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ARTICLE INFO ABSTRACT

Keywords: The effects of Soret diffusion (SD) on the hydrogen-air edge flame propagation and the diffusion-chemistry
Soret diffusion interaction are investigated through simulation facilitated by the numerical code MultiDiffFOAM. The edge
Hé’drfilgen'alr flame flames in this study gradually develop from a flame kernel into a tri-brachial structure in a hydrogen-air
Edge flame

mixing layer that temporally evolves due to transverse reactant concentration gradient. We demonstrate that
the responses of flame displacement speed S, to flame curvature K, stretch rate x and scalar dissipation rate
x are distinctly influenced by SD. For the linear S,-K and S,-x correlations, SD would result in a smaller
Markstein length. Moreover, SD is shown to lead to shifting of the .S,;-y curve towards the regime with larger
x- Compared with the weak influences of SD on the tangential diffusion component S,, and normal diffusion
component S, ,, the chemical reaction component S, is significantly weakened by SD. The important chemical
reactions for edge flame propagation are identified based on sensitivity analysis and their rates are found to
be smaller when SD is considered. For the local composition at the flame marker, the mass fraction of H, is
slightly larger and that of H is obviously smaller when SD is considered. The SD flux of H, jflf’ and that of H
JjP are both coupled with the driving force V(InT) along the mixture fraction coordinate. However, the j;jf’
is mainly concentrated on the unburnt side while the jfl" is on the burnt side. The analyses on decomposed
fluxes of H, and H along the flame normal direction further suggest that SD would enhance the H, mass
diffusion but weaken the H mass diffusion. Such opposite effects stem from the distribution features that H,
is mainly on the unburnt side while H on the burnt side.

Flame dynamics
Diffusion-chemistry interaction

1. Introduction premixed flame branch (RPFB), one lean premixed flame branch (LPFB)
and one tailing diffusion flame branch (DFB). Dold [14] adopted the

Hydrogen is a zero-carbon emission fuel that facilitates a large canonical irreversible one-step chemical reaction model with a low heat
flame speed and a broad flammability limit and thus has been re- release assumption and pointed out that the global propagation speed
ceiving increasing attention as one promising fuel for power plants of edge flame U, is negatively correlated with the fuel mass fraction
and propulsion systems [1-4]. In many energy and propulsion applica- gradient |VYj| and the maximum value of U,,,, should be bounded by

tions [5-8], the hydrogen and oxidizer streams are supplied separately
such that these two streams would undergo the so-called “partially
premixed combustion” process governed by the aerodynamic process
that takes place in the proximity of a mixing layer. As the reliability
of such mixing and combustion processes has been highly desirable,
the flame stabilization and blowoff [9,10], and the local extinction and
re-ignition of turbulent flames [11,12] associated with the edge flame
dynamics in practical systems have been extensively investigated.

The first experimental observation of edge flame was conducted by Ueqge can be approximated in the limit of infinitely small [VY| as
Phillips [13] in a methane-air mixing layer, in which the edge flame Ugiee! ST = \PulPbs where p, and p, are the unburnt and burnt gas
was found to display a tri-brachial structure that contains one rich density respectively. Based on the parabolic flame front assumption, it

the laminar flame speed S;. The effects of heat release on the edge
flame propagation were further studied [15] with the results showing
the necessity of considering heat release for the curved edge flame front
and the re-direction effect. The re-direction effect induced by thermal
expansion could lead to the local flow deceleration at the upstream
of flame front, which therefore can allow the edge flame to propagate
under a speed larger than S; [16]. Moreover, the maximum value of
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was found that the U,,,, is negatively correlated with the |VYy| [17].
Such correlation has been experimentally validated [18]. While it is
obvious that the flame curvature increases with increasing |VYy| due
to the narrower spatial distribution of flammable mixture, the U,,,,, is
thus also found to be negatively correlated with the flame curvature.
Chung [19] pointed out that the tri-brachial flame structure would
transform into the bi-brachial structure with increasing |VYy|. Such
structure may promote the reduction of U,,,,. The further increase of
|VYr| may accommodate a mono-brachial flame with a smaller U,
that could potentially lead to the flame extinction.

The effects of flame stretch on the edge flame propagation were
investigated [20] with the results showing that the flame stretch in-
duced by flame curvature can dominate over the flow strain term under
large | VY| conditions. Moreover, the U,,,, shows negative dependence
on stretch rate. Buckmaster [11,21] further indicated that the U,,,,
might be positive, zero or negative depending on the stretch rate. A
retreating edge flame (with a negative U,,,,) with a mono-brachial
diffusion flame structure can appear when the stretch rate is sufficiently
large. After experimental observations of “flame island” in turbulent jet
flames [22-25], Buckmaster and Weber [11,26] proposed a theory in
which edge flames, being the microstructures of turbulent flames, can
play important roles in the local flame extinction and re-ignition, and
turbulent flame stabilization. The responses of displacement speed S,
of such microstructures in turbulent flames to local flame curvature and
stretch rate were statistically analyzed [12,27,28] using direct numeri-
cal simulation data, whose results concluded the negative dependence
of S, on curvature and stretch rate.

Except for the above hydrodynamic characteristics of edge flames
in general, intrinsic to the hydrogen-air edge flames also is the Lewis
number effect stemming from mass diffusion of different species. Using
various species-based Lewis numbers, Im and Chen [29] studied the
evolution of edge flame and species mass diffusion in a hydrogen-air
mixing layer. The results showed that the hydrogen-air edge flame
exhibits a typical tri-brachial structure and the position of maximum
heat release rate (HRR) is located adjacent to the stoichiometric line. In
addition, the enhancement of propagation speed U,,,,, is mainly caused
by the re-direction effect. The various species-based Lewis numbers are
also adopted in the investigation [30] about the interaction between a
hydrogen-air edge flame and a flow vortex pair, whose results showed
that the strong flow strain may lead to the negative stretch rate and
S,. By modeling species diffusion based on binary Fick diffusion (FD),
Owston et al. [31-33] systematically studied the effects of ignition,
mixture stratification, pressure, ambient temperature and water vapor
concentration on the hydrogen-air edge flame dynamics. The results
showed that the initial ignition stage has negligible influence on the
steady flame propagation. The mixture stratification significantly in-
fluences the overall heat release while its effect on S, is relatively
small. The S, is enhanced considerably by the ambient temperature
but varies minimally under different pressures. The water vapor con-
centration significantly reduces the maximum HRR without showing
noticeable effects on U,,,,. Based on binary FD, the normalized global
flame speed is shown to be close to 4/p,/p, for hydrogen-air and
methane/hydrogen-air edge flames in the coflow configuration [9,34].
This is also consistent with Ruetsch’s theory [15].

