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A B S T R A C T

Thermodiffusively-unstable lean premixed hydrogen flames are investigated using two-dimensional direct
numerical simulation employing finite-rate chemical kinetics. Three databases are generated focussing on the
inclusion of the Soret effect, the recirculation of exhaust gas, and blending with methane. A simple rescaling
of a classic thermal diffusion model is presented and shown to mimic multicomponent diffusion with very low
computational cost and little-to-no loss in accuracy. It is also shown that a previously developed model for
mean local flame speeds in lean premixed hydrogen flames [1] can still be used provided Soret effects are taken
into account in one-dimensional calculations. The addition of exhaust gas to the unburned mixture is found
to enhance thermodiffusive instability; the primary mechanism for this was shown to be the highly-efficient
third-body nature of water, with the reduction of adiabatic flame temperature a second-order effect. Again, the
existing mean local flame speed model proved sufficient. Finally, blending with methane was found to reduce
the thermodiffusive response of the flame, more so than the existing model suggests, despite adjustment of
the fuel Lewis number; an adapted model is presented to account for this.
1. Introduction

The study of thermodiffusively unstable lean premixed hydrogen
flames has gained great interest recently due to the ongoing energy
transition to carbon-free fuels. Lean conditions are employed to mit-
igate exhaust NO𝑥 emissions associated with conditions close to sto-
ichiometry. Under the lean condition, the high mobility of the fuel
leads to diffusive focussing and enhanced reactivity in regions convexly
curved towards to reactants. This phenomenon can be studied during
the linear phase of flame development [2–4], or in the non-linear
phase where the flame forms w-shaped structures referred to as ‘flame
fingers’ [5,6] leading to enhanced mean local flame speeds which
translate to faster-than-expected flames. Thermodiffusive effects still
prove relevant in turbulent flames, where the turbulence and instability
act synergistically to accelerate the flame further [7–10].

Recent attempts have been made to model either the global
consumption-based flame speed in two-dimensional freely-propagating
flames [11], or mean local flame speed in two-dimensional freely-
propagating [1] and three-dimensional freely-propagating and turbu-
lent flames [10]. Specifically, the model proposed in [1] relates the
instability quantity 𝜔2 derived from linear stability analysis [12] to the

∗ Corresponding author at: Institute for Combustion Technology, RWTH Aachen University, Aachen, 52056, Germany.
E-mail address: t.howarth@itv.rwth-aachen.de (T.L. Howarth).

mean local flame speed enhancement (stretch factor), with

𝜔2 = −(𝐵1 + 𝛽(Leeff − 1)𝐵2 + Pr𝐵3) (1)

for constants 𝐵𝑖, Zel’dovich number 𝛽, effective Lewis number Leeff and
Prandtl number Pr. The Zel’dovich number is given by

𝛽 =
𝐸𝑎(𝑇𝑏 − 𝑇𝑢)

𝑅𝑇 2
𝑏

(2)

where the overall activation energy has been evaluated by varying the
burning flux through displacement with argon [13]. The effective Lewis
number (assuming lean mixtures) is given by

Leeff =
LeO + 𝐴LeF

1 + 𝐴
, 𝐴 = 1 + 𝛽(𝜙−1 + 1) (3)

for oxidiser and fuel Lewis numbers LeO and LeF, and equivalence ratio
𝜙. For two-dimensional freely-propagating flames, the local flame speed
enhancement factor is given by

𝐼0 =
𝑠𝐹
𝑠𝐿

=

{

exp(0.057𝜔2), if 𝑝 < 𝛱𝑐

1 + 0.22𝜔2, otherwise
(4)

where 𝑠𝐹 is the freely-propagating flame speed, 𝑠𝐿 is the unstretched
laminar flame speed and 𝛱𝑐 is the normalised pressure associated with
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a local maximum of 𝜔2, which for pure hydrogen–air flames takes the
orm

𝑐 =
(

20𝜙
7 − 2𝛩

)150∕(21+10𝛩)
(5)

or equivalence ratio 𝜙 and non-dimensional temperature 𝛩 = 𝑇 ∕𝑇ref ,
ref = 300K; interested readers are referred to [1] for more details. It
hould be emphasised that previous studies relating to this modelling
trategy [1,10] have only focused on pure hydrogen–air flames.

