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Abstract

Detailed modeling of combustion processes involving hydrogen poses challenges due to
the high diffusivities of the light hydrogen molecule (Hz) and radical (H) compared to
other species. Thermodiffusion, also known as the Soret effect, describes the diffusive flux
of species induced by gradients of temperature. The Soret effect becomes important if the
fuel species is much lighter (or heavier) than the mean molar mass of the mixture. While
accurate models for Soret diffusion exist, e.g. the multicomponent diffusion model, they
are usually computationally expensive. In this work, modeling strategies for approximat-
ing Soret diffusion available in popular software packages as well as additional models
from the literature are assessed in terms of their accuracy. Four methods for computing
reduced collision integrals are compared and three formulations for the thermodiffusion
coefficients are investigated for hydrogen and ammonia combustion. All tested approaches
for computing collision integrals are found to yield good results. The approximate Soret
diffusion model by Chapman and Cowling has shown the best prediction accuracy for
typical hydrogen flames and ammonia/hydrogen blends when compared to the multi-
component diffusion model. Results are also compared to the model by Hirschfelder and
Warnatz, implemented in the popular software packages Chemkin and STAR-CD, and
the model by Bartlett and coworkers, which is available in Ansys Fluent, using different
benchmark cases. This work shall serve as a review of implementation details of common
models as well as a guideline for accurate and efficient Soret diffusion modeling in future
hydrogen and ammonia combustion simulations.
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1 Introduction

Decreasing greenhouse gas emissions is a pressing issue of our time. Because of this,
changes in the energy supply chain have to be implemented. One important building block
in the near-future energy landscape is hydrogen because it can be produced from renewable
sources and stored as a chemical energy carrier. As a carbon-free fuel, hydrogen can be
burned without carbon dioxide emissions. To overcome difficulties associated with stor-
age and transport of hydrogen, it can be converted to ammonia. The ammonia can then be
burned directly, or together with hydrogen to increase flame stability.

However, hydrogen poses challenges to current combustion systems as well as modeling
strategies. Hydrogen exhibits higher reactivity than typical hydrocarbon fuels (Lapenna
et al. 2023) and faster diffusion velocities than other species in the gas mixture. For lean
hydrogen flames, this can result in thermodiffusive instabilities that can significantly change
the global propagation speed of laminar (Berger et al. 2023, 2022, 2019; Lulic et al. 2022;
Zhang et al. 2022; Gaucherand et al. 2023) and turbulent flames (Dinesh et al. 2016; Rieth
et al. 2022; Zirwes et al. 2022; Howarth et al. 2023) and lead to other phenomena like local
flame quenching (Shi et al. 2023; Chen et al. 2021; Howarth and Aspden 2022), tip open-
ing in Bunsen flames (Law et al. 1982; Zirwes et al. 2021) and the formation of cellular
structures (Law et al. 2005; Hu et al. 2009; Patyal and Matalon 2018, 2022; Wen et al.
2021a, 2021b; Eckart et al. 2022). Detailed modeling of these phenomena requires the use
of accurate diffusion models.

In the past decades, different approaches have been developed for calculating accurate
diffusion fluxes. Apart from the usual mass diffusion due to concentration gradients, the
Soret effect has to be considered as well for hydrogen flames. The Soret effect describes the
diffusion of chemical species due to temperature gradients. Accurate Soret diffusion models
are required to predict the correct flame speed of hydrogen flames, which has significant
impact on design and safety decisions for burner development. It is also an important aspect
in direct numerical simulations (DNS), which fully resolve the flame front to study more
fundamental aspects of hydrogen flames. Recent DNS studies focused on thermodiffusive
instabilities, which arise from the interplay of local flame speeds and flame stretch rates, in
laminar configurations (Berger et al. 2019; Howarth et al. 2023; Aspden et al. 2011; Zirwes
et al. 2024), as well as turbulence-flame interaction (Rieth et al. 2022, Gaucherand et al.
2024; Lee et al. 2022; Song et al. 2021), where turbulent flame speeds were found to signifi-
cantly be determined by molecular diffusion of hydrogen (Lapenna et al. 2024). Likewise,
the complex mass and Soret diffusion characteristics of hydrogen flames pose challenges
for developing subgrid models (Lapenna et al. 2021; Aniello et al. 2022), which is why
accurate flame databases from DNS must be provided to aid further model development.

Sutherland et al. (2005) and Grear et al. (2009) showed the importance of Soret diffu-
sion for hydrogen flames in terms of flame dynamics. Schlup and Blanquart (2018b) com-
pared different modeling approaches for 1D, 2D and 3D applications. Howarth et al. (2024)
found that the Chapman and Cowling (1970) model can be a good approximation for the
more detailed multicomponent Soret model. Zirwes et al. (2024) showed that the presence
of Soret diffusion changes the way thermodiffusive instabilities in hydrogen flames grow
in 2D and 3D.