A comprehensive understanding of the hydrogen-air edge flame
dynamics requires the detailed modeling and analysis about the mass
diffusion process of different species in the multi-component mixture.
For laminar edge flames at low Mach number conditions, the mass
diffusion of species can be driven by the mass fraction gradient, i.e. FD,
and the temperature gradient, i.e. Soret diffusion (SD) [35,36]. SD
could drive the light (or heavy) species towards (or away from) the high
temperature region. Compared with traditional hydrocarbon fuels, the
hydrogen-air edge flames usually facilitate much higher concentrations
of the lighter species such as H and H,, so the mass diffusion of these
lighter species can exhibit a strong SD process under the large tempera-
ture gradient induced by chemical reactions of the hydrogen-air system.
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Based on a one-step overall reaction model, it was demonstrated that
SD would change the Markstein number of stretched flames and thus
could not be ignored when studying the dynamics of wrinkled flame
front [37]. The effects of SD on the hydrogen-air Bunsen flame structure
were investigated [38], in which SD was found to be crucial for the
accurate prediction of species concentration and temperature under
both rich and lean conditions. For planar premixed flames, the SD flux
of H was found to decrease the flame propagation speed under most
equivalence ratio conditions [39]. The roles of SD in outwardly prop-
agating spherical flames were studied [40] and it was found that SD
would assist with the reduction of laminar flame speed. Such effect is
more obvious under higher initial temperature and pressure conditions.
SD was also revealed to promote the instability of hydrogen-air flames
under lean conditions so that the flame front can easily evolve into a
cellular structure [41]. The SD flux of H, was found to play a significant
role in the diffusion enhancement of H, from the preheat zone to the
reaction zone. This process cannot be omitted for the prediction of
extinction limit and burning rate of lean premixed hydrogen-air flame
especially when the flame is curved or stretched [42]. Yang et al. [43]
studied the response of non-premixed hydrogen-air flame to the flow
strain rate in a counterflow configuration. The results indicated that the
maximum temperature and strain limit for the flame extinction are both
larger when SD is taken into account. The SD of H, was found to infuse
extra H, into the reaction zone of non-premixed flame and enhances
the overall reactivity [44]. For the hydrogen-air non-premixed flame,
the flamelet modeling results showed that the profiles of H, and OH is
noticeably influenced by SD [45]. Briones et al. [46] studied the effects
of SD on the structure of partially premixed hydrogen-air flames using
a counterflow flame configuration. The results showed that the position
of reaction zone is pushed away from nozzle due to the smaller flame
speed caused by SD, and the H mass fraction and HRR are also reduced.

The previous studies demonstrated that the structure and propa-
gation of hydrogen-air flames can be influenced by SD. However, the
effects of SD on premixed and non-premixed flames can be quite dif-
ferent as they appear to promote the reactivity of non-premixed flame
but diminish it in the premixed flame. The hydrogen-air edge flame
can exhibit the structure of non-premixed flame and the propagation
feature of premixed flame, the effects of SD on these features are
therefore of our interest. The responses of flame displacement speed to
flame curvature, stretch rate and scalar dissipation rate under the influ-
ences of SD will be analyzed in details. The flame structure and mass
diffusion of individual species will also be discussed to gain a more
comprehensive understanding about the influences of SD on hydrogen-
air edge flames. The rest of this paper is organized as follows: Section 2
describes the numerical method employed in this study, followed by
Section 3 for the discussion and Section 4 for the conclusions.

2. Numerical methodology
2.1. Numerical code

The numerical code MultiDiffFOAM [16] developed based on the
open source software OpenFOAM-6 is adopted for the hydrogen-air
edge flame simulation in this study. The numerical solution of full set
of governing equations of the laminar reacting flow is implemented
by MultiDiffFOAM with the capability describing transport processes of
momentum, energy and species mass in the multi-component mixture.
The newly developed module in MultiDiffFOAM could calculate the
viscosity, thermal conductivity and mass diffusivity of multi-component
mixture through the mixture average method [47,48]. FD and SD
of light species are both considered in MultiDiffFOAM. The detailed
information of MultiDiffFOAM code such as governing equations and
mixture average method could be found in our previous work [16,49].
This code has been carefully validated based on the premixed flames
and coflow flames of hydrogen-air and methane-air mixture.
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Fig. 1. The schematic of computational domain and initial setup.

2.2. Mass diffusion model

The mass diffusion process of individual species can be driven by
the mass fraction gradient, temperature gradient, pressure gradient and
body force [48]. For the laminar hydrogen-air edge flames, the mass
diffusion due to pressure gradient and body force can be neglected [36,
50]. The mass diffusion velocity of ith species U; thus contains three
parts, which can be expressed as follows:
U,-=U,.F+UiS+UC=—%-VY,-—%%

i

VT +U° )
i
where UF, US and U€ are the Fick diffusion velocity, Soret diffusion
velocity and correction diffusion velocity for mass conservation; D;,
X; and O, are the diffusion coefficient, mole fraction and thermal
diffusion ratio of ith species, respectively. D; and O; are calculated
using the TRANSPORT library of CHEMKIN [48] and then are input
into MultiDiffFOAM code for combustion simulation. SD is considered
only for the species whose relative molecular weight is smaller than 5,
i.e. H and H,.
The U€ is derived according to El‘l YU, = 0. Moreover, the UC can
be further divided into USF, the correction caused by FD, and U,
the correction caused by SD as follows:

N, N
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Thus, the detailed formula of U; can be expressed as follows:

U = (U +U%F) + (US +USS)
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In this study, the case only considering the U; = UF + UF of FD
is referred to as the noSoret case, and the other case considering the
full set of Eq. (3) of both FD and SD is referred to as the Soret case.
By comparing the results of noSoret and Soret cases, the difference
between two cases should be due to the SD of H and H, and the
effects of SD on the edge flame dynamics and the diffusion-chemistry
interaction can be analyzed and elucidated.
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2.3. Setup of computational domain

