction perpendicular to the wall, due to 
the heating effect from the hot wall. In the case of successful ignition, 
the flame initiates within the thermal boundary layer at 0.16 ms 
and subsequently propagates away from the wall. After ignition, the 
temperature of the burned gas surpasses that of the wall, resulting 
in heat loss to the wall. In the case without ignition, the thermal 
boundary layer initially expands and then remains nearly unchanged 
over time. In Fig.  2(b), 𝑅f ,y for the case with ignition at 0.16 ms is 
slightly lower than that of the case without ignition. This is caused 
by the differences in the heat release rates between the two cases 
due to the different Lewis number assumptions. A detailed explanation 
for this is provided in the supplementary material. In this study, the 
evolution of 𝑅f ,r is used to quantitatively differentiate between cases 
with and without successful ignition. As shown in Fig.  2(b), for the 
case with successful ignition, 𝑅f ,r increases continuously after ignition 
due to flame propagation. In contrast, for the case with no ignition, 
𝑅f ,r does not change significantly with time. Similar to the definition 
of ignition delay time for auto-ignition in gas mixtures without wall 
effects [35,36], hot-spot surface ignition is defined as the moment when 
the OH mass fraction reaches 10% of its peak value after ignition. For 
the case with successful ignition, the ignition moment is also illustrated 
in Fig.  2(b) by the vertical dashed line, occurring slightly before the 
significant increase of 𝑅f ,r .

3.2. Ignition occurrence

A central question in this study is whether hot-spot surface ignition 
can occur under specific thermodynamic conditions for various hot-spot 
sizes. This is shown in Fig.  3, where cases with ignition are marked with 
green circles, while cases without ignition are marked with red crosses. 
The hot-spot size significantly impacts the occurrence of ignition, with 
larger hot spots facilitating ignition as shown in Fig.  3(a). All the cases 
with infinitely large hot spots are successfully ignited. As expected, mix-
tures closer to stoichiometry are more likely to be ignited. The impact 
of differential diffusion and Soret effects is demonstrated by comparing 
Fig.  3(a), (b), (c) and (d). The Soret effect significantly increases the 
hydrogen concentration near the wall, as shown in the supplementary 
3 
Fig. 2.  (a) Typical temperature field evolution for cases with (left) and 
without (right) successful ignition. 𝑅: size of the hot spot in Eq. (1). Different 
species transport assumptions are employed in the left (P1T300LexSI) and the 
right (P1T300Le1NoSI) cases, as listed in Table  1. To enhance comparability, 
only a portion of the simulation domain is displayed. (b) Evolution of the 
corresponding size of the hot-gas region in the directions parallel (𝑅f ,r) and 
perpendicular (𝑅f ,y) to the wall.

material (Fig. S-2). Its impact on ignition occurrence is demonstrated 
by the cases ‘P1T300LexSI’ (Fig.  3(a)) and ‘P1T300LexNoSI’ (Fig.  3(b)) 
with 𝑅 = 1𝑙f ,min and 𝜙 = 2. The Soret effect prevents ignition in the rich 
mixture. Since the results in both cases show little sensitivity to 𝜙 under 
the investigated conditions, the Soret effect has no noticeable impact on 
ignition occurrence for other 𝜙 and 𝑅 values. Interestingly, differential 
diffusion has a significant impact on ignition occurrence. In the case 
‘P1T300Le1NoSI’, differential diffusion and Soret effects are disabled. 
Compared to this case, differential diffusion in ‘P1T300LexNoSI’ (Fig. 
3(b)) promotes ignition in extreme lean hydrogen-air mixtures while 
suppressing it in slightly lean and rich mixtures. When the Lewis 
numbers of all species are set to two (Fig.  3(d)), both lean and rich 
cases become harder to ignite, compared to the corresponding cases 
without differential diffusion (Fig.  3(c)).

