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ARTICLE INFO ABSTRACT
Keywords: The influence of Soret effect on the prediction of flame characteristics and NO, emissions in lean premixed
Strained flames hydrogen flames is studied in a reactant-to-product counterflow configuration under high strain conditions. By
Hydrogen means of one-dimensional detailed chemistry simulations, the impact of Soret effect on the response of the flame
Premixed flames to strain is first analyzed. The results show that leaner mixtures exhibit a stronger sensitivity to strain, and

Soret effect

modeling thermal diffusion further intensifies this behaviour by affecting the prediction of temperature, peak
Thermal diffusion

of radicals, and consumption speed. Moreover, the Markstein length prediction is found to be affected by the
thermal diffusion, with the main effect being to shift the point of sign inversion to a richer equivalence ratio as
compared to the case where Soret effect is not considered. Isolating the hydrogen preferential diffusion and Lewis
number effect, it is found that the response to strain is mainly driven by the Lewis number effect. Nevertheless,
preferential diffusion behaviour is still observed to play a significant role in the leaning of the mixture ahead of
the flame when Soret effect is taken into account. In terms of NO, emissions, including thermal diffusion in the
modeling causes an increase in both the peaks of NO mass fraction and its formation rate, especially under ultra-
lean conditions where NO formation is primarily through the NNH pathway. The profiles of NO production rate
with strain are also influenced, with prediction discrepancies ranging from 10 % in moderately lean conditions
to 30 % in ultra-lean conditions. These effects are observed to be mainly associated to the preferential diffusion
(as opposed to non-unity Lewis number effect) and its coupling with strain. Effect of pressure is also investigated,
showing that the thermal diffusion can significantly alter the rate of production of NO even at high pressure
conditions.
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1. Introduction

The global warming crisis and the ever increasing energy consump-
tion imply there is an urgent need for research into renewable and
low-carbon energy sources that can drastically reduce our dependence
on fossil fuels [1]. In this scenario, hydrogen has the potential to be
the candidate clean fuel to meet the net-zero CO, emission target [2].
Indeed, hydrogen combustion is expected to play a pivotal role in sectors
such as aviation, where direct electrification from renewable resources
is challenging. Owing to its very high low heating value (LHV), which is
2.5 times that of aviation kerosene, hydrogen is suitable for the avi-
ation industry, especially for medium-haul flights niche [3]. On the
other hand, hydrogen combustion still produces significant levels of
toxic nitric oxides (NO,) that can be mitigated by burning hydrogen
in lean premixed conditions. Lean combustion, however, introduces a
range of challenges, particularly due to hydrogen’s high molecular dif-
fusivity, which gives rise to non-unity Lewis and preferential diffusion
effects. These effects can significantly influence both the flame speed
and heat release rate. The non-unity Lewis number effect, also referred
as Lewis number effect or diffusional-thermal effect [4] or differential
diffusion [5], arises from the disparity in the molecular transport prop-
erties of hydrogen and thermal energy. Preferential diffusion, on the
other hand, results from hydrogen’s higher molecular diffusivity with
respect to other species. In curved flame fronts, the non-unity Lewis
number effect leads to the development of thermodiffusive instabili-
ties [6], which are further promoted by preferential diffusion. For flat
flame fronts, the non-unity Lewis number effect shapes the structure of
the preheat zone, while preferential diffusion leads to local variations
of the equivalence ratio [7-9]. Within this framework, the diffusive
transport of hydrogen in lean flames is recently drawing much atten-
tion both for modeling purposes and for fundamental understanding
of hydrogen combustion. Driven by temperature gradients, the Soret
effect, also referred in the literature as thermodiffusion or thermal diffu-
sion [10] (these nomenclature will be used interchangeably throughout
this paper) is a secondary mass diffusion mechanism and it has often
been neglected in flame simulations. Nevertheless, it can be relevant for
species that are either extremely heavy or extremely light and in the
presence of steep temperature gradients. Thus, it becomes crucial to un-
derstand its possible effects in the context of hydrogen/air flames, where
both light and highly diffusive species (H,, H) are present together with
sharp temperature gradients associated with the strong heat release.
Previous works [11] have shown that for lean strained hydrogen/air
premixed flames, the Soret effect enhances the non-unity Lewis num-
ber effects as the thermal diffusion of the hydrogen molecule occurs
in the same direction as the molecular diffusion. In addition, it further
promotes the preferential diffusion effects, as the increased preferen-
tial transport of hydrogen towards the reaction zone modifies the local
stoichiometry and consequently the fuel reaction rate [12]. However,
few studies exist on the relevance of modeling thermal diffusion in
premixed hydrogen flame under highly strained conditions where, as re-
cently highlighted in [13], hydrogen/air premixed flames exhibit a very
peculiar behaviour especially regarding the emissions outcome. For non-
premixed flames, Williams [14] showed that the extinction strain rate
vary by 20 % when predicted by different transport models, suggesting
that the choice of a specific transport model might affect the predic-
tion of the flame response to strain. The implications of modeling Soret
effect in stretched and unstretched stoichiometric hydrogen-enriched
syngas flames were also investigated by Liang et al. [15]. At atmo-
spheric conditions, they found that the impact of Soret effect on the
propagation of positively-stretched spherical flames is both to reduce
the stretched flame speed and the Markstein length. Also, by means of
a theoretical one-step chemistry model, Garcia-Ybarra et al. [16] ob-
served that unlike for hydrocarbons, the thermal diffusion affects the
value of the Markstein number in hydrogen/air flames. Furthermore, it
has been shown that accounting for Soret effect leads to predict a lower
unstretched laminar flame speed in lean conditions [17], but that the
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extinction limit in strained conditions is also delayed [11]. Recently,
Acampora and Marra [18] have shown how Soret effect can also im-
pact indirectly the energy loss in premixed hydrogen/air unstrained
flames. Furthermore, focus of recent investigation has been the role
played by the Soret effect on the initiation and growth of thermodiffusive
instabilities. For instance, Direct Numerical Simulations (DNS) of lean
premixed hydrogen/air flames have demonstrated that the Soret effect
enhances intrinsic flame instabilities [19]. Similarly, DNS of premixed
ammonia/hydrogen flames has revealed that the Soret effect reduces
the critical wavelength and increases the growth of instabilities, thereby
promoting thermodiffusive instabilities [20].