Diffusive transport of species due to temperatures gradients, re-
erred to as simply thermal diffusion or the Soret effect, is typically
eglected in multi-dimensional simulations, however, its effect on pre-
ixed hydrogen flames can be significant [14–17]. The thermal dif-

usion coefficients for molecular and atomic hydrogen are negative,
hich increases the diffusive flux of H2 into, and H out of, the reaction

one. As such, the Soret effects will exacerbate the thermodiffusive
ffects in lean hydrogen flames.

Exhaust gas recirculation is a technique typically employed in engi-
eering applications to reduce NO𝑥 emissions as the increased volume
f inert species from the exhaust gas (e.g. H2O or CO2) reduces the
diabatic flame temperature due to increased heat capacity of the
ixture, reducing the amount of thermal NO𝑥 that can be produced.
he reduction of adiabatic flame temperature increases the value of
el’dovich number, and so will have effects on the thermodiffusive
esponse of the flame.

Blending hydrogen with another fuel allows for utilising the advan-
ages of both hydrogen (carbon-free, high reactivity) and another fuel.
or example, in the case of methane, blending with hydrogen provides
way to significantly reduce carbon emissions while keeping the flame

peed to a moderate value and avoid the dangers of flashback. There
ave been several studies performed examining differential diffusion
ffects in CH4/H2 flames [18–20], and there is a general agreement
hat thermodiffusive effects become more prominent with increased
ydrogen content, which decreases the Markstein number, potentially
hanging its sign to an unstable negative value.

The aim of this work is to determine the generality of the model
eveloped in [1], and understand the interaction between thermod-
ffusive instability with other external factors. Specifically, there are
hree overall objectives. Firstly, Soret effects are modelled and studied
o determine whether the existing model for mean local flame speed can
apture the additional thermodiffusive response anticipated. Secondly,
he effects of exhaust gas recirculation are studied to determine how
t interacts with thermodiffusive instability, why the response changes
rom undiluted cases, and whether the model can replicate the effect;
his is the first study to consider the effect of exhaust gas recircu-
ation on the thermodiffusive response of hydrogen flames. Finally,
ases of hydrogen blended with methane will be considered to assess
hether the existing model can also predict the anticipated change in

hermodiffusive response of the flame.
A brief description of the solver used and a list of conditions used

n each DNS database is given in Section 2, followed by an outline of
he thermal diffusion model employed and its effects in Section 3. In
ection 4, the effects of exhaust gas recirculation are quantified and
xplained, and the effect of the addition of methane to the mixture is
odelled in Section 5.

. Simulation configuration

Three databases have been created consisting of direct numerical
imulations of two-dimensional laminar freely-propagating flames us-
ng finite-rate chemistry using PeleLMeX [21]. PeleLMeX solves the
ow-Mach-number equation set for reacting flow, where the fluid is
reated as a mixture of ideal gases. A mixture-averaged model is em-
loyed for the species diffusion coefficients, and the addition of a
hermal diffusion model is discussed in Section 3. The discretisation
ouples a multi-implicit spectral deferred correction approach for the
2

o

ntegration of mass, species and energy equations with a density-
eighted approximate projection method, which has incorporated spa-

ially constant thermodynamic pressure through a velocity divergence
onstraint. Further details can be found in [22,23]. The databases
re summarised as follows, with all combinations of conditions in {}
imulated:

• Database A (with/without Soret, 48 cases):

– 𝜙 ∈ {0.3, 0.4, 0.5}
– 𝑇𝑢 ∈ {300, 400} K
– 𝑝 ∈ {1, 3.5, 10, 20} atm

• Database B (𝑇𝑢 = 400 K, 30 cases):

– 𝜙 ∈ {0.3, 0.4, 0.5}
– 𝑝 ∈ {1, 6} atm
– 𝜒EGR ∈ {0, 0.05, 0.1, 0.15, 0.2}

• Database C (𝑇𝑢 = 300 K, 64 cases):

– 𝜙 ∈ {0.35, 0.45, 0.55, 0.65}
– 𝑝 ∈ {1, 3.5, 10, 32} atm
– 𝜒H2

∈ {0.55, 0.7, 0.85, 1}

Several tables are provided as supplementary material listing all
conditions with corresponding flame speed, thermal thickness and in-
stability parameter 𝜔2. In all databases, domains were set as 80𝑙𝐹×640𝑙𝐹
with a base grid resolution of 128 × 1024 and 3 levels of adaptive
mesh refinement leading to an effective resolution of 1024 × 8096 in a
buffer region of 3 fine grid cells around the locations where the mass
fraction of HO2 exceeded 30% of the maximum value found in the
corresponding one-dimensional simulation. The value of 𝑙𝐹 (the freely-
propagating thermal thickness) was predicted using the model from [1].
One-dimensional profiles generated by Cantera [24] were imposed with
a random sinusoidal perturbation and used to initialise the simulations;
each simulation was allowed to evolve for a sufficiently long time to
allow development of flame instabilities prior to extracting statistics
for analysis.