While accurate models for calculating Soret diffusion coefficients exist, like in the frame-
work of the multicomponent diffusion model (Kee et al. 2005), these models are usually
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computationally expensive. Therefore, simulations in 3D are commonly performed with
simplified models, like the mixture-averaged diffusion model. However, the mixture-aver-
aged model does not provide a description for Soret diffusion coefficients. Because of this,
approximate models for calculating Soret diffusion models are usually employed when run-
ning 3D simulations.

The goal of this work is to assess different approximate Soret diffusion models that can
be used together with the mixture-averaged diffusion model, and to provide guidelines for
accurate hydrogen combustion simulations as well as hydrogen/ammonia blends, which
have been gaining attention in the combustion community (Chai et al. 2021; Zirwes et al.
2023; Tamadonfar et al. 2024, 2025; Girhe et al. 2024). We focus on models that are avail-
able in popular simulation software, such as Chemkin, STAR-CD and Fluent, and discuss
implementation details and review model variations from the literature. The scope of this
work is limited to models that can be used together with the mixture-averaged diffusion
model and that can be easily integrated into existing frameworks such as Chemkin or Can-
tera. Therefore, we do not consider iterative approaches (Cordoba and Arias-Zugasti 2022),
approaches that require additional pre-processing steps (Hall and Pitz 2016), or mixed-
method approaches (Xin et al. 2015). To the best knowledge of the authors, this is the first
comprehensive study evaluating three different approximate Soret diffusion models, includ-
ing several variations found in the literature, together with four collision integral modeling
approaches, applied to hydrogen combustion and ammonia/hydrogen blends.

The paper is structured as follows: Sect. 2 introduces the fundamental description of
detailed diffusion modeling and establishes a baseline configuration for hydrogen-air
flames. Section 3 reviews different modeling approaches from the literature for approximate
Soret diffusion models. In Sect. 4, a direct comparison of evaluation methods for collision
integrals is provided, which is the basis for some of the approximate Soret diffusion models
discussed next. Section 5 provides analysis of the accuracy of three popular Soret diffusion
models, discussing further model variations and their limitations. The analysis is performed
by directly evaluating Soret diffusion coefficients based on given canonical flame profiles.
Section 6 continues this evaluation by comparing laminar flame speeds from different
approximate Soret diffusion models with the multicomponent diffusion model under a wide
range of operating conditions for hydrogen-air flames. Section 7 extends this assessment
to ammonia/hydrogen blends by focusing on flame dynamics in counterflow twin flames.
Results and recommendations are summarized in Sect. 8.

2 Diffusion Modeling

In this section, we will briefly outline the basic modeling strategies in the multicomponent
and mixture-averaged diffusion models. Assuming ideal gases, negligible pressure gradients
and no species-specific forces like magnetic forces for charged species, the total diffusive
flux j, of any species k can generally be expressed as

T M

smass

where ji. * is the diffusive flux of species k due to gradients of the species mole or mass

fractions (see below) and jioret is the diffusive flux of species k& due to the gradient of tem-
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sCOIT

perature, i.e. the Soret effect. A correction flux ji~'" is introduced to assure that the sum of

all fluxes equals zero
.l
> k=0, @)
k
so that

Corr =Y, Z smass +j§0ret) , (3)

where Y}, is the mass fraction of species k and the index i iterates over all species.

In most established combustion codes, like Cantera and Chemkin, the most accurate
way of calculating diffusive fluxes is the multicomponent diffusion model. By inverting
the Maxwell-Stefan relations, the following formulation can be derived (Kee et al. 2005)

smass
Jmultl k — IOY ijv ; M; Dk IVXla (4)

where p is the mixture density, X}, the mole fraction of species k, M the mean molar mass
of the mixture and M, the molecular mass of species 7. Dy, ; is the multicomponent diffusion
coefficient for the species pair k£ and . The Soret diffusion flux is expressed as

JSoret DSoret VT, (5)

where T is the temperature and D$°™* is the Soret or thermodiffusion coefficient of spe-
cies k. Using the multicomponent diffusion models, the following relations are guaranteed