The schematic of computational domain and initial setup is shown
in Fig. 1. The computation domain contains a pure air region, a pure
hydrogen region and a hydrogen-air mixing layer in between. For
the initial distribution of reactants mass fraction across the mixing
layer (along the y-direction), a hyperbolic tangent profile [31,32,51]
is adopted in this study to generate a continuous and steep gradient.
The profile of H, mass fraction across the mixing layer is given as
Yy, = % (1 +tanh (£ &_/XO , where y, is the y-coordinate that centers
the mixing layer (y, = 0 here). The thickness of initial hydrogen-air
mixing layer 6 is set as 1 mm. The profiles of O, and N, mass fraction

within the mixing layer can be expressed as Y, = Yo, 4 (1 - YH2) and

W, = Yny.air (1 - YH2>, where Yy, ,;» (=0.233) and Yy, ,;, (=0.767) are
the mass fraction of O, and N, in air. The state of reactants is initially
setas T, = 300K, p, = 101325 Pa, and U, = 0 m/s (quiescent field). The
total pressure (101325 Pa) and zero scalar gradient conditions are set
for four boundaries. At the beginning of flame simulation, the mixture
is ignited by a small high temperature region (3000 K) at the left end
of mixing layer (0.1 mm in width along the x-direction). The successful
ignition will lead to a hydrogen-air edge flame propagating towards the
right along the mixing layer. Such ignition setup was found to have
a negligible influence on the steady propagation of edge flame [32].
The total size of computational domain is chosen as 10 x 10 mm with
500 uniform grid points along each direction as shown in Fig. 1. It
is worth noting that the computational setup in Fig. 1 could generate
an edge flame whose dynamics parameters such as flame curvature,
stretch rate and scalar dissipation rate would be varying during flame
propagation due to the evolving gradient of reactant concentration in
the mixing layer (especially along the transverse y-direction in Fig. 1).
Therefore, the merit of such flame configuration is that it can allow
the investigation for the responses of flame displacement speed of edge
flame to above parameters with and without considering SD, and the
impacts of SD on the edge flame dynamics and the diffusion-chemistry
interaction can be elaborated.

A detailed chemical kinetic mechanism containing 10 species and 21
reactions for the hydrogen combustion [52] is utilized. The mesh size of
AL=20 pm is selected to sufficiently resolve the hydrogen-air edge flame
structure based on the mesh independence test as shown in Fig. 2a.
The time step 0.1 ps is used to ensure the accuracy and robustness
of transient numerical simulation. The implicit Euler scheme, second
order upwind scheme and second order center scheme are used for the
discretization of transient, convective, and diffusion term, respectively.
The pressure-implicit with splitting of operators (PISO) algorithm [53]
is used to solve the coupling of velocity and pressure.

In order to study the free propagation process of hydrogen-air
edge flame, the domain size should be large enough to eliminate the
influence of boundary on edge flames. Owing to these considerations,
the domain size independence test is conducted by fixing the domain
size along x-direction L, = 10 mm but varying L, from 10 mm to
22 mm to ensure that L, = 10 mm in our study is large enough
to eliminate its influence on flame propagation. Fig. 2b shows the
evolution of flame curvature at flame marker (detailed definitions of
flame marker and flame curvature are shown in following Section 2.4)
with different L, sizes, in which the difference is quite small. Hence, the
legitimacy of using L, = 10 mm for the kind of problem investigated
here has been well established.

2.4. Flame marker and parameters of interest

As the major interest of this study is how SD influences the edge
flame propagation and the diffusion-chemistry interaction, a common
method is to extract information around a flame marker that faith-
fully traces the leading edge of flame front. Using the same method
in previous studies [12,27,28], we determine the position of flame
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Fig. 2. (a) The profiles of temperature and H,O mass fraction along the stoichiometric line under two mesh size setups. (b) The evolution profiles of flame curvature at flame
marker under different L, size setups (Four L, size setups are used: 10, 14, 18 and 22 mm and the difference is small. The comparison between 10 and 22 mm is shown here.).
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Fig. 3. The schematic of identifying the flame marker through the iso-contours of
Z gjjger = 0.045 and Yy o = 0.15.

marker through the intersection of iso-contours of product mass frac-
tion and Bilger mixture fraction. The iso-contour of product mass
fraction is usually chosen because it authentically indicates the high
HRR region. For the hydrogen-air edge flames in particular, the iso-
contour of product mass fraction Yy, = 0.15 is considered in previous
study [31] and is also adopted here. The iso-contour of a particular
Bilger mixture fraction that yields the largest laminar flame speed S7"**
should be considered to ensure that the flame marker is located at
the leading edge [12]. By using the Chemkin PREMIX module [54]
with the identical chemical kinetic mechanism, the equivalence ratio
of hydrogen-air mixture that allows the S7** is found to be around 1.6,
which corresponds to a Bilger mixture fraction Zp;,,, = 0.045 by using
the definition shown below [55,56]:

 (Zu=Zy o) 12My = (Zo = Zo ) [ Mo @

(Zh.ps = Zos) 12My = (Zo,ps = Zo05) [ Mo

where Z; and Z,, are the mass fraction of H and O element, M and
M, are the relative atomic weight of H and O element, the subscripts
‘fs’ and ‘os’ represent the fuel stream and oxidizer stream, respectively.
Fig. 3 shows the flame marker identified by the iso-contours of Yy o =
0.15 and Zg;,,, = 0.045. It is clear that the flame marker is located
at the leading edge of flame front with the high HRR and therefore is
reliable to trace the hydrogen-air edge flame propagation in this study.

ZBilger

After identifying the position of flame marker, the flame displace-
ment speed S, at the flame marker can be evaluated using the following
equation [12,57,58]:

(wp+ V- (pDpVYp)) (5)

a [pVY5p|
where p is the density; Y is the product mass fraction; wp and Dp are
the corresponding mass production rate and mass diffusion coefficient
of product (here product is H,0) in the multi-component mixture,
respectively. The physical meaning of S, is the propagation speed of
iso-contour of product mass fraction relative to the local fluid, which
is driven by the chemical production and mass diffusion of product
species. To facilitate analyses on the influence of SD on the edge flame
propagation, the .S, is further decomposed into three components (S, =
Sy, + Sy, +S,,) that correspond to the independent contribution of
chemical reaction, tangential mass diffusion and normal mass diffusion,
respectively [12,16]:

@p
Sy, = (6)
ar =, |VYp|
Sy, =-Dp-K @)
Ny, -V (,;D,,NYP : VYP>
Syn= C))

P |VYp|

where Ny, and K are the unit normal vector and local curvature of Yp
iso-contour and could be calculated as follows:

VY5
=- 9
[VYp|

Yp

K=V-Ny, (10)