So far, all of these studies have emphasized the significance of
modeling thermal diffusion to accurately predict the flame dynam-
ics, the temperature profiles, along with their response to strain. It is
still unclear, however, whether considering the thermal diffusion might
quantitatively affect the prediction of NO, emissions. Only a few works
have investigated the impact of thermal diffusion on NO, production,
such as recent DNS studies on NO, emissions in thermodiffusively un-
stable lean hydrogen/ammonia [21] and pure hydrogen flames [22].
DNS of pure hydrogen flames, with the inclusion of the Soret effect,
has shown that NO, formation is mainly driven by the NNH pathway in
positively curved regions due to the accumulation of H radicals, while
NO production through the N,O pathway prevails in negatively curved
regions. Nevertheless, to the best of the author’s knowledge, there are
no studies explicitly analyzing the implications of modeling thermal dif-
fusion on the prediction of NO, emissions in lean premixed hydrogen
flames subjected solely to high strain, without the influence of curva-
ture effects. This condition has recently been shown to be relevant for
the NO, emissions trend with strain rate [13]. In the present work, the
counterflow lean premixed hydrogen flame is numerically investigated
to comprehensively assess the thermal diffusion effect on the NO, emis-
sions prediction in lean hydrogen/air premixed flames under high strain
conditions. Results indicate that the Soret effect enhances the coupling
between strain and the Lewis number effect, making the flame more
resistant to strain itself, and this enhancement is stronger at ultra-lean
conditions. Moreover, Soret effects is observed to shift the point of in-
version of the Markstein length towards higher equivalence ratios and
alter the trend of NO production rate with strain. It is found that the
response of the flame to strain is mostly driven by the Lewis number ef-
fect. Nevertheless, the preferential diffusion behaviour (faster diffusion
of hydrogen as compared to other species) influences quantitative pre-
dictions of NO, concentration and production rate, when Soret effect is
taken into account. Eventually, the Soret effect is still observed to play
a significant role at high pressure conditions.