Increasing the unburned gas temperature improves the likelihood 
of ignition, as illustrated by comparing Fig.  3(a) and (e). Conversely, 
higher pressures inhibit ignition, as observed by comparing Fig.  3(a) 
and (f). Note that the minimum flame thickness, 𝑙f ,min, decreases dras-
tically with increasing pressure, as shown in Table  1. For the same 
absolute value of 𝑅, the high-pressure case is more likely to ignite, as 
illustrated by comparing 𝑅 = 2𝑙f ,min in Fig.  3(f) and 𝑅 = 0.5𝑙f ,min in Fig. 
3(e). The former, at a higher pressure, has a smaller hot-spot size of 𝑅 =
52 μm but still results in successful ignition for stoichiometric mixtures. 
In contrast, the latter, at a lower pressure, exhibits a larger hot-spot 
size of 𝑅 = 194 μm but fails to ignite for stoichiometric mixtures. 
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Fig. 3.  Occurrence of ignition under different conditions. To enhance clarity, 
cases with ignition are marked with green circles, while cases without ignition 
are marked with red crosses.

Fig. 4.  Comparisons between the size of the thermal boundary layer (𝑅∗
f ,r and 

𝑅∗
f ,y)  and the flame characteristic lengths (𝑙f  and 𝑅c) for all the cases in Table 

1 with the inert wall.

These observed trends align with previous studies [11,12,15,18], which 
reported the impacts of gas temperature and pressure on the ignition 
delay time or the critical wall temperature for successful ignition.

Inspired by the effects of 𝑅 on ignition occurrence discussed above, 
and considering the concept of the critical ignition radius, it is of 
interest to determine whether it is the size of the thermal boundary 
layer parallel to the surface or its thickness perpendicular to the surface 
that must exceed a critical value for successful ignition. The size of 
the thermal boundary layer is characterized by the radius 𝑅f ,r and 
thickness 𝑅f ,y as shown in Fig.  2(a). Here, the temperature iso-line of 
800 K is chosen, which is slightly lower than the typical critical wall 
temperature for successful ignition in previous studies [16,37]. Since 
𝑅f ,r and 𝑅f ,y are time-dependent, for cases with successful ignition, the 
values are taken at the time of ignition. For cases without ignition, the 
values are recorded at the end of the simulation, when 𝑅f ,r and 𝑅f ,y do 
not change with time. The evaluated quantities are denoted as 𝑅∗

f ,r and 
𝑅∗
f ,y, respectively. According to Kalghatgi and Bradley [8], we consider 

two characteristic flame length scales: the thickness of the unstretched 
flame, 𝑙f , and the critical ignition radius, 𝑅c, for ignition by a spherical 
energy source in the absence of wall effects. The determination of 𝑅  is 
c

4 
detailed in the supplementary material. To also account for differential 
diffusion effects in 𝑅c, the same species transport assumptions as 
those in the hot-spot surface ignition simulations are applied in the 
corresponding simulations used to determine 𝑅c. Fig.  4 compares the 
above-mentioned length scales for all the cases in Table  1 with the inert 
wall. It is evident that the critical ignition radius, 𝑅c, and the size of the 
thermal boundary layer parallel to the wall, 𝑅∗

f ,r , are the key factors. 
With the exception of few outliers, ignition occurs when 𝑅∗

f ,r exceeds 
𝑅c. It is a remarkable finding that this relationship holds across a wide 
range of variations, including thermodynamic conditions of the un-
burned gas and different species transport assumptions. This indicates 
that the existing theory and numerical methods developed to predict 
the critical radius for spherical flame ignition in homogeneous mixtures 
without wall effects, such as in [19–21], can be analogously applied to 
predict the critical hot-spot size for surface ignition. 𝑅c without wall 
effects can be determined either from theoretical analysis [19] or from 
1D simulations with spherical coordinates, which require significantly 
fewer computational resources than 3D or 2D simulations with a hot-
spot surface. The observed outliers may arise from differences in the 
configurations of spherical flame ignition and hot-spot surface ignition. 
It is worth noting that the ratio of flame thickness 𝑙f  to the thermal 
boundary layer size 𝑅∗