Although the flame displacement speed .S; could describe the prop-
agation speed of iso-contour of flame scalar relative to local fluid, it
would be influenced by the thermal expansion and can be improper to
indicate the flame propagation relative to unburnt mixture. Therefore,
the density-weighted flame displacement speed S, is also adopted here
to exclude the impacts of density change across the flame front:
~ pSy

S, =24 an
47,

Since the hydrogen-air edge flame fronts studied here are naturally
curved due to the strong transverse reactant concentration gradient,
the responses of S, and S, to flame curvature K, flame stretch rate
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Table 1

The laminar flame speed S; and flame thickness &, of
hydrogen-air laminar premixed planar flame. (From PREMIX
calculations [54], ¢ = 1.6 and Zp,,,, = 0.045)

Case S, (cm/s) 6, (mm)
Soret 287.79 0.3437
noSoret 313.97 0.3520

x and scalar dissipation rate y under the effects of SD are also stud-
ied. The formula for calculating stretch rate x could be expressed as
follows [50]:

K=V [Ny x (U Ny, )| + (V- Ny, ) (V- Ny, ) 12)

where U is the local fluid speed and V; is the propagation velocity of
iso-contour of product mass fraction in the inertial coordinate system
and given by ¥, = U + S, - Ny,. Thus, the x can be further expressed
as follows [59]:

K=Y~[NYPX(UXNYP)]+(U-NYP)-K+&ﬁ a3)

KL‘

K K

st sn

where the first term describes flame stretch induced by the tangential
velocity gradient, namely flow strain term along the tangential direc-
tion therefore denoted as «,. Similarly, the second term is flow strain
term along the normal direction and therefore denoted as «,. The third
term is flame stretch essentially induced by the flame curvature and
denoted as «,.

The scalar dissipation rate y can be calculated as follows:

2
X = 2[)Z )VZBilger (14)

where D, is the global diffusivity of Bilger mixture fraction. Since
the D, cannot be explicitly defined in our cases that consider the
detailed mass diffusion process of multi-component mixture, here the
local thermal diffusivity of mixture 4/(pc,) is used to retrieve the order
of magnitude approximation of D, [30,60].

In addition, the normalizations of above parameters can be ex-
pressed as follows:

_ S _ rSy

* = = 15)
4TS, mSL
% K
— 16
s a6
K
K* = =Ka a7
SL/Sf
® X -1
SL/sz

where the superscript = denotes the normalization of corresponding
parameters. p is the local density at the flame marker, p,, S| and §, are
the unburnt gas density, fundamental laminar flame speed and flame
thickness of the planar flame (¢ = 1.6 and Zp;;,,, = 0.045). The 5, can
be assessed through &, = (T, — T,)/(VT),,,, where T, and T, are the
burnt and unburnt temperature, (VT),,,, is the maximum temperature
gradient of a laminar premixed planar flame. The normalizations of «
and y are also the Karlovitz number (Ka) and inverse of Damkohler
number (Da~!) that provide the magnitude scaling of chemical time to
flow time and chemical time to diffusion time, respectively. The S; and
6, of hydrogen-air laminar premixed planar flames with and without
SD are listed in Table 1.

3. Results and discussions
Surrounding goals that investigating the impacts of SD on the

hydrogen-air edge flame dynamics and the diffusion-chemistry inter-
action, we first present the macroscopic views on the evolution of
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propagating hydrogen-air edge flames in the following sub-sections.
Then the responses of flame displacement speed to flame curvature,
stretch rate and scalar dissipation rate in two cases are analyzed.
After indicating the non-negligible influences of SD on the edge flame
dynamics, we finally study the difference of flame structure as a result
of the diffusion-chemistry interaction.

3.1. Ignition and evolution of edge flame

Fig. 4 shows the evolution of contours of HRR, H and H, mass
fraction between ¢+ = 0.02 and 1.2 ms in the Soret case. It can be
seen that a flame kernel with the obvious heat release is developed
at 0.02 ms while the tri-brachial flame structure is not formed yet.
Meanwhile, the flame kernel grows initially towards the lean side due
to the exact location of stoichiometric line within the mixing layer. The
flame index defined as & = VYH2 . VYO2 [61] is also computed here
to differentiate various flame branches. Such definition of ¢ indicates
the inner product of fuel and oxidizer concentration gradients. Then
the positive flame index suggests the rich and lean premixed flame
branches (RPFB and LPFB in Fig. 4) and the negative one corresponds
to the diffusion flame branch (DFB in Fig. 4). Thus, the iso-contour of
& = 0 in Fig. 4 (white dashed line) shall be considered as the boundary
between different flame branches. At + = 0.02 ms, a region bounded
by the iso-contour of ¢ = 0 is primarily on the rich side and the
high HRR region at the initial stage is mostly in the DFB. After the
successful ignition, a tri-brachial flame structure begins to emerge at
around 0.4 ms. The premixed zone identified by the iso-contour of & =
0 extends towards the lean side and forms the LPFB. By referencing
together with the HRR contours, the DFB is found to share a strong heat
release zone with the RPFB and LPFB, suggesting that the DFB would
supply energy for the development of LPFB during the formation of tri-
brachial flame structure. In addition, the comparison between contours
of H and H, reveals that H is more abundant on the burnt side, while
H, is mainly concentrated on the upstream (right side) of Yy, = 0.15
iso-contour and thus close to the unburnt side, which suggests different
distribution features of H and H, in the edge flame structure.

Figs. 5a and 5b depict the evolutions of flame position and HRR at
the flame marker in two cases. It is clear in Fig. 5a that the instanta-
neous position of edge flame in the noSoret case is always ahead of
that in the Soret case, suggesting that SD mildly suppresses the edge
flame propagation. Such effects are similar to those on the hydrogen-
air premixed flames. The HRR profiles in Fig. 5b both show an initially
rapid descending stage (before + = 0.1 ms) followed by a relatively
mild rising stage. When SD is considered, the initial chemical reaction
ignited by a high temperature region in the spatially stratified layer
is enhanced by the additional diffusion provided by SD, which could
be reflected by the higher initial HRR profile. This is quite consistent
with the observation from Fig. 4 (at + = 0.02 ms) where the high
HRR region is located in the DFB. The enhancement effects of SD on
such a diffusion-controlled process are similar to what were found in
the non-premixed flames [44]. The descending HRR profile suggests
that the flame temperature is transitioning to the self-sustainable value
after the edge flame is ignited. During the propagation process, the
curvature of edge flame front (cf. Yy,o = 0.15 iso-contour in Fig. 4)
would decrease due to the transverse diffusion (along the y-direction)
of upstream reactants and thus leads to the rising trend of HRR profiles.
Moreover, the noSoret case shows a higher HRR profile during the
later stage of flame propagation, which in turn results in the faster
propagation shown in Fig. 5a. Such effects of SD on the edge flame
propagation are more like those on premixed flames. Fig. 5¢ shows
the correlation of flame displacement speed .S, with stretch rate x
during the whole flame propagation process within the computational
domain. It could be seen that the S;-x correlation shows the linear
feature (blue symbols) after the initial ignition and formation stage of
triple flame (black symbols). Moreover, when the flame is approaching
close to right boundary, the S,-x correlation is also influenced and the
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linear relationship fails (red symbols). To avoid potential influence of
domain size and ignition source on our results and analyses in following
subsections, we only use the data points in linear regime (blue symbols)
and other data points are discarded.