3> MM;Dy VX =0 ©)
Z Dgoret =0 (7)
k
so that
Zﬁ::ﬁf; =0, Zﬁ;ﬁ& p=0 3 =0, @®

While the multicomponent diffusion model is the most accurate of the commonly employed
diffusion models, it is computationally very expensive. It requires a matrix inversion to
obtain the diffusion coefficients Dy, ;. In contrast to the mixture-averaged diffusion model,
which is discussed next, the multicomponent diffusion model provides the Soret diffusion
coefficients D™t as part of the matrix inversion, the details of which can be found else-
where (Kee et al. 2005).
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Due to the computational cost involved with the multicomponent diffusion model, most
detailed simulations performed in 3D are conducted using the less expensive mixture-aver-
aged diffusion model. Assuming that from the point of view of species & all other species
diffuse with a mixture-averaged diffusion velocity, different Fick-like mass diffusion for-
mulations can be derived. Usually, they are formulated in terms of mole fraction gradients

«mass Mk 1
Jﬁil;,bmole,k = _pﬁDgll?x?kVXk (9)
or in terms of mass fraction gradients
jﬁ?;,smass,k = _pDrrgla;,skVYk (10)

Note that Egs. (9) and (10) are derived with a similar set of assumptions, but both formula-
tions are not equal. The Fick diffusion coefficients appearing in the two formulations are

(Kee et al. 2005)
-1
) ;3D

where D;, ; are the binary Maxwell-Stefan diffusion coefficients (not to be confused with
the multicomponent diffusion coefficients Dy, ; from Eq. (4)) usually computed from the
Chapman—Enskog solution of the Boltzmann equation. Due to the assumptions underlying
the mixture-averaged diffusion model, its application is generally justified in dilute mix-
tures, e.g. combustion in air where N2 makes up the majority of the gas mixture. Note that
for the mixture-averaged diffusion model, in contrast to the multicomponent model, the
sum of diffusive mass fluxes is not guaranteed to be zero so that the correction flux must
be included. While the mixture-averaged diffusion models provide an efficient and accurate
way of modeling diffusive mass fluxes for many applications, it does not provide a way to
compute Soret diffusion coefficients. Therefore, approximate Soret diffusion models must
be employed.

In the remainder of this work, detailed Soret diffusion coefficients from the multicom-
ponent diffusion model are compared with coefficients from approximate Soret diffusion
models for use together with the mixture-averaged diffusion model. To provide a good base-
line for the following discussion, Fig. 1 compares the laminar flame speed s? obtained with
Cantera (Goodwin et al. 2024) for hydrogen-air flames at atmospheric conditions and dif-
ferent equivalence ratios ¢, without taking Soret diffusion into account. Shown are results
from the multicomponent diffusion model and the two formulations of the mixture-averaged
diffusion model, based on the reaction mechanism by Li et al. (2004). Since the agreement
of flame speeds without Soret diffusion is best between the multicomponent model (black
solid line) and the mixture-averaged model based on mass fraction gradients (red dotted
line), all following calculations will be done with the mixture-averaged diffusion model
based on Eq. (10).

1 -Y X; X5 Y;
DIl = = mass — <§ e 3
Dtk Din ik Dri 1-Yx = Dy,i
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without Soret diffusion
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Fig.1 Laminar flame speed for hydrogen-air flames at 7y = 300K and p = 1 atm without Soret diffusion
for different equivalence ratios ¢. Air is assumed as Xo, = 0.21, Xn, = 0.79

3 Approximate Soret Diffusion Models

Different approximate Soret models have been devised in the past for computing the Soret
diffusion coefficients D3°™t. Here, we will focus on three of the most popular models. The
first model is the one by Bartlett et al. (1968). This model is available as part of, e.g., the
Ansys Fluent simulation software. In this model, the Soret diffusion coefficient is computed
(here rewritten from the original cgs definition (Bartlett et al. 1968; Kuo and Acharya 2012)
in terms of SI units) as (ANSYS 2009)

0.511
0.659 M; )
DSorct ~ —2.59 10—7 kg T A{£‘511X;€ v 21 (i) X
Bartlett,k ~ —4:09 X ms \K ZYZW-MHX- — Tk Z (M 0.489 -

7 (2 7 i

mol

Note that the molar masses M, have to be provided in g/mol. It is also interesting to note that
this formulation guarantees ) ., D%fr‘ﬁcm = 0.

The second type of models expresses the Soret diffusion coefficient using the thermal
diffusion ratio ©, and the mass diffusion coefficient D™9!°_from Eq. (9) as

mix,k

DS % e fup = Dtk O (13)
where fj is a model constant, usually set to f, = % and ¢y is a model constant usually set
to unity. See below for further discussion.