f ,r can also reflect the tendency of hot-spot surface 
ignition to some extent, as also reported by Kalghatgi and Bradley [8]. 
It is essential to recognize that 𝑅c is smaller than 1 mm under the 
investigated conditions, which is an order of magnitude smaller than 
that of conventional hydrocarbon fuels [38]. This is consistent with 
the high propensity for pre-ignition in hydrogen engines. It should be 
emphasized that 𝑅c for the ignition of gas mixtures without wall effects 
increases with lower peak gas temperatures, as shown in the study by 
Chi et al. [20]. The same trend is also observed for hot-spot surface 
ignition. Simulation results with a lower wall temperature (1000 K) are 
provided in the supplementary material (Fig. S-11-13). These cases are 
harder to ignite and exhibit larger values of 𝑅c. The results with the 
lower wall temperature align with the main findings discussed here. 

3.3. Ignition delay time

Practical applications exhibit various flow configurations and resi-
dence times. Hot-spot surface ignition can be avoided if the residence 
time is small compared to the ignition delay time. Therefore, it is of 
practical importance to examine the ignition delay time of hot-spot 
surface ignition. Fig.  5 illustrates how the ignition delay time responds 
to various factors, including the fuel-air equivalence ratio, pressure, 
unburned gas temperature, hot-spot size, and species transport assump-
tions. For comparison, the auto-ignition delay time of homogeneous 
mixtures without wall effects, denoted as ‘0D’, is also presented. In 
these 0D simulations, the initial unburned gas temperature is set to 
the maximum wall temperature (1400 K). As depicted in Fig.  5(a), IDT 
of the hot-spot surface ignition is relatively insensitive to variations in 
the fuel-air equivalence ratio, aligning with the responses of IDT0D to 
𝜙. This is consistent with the previous study by Chi et al. [20]. It is 
worth noting that the IDT of hot-spot surface ignition is significantly 
larger than IDT0D. This can be attributed to heat loss to the surrounding 
low-temperature gases, which is absent during the auto-ignition of 
homogeneous mixtures. Fig.  5(b) shows the impact of the hot-spot size. 
The same trend is observed in other cases with elevated pressure and 
temperature, as well as different species transport assumptions. These 
results are provided in the supplementary material (Fig. S-4 and 5). As 
shown in Fig.  5(a) and (b), an increase in unburned gas temperature, 
pressure, or hot-spot size reduces the ignition delay time. These trends 
are consistent with previous studies [11,12,15]. Note that the pressure 
dependence may vary under different conditions.

The influence of differential diffusion and Soret effects on IDT is 
illustrated in Fig.  5(c). Since transport properties do not affect the 
corresponding IDT0D, it remains the same across the cases with different 
species transport assumptions. Despite the observed influence of the 
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Fig. 5.  Dependence of ignition delay time on the thermodynamic state of unburned gas (a), hot-spot size (b), and species transport assumptions (c). In sub-figures 
(a) and (c), only cases with 𝑅 = 4𝑙f ,min are presented. The same trend is observed for the other hot-spot sizes.
Fig. 6.  Distribution of H radical mass fraction as a function of distance from 
the wall along the 𝑦-axis through the hot-spot center for 𝑅 = 4𝑙f ,min and 𝜙 = 1.0
before ignition (𝑡 = 0.01 ms).

Fig. 7.  Distribution of the chemical source term of H radical as a function 
of distance from the wall along the 𝑦-axis through the hot-spot center for 
𝑅 = 4𝑙f ,min and 𝜙 = 1.0 before ignition (𝑡 = 0.01 ms).