3.2. Soret effects on flame responses

As there exists the curvature variation during the edge flame prop-
agation (cf. Fig. 4), the potential effects of curvature and stretch on
the partially premixed flame dynamics [30,62,63] shall be considered.
Although the edge flame dynamics has been analyzed in some previous
studies [12,28,34], it is of importance to further investigate the effects
of SD on the responses of flame displacement speed .S, to curvature K,
stretch rate x and scalar dissipation rate y (i.e. Egs. (5) to (18)).

Fig. 6a shows the responses of flame displacement speed .S, and its
three components to flame curvature K. Note that during the flame

propagation, the flame curvature, stretch rate and scalar dissipation
rate at the flame marker would decrease simultaneously due to that
the transverse diffusion of upstream reactants alters the local mixture
composition and decreases the reactant gradient before the flame front
arrives. It is clear that the S, ,-K correlations in two cases both exhibit
the linear feature owing to the intrinsic linear curvature dependence
of S,, in Eq. (7). Under same curvature, the magnitudes of S,, show
small difference due to the close Dy o at flame marker in two cases.
Moreover, the negative values of S, suggest its role in decreasing the
S,

As also shown in Fig. 6a, the S, , only vary within 0.05 m/s, which
means that the S, , is insensitive to the curvature and SD does not
exert much influence on the §,,. It is worth noting that the local
flame thickness or local product layer thickness 6p (5p ~ 1/|VYp|
according to simple scaling) would be important for the S,, due to
its direct relevance with the normal diffusion process. Fig. 7a shows
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the profiles of VYHZO‘ under different curvatures. The overall trend
suggests that as the edge flame propagates, the reduction of flame front
curvature is accompanied with the increase of )VYH20|. Such increase

of |VYy,o| should be due to the thinning of product layer thickness
(from 6p; to 6p, as illustrated in the inset of Fig. 7a) as a result of

decreasing curvature. The connection between §, and K seems to be
mostly geometrical so that the difference of ‘VYHZO‘ between two cases

is quite small. The subtle contribution of |VYy,q| (i-e. |[VYp| in Eq. (8))
to the S, , variation should be attributed to the explicit appearance of
|VYP| in both numerator and denominator of Eq. (8). In Table 1 (cf.
Section 2.4), the flame thickness of uncurved planar flame § L almost
does not affected by SD, which could be considered as the special case
of 6p (as K — 0) that is shown to be almost independent of SD in
Fig. 7a.

Since it is found in Fig. 6a that the chemical reaction term S, . shall
dominate the S, behavior because |S,.| > |S;,| > |S4,|, and the
S, in the noSoret case is significantly larger under same curvature,
Fig. 7b shows the product mass production rate w0 as a preliminary
assessment of the importance of chemical reactions. As shown, the Soret
case exhibits a noticeably smaller production rate compared with the
noSoret case. This suggests that because SD is diffusion-related, the
mass diffusion of small and reactive molecules into or away from the
reaction zone is the substantial reason that the flame displacement
speed is decreased due to SD.

For hydrogen-air mixture at the flame marker where the equiva-
lence ratio is 1.6, the corresponding effective Lewis number Le,, is
revealed to be about 1.5 according to research results of Sun [64],
Bechtold [65] and Joulin [66]. Therefore, the negative wp,0-K corre-
lations in Fig. 7b are principally induced by the inequality between
heat and mass diffusion for the curved flame front when the effective
Lewis number is larger than 1. It is worth noting that some previous
studies [12,28] used the one-step chemical reaction model and the
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unity Lewis number assumption. Hence the product mass production
rate was shown to be almost independent of flame curvature. The S, (=
wp/(p|VYp|)) was then positively correlated with flame curvature K in
these studies, which should be mainly caused by the negative |VYp|-K
correlation similar to Fig. 7a. When the multi-component transport is
taken into consideration, the thermo-chemical state of mixture at the
flame marker would vary, and the wy,; shows an obvious negative
dependence on flame curvature. Such inconsistency in analyzing the
S,,-K relationship between this study and previous investigations
implies that it is important to consider the detailed transport process
of multi-component mixture in such a problem.

In addition, Fig. 6a demonstrates the overall response of flame
displacement speed S, to flame curvature K, in which the negative
linear S;-K correlation are observed in two cases. Based on above
analyses, it can be concluded that the negative S;-K correlation should
result from the combination of S, , and S, . profiles. The slopes of .S,;-K
correlations in two cases in Fig. 6a are revealed to differ weakly with
each other. This means that the sensitivity of S, to flame curvature K
could largely be the geometrical curvature effects and SD plays a role
partly. Fig. 6b shows how the normalized flame displacement speed S
varies with the normalized curvature K*. Since K* is smaller than 0.65,
the edge flames studied here could be considered to be weakly curved,
which could account for the linear dependence of S, on K, and S on
K*.

Due to the curved flame front of edge flame, the re-direction ef-
fect [15] and simultaneous flame stretch caused by flow strain and

flame curvature would also emerge. The flame stretch has been proven
to have remarkable impacts on the edge flame propagation [30,34]
and thus is also analyzed here. Fig. 8 shows the total stretch x and its
three terms k, ky,, and «, (cf. Eq. (13)) under different curvatures.
The normal component of flow strain term «,, is the only negative
term among three components, which is due to the local fluid velocity
U being opposite to the Ny,, yielding a negative inner product U -
Ny,. The tangential component of flow strain term x, is positive and
its absolute values are larger than those of k,,. Compared with the
weak influence of SD on profiles of «,, and «, SD causes a relatively
appreciable difference of k, profiles between two cases. Since «x, =
S, - K by definition, the «, is larger in the noSoret case because of
the larger S; under same curvature. Since the .S, also decreases with
increasing curvature K, the k,-K correlation is not rigorously linear.
The total flame stretch rate x increases with increasing curvature K
and the obvious difference between two cases seems to primarily stem
from «,. It is also revealed that SD, interacting with chemical reactions,
directly affects the S, and associated flame stretch.