This work is organized as follows: Section 2 outlines the methodol-
ogy employed in this study, including the governing equations reported
in Section 2.1. Section 2.2 details the features of the computational
setup. The primary effect of thermal diffusion on the response of the
flame to strain is discussed in Section 3.1 with details on the behaviour
of the local equivalence ratio in Subsec 3.1.1 and consumption speed
and Markstein length in Section 3.1.2. Section 3.1.3 presents results
obtained by analyzing the relative importance between Lewis number
effect and preferential diffusion. The effect of thermal diffusion on NO,
emissions is presented in Section 3.2, by analyzing its influence on the
NO mass fraction profiles (Section 3.2.1), global production rate and
radical distribution (Section 3.2.2), effect of preferential diffusion and
the Lewis number effect modeling (Section 3.2.3) and effect of pressure
(Section 3.2.4). The main conclusions are summarized in Section 4.

2. Methodology
2.1. Governing equations

Similar to previous studies [23], planar counterflow premixed flames
in a reactants-to-products configuration are employed in this work.
As outlined in [13], such configuration allows for the achievement of
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complete combustion even at high strain rates. Premixed hydrogen/air
flame computations are performed with the code CHEM1D [24], widely
employed for one-dimensional flame simulations [25] where the set of
conservation equations solved reads:

dp  9d(puy)
— + —X =K, 1
o ¥ Tox ’ (1a)
a(pY;)  d(pu,Y;) oV, ;Y:)
_ 9 o — pKY, 1b
o T ox ox T Wit =KX, (1b)
o(puh
d(ph) + (pu,h) __9q _ JKh, 10
ot ox ox
d(pK) oK a8 [ oK
oK _ 9 _ K. 1
o TG = ox ( ox ) +ppa" = p ad

In Eq. (1) p is the density of the mixture, u, is the velocity along the
flamelet longitudinal coordinate x, Y; denotes the mass fraction of the i""
and W; is the molar mass of the species. The species rate of production
is denoted as @; while p, is the density of the products mixture. The
enthalpy is indicated with A, and ¢ represents the total heat flux. The
applied strain rate a is defined as:

_ du, @
a= dx
while in K is the local strain rate defined as:

ou,,
K(x)= —. 3
dy
The relationship between a and K is that K, ., = a. The diffusion
velocity V,; of the i"" species is modeled usmg Curtiss-Hirschfelder
approx1mat10n [26] and it is given by three contributions:

Vei= Vyx»/_ + VTM + ch,,-- (€)]

Vy,, is the molecular diffusion velocity due to molar fractions gradients
while Vi, is the thermal diffusion velocity and V. . is the correction
velocity, Wthh is needed to satisfy mass conservatlon [27]. The most
general form to model the molecular diffusion velocity is the well-
known Stefan—-Maxwell equation reported in Egs. (5a) and (5b) where
the species diffusion velocities are obtained by balancing the driving
force of diffusion with the resistance induced by every other compo-
nent in the mixture. In Eq. (5a) D; ; is the binary diffusion coefficient
of species i and j, and d; the driving force of diffusion on species i,
whose expression is reported in Eq. (5b) which also includes the thermal
diffusion, known as Soret effect.

Ns

iXi
Wy —=Vy, )=d,, (5a)
D. . X, i
i=1 L
Ns
dX X X; Dy ; Dy,
=B 3 (3 Bt
dx S \pDy; Y, Y, /T dx

Although accurate, such a model is computationally expensive and
sometimes prohibitive, especially for turbulent flame simulations.
Therefore, Mixture Averaged diffusion model is usually preferred as it
offers rather good accuracy with substantially lower computational cost.
In the Mixture Averaged diffusion model, the diffusion velocity Vy . of
the i species is modeled as in Eq. (6a) assuming that the diffusion of a
given species relative to the others is equivalent to its diffusion relative
to the entire mixture DM.
M
Vy :_D;ﬁ’ D.M:—I_Yi . (6a)
X, dx oy X
J#i D;;

Within this framework, the Soret effect is modeled using the model
proposed by [28] and the correction velocity VC : is included to en-

sure the condition lei 1(Y;V,.») = 0. This model has been compared in

le
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preliminary analysis (not shown) to a multicomponent model for the
counterflow configuration at a representative applied strain level of
a = 10000s~!, showing negligible differences in terms of temperature
and major species, and an error below 10 % on radicals.