In the model by Chapman and Cowling (C& C) (1970), which was recently further
assessed by Schlup and Blanquart (2018b) and earlier by Paul and Warnatz (1998), the
thermal diffusion ratio is given by
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15 M? 1.2C5, -1 Yitia; — YL
pgec _ 15 M7 Z k, 3, 2 M) (14)
2 p £~ Dy,; My, + M;
7
Note that in some works, the factor 2 in Eq. (14) is summarized as cj, fk = 13 While

usmg 15 has physical meaning in the derlvatlon of the model, we choose 12 here to provide
a umﬁed formulation between the different models. p; are the pure- spemes viscosities, C; ;
is the ratio of reduced collision integrals, discussed in the next section, and ay, is given by

1
ak=< 21;6; Z“’m) , (15)
k

where @, ; is the mixing operator from the Wilke mixing formula (Poling et al. 2001). Note
that, depending on the definition, the factor 1/+/2 can also be defined as part of ;.

The model by Warnatz (1982), based on previous work by Hirschfelder (1964) (H&
W), which is found for example in the popular simulation tools Chemkin and STAR-CD,
expresses Oy, as

My — M;
QUEW _ ZRk,imXiXk. (16)
7

Here, Ry, ;, the thermal diffusion factor, is only a function of the reduced temperature, dis-
cussed in the next section. The H& W model is derived for light species, which are most
affected by Soret diffusion. Therefore, it is common to use this model only for the light spe-
cies with M}, < 5kg/kmol, which in most combustion cases will be H, Hy and He, and to
set the Soret diffusion coefficient to zero for all other species.

Different authors and implementations prefer different values for the model constants.
As indicated above, fr = % and ¢ = 1 are the most common choices. However, different
conventions exist. Other modifications of these constants found in the literature are (Sie-
mens 2017),

1 (05, ifXp <05 B
fe=1g f’“_{o.g, X, >05° k=1 an

and (Sanders 1994)

1-Y;,
1— X

k=1, = if (1—Xy)> 10710, (18)

For all investigated cases in this work, among the variations from Eq. (17), fr = % was
found to have the best prediction accuracy. Therefore, for the remainder of this work,
fe = % will be assumed. It should be noted that accuracy can be improved by tuning this
value for specific applications (Howarth et al. 2024; Schlup and Blanquart 2018a), which
is not in the scope of this work.

Another consideration is the normalization of Soret diffusion coefficients. In the multi-

component and Bartlett et al. (1968) models, it is guaranteed that ), D,foret = 0, so that
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sCorr

no need for a correction flux j;,”'* arises from Soret diffusion. This guarantee is not given by
the C& C and H& W models. One way of normalization is to define the final Soret diffusion
coefficients as

Soret __ Soret Soret
Dkoe 7Dkoe _YkZ‘Dioeﬂ (19)
which guarantees that 3, j2°"" = 0. Note, however, that this method can only be used if

Dioret are computed for all species. If only light species are considered, the correction must
scorr

be done through j;;”" according to Eq. (3). From a practical point of view, including all spe-

cies and using Eq. (19) to normalize the Soret diffusion coefficients is more convenient since
Soret diffusion fluxes can then be easily computed as a postprocessing step from ﬁ,f‘”'"t
and the temperature field without the need of evaluating j5°"". As shown later, the choice if
Soret diffusion coefficients are calculated for only the light species or all species has shown

negligible influence for the overall flame properties.
4 Collision Integrals
In the H& W and C& C models, some quantities appear that are computed from collision

integrals. In this section, we compare different common approaches from popular software
packages. These quantities are typically provided as a function of the reduced temperature

kT
T} = ——, (20)
’ €k,i
where kg is Boltzmann’s constant and
ki = \/€kEis (21)

where € is the Lennard-Jones potential well depth of species k. In this formulation,
Ty ; = T} Other software packages, like Cantera, include a correction for the polarity of

the species (Hirschfelder et al. 1964)

ki = Vereibiis 22)
so that T ; # T7;.. We found negligible influence of the inclusion of the polar correction on
Soret diffusion coefficients in hydrogen combustion systems.

The parameter Ry, ; from Eq. (16) can be approximated by a piecewise linear fit (Chap-
man and Cowling 1970; Sanders 1994):
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0, it Tp, <1
0.015 + 0.3000(T};; — 1 0), if1.0<Ty, <17
R — 0.225 4 0.1880(7}, — 1.7), if 1.7 < T}, <2.5 93
i = 0.375+0.0970(T,“—25), 2.5 < Ty, < 4.0 (23)
0.520 + 0.0264(T};; — 4.0), if 4.0 < Tk*ﬂ <6.5
0.600, it Ty, >6.5
Another commonly used expression is (Hirschfelder et al. 1964)
15 (245, +5)(6C;, —5
Re, (245 +5)(6CF; —5) 24

79 Ap (1647, — 12Bf, +55)°

where C7 ; is the same quantity as the one appearing in Eq. (14). In programs like Chemkin,
Ay By ; and O ; are available as fits of 777 ;. In Cantera, A}, ;, By ; and Cf; ; are computed
from tabulated values as a function of 7} ; as well as the dipole moment dx; of the species
pair.