3. Thermal diffusion

Thermal diffusion of species is typically only possible through the
usage of multicomponent transport models which are notoriously com-
putationally expensive, particularly in multi-dimensional simulations.
In this section, the mixture-averaged model developed by Chapman and
Cowling [25], which is known to overestimate Soret effects [26], is
rescaled to reflect multicomponent thermal diffusion. An assessment is
then performed examining the effects of thermal diffusion on existing
models for the mean local flame speed enhancement in lean premixed
hydrogen flames.

3.1. Thermal diffusion model

For a species 𝑘, the mixture-averaged thermal diffusion velocity is
given by

𝐒𝑘 = −
𝐷𝑘,𝑚𝑖𝑥𝛩𝑘

𝑋𝑘

1
𝑇
∇𝑇 (6)

where 𝐷𝑘,𝑚𝑖𝑥, 𝛩𝑘 and 𝑋𝑘 are the mixture-averaged diffusion coefficient,
hermal diffusion ratio and mole fraction of species 𝑘 respectively, and
𝑇 is the temperature. Pele evaluates 𝐷𝑘,𝑚𝑖𝑥 by preprocessing the chemi-
cal mechanism to obtain log(𝐷𝑘,𝑚𝑖𝑥) in terms of a third-order polynomial
n log(𝑇 ). A similar approach can be taken to model 𝛩𝑘, where the
odel of the Chapman and Cowling is taken and fitted to a polynomial

f 𝑇 (rather than log(𝑇 )). Thermal diffusion for species with molecular
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Fig. 1. Profiles of molecular (top) and atomic (bottom) hydrogen as functions of
temperature, comparing the usage of different transport models (mixture-averaged,
multicomponent, multicomponent with Soret, mixture-averaged with Soret and mixture-
averaged with unadjusted Soret) between the two solvers (Cantera and Pele). Each line
corresponds to individual flames performed with the respective transport models and
solver. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

weights 𝑊𝑘 ≥ 5 is neglected. Specifically, the mixture-averaged thermal
diffusion ratio 𝛩𝑘 is given by

𝛩𝑘,MA =
𝑁
∑

𝑗≠𝑘
𝜃𝑘𝑗 (7)

where the binary coefficient 𝜃𝑘𝑗 is given by

𝜃𝑘𝑗 = 𝑓 (𝑇 )𝑋𝑘𝑋𝑗 (8)

and the function 𝑓 (𝑇 ) is a third-order polynomial fit in temperature
to a function involving ratios of collision integrals and molecular
weights (see [27] for more details). Following an approach similar
to [28], the thermal diffusion ratios computed here are scaled to match
multicomponent thermal diffusion ratios (to prevent an overestimation
in magnitude) calculated from 1D simulations in Cantera i.e.

𝛩𝑘,MC = 𝛼𝑘𝛩𝑘,MA (9)

with the MC subscript denoting the coefficient derived from a mul-
ticomponent formulation, and MA subscript denoting the mixture-
averaged value. Three different mechanisms were employed [29–31] to
determine the appropriate values for 𝛼𝑘, considering all combinations
of 𝜙 ∈ {0.4, 0.7, 1}, 𝑇𝑢 ∈ {300, 500, 700} K, 𝑝 ∈ {1, 5, 10, 20} atm, resulting
in 108 different simulations. A linear best fit suggests that 𝛼H2

= 0.664
and 𝛼H = 0.580 across all mechanisms, indicating that the scaling
is insensitive to the choice of mechanism; a figure is provided as
supplementary material showing this near-perfect correlation.