2.2. Computational setup

Lean laminar hydrogen/air premixed flames in reactants-to-products
configuration are simulated under atmospheric conditions. This config-
uration is preferred to stagnation point and twin flame configurations to
avoid respectively flame-wall and flame-flame interactions and limit the
possible presence of partially unburnt radicals as explained in [13]. A
one-dimensional domain with a length of L, = 50 cm is selected for the
calculations. The solver utilizes an adaptive mesh algorithm to ensure
adequate mesh refinement in the reaction zone. Species mole fractions
and temperature are imposed at the reactants and products boundaries.
On the reactants side, a Dirichlet boundary condition is applied, set-
ting the temperature of the reactants to 7, = 300 K. Mole fractions of
species are imposed according to the assigned value of the equivalence
ratio ¢. On the product side, the adiabatic flame temperature obtained
from a freely-propagating hydrogen flamelet solution at the same equiv-
alence ratio is imposed. Mole fractions of species on the products side
are determined assuming complete combustion. The reason complete
combustion products are used rather than the equilibrium products is
to prevent the presence of radicals and NO, emissions at the bound-
ary, and with that to avoid any bias in the analysis of NO, behaviour.
Various magnitudes of the applied strain rate a are explored together
with a wide range of lean equivalence ratios ¢ to assess in many dif-
ferent conditions the effect of thermal diffusion modeling on the flame
response and NO, emission. To investigate the effect of thermal diffusion
both on flame main characteristics and on NO, emissions, all simulations
are run with two diffusion models, namely Mixture Averaged (MA) and
Mixture Averaged with Soret effect (MA +S). In addition, the results ob-
tained through MA and MA + S models are further compared to the one
using Multi-Component (MC) and Multi-Component with Soret (MC + S)
to highlight also the accuracy and the limits of the former models. The
reaction kinetics is modeled with the UCSD mechanism [29] modified
with the mechanism from Capurso et al. [30] for NO, prediction. While
the prediction accuracy for NO formation via the NNH route was not
fully addressed in [30], such mechanism has been validated against pre-
mixed and diffusion flames, and it is shown to accurately predict the
complex transport phenomena observed in lean hydrogen flames and
the consequent NO formation dynamics [30].

3. Results and discussion
3.1. Importance of thermal diffusion on the flame’s response to strain

3.1.1. Local equivalence ratio and species diffusion fluxes

The effect of thermal diffusion is first isolated by analyzing the dis-
tribution of the local equivalence ratio ¢, as a function of the progress
variable ¢ (Fig. 1) for two different values of the equivalence ratio ¢,
namely ¢ = 0.4 (top row in Fig. 1) and ¢ = 0.8 (bottom row in Fig. 1).
The progress variable c is based on the water mass fraction Yy, and
the local equivalence ratio is defined according to [31] as:

1 Zy
bp=——=, 7
‘= Z

where 1/u is the stoichiometric ratio and Z, is the elemental mass
fraction of H and O elements [25].

Without the Soret effect (MA), both at ¢ = 0.4 and 0.8 and over the
three applied strain rates considered, the local equivalence ratio shows a
local minimum (dip) in the preheating zone (¢ < 0.5), indicating a local
leaning of the mixture, followed by an overshoot immediately after the
reaction zone (¢ > 0.8), indicating a local enrichment. As shown in [7],
the dip in the mixture fraction or equivalently in the local equivalence
ratio is present also in unstretched flames due to preferential diffusion.
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(a) ¢ =0.4,a=500s""!

(b) =04, a

0.9 0.9
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0.6 0.6
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(d) ¢ =0.8, a=500s""

(e) ¢ = 0.8, a = 5000 s~!

(f) ¢ = 0.8, a = 10000 s~!

Fig. 1. Distribution of local equivalence ratio ¢, as a function of the progress variable ¢ for three values of the applied strain rate a. The acronyms in the legend refer
to the Mixture Averaged (MA), Mixture Averaged with Soret effect (MA +S), and unity-Lewis number with Soret effect (LE1 + S) diffusion models. ¢ = 0.4 (top) and

¢ = 0.8 (bottom).