In STAR-CD and other programs, the collision integral ratios are approximated using
the formulation

Rl e e
ki T LD ki = QLD ) ki = LD (25)

and the reduced collision integrals are given by Neufeld et al. (1972)

ng{él)* _ 1.060367—}:’1_—0.15610 +0.19300€70.47635T,;i

26
+1.03587e 102996 4 1.76474¢ 3891 i (26)
Q7" = 1.0022073, 1% 4 0.16105e 0T o
+0.86125e 200848 4 1 95162¢ 4844927k
QEQZLZ) 1.16145Ty; ; —0-14874 | () 594Q7—0-77320T" | 9 161782437871} ; o8
—0.0006435T7 > **™ sin (18.0323T;, "% — 7.27371)
921;3) = 0. 96573/11* —0.15611 + 0‘440676_1‘524207‘]:‘77 + 2. 389816_5'08063T’:7i (29)

—0.0005373T7 %" sin (19.2866 75, > — 6.58711)

where the last terms in Eqgs. (32) and (31) containing the sine function are often neglected.
Note that the relations from Eq. (25) depend on the definition of the collisions integrals and
other definitions exist in the literature (Dixon-Lewis 1968).

Figure 2 shows the values of Rj; and C;l based on the different approximations
described above. Note that for Cantera, the dipole moment was set to zero and the polar
correction was switched off so that R, ; and C’,jvi are purely functions of Tk*ﬂ. in all cases.

@ Springer



1640 Flow, Turbulence and Combustion (2025) 115:1631-1650
06 0.950 F (p) 1
\ 0.925 b
04F \ 1

- \ .. 0.900} ]

é Chemkin (&
02r —— Cantera 1 0.875¢ ]

==== Neufeld et al. Chemkin

Neufeld (w/o sine) 0.850¢ —— Cantera ]
0.0F — piecewise 7 08250 ---- Neufeld etal. ]
10-! 100 10! 10 10~! 100 10! 10

*
Tk,i

*
Tei

Fig.2 (a) Ry ; and (b) C} , computed with different approximations from popular software packages as
a function of T7;

In the figure, we refer to the model according to authors from the publications cited above
or the software package where they are commonly found. The inclusion of the additional
sine terms from Egs. (32) and (31) can be neglected (compare the orange solid and blue dot-
ted line in Fig. 2a). Some minor differences between the models are visible for Tk*l < 0.5,
which is often not relevant for practical combustion applications. Similarly, for large val-
ues of 177, > 10, minor differences appear. The piece-wise approximation shows the larg-
est deviation for Ry ; from the other models for small and large values of T}, ;. However,
using all the different models, negligible differences for the Soret diffusion coefficients
were found. Because of this, we will evaluate all collision integral-related quantities with
the methods provided by Cantera, including dipole moments and polar corrections, in the
remainder of this work.

5 Direct Comparison of Soret Diffusion Coefficients

The goal of this work is to assess approximate Soret diffusion models for use together with
the mixture-averaged diffusion model. In this section, the performance of the different mod-
els is evaluated by comparing the Soret diffusion coefficients with those calculated from
the multicomponent diffusion model. In order to avoid any differences stemming from the
general model differences between the multicomponent and mixture-averaged models and
to focus solely on the prediction of Soret diffusion coefficients, we first perform perform 1D
freely-propagating hydrogen-air flame simulations with Cantera using the multicomponent
diffusion model. In this way, we can evaluate Soret diffusion coefficients as a second post-
processing step with all different Soret diffusion models. This ensures that observed differ-
ences arise only from the Soret diffusion models and not the flame simulation itself. In this
section, ¢, = 1 in Eq. (13) is assumed for all cases.