In this work, the thermal diffusion ratios used are given by 𝛩𝑘 =
𝛼𝑘𝛩𝑘,MA for 𝑘 = H, H2. To validate this model, Fig. 1 compares species
profiles with respect to temperature for the different transport models
for 1D simulation at 𝜙 = 0.37, 𝑇𝑢 = 300 K, 𝑝 = 1 atm, using the
mechanism from [30]. The different transport models are denoted as
3

Fig. 2. Zel’dovich number as a function of pressure for 𝑇𝑢 = 300 K (top) and
𝑇𝑢 = 400 K (bottom), with different lines corresponding to the three equivalence ratios
𝜙 = 0.3, 0.4, 0.5. Simulations with(S)/without(NS) the Soret effect employed are shown
with solid/dashed lines respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

follows: mixture-averaged (MA), multicomponent (MC), multicompo-
nent with Soret (MCS), mixture-averaged with Soret (MAS, includes
𝛼𝑘 adjustment), mixture-averaged with unadjusted Soret (MAUS). MA,
MC and MCS profiles are available from Cantera, whereas MA, MAS
and MAUS profiles are computed in Pele. The target profile is the
MCS profile from Cantera. In the case of molecular hydrogen, the MA
profiles (black solid and crosses) from Cantera and Pele line up very
well with the MC profile from Cantera (solid green), indicating little-to-
no benefit of using multicomponent diffusion (without the presence of
thermal diffusion) over a standard mixture-averaged formulation (MA).
However, a distinct shift is noted with the addition of thermal diffusion
(MC, solid green to MCS, solid red line), with the increased drop in mass
fraction of hydrogen resulting from the additional species diffusion
induced across the temperature gradient. Without the scaling of the
thermal diffusion coefficient, this increased diffusivity is overestimated
(MAUS, blue crosses), with the tempering of the coefficient bringing
the red crosses (MAS) back in line with the solid red line (MCS) as
desired. In the case of atomic hydrogen, most profiles are very close
to each other, other than the MAUS simulation where a noticeable
overestimation in the mass fraction is observed. A figure is provided
as supplementary material demonstrating the overestimation in magni-
tude, and correction through 𝛼𝑘, of the thermal diffusion coefficients in
the MAUS and MAS profiles compared to the MCS profile.

3.2. Effects of thermal diffusion

The additional diffusivity of hydrogen is anticipated to enhance
thermodiffusive instability of the flame. In fact, in all 1D simula-
tions considered, the inclusion of Soret effects increases the Zel’dovich
number (see Fig. 2), which in turn increases the value of 𝜔2.

To assess whether the increase in 𝜔2 translates into the multi-
dimensional setting, Database A is analysed, with 24 different condi-
tions considered, each with and without the mixture-averaged thermal
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Fig. 3. Normalised freely-propagating flame speed (stretch factor) as a function of
the instability parameter 𝜔2. Points are paired based on the same condition with and
without Soret effects included, and the lines are given by Eq. (4). Note that the value
of 𝑠𝐿 used here in cases considering the Soret effects is different from those without
it.

diffusion model discussed above included. The metric used to assess the
response is the scaling of the mean local flame speed 𝑠𝐹 , calculated as

𝑠𝐹 = − 1
(𝜌𝑌H2

)𝑢𝐴𝛤 ∫𝛺
𝜌�̇�H2

d𝛺 (10)

where subscript 𝑢 denotes unburned value, 𝛺 is the simulated domain
and 𝐴𝛤 is the area of the instantaneous isosurface obtained for 𝑐𝐹 = 0.9,
𝑐𝐹 the fuel-based progress variable

𝑐𝐹 = 1 −
𝑌H2

𝑌H2 ,𝑢
(11)

where 𝑌H2
is mass fraction of hydrogen, and 𝑢 denotes the unburned

value [1,6]. 𝑠𝐹 is then normalised by unstretched laminar flame speed
𝑠𝐿 to give the mean local flame speed enhancement, also known as the
stretch factor 𝐼0 (see Eq. (4)). Mean local flame speed enhancement
is plotted against the instability parameter 𝜔2 (see Eq. (1)) in Fig. 3.
Each pair of data points correspond to matching conditions with and
without thermal diffusion; in each case, thermal diffusion results in
a higher value of 𝜔2. Generally, higher mean local flame speeds are
seen with the inclusion of thermal diffusion; cases that decrease only
do so slightly, and within the standard deviation of the value of 𝑠𝐹
of the averaging period. In fact, good agreement is still seen with the
previously developed model (Eq. (4)), provided that Soret effects are
included in the corresponding 1D calculation.

4. Effect of exhaust gas recirculation

In this section, the effects of exhaust gas recirculation (EGR) are
analysed; the parameter that describes the amount of exhaust gas
present is the EGR fraction

𝜒EGR =
𝑋EGR

𝑋R +𝑋EGR
, (12)

where 𝑋R and 𝑋EGR are the mole fractions of the reactants and recir-
culated products respectively. The recirculated products are computed
based on the equilibrium mole fractions of the reactant condition, and
consists of both air and steam.