Fig. 9 shows the response of S, to «, and S’ to Ka. It is clear that
the S,;-x and S7-Ka correlations are quite linear in two cases, which is
qualitatively consistent with the flame stretch theory [50] that has been
commonly used in the premixed flame scenario. Note that such theory
can still be extended to analyze the dynamics of edge flame (partially
premixed flame) [34]. Applying the flame stretch theory to our edge
flame problems, S:; =1—- Ma- Ka where Ma is the Markstein number
of edge flame here and is anticipated to be equal to the slope of S7j-Ka
linearity in Fig. 9b. Similarly, the slope of S,-x plot can be treated as
the Markstein length (L) of edge flame. As shown in Fig. 9, the case
considering SD shows the smaller L and Ma.

Fig. 10 is a summary schematic of mass and heat diffusion flux in
the proximity of flame front to account for the smaller Markstein length
L and Markstein number Ma of edge flame when including SD. The
fact that Le,;, = 1.5 > 1 means that the mass gain /» would be not as
strong as the heat loss ¢ in Fig. 10. If one considers a control volume
(like the green dotted line in Fig. 10) for a curved edge flame (with a
positive stretch), the imbalance between mass and heat fluxes across
the lateral surfaces, i.e. the top and bottom of control volume, shall
essentially weaken the edge flame. Because the effective Lewis number
considers both Fick mass diffusion and thermal energy diffusion, the
relatively stronger thermal energy diffusion would induce a greater
heat loss and therefore the S, of a stretched edge flame is reduced.
This is the reason accounting for the positive L and M a shown in Fig. 9.
When SD is considered, there would be an extra flux of hydrogen riy,
driven by SD from the unburnt side (low temperature) to the reaction
sheet (high temperature). This flux ry, is partly “compensating” the
reduction of S, with increasing stretch rate, and thus the L and Mq are
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smaller in the Soret case. Similar impacts of SD on L and M a were also
found in the theoretical analysis about the two-reactant flames [37] and
the numerical simulation of syngas-air outwardly propagating spherical
flames [67].

If one extrapolates the S7-Ka linearity shown in Fig. 9b, it will
intercept with Ka = O (unstretched condition) at S; = 0.99 in two
cases. Thus, in the positive stretch region, these two intercepts indicate
that the S, would still be bounded by the laminar flame speed S;, and
therefore is consistent with Dold’s theory [14] about the edge flame
dynamics.

The scalar dissipation rate can also exert noticeable influences on
the edge flame dynamics [28,30]. Since SD could affect the mass
transfer process and the mass fraction distribution of individual species,
especially H and H,, it can be envisioned that SD would influence the
response of density-weighted flame displacement speed S, to scalar
dissipation rate y. Fig. 11 shows the response of S, to y, and S to
Da~!. Note that the scalar dissipation rate would be decreasing during
flame propagation due to the transverse diffusion along the y-direction.
It is also clear in Fig. 7b that the mass production rate of product
H,0 wy,o becomes higher simultaneously, which reveals the negative
correlation of reaction intensity with scalar dissipation rate. As the
scalar dissipation rate means the timescale of local scalar mixing, a
smaller y is indicative of a longer mixing process and hence more
complete chemical reaction. This is also the reason for the negative
S, — x and S% — Da~' correlations shown in Fig. 11. In addition,
unlike the linear S,-K and S,-« correlations, the negative dependence
of S, on y is found to be non-linear obviously, which is consistent

with previous studies [17,28]. Fig. 11b shows distinctly different S7-
Da~! profiles, in which the profile of the Soret case seems to shift
towards the larger Da~! regime. The inset of Fig. 11b shows the
potential contributions of FD and SD fluxes of H, in two cases. After FD
establishes the basic fluxes pointing to the flame front (blue arrows in
Fig. 11b), SD would affect the H element transport through the SD flux
of H, (red arrows in Fig. 11b) and increase the local mixture fraction
(Z, and Z, in Fig. 11b). The augment of Z, would be larger due to the
higher H, concentration and the larger SD flux at the fuel rich side (cf.

Figs. 14d and 15d). Based on y = D, 2‘5_22 )2, the scalar dissipation
rate y would also be increased, which indicates the effects of SD on
changing the local scalar mixing. The different ranges of y and Da™!
also suggest that it may be necessary to include SD when modeling
the hydrogen-air edge flame based the flamelet generation manifold,
in which the mixture fraction and the scalar dissipation rate are often

used to construct the flamelet library [60,68].

3.3. Reaction sensitivity and diffusion flux analysis

From the discussion in Section 3.2, it could be seen that SD has
non-negligible effects on the edge flame dynamics. The impacts of
SD are found to be mainly reflected by the chemical reaction com-
ponent of flame displacement speed. Thus, this section inherits such
trend of thought and would discuss the diffusion-chemistry interaction,
i.e. chemical reactions, local composition, and mass diffusion process
in two cases.

The important reactions for edge flame propagation in this study
are identified through sensitivity analysis. The sensitivity coefficient
of H,0 mass fraction to individual reaction is calculated here due to
its relevance with the determination of flame marker. The sensitivity
coefficient here indicates the first order partial derivative of species
mass fraction with respect to reaction rate coefficients by varying
the pre-exponential “A-factors” in the Arrhenius reaction-rate expres-
sions [69]. Fig. 12 shows the results of sensitivity analysis based
on local composition at the flame market at 0.8 ms (cf. Fig. 5b, in
the premixed flame-like stage). Although the sensitivity coefficients
vary slightly between two cases, the important reactions are identical
due to the similar local composition and temperature at the flame
marker. As shown in Fig. 12, OH+H,<H+H,0 (R3), H+0,<0+0H
(R1); O+H,H+0H (R2); H+0,(+M)<HO,(+M) (R9) are four impor-
tant reactions for the H,O production. These reactions are also usually
regarded as main chemical pathways related with reactions of H and
H, in the hydrogen-air system, and would be further analyzed.