Figure 3 shows results from a 1D freely-propagating hydrogen-air flame at atmospheric
conditions computed with Cantera using the multicomponent diffusion model with Soret
diffusion. The flame is computed for an equivalence ratio ¢ = 0.4 (left column), which is
often used as a reference composition when discussing thermodiffusive instabilities (Berger
et al. 2019), and ¢ = 1 (right column). The Soret diffusion coefficients from the multicom-
ponent model, which serve as the reference values, are given as black solid lines through the

@ Springer



Flow, Turbulence and Combustion (2025) 115:1631-1650 1641

%1072 (P =04

of L 3
D
\
g 2t .
\
on
24 —-- Bartlett
B -4t C&C .
3
A ——- H&W

----- H&W (only H and Hy) \‘ Wi (a) ]

Dip™ (kg/m/s)

Dt (kg/m/s)

250 500 750 1000 1250 500 1000 1500 2000
T (K) T (K)

Fig.3 Soret diffusion coefficients along a 1D freely propagating hydrogen-air flame at atmospheric condi-
tions and ¢ = 0.4 and ¢ = 1 Coefficients for H (top row), H2 (middle row) and OH (bottom row) are
evaluated as a post-processing step from the multicomponent flame solution

flame. Soret coefficients from the approximate models are computed as a post-processing
step based on the mixture composition and temperature at each point of that flame. Soret
coefficients are plotted over the temperature profile of the flame (unburnt gas on the left,
burnt gas on the right). Shown are Soret diffusion coefficients for H (top row), Hy (middle
row) and OH (bottom row).

All approximate models capture the general trend of the values from the multicomponent
model. Accurate predictions for H and Hy are most important to correctly incorporate the
effect of Soret diffusion on overall flame dynamics. While all models have some deviations
for these two species, the C& C model has the closest agreement for these two species at
stoichiometric conditions and performs very similarly to the model by Bartlett. For heavier
species like OH, shown in the bottom row, the C& C model performs best. Note however
that the H& W model is derived specifically for light species, and that heavy species do not
have a large influence in terms of the Soret effect for hydrogen combustion. For the H& W
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model, choosing to compute Soret diffusion coefficients only for H and Hs or for all spe-
cies only results in minor differences, as best seen in Fig. 3d, comparing the red dashed and
magenta dotted lines.

In order to provide a more quantitative comparison, Table 1 shows the normalized error
of the Soret diffusion coefficient calculated as

1 N Soret Soret 2
VS0 (DS, — D) 0
=

)

€ Soret

max |DMu1ti,k

where &, is the normalized error compared to the multicomponent model (DFPISt , | denotes

the multicomponent Soret diffusion model for species £ at grid point n) for the approximate
Soret model M and species k over all IV grid points of the freely propagating flame at the
given equivalence ratio. The grid points are taken directly from the Cantera simulation. Due
to the adaptive mesh refinement, the point distribution depends on the gradients and cur-
vatures of all species profiles, keeping biases towards all species low while calculating the
averaged error terms. A lean (¢ = 0.4), stoichiometric (¢ = 1) and rich flame (¢ = 4) are
considered. All models show good accuracy for H and H at all conditions. On average, the
C& C model performs best. Interestingly, all models are able to predict Soret diffusion coef-
ficients for other species well for lean to stoichiometric conditions, while for rich flames, the
prediction accuracy decreases. Predictions of H and Hs, which are the most important spe-
cies for Soret diffusion, are best predicted at rich conditions by the C& C model among the
three models. The same trends were found using a different hydrogen reaction mechanism
by Burke et al. (2012) and Boivin (2011) (see supplementary material B). Soret diffusion
coefficients of water at rich conditions show the largest deviation to the multicomponent
results. Generally, the assumptions used in the model derivations may not hold for non-
linear and heavy species, which might explain this deviation. Nonetheless, the impact of
water Soret diffusion coefficients on overall flame dynamics is generally low.

Although not the focus of this work, Soret diffusion also becomes relevant if the fuel
species is significantly heavier than the mean molar mass of the mixture. The supplementary
material A adds an additional evaluation of Soret diffusion coefficient for kerosene, which is
well predicted by the C& C model, while the H& W model, which is derived assuming only
light species, cannot be used in this case.

Table 1 Normalized error of the Soret diffusion coefficient prediction from three approximate models for
different species, €}, in a lean, stoichiometric and rich hydrogen-air flame at atmospheric condition. Green
color shows low errors, red shows large errors

Bartlett et al. H&W C&C
Species ¢=04 ¢=1 ¢=4|¢=04 =1 ¢=4|¢d=04 =1 ¢=4
H 0.05 0.06 0.13 0.06 0.09 0.19 0.07 0.06 0.04
H, ‘ 0.18 0.22 0.28 0.11 0.17 0.25 0.07 0.09 0.10
H50, 0.04 0.10 0.24 0.20 0.13 0.03 0.02 0.06 0.33
HO, 0.06 0.06 0.23 0.25 0.18 0.04 0.09 0.02 0.34
OH 0.13 0.14 0.34 0.21 0.25 0.01 0.00 1.10
O 0.14 0.16 0.13 0.21 0.28 1.00 0.02 0.04 0.49
(02 0.11 0.19 0.37 0.32 0.21 0.08 0.06 0.06 0.41
H,O0 0.08 0.09 1.29 0.27 0.24 0.10 0.06 ‘
No 0.12 0.09 0.21 0.28 0.25 0.36 0.13 0.05 0.07
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6 Predicted Flame Speeds