By adding exhaust gases to the unburned mixture, a large amount of
the heat energy released by the flame is used to heat up additional inert
gases in the mixture, and this decreases the adiabatic flame temperature
(see top of Fig. 4). As such, by construction of the Zel’dovich number,
more instability would be expected with increasing 𝜒EGR. Furthermore,
the overall activation energy increases with increasing blend fraction
(see middle Fig. 4); in fact, this effect dominates the profile for the
Zel’dovich number at the bottom of Fig. 4.

With increasing pressure, increasing overall activation energy re-
sults from the increased importance of the termolecular reaction H +
4

Fig. 4. Adiabatic flame temperature (top), overall activation energy (middle) and
Zel’dovich number (bottom) with increasing volume of EGR for cases in Database B.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

O2 + M ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← HO2 + M [1,32]. With EGR, H2O acts as a highly-
efficient third-body and so a similar effect is seen. To demonstrate
the importance of the high third-body efficiency of H2O, the same 1D
simulations have been run to obtain the overall activation with the
third-body coefficient reduced to same as N2 (which is equal to 1).
The variation in overall activation energy is now considerably different
(Fig. 5); importantly, for cases 𝜙 ≥ 0.4 it has been significantly reduced.
For the lean, high-pressure case (𝜙 = 0.3, 𝑝 = 6 atm), the trend reverses
due to a transition to the high-pressure regime, where weak chain-
branching reactions are activated, releasing H and OH radicals and
reducing the overall activation energy [32].

Specifically, for the case 𝜙 = 0.4, 𝑇𝑢 = 400 K, 𝑝 = 6 atm, 𝜒EGR =
0.15, this leads to 𝜔2 reducing from 23.8 to 10.6. This small change
in the chemical mechanism on the thermodiffusive response of the
flame is shown in Fig. 6, where the aforementioned condition has
been simulated with the reduced third-body efficiency coefficient. The
flame has larger cellular structures (even though both domains are
80𝑙𝐹 wide), smaller overshoots in postflame temperatures (the pink
regions), and the stretch factor has decreased from 5 to 1.75, indicating
significantly less of a thermodiffusive response.
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Fig. 5. Overall activation energy with increasing volume of EGR after reducing the
third-body efficiency of H2O in the reaction H + O2 + M ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← HO2 + M; compare this to
the middle panel in Fig. 4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Image of temperature field before (left) and after (right) reducing the third-body
efficiency of H2O.

Fig. 7. Normalised freely-propagating flame speed as a function of the instability
parameter 𝜔2. Every case is shown with a black cross, with points of comparison for
cases with third-body coefficient manipulation shown in colour. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

In terms of the existing model (Eq. (4)), good agreement is still
found and can be seen in Fig. 7 by examining all cases from Database
B. The case with the artificial third-body coefficient is explicitly shown
with the realistic counterpart, along with the case from the same
condition with 𝜒EGR = 0. By comparing the artificial and non-EGR case,
it is clear that without this third-body effect, the EGR has essentially
no effect on the stretch factor.
5

Fig. 8. Stretch factor as a function of the instability parameter 𝜔2. Colours are grouped
into different values of 𝜒H2

. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

5. Effect of blending

This section considers the thermodiffusive response of hydrogen-
methane fuels blends; the parameter that describes the degree of blend-
ing is the blend fraction

𝜒H2
=

𝑋H2

𝑋H2
+𝑋CH4

(13)

where 𝑋H2
and 𝑋CH4

are the mole fractions of hydrogen and methane
respectively. For blends, there are three different ways to formu-
late a Lewis number, either diffusion-based, volume-based or heat-
release-rate-based [33,34]. Here, we chose the diffusion-based formu-
lation [19], given by

1
Le𝐹

=
𝜒H2

LeH2

+
1 − 𝜒H2

LeCH4

. (14)

This weighted Lewis number value is in lieu of the fuel Lewis number
LeF in the expression for Leeff (see Eq. (3)). To account for the methane
in the fuel blend, the progress variable is now defined as

𝑐𝐹 = 1 −
𝑌CH4

+ 𝑌H2

(𝑌CH4
+ 𝑌H2

)𝑢
(15)

which remains consistent with fuel-based progress variables at the pure
hydrogen/methane-air limits; again, a progress variable value of 𝑐𝐹 =
0.9 is used. Good alignment of this progress variable with the heat
release is shown in supplementary material, along with a comparison
to three other progress variable choices.