Conversely, the overshoot (values higher than the nominal value of ¢) is
present only when a stretched configuration is considered. This is con-
sistent with the fact that for the lower strain rate considered, namely
500 s~! (Fig. 1a), the overshoot is rather negligible; instead, when the
strain rate increases up to a = 10000 s~! (Fig. 1¢) the overshoot becomes
more evident. Moreover, comparing the dip obtained across the differ-
ent strain values (Fig. 1a—c), it can be seen that the local reduction of
the equivalence ratio is more limited at increasing strain rate. As previ-
ously noted, these overshoots are linked to the strain rate applied to the
flame. The higher overshoots observed with the MA + S model indicate
a greater sensitivity of the flame to strain. Furthermore, comparing the
MA and MA +S models with a unity Lewis number model including the
Soret effect (LE1 + S) (green dotted curves in Fig. 1), highlights that ther-
mal diffusion alone can cause significant local shifts in equivalence ratio
values at any strain rate, confirming the necessity of incorporating the
Soret effect in species diffusion modeling.

Furthermore, by comparing the results at ¢ = 0.4 (Figs. 1a—c) with
those at ¢ = 0.8 (Figs. 1d-f), it is clear that the local equivalence ra-
tio is less influenced by the applied strain rate at ¢ = 0.8. In fact, the
variation in the dip and overshoot values of ¢, is more limited when in-
creasing the applied strain rate. This different sensitivity to strain for the
two equivalence ratio values can be linked to the trend of flame thick-
ness with strain rate, displayed in Fig. 2. In fact, the strain rate reduces
the flame thickness, which ultimately triggers an increase in the species
and temperature gradients. Given that at the richer equivalence ratio
the flame thickness is less significantly affected, the sensitivity to strain
appears to be weaker.

To explain the increased deviation in the local equivalence ratio
from the nominal value when the Soret effect is taken into account,
the spatial distributions of the thermal and molecular diffusion fluxes

081\
| N
e X
’é‘ 0.6 ~= —
= —_—
£ —— MA, ¢ =04
04— — MA4S, =04

—-—-MA, =038
.....‘... MA_FS"(;& = Q8

2000 6000
a[s7Y

Fig. 2. Normalized flame thermal thickness 6, as a function of the applied strain
rate a. 5!, is the flame thermal thickness at the lowest strain rate investigated
a = 500 s~ 1. The acronyms in the legend refer to the Mixture Averaged (MA)
and Mixture Averaged with Soret effect (MA +S) diffusion models.

10000

of H, (Figs. 3a,c) and H (Figs. 3b,d) are presented. To compare the
different curves obtained for different strain rate values, the x coordi-
nate is shifted to align zero with the flame position x(, and is made
dimensionless with respect to the strained laminar flame thickness 6. By
inspection of Fig. 3, it can be noted that both at ¢) = 0.4 and ¢ = 0.8 the
combined effect of thermal and molecular diffusion fluxes results in a
net diffusion flux of H, which increases the transport of hydrogen in the
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Fig. 3. Fickian (solid lines) and thermal diffusion (dashed lines) fluxes of H, (left column) and H (right column) at ¢ = 0.4 (first row) and ¢ = 0.8 (second row) for
different applied strain rate, a, values.
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Fig. 4. Normalized ratios of thermal diffusion and molecular diffusion fluxes of H, (a) and H (b) with respect to the ratio at the minimum strain, g
function of the applied strain rate a. The y-axis is in logarithmic scale.
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(b)

Fig. 5. Normalized fuel consumption speed s, with respect to the unstrained
flame speed s? obtained through the Mixture Averaged (MA) and Mixture
Averaged with Soret (MA +S) models as a function of the applied strain rate
a. Results are shown for ¢ = 0.3,0.4 (a) and ¢ = 0.6,0.7,0.8 (b).

reaction zone. This contributes to the previously discussed learning and
enrichment effects. Conversely, as already observed in [32], the thermal
diffusion flux of the H radical limits its diffusion in the reactant region,
leading to an accumulation of H radical in the flame zone.

Further analysis is conducted on the relative importance between the
molecular J; and thermal J! fluxes of species i = H,, H. Specifically,
in order to assess the relative importance between the two fluxes with
increasing strain rate, the ratios of the thermal and molecular diffu-
sion fluxes JiM /JiT are first calculated at the flame position x, and then
normalized with respect to those obtained at the lowest strain rate in-
vestigated, namely a = 500 s~1 (Fig. 4). Although the thermal diffusion
fluxes of H, and H are significantly lower than those due to Fickian
diffusion (see Fig. 3), interesting trends emerge when looking at their
normalized ratios with increasing strain rate and equivalence ratio. In
particular, at ¢ = 0.4 the ratio J /JM for both H, and H is about 1.3
times higher as the strain rate increases from a = 500 s~! to a = 10000
s~ 1, confirming that thermal diffusion has a greater influence at higher
strain rates. On the other hand, the slopes of these curves decrease with
increasing global equivalence ratio, confirming the weaker sensitivity of
the flame to strain in these conditions. Yet, it should be remarked that in
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. R o
é o
. 0.5 8
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oMC ¢ MA
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Fig. 6. Strain rate Markstein length £ as a function of the equivalence ratio
¢ obtained with Mixture Averaged (MA), Mixture Averaged with Soret ef-
fect (MA +S), Multi-Component (MC), and Multi-Component with Soret effect
(MC+S) diffusion models. The red filled markers are the value of ¢ at which

L, = 0. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Contour plot of the absolute difference between the maximum temper-
ature T,,,, obtained with Mixture Averaged (MA) and Mixture Averaged with
Soret effect (MA +S) models.

unstretched or low-strain conditions, thermal diffusion is stronger at the
higher equivalence ratio, because both the shorter flame thickness (see
Fig. 2) and the larger jump between reactants and product temperature
trigger overall higher temperature gradients.

3.1.2. Consumption speed and markstein length

The response to strain of lean hydrogen premixed flames with Soret
effect is further analyzed by studying the behaviour of the fuel con-
sumption speed s.. In fact, this quantity is sensitive to local stretch,
especially in the presence of mixture non-equidiffusion effects [33]. The
fuel consumption speed is computed as:

1 L2
S = —— / oy, dx, (8)
1v1 2
p YH2 -L/)2

with p! and Yll{2 indicating the density and mass fraction of hydrogen at
the reactants side.

Results are presented in Fig. 5a and b. To analyze the sensitivity
of this global parameter to applied strain rates, the fuel consumption
speed is normalized with respect to the fuel consumption speed of an
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unstrained flame s(c) at the same equivalence ratio. At ultra-lean con-
ditions (Fig. 5a) the fuel consumption speed increases with strain, as
one would expect for lean hydrogen flames [33]. The thermal diffusion
amplifies this effect, causing the peaks of consumption speed to shift to-
wards higher strain rates (see blue circles in Fig. 5a). For instance, at
¢ = 0.3 a peak in consumption speed is observed, whose location when
Soret effect is included shifts from a = 5000 s~! to a = 7000 s~!, with
a relative percentage deviation of up to 30 %. Note that this effect is
evident primarily at very low equivalence ratios because the flame is
close to strain-induced extinction at this condition. One can expect that
a local maximum also exists for richer conditions, but this would occur
at strain rate levels outside the range reported in Fig. 5a.

Under moderate lean conditions (Fig. 5b), the thermal diffusion still
contributes to increase the fuel burning rate, despite the reduced sensi-
tivity of the flame to strain. The fuel consumption speed enhancement
due to the thermal diffusion is such that when s, starts to decrease with
strain (Fig. 5b lines at ¢» = 0.8), the effect of thermal diffusion tends coun-
teracts this reduction by mitigating the decrease in consumption speed
with strain. The latter observation can be further clarified by looking at
the behaviour of the Markstein length £, with the applied strain rate,
which is defined as:

o
Sel ©)

J——"
da a=0

s

It is important to note that the given definition corresponds specifically
to the strain rate Markstein length, as curvature effects are not analyzed
in the present study [34]. The strain Markstein length obtained using
the MA and MA + S models is presented as a function of the equivalence
ratio in Fig. 6. To enhance confidence in the results obtained, a compar-
ison is also made with data obtained using the MC and MC + S models.
Focusing first on results obtained with MA and MA + S models in Fig. 6,
it is seen that thermal diffusion tends to increase the absolute value of
the strain Markstein length. As a consequence, the MA and MA + S mod-
els predict a different inversion point of the strain Markstein length,
i.e. The value of ¢ at which £, changes sign (see red markers in Fig. 6).
Specifically, while the MA model predicts an inversion point at ¢ = 0.65,
the inclusion of the Soret effect shifts the inversion point to ¢ = 0.72.