In this section, we compare the performance of the different approximate models by com-
puting laminar flame speeds. Note that in this case, the laminar flame speed is computed by
running a 1D flame simulation with the mixture-averaged diffusion model together with one
of the approximate Soret diffusion models, and comparing the results to the laminar flame
speed from a 1D simulation with the multicomponent model. Again, we consider hydrogen-
air flames at different equivalence ratios as well as pressures and pre-heating conditions.

In Fig. 4, laminar flame speeds at atmospheric conditions are shown, using either the mul-
ticomponent model, or the mixture-averaged model with one of the approximate Soret diffu-
sion models. Compared with Fig. 1, the range of equivalence ratios is limited to ¢ = [1, 2.5],
in order to show the differences between the models more clearly. Note that these conditions
are chosen, because lean flames show only a week influence of the Soret effect on laminar,
unstretched flame speeds. The gray line with the highest flame speed is from a simulation
using the multicomponent diffusion model without Soret diffusion. Thus, the gray line from
Fig. 4 is the same as the black line in Fig. 1, serving as a visual indication how strongly the
Soret diffusion affects flame speeds.

The black solid line in Fig. 4 shows the reference results from the multicomponent
model with Soret diffusion enabled. The C& C model shows the closet agreement with

the reference, followed by the Bartlett model. Using ¢, = 11:;2 (see Eq. (18)) results in
minor improvements for the C& C model and minor deviations for the H& W model (not
shown here). As shown in supplementary material B, these trends are also independent of
the choice of reaction mechanism (tested with the mechanisms by Burke et al. (2012) and
Boivin (2011)). A comparison with measurements is provided in supplementary material C.

To make this comparison more general, Fig. 5a shows the laminar flames speed at
preheated conditions (7 = 500K) and Fig. 5b at elevated pressure (p = 5atm). For the
preheated condition, the C& C model again shows the best performance, but the relative

To = 300K, p=1latm
3oF T T T T T ]
28 -
2
~_ 26 h
g [ multicomponent (w/o Soret)
;:] L e multicomponent
= 24 == Bartlett 7
r === H&W
wk C&C ]
g 1-y,
—— C&C, = 5
1

T R R M B B
1.00 1.25 1.50 1.75 2.00 2.25 2.50
¢

Fig. 4 Laminar flame speed s% for hydrogen-air flames at atmospheric conditions for different equiva-
lence ratios and diffusion models
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Fig.5 Laminar flame speed s% for hydrogen-air flames at preheated (a) and elevated pressure (b) condi-
tions for different equivalence ratios and diffusion models

performance of the H& W model is improved. At the elevated pressure, the model by
Bartlett shows the best agreement, closely followed by the C& C model.

7 Ammonia/Hydrogen Blends

The last part of this study investigates the accuracy of the discussed approximate Soret
diffusion models for ammonia/hydrogen blends. In the following, the reaction mechanism
by Stagni et al. (2023) with 29 species and 203 reactions is chosen, because it is one of
the best-performing mechanisms currently available for ammonia and ammonia/hydrogen
blends, together with its predecessor version (Alnasif et al. 2023). For the study, we chose
the ammonia/hydrogen blend of 60 vol-% NHs and 40 vol-% Ha, which is a commonly used
blending ratio because of the similar flame speed characteristics as conventional methane-
air flames.

In contrast to pure hydrogen flames, hydrogen/ammonia blends do not exhibit the same
sensitivity of laminar flame speed to Soret diffusion. Figure 6 shows the flame speed as a
function of equivalence ratio ¢ of the aforementioned ammonia/hydrogen blend at atmo-
spheric conditions. Included are results from the multicomponent (gray line) and mixture-
averaged model (cyan dashed line) without Soret diffusion, as well as the multicomponent
model with Soret diffusion (black line) and the previously discussed approximate Soret
diffusion models. Note that we activate Soret diffusion only for the light species (H and Hs)
for the H& W model, as it is usually done in the literature and leads to negligible deviations
as shown before, to simplify the discussion.