Fig. 8 shows the stretch factor of cases from Database C against 𝜔2
on a semilog scale with the original model (4). Although a positive
correlation is observed, the collapse across different values of 𝜒H2

is
unsatisfactory. However, it can also be seen that with decreasing value
of 𝜒H2

, the constant of proportionality decreases. Therefore a new
model is suggested of the form

𝐼0 =
𝑠𝐹
𝑠𝐿

= exp(𝛼𝜔2𝑓 (𝜒H2
)) (16)

under the constraint 𝑓 (0) = 0, 𝑓 (1) = 1. Plotting this function suggests a
non-linear power law, so a function is taken of the form 𝑓 (𝜒H2

) = 𝜒𝛽
H2

;
by fixing 𝛼 = 0.057 to ensure consistency with the original model, a
best-fit gave the value 𝛽 = 3.3. Fig. 9 shows the calculated flame speed
against the modelled value; note that some points in the pure hydrogen
case were ignored here as they sit in the high-pressure regime (𝑝 > 𝛱𝑐).
For cases in this regime, it would be expected that an adjustment would
be required to the high-pressure model (see Eq. (4)).
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Fig. 9. Measure stretch factor against modelled stretch factor. Colours are grouped
into different values of 𝜒H2

. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

6. Discussion and conclusions

Three extensive databases of direct numerical simulations of two-
dimensional lean premixed hydrogen flames have been analysed quan-
tifying the effects of thermal diffusion, exhaust gas recirculation and
blending hydrogen with methane.

Firstly, the mixture-averaged thermal diffusion model of Chapman
and Cowling [25] was fit to polynomials in temperature and rescaled
to replicate multicomponent diffusion (Fig. 1). This in turn was used
to demonstrate that the existing model for mean local flame speed en-
hancement still provides good predictions; specifically, Eq. (4) closely
models the ratio of freely-propagating flame speed 𝑠𝐹 to the corre-
sponding laminar value 𝑠𝐿 (where the 𝐹 and 𝐿 values either both
account for Soret, or both do not include Soret). There is nothing
to suggest that previous work (e.g. [1,10]) is deficient because Soret
effects were not included; i.e. while the flame speeds are generally
higher, the flame physics/phenomenology is unaffected by inclusion of
Soret effects.

Secondly, the addition of recirculated exhaust gas was found to
increase the thermodiffusive response of the flame. The leading-order
mechanism for this was the added H2O acting as an efficient third-
body in the reaction H + O2 + M ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← HO2 + M, which decreases
the overall size of the radical pool and increases the overall activation
energy (Figs. 5 and 6). The decrease in adiabatic flame temperature
due to higher heat capacity from additional diluents was a secondary
effect. This was further demonstrated through a simulation where the
third-body coefficient H2O was reduced to that of N2 and the stretch
factor reduced by a factor of 65%. This also demonstrates the sensitivity
of thermodiffusive instability to parameters related to the kinetics, in
addition to the transport properties. The existing model was shown
to continue to capture the mean local enhancement well, including
variations to the third-body coefficient (Fig. 7). The role of radiation
was neglected in this particular study (the largest mass fraction of water
in the reactants is 2.5%), however, some readsorption of heat in the
reactants due to the presence of water is expected [35], and will be the
focus of future work.

Finally, the blending of methane with hydrogen was found to de-
crease the level of instability as expected, however an additional pa-
rameter was required to be added to the model in the form of the blend
fraction 𝜒H2

(Fig. 9), and is given by the equation

𝐼0 =
𝑠𝐹
𝑠𝐿

= exp(0.057𝜔2𝜒
3.3
H2

). (17)

This model will only apply in the low-pressure regime (𝑝 < 𝛱𝑐);
given the effects that EGR has on the chemistry, and the additional
chemistry induced by blending with methane, the critical pressure 𝛱𝑐
will be a function of both the EGR and blend fraction. Understanding
6

and predicting this value will be the focus of future work, and for cases
in the high-pressure regime, an extension would have to be developed
based on the form of Eq. (4).

Novelty and Significance Statement

Novel aspects of this research include rescalings to existing models
for thermal diffusion to mimic multicomponent diffusion, new expla-
nations for the enhancement of thermodiffusive instability through
exhaust gas recirculation, including demonstrating the sensitivity to
chemical kinetics, and an adapted model for stretch factor in hydro-
gen/methane blends. These findings are significant as they allow for
the addition of Soret effects for minimal computational cost with good
accuracy, suggests new avenues of investigation for the prediction and
control of thermodiffusive instability through the addition of water and
provides a simple model that could be used in lowfidelity simulations
of hydrogen/methane blends.
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