A similar trend is observed when using detailed multi-component mod-
els (MC and MC +8S), confirming that regardless of the model employed,
the inclusion of the Soret effect allows for a more accurate prediction
of the flame’s response to strain. In summary, the present analysis indi-
cates that a flame initially weaker under unstretched conditions becomes
globally more strengthened or less weakened by an increasing strain rate
when thermal diffusion effects is accounted for. Additional evidence is
provided in Fig. 7, which shows the difference of the maximum tem-
perature between cases with and without the Soret effect across a wide
range of ¢ and strain rates value. The maximum temperature becomes
up to 50 K higher at lean conditions and at highest strain rate when the
Soret effect is included, resulting from the overall increase in the burn-
ing rate. Therefore, modeling the Soret effect is crucial for accurately
and quantitatively predicting the response of lean hydrogen flames to
strain or stretch, especially in lean conditions. This is expected to be
fundamental in predicting NO, emissions, which will be examined in the
next section. Furthermore, the obtained results provide implications for
flamelet-based methods applied to lean hydrogen/air-premixed flames.
As also discussed in [35], stretch effects might be necessary at the ther-
mochemistry level. Since the response to strain, as shown in the present
work, changes when Soret effect is considered, this contribution has to
be mimicked in flamelet models.

3.1.3. Relative contributions of non-unity Lewis number and preferential
diffusion effect

The effect of thermal diffusion on the flame response to strain has
been studied so far without explicitly accounting for its influence when
isolating the Lewis number effect (the disparity between the deficient
reactant and thermal energy transport) and hydrogen’s preferential dif-
fusion relative to other species. This distinction is addressed in this
section. For this analysis, two equivalence ratio values, ¢ = 0.4 and
0.8, along with three applied strain rates, a = 500, 5000, and 10000 s 1,
are selected. The effects of preferential and Lewis number effect are iso-
lated following the approach described in [36]. Preferential diffusion is
suppressed by setting the Lewis number of all species equal to that of hy-
drogen (the deficient reactant) (LNE case), while Lewis number effect is
suppressed by scaling the Lewis numbers of all species to ensure a Lewis
equal to one for the molecular hydrogen (PD case). Each case was then
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refer to the Mixture Averaged (MA) and Mixture Averaged with Soret effect (MA +S) diffusion models.

analyzed both without (LNE-NS and PD-NS) and with the Soret effect
(LNE-S and PD-S) and compared against the MA model, also consid-
ered with and without the Soret effect (Full-S and Full-NS). Consistently
to what showed in Section 3.1, both at ¢ = 0.4 and ¢ = 0.8, the ef-
fect of Soret is mainly to increase the dips and the overshoots of local
equivalence ratio for both PD and LNE cases (Figs. 8a,b). Moreover, by
comparing the curves obtained for the PD and LNE cases to the Full-NS
case, it becomes evident that the local variations in equivalence ratio
are predominantly driven by preferential diffusion, as one would expect.
However, when Soret effect is modeled, the Lewis number effect is also
accountable for the leaning observed ahead the flame (see blue dashed
curves with and without the diamond marker in Fig. 8a,b), although this
remains limited to a secondary effect. By examining the distribution of
the water vapour reaction rate in Fig. 9, one can notice that the peaks
predicted by the Lewis number effect (LNE) cases align more closely
with those of the Full cases. Moreover, the differences in reaction rate
profiles between the Full-NS and Full-S cases are better captured when
the Lewis number effect is modeled with the inclusion of Soret effects
(see Full-NS and Full-S curves in Fig. 9). In addition, similar to the Full-
S and Full-NS models, the LNE-S case shows a smaller deviation from
the LNE-NS case at the lowest strain rate, a = 500 s~1. Also, the LNE-S