The curvature dependence of reaction rates of above four reactions
is depicted in Fig. 13a, in which reaction rates are all weakened in the
Soret case. R3 is the main chemical pathway of H,O production, and
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Fig. 13. The curvature dependence of (a) reaction rates of important chemical reactions and local mass fraction of (b) H and (c) H, at the flame marker.

the absolute difference of it caused by SD is obviously larger than that
of other reactions. The trend of wg;-K profile is also quite consistent
with the wy,o-K curve in Fig. 7b. Moreover, these reaction rates tend to
decrease with increasing curvature K, but the difference between Soret
and noSoret cases seems to remain the same under different curvatures,
suggesting that SD plays more important roles than flame curvature in
the difference of reaction rates.

To further understand the effects of SD on the edge flame structure,
the local mass fraction of H and H, at the flame marker are depicted
in Figs. 13b and 13c, respectively. It is found that local mass fraction
profiles of H, and H show the completely opposite dependence on
flame curvature, which means that the geometrical effects of increasing
curvature intrinsically alter the flame structure. In addition, SD has
noticeably different effects on the mass fractions of H, (as the fuel and
driven into the reaction zone by SD) and H (as an intermediate and
driven away from the reaction zone by SD). The mass fraction of H,
is found to be around 0.026 and increased by SD about 0.4%, whereas
that of H is about 0.0022 and reduced by SD about 4.8%, i.e. obviously
stronger than the change of H, mass fraction.

It is worth noting that SD would cause obvious difference of reaction
component of flame displacement speed .S, . rather than two diffusion
components S,, and S,, in Fig. 6a. This means that the chemical
reaction would be influenced by SD because of the change of local
composition. For different concentrations of reactants (especially H and
H,), the reaction rate would be different even the flame dynamics
parameters show similar effects on flame speed S, and S, in two cases.
The flame speeds differ with each other even the curvatures, stretch
rates and scalar dissipation rates are same in two cases (cf. Figs. 6, 9
and 11), which demonstrates that the change of local composition and
reaction rate due to SD is a fundamental reason for larger S, and S, in
noSoret case. Being one special case, the planar premixed flame whose
curvature, stretch rate and scalar dissipation rate are all equal to zero,
the laminar flame speed .S, is also revealed to be larger when SD is not
considered (cf. Table 1).

Considering the flame marker in Fig. 3 tracing the flame front with
strong chemical reaction, the weaker effects of SD on the mass fraction
of H, than that of H in Figs. 13b and 13c might imply weaker impacts
of SD on the H, diffusion flux. To clearly illustrate this characteristics,
the distributions of HRR, components of driving force of SD, i.e. VT /T
or V(InT), and mass fluxes of H, and H arising from FD and SD along
the normal direction of flame front in the two-dimensional Zg;;,.,.-Yi,0
space are shown in Fig. 14. Fig. 14a first shows the distribution of
HRR, in which the obvious exothermic region is located within the
narrow Zg,,., band ranging 0.02~0.05 and the wide Yy, band ranging
0.02~0.2. The intersection of two dashed lines is the location of flame
marker in the Zp;,,,-Yyy,o space, and it is clear that the flame marker
is located in the high HRR region. Fig. 14b shows that although the
[V(UnT)]y is coupled with the HRR along the Zg,,,, coordinate, it is

10

more concentrated on the low Yy, o side, which suggests that the driving
force of SD is stronger on the unburnt side near the flame marker due
to the low temperature (hence the high VT /T). It is quite evident in
Fig. 14c that the variation of j FPIN s highly related with the Z Bilgers

indicating that the jH Din mostly prevails on the fuel rich side where

the j(FD)N shows a negative value and large magnitude, and it is still
c0n31d2erably strong near the flame marker. Fig. 14d shows the normal
component of SD flux of H,, in which the _](SD)N shall be primarily
affected by the driving force strength presented in Fig. 14b as well

as the absolute concentration of species. Compared with the j(FD)N,

the high ]

0.02~0.1, 1nd1cat1ng that the j H, is strongly coupled with the large
[V(InT)]y region along the Zg;;,,, coordinate. With the contribution of
absolute concentration of H,, the j( DN also seems to be more inclined
towards the fuel-rich side (or the preheat zone, rather than the reaction
zone) due to the demand on fuel supply. The ]HZD) at the flame marker
is therefore relatively weak, which is consistent with the weak effects
of SD on the H, mass fraction shown in Fig. 13c. Figs. 14e and 14f
show the normal components of FD and SD fluxes of H, respectively.
They are found to distribute in a way similar to the HRR near the flame
marker but show opposite signs (positive j u FDN and negative j(S ).

In addition, the j(SD)N is mainly located surrounding the flame marker,
or the Yy, band ranging 0.1~0.2, which clearly demonstrates that the

PV z0me is concentrated within the Zg;,,, band ranging

SD)y -

j&fm"’ is occurring near the center of reaction zone, on the burnt side,
rather than the preheat zone because of the distribution feature of H in
the edge flame structure.

Fig. 15 shows the tangential and normal components of different
diffusion flux terms of H, and H to conduct the further quantitative
comparison. Practically, the extraction of these flux components is
based on the location of Yy, = 0.15 iso-contour. The tangential
component shown in Figs. 15a and 15b are at the order of 1073
kg/m?/s, obviously weaker than the normal components (at the order
of 1072 kg/m?/s) shown in Figs. 15¢ and 15d, which indicates that the
normal fluxes of H, and H contribute much more in species diffusion
than the tangential flux. This inherent feature is inevitable due to the
large gradients of mass fraction and temperature as the driving force
of FD and SD. The /(FD)N and the /(SD)N in Fig. 15¢ are both negative,

while the J;FD)N and the jI(_ISD)N in Fig. 15d are with opposite signs.
Note that the normal direction of flame front points into the unburnt
side according to Ny, = —VYp/|VYp| in Fig. 15e. Because SD would
transport H, and H from low to high temperature region, namely from
the unburnt side to the burnt side of edge flame, the jl({SD)N and the

/I({SD)N are both negative. Compared with the positive j( DN that is
driven by the concentration gradlent from the reaction zone towards
the preheat zone, the negative /( DN means that the SD flux of H
generates a ‘counter’ mass flux 1nduced by the temperature gradient.
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Fig. 14. The distribution of (a) HRR, normal component of (b) V(/nT), (¢) FD flux of H,, (d) SD flux of H,, (e) FD flux of H and (f) SD flux of H in the Zg;,,-Yy,0

space. (The normal components of FD and SD fluxes of H and H, could be calculated through (take H as an example)

(FD)y

iy = jiP - Ny, = (pYy (U, +UCT)) - Ny, and

j;,sm” =i’ Ny, = (pYy (U5 +UCS)) - Ny, , respectively (cf. Egs. (3) and (9)). The normal component of V(inT) could also be calculated as [V(/nT)]y = V(InT) - Ny, . The data

of the Soret case at 0.8 ms is used here.)