Instead of looking at the unstretched laminar flame speed, we choose a more challeng-
ing configuration where Soret diffusion exhibits a higher impact to evaluate the accuracy
of the approximate Soret diffusion models. In the following, we look at the flame dynamics
as a function of flame stretch in a premixed counterflow twin flame. Two opposing nozzles,
both supplying the unburnt hydrogen/ammonia-air mixture at a given equivalence ratio at
atmospheric conditions and the same velocity u, are placed L = 2cm apart. By increasing
the speed of the nozzles u, the global flame stretch rate agionar is increased, which is defined
here as
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For large enough agiobal, the stretch rate increases up to the extinction strain and the flame
quenches. For the purpose of evaluating the Soret diffusion models, we only consider rich
ammonia/hydrogen mixtures. These exhibit a positive Markstein number, meaning that the
decrease of flame speed with increasing flame stretch is primarily caused by the flame’s
sensitivity to flame stretch due to thermodiffusive effects. For lean mixtures, flame speeds
increase with flame stretch and the quenching is instead primarily an effect of the flow
residence times becoming too small. Figure 7 shows the maximum temperature (top) and
consumption speed s, in the counterflow twin flame configuration of the 60/40 ammonia/
hydrogen blend at ¢ = 1.5 (left) and ¢ = 2 (right) as a function of global stretch rate for the
different Soret models. The reference values are the results from the multicomponent model
(thick black line). The consumption speed was evaluated from

1
wo, dx, 32
pO(Y027eq - Y0270) / oz 32)

where the subscript “0” denotes the unburnt condition, “eq” the value at chemical equilib-
rium and wo, is the reaction rate of Os.

The trends from Fig. 7 confirm the same observations from the pure hydrogen flames: the
closest agreement with the multicomponent model is provided by the C&C model. The H&
W model tends to overpredict peak temperatures and consumption speeds, while the Bartlett
model shows slight underpredictions. Because ammonia/hydrogen counterflow flames are
sensitive to the choice of reaction mechanism (Girhe et al. 2024), the simulations discussed
above are repeated for the KAUST mechanism (Zhang et al. 2021) and the mechanism
by Konnov (2023) (see supplementary material D). While the KAUST mechanism yields

Sec —

@ Springer



1646 Flow, Turbulence and Combustion (2025) 115:1631-1650

p=15 ¢ =2.0
T T T T T r
1900 - @7 1700}
— — 1680
1850 B
g/ o \% [
= e N = 1660 [
& NN & [
% 1800 - multicomponent \\;, 1 % 164a0L
g —-— Bartlett NN g :
1750 | C&C N 1620 |
——— H&W \ L
1 1 1 1 : 1 1600 C
0.20 0.11 f
2 0.8 Z o010
E E
< 0.16 < 3
0.09
0.14 i
| L L L L 0.08 £ L L | -
100 200 300 400 500 50 75 100 125
aglobal(l/s) aglobal(l/s)

Fig. 7 Maximum temperature (top) and consumption speed (bottom) of rich ammonia/hydrogen flames
(60/40 blend) plotted as a function of flame stretch until extinction for two equivalence ratios (left and
right)

results similar to the one by Stagni et al., flame dynamics differ when using the mechanism
by Konnov. Nonetheless, the same trends in terms of Soret model accuracy hold for these
two mechanisms as well. While this work focuses on premixed combustion, where Soret
diffusion is expected to play an important role, supplementary material E also includes an
example of a non-premixed counterflow flame.

8 Conclusions

In this work, we have reviewed different approximate Soret diffusion models for use with
the mixture-averaged diffusion model, and provided an overview of implementation details.
In particular, we looked at the model by Bartlett and coworkers (Bartlett et al. 1968), which
is found in Ansys Fluent, the model by Warnatz (1982) and Hirschfelder et al. (1964), com-
monly used in Chemkin and STAR-CD, and the Chapman and Cowling (1970) model. The
focus of this work lies on the models’ accuracy for hydrogen-air and ammonia/hydrogen-air
flames. Model accuracy was assessed by comparing with results from the computationally
expensive multicomponent diffusion model. All investigated models are able to predict the
effect of Soret diffusion qualitatively. All models perform best in the lean to stoichiometric
range for freely propagating flames. The model by Chapman and Cowling has shown the
best results over a wide range of conditions, and can also be used for flames with heavy
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fuels. At elevated pressure conditions, the Bartlett model performs also well. In terms of

model constants, f = % and ¢ = 1 are the recommended values, while ¢, = 11:;?2 can

slightly improve the prediction quality of the Chapman and Cowling model in some cases.
For ammonia/hydrogen blended flames, the C& C models shows the best performance,
providing accurate predictions of flame speeds and peak temperatures in strained premixed
counterflow flames. The C& C model, as described in this work, is now available in the
official Cantera release (Goodwin et al. 2024).
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