Soret effect on ignition occurrence in Fig.  3(a) and (b), its impact on 
the IDT of hot-spot surface ignition is negligible. However, differential 
diffusion has a significant effect on the IDT. Unlike its influence on 
ignition occurrence, which depends on 𝜙 (Fig.  3(a) and (d)), the impact 
of differential diffusion on IDT is nearly independent of 𝜙. Setting 
the Lewis numbers to unity or two significantly reduces the IDT for 
different 𝜙 values. To further investigate the effects of differential 
diffusion on IDT, additional simulations are conducted. In these cases, 
the Lewis numbers of H2 (𝐿𝑒H2

) or the radical H (𝐿𝑒H) are set to two. 
As shown in Fig.  5(c), the IDT for 𝐿𝑒H2

= 2 is similar to that of the 
‘LexSI’ case. In contrast, the IDT for 𝐿𝑒H = 2 closely resembles that of 
the ‘Le2NoSI’ case. The same trend was observed for other hot-spot 
sizes, which is shown in the supplementary material (Fig. S-6). This 
indicates that the transport of H radical is particularly critical.

Fig.  6 presents the spatial distributions of the mass fraction of 
H radical as a function of distance from the wall along the 𝑦-axis 
through the hot-spot center for 𝑅 = 4𝑙  and 𝜙 = 1.0 before ignition 
f ,min

5 
(𝑡 = 0.01 ms) for cases with different species transport assumptions. 
The spatial distributions of the H radical in the ‘P1T300LexSI’ and 
‘P1T300LexNoSI’ cases are almost identical, indicating that the Soret 
effect has a negligible impact. However, the Lewis number plays a 
crucial role in determining the H radical distribution. As shown in Fig. 
6, for larger Lewis numbers, the H radical exhibits a more concentrated 
distribution near the wall due to its lower diffusivity, given by 𝐷H =
𝜆∕(𝜌𝑐p𝐿𝑒H), where 𝜆 is the mixture thermal conductivity, 𝜌 is the 
mixture density, and 𝑐p is the mixture heat capacity at constant pres-
sure. The corresponding distributions of the chemical source term of H 
radical are provided in Fig.  7. Most of the H radicals are generated near 
the wall, where the temperature is high. The behavior in Figs.  3 and 5 
is a remarkable finding, indicating that differential diffusion influences 
ignition occurrence and IDT through different mechanisms. Ignition 
occurrence is determined by the critical ignition radius, which arises 
from the complex interactions between chemical kinetics and transport 
processes, and is significantly influenced by the fuel-air equivalence 
ratio 𝜙. However, IDT is mainly governed by the diffusion of the H 
radical. Higher diffusivity of the H radical tends to increase the IDT, 
regardless of the value of 𝜙.

3.4. Impact of wall catalytic reactivity

As discussed in Section 3.3, the radical concentration significantly 
influences the ignition delay time. Since radicals can be consumed by 
the recombination on the wall, the wall catalytic reactivity is expected 
to significantly influence the hot-spot surface ignition. To investigate 
this effect, the following compares results obtained using the IFHC wall 
model [27] with those using the inert wall assumption. The IFHC model 
introduces three infinitely fast catalytic reactions on the wall surface, 
which consume the H, O, and OH radicals while maintaining element 
balance. A detailed description of the IFHC model can be found in [27]. 
The model is applied to cases where differential diffusion and the Soret 
effect are considered.

Assuming the IFHC wall notably reduces the radical concentration 
near the wall surface, as shown in the supplementary material (Fig. S-
10). The ignition occurrence and IDT with the IFHC wall are shown 
in Fig.  8. As expected, the non-inert wall inhibits the occurrence of 
ignition, as can be observed by comparing the behavior for 𝑅 = 𝑙f ,min in 
Fig.  8(a) with that in Fig.  3(a). The same effects of the catalytic wall can 
also be found for other conditions, which is shown in the supplementary 
material (Fig. S-8). The comparison between 𝑅∗

f ,r and 𝑅c is shown in 
Fig.  8(b). All the cases in Table  1 with the non-inert wall are presented. 
Note that wall catalytic reactivity has no significant effect on 𝑅∗

f ,r , as 
demonstrated in the supplementary material (Fig. S-9). Additionally, 𝑅c
is also unaffected since wall effects are not considered when determin-
ing 𝑅c. However, comparing 𝑅∗

f ,r and 𝑅c still provides valuable insights 
into the likelihood of ignition occurrence. In particular, the boundary 
between ignited and non-ignited cases is approximately parallel to the 
line 𝑅c = 𝑅∗

f ,r Therefore, the critical ignition radius remains a valuable 
length scale for estimating the required hot-gas size for successful 
surface ignition. As shown in Fig.  8(c), the IFHC wall significantly 
increases the IDT (by a factor up to five), which is attributed to the 
radical consumption on the wall. This aligns with the discussion in 
Section 3.3 and the trends reported in the literature [11,16].
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Fig. 8.  Impact of wall catalytic reactivity: (a) ignition occurrence, (b) comparison of 𝑅c and 𝑅∗
f ,r , and (c) ignition delay time.
4. Conclusions

Direct numerical simulations of hot-spot surface ignition of
hydrogen-air mixtures are presented. The impacts of differential dif-
fusion and Soret effects are assessed by employing different species 
transport assumptions in the simulation. Further, a wide range of 
parameter variations is explored, including changes in fuel-air equiv-
alence ratio, unburned gas temperature, pressure, the hot-spot size on 
the wall, and wall catalytic reactivity. Impacts of these parameters on 
the ignition occurrence and ignition delay time are comprehensively 
investigated.

Under a given thermodynamic condition, ignition occurrence de-
pends on the size of the hot spot. It is found that the critical ignition 
radius 𝑅c and the size of the hot gas parallel to the wall 𝑅∗

f ,r are crucial. 
In contrast, the thickness of the thermal boundary layer perpendicular 
to the wall has no significant influence on ignition. Ignition occurs 
only if 𝑅∗

f ,r exceeds 𝑅c, similar to the ignition of spherical flames in 
homogeneous mixtures without wall effects. Interestingly, differential 
diffusion is found to influence ignition occurrence and delay time 
through different mechanisms. The former is governed by a character-
istic length scale, the critical ignition radius, which results from the 
complex interactions of chemistry, mass transfer, and heat transfer, and 
depends strongly on thermodynamic conditions, particularly the fuel-
air equivalence ratio, 𝜙. The latter is primarily affected by the diffusion 
of the H radical, where faster diffusion leads to longer ignition delay 
time, independent of 𝜙. In addition, the impact of the wall catalytic 
reactivity is analyzed. In particular, the ignition delay time increases 
by up to a factor of five. This further highlights the significance of 
radical concentrations. The infinitely fast catalytic wall exhibits strong 
inhibitory effects on the ignition. Even though ignition occurrence is 
significantly influenced by the catalytic effects of the wall, the critical 
ignition radius remains a valuable length scale for estimating the 
required hot-gas size for successful surface ignition.

Novelty and significance statement

The novelty of this research lies in the quantitative analysis of the 
governing length scales for hot-spot surface ignition, the assessment 
of the roles of differential diffusion and the Soret effect in the igni-
tion of hydrogen–air mixtures, and the identification of two distinct 
mechanisms through which differential diffusion influences ignition oc-
currence and delay time, respectively, in hot-surface-induced ignition. 
This is significant from both fundamental and practical perspectives, 
as hot-spot surface ignition has been identified as one of the initiation 
mechanisms for flashback in hydrogen burners and pre-ignition in 
hydrogen engines. These phenomena constrain the practical use of 
hydrogen in such devices, despite the promise of hydrogen as a fuel 
for sustainable, carbon-free energy systems.
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