When SD is considered, the mass diffusion flux of H along the normal
direction would be suppressed while that of H, would be enhanced,

which is clearly revealed by | jI({ZDJ"SD)N | > ‘ j](_liD)N | and | jl(_[FD+SD)N | <

‘ ji{FD)N in Figs. 15c and 15d. This process caused by SD would reduce
the local H mass fraction (cf. Fig. 13b) and should be the fundamental
reason that the chemical reaction component of flame displacement
speed S, is decreased due to SD (cf. Fig. 6a). Besides, it is clear in
Figs. 15c and 15d that the difference of jl(_IFD)N profiles between the
Soret and noSoret case is most pronounced around the flame marker,
while the jI(_IZD)’V profiles differs with each other at the fuel rich side
when the Zg;,,, is obviously larger than 0.045. This is a direct evidence
for the stronger effects of SD on the transport of H than that of H, at
the flame marker.

Fig. 16 summarizes the analyses on H and H, diffusion in the edge
flame. Due to the fact that H forms on the burnt side and H, is more
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on the unburnt side, the FD fluxes of H and H, are both towards the
flame front through the j/;” and the j%” with opposite directions (blue
arrows in Fig. 16). As the temperature gradient always points from
the unburnt side to the burnt side, the ngD and the jSP (red arrows
in Fig. 16) are consequently in same direction. Therefore, the total
diffusion flux of H jf[D”D (left black arrow) would be smaller than
the j#:2 (left blue arrow). On the contrary, the total flux of H, jgzDJfSD
(right black arrow) is larger than the j[P (right blue arrow) because
of synergistic effects of the FD and SD Hluxes of H,. This difference
demonstrates the opposite effects of SD on the mass transport of H
and H, in the hydrogen-air edge flame. Moreover, for the curved edge
flame front, the enhanced flux of H, arising from SD through the lateral
surface of flame front control volume and the simultaneous diffusion-
chemistry interaction are also the fundamental reasons for the smaller
sensitivity of displacement speed to flame stretch.
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Fig. 15. The comparison of tangential component of (a) H, and (b) H diffusion flux, normal component of (c¢) H, and (d) H diffusion flux. (e) The schematic of tangential and
normal unit vector of flame front. (As shown by Fig. 15e, the unit normal vector is given as Ny, = —VY,/|VY,|, then the unit tangential vector is determined through the
vector cross product as Ty, = Ny, X (Ny x Ny) where Ny and N, are the unit vectors along the x-coordinate and the y-coordinate respectively. Take the JiP as an example, its

(FD);

normal and tangential component could be calculated as jLFD)” = j,f," - Ny, and j,

FD+SD
H

J
figure legend, the reader is referred to the web version of this article.)

4. Conclusions

The effects of Soret diffusion (SD) on the diffusion-chemistry inter-
action of hydrogen-air edge flames propagating in transverse gradient
evolving mixing layers are numerically investigated in this study. The
freely-propagating edge flames within hydrogen-air mixing layers with
SD (Soret case) and without SD (noSoret case) are simulated by the
numerical code MultiDiffFOAM. After identifying the flame marker, the
responses of flame displacement speed .S; and its tangential diffusion
component S,,, normal diffusion component S, , and chemical reac-
tion component .S, ,, to flame curvature K, and responses of density-
weighted flame displacement speed S, to flame stretch rate x and scalar

12

= j,f," - Ty,. Moreover, the flux caused by the SD is zero in the noSoret case and therefore
= jZD, and only the jZD profile is depicted as the blue solid line. The data of two cases at 0.8 ms are used here.). (For interpretation of the references to color in this

dissipation rate y are analyzed. The sensitivity analysis is utilized to
find out important chemical reactions with further analyses on local
reaction rates and species mass fraction. The diffusion fluxes of H, and
H are shown in the two-dimensional Zp;;,,,-Y};,o space with discussion
about the diffusion-chemistry interaction near the flame marker. The
key conclusions from the above efforts are summarized as follows:

o During the initial ignition stage, the edge flames develop from a
flame kernel into a tri-brachial structure. The heat release rate (HRR)
in the diffusion flame branch is shown to be weaker compared with
that in the premixed flame branch. During the propagation process, the
edge flame without considering SD shows a faster propagation and the
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Fig. 16. The schematic of Soret effects on the diffusion-chemistry interaction: the
opposite impacts of Soret diffusion on H and H, transport in the edge flame structure.

HRR at the flame marker also consistently shows a higher profile in the
noSoret case.

« For the negative linear S, ,-K correlation, the values of S,, in two
cases show weak difference because of the close local mass diffusivity
of product (represented by Dy, ). Moreover, SD shows weak effects on
the S, , profiles due to the close product mass fraction gradient under
same curvature. However, excluding SD would lead to the considerably
larger S, ., which is resulted from the SD effects on mass production
rate of product. Both the S,-K and S,-x correlations are negative
and linear because the edge flames in this study are weakly curved
and stretched, while the S,-y correlation is revealed to be negative
nonlinear. The extrapolation of S, to the unstretched condition based
on the fitting of S;-Ka data in two cases both reveals that the S, would
be bounded by the laminar flame speed ;. Moreover, SD is found to
cause the smaller Markstein length and Markstein number because of
the lateral “compensating” flux of H, into the flame front.

« The important reactions are revealed to be OH+H, <H+H,0 (R3),
H+0,<0+0H (R1); O+H,<H+0H (R2); H+0,(+M)&HO,(+M) (R9)
based on the sensitivity analysis and the rates of these reactions are
all obviously smaller in the Soret case. Meanwhile, SD shows opposite
effects on the local mass fraction of H, and H at the flame marker.
The SD flux of H, ng and H j5P are both strongly coupled with the
driving force V(InT) along the Zp;,, coordlnate Moreover, the jSD is
promoted on the unburnt side while the j D is situated on the burnt
side, which is due to the different dlstrlbutlon features of H and H, in
edge flame structure. When considering SD, the normal components of
H, flux caused by FD jI({FD)N and by SD jEISD)N are in the same direction

and the total H, flux fFDJrSD)N is strengthened. While for H, the j(FD)N

and the jl(_IS N are in the opposite directions. Thus, SD would create
a ‘counter’ diffusion flux of H that could weaken the local reactivity
and lead to a smaller S,,, which is the main reason for the slower
propagation of edge flame in the Soret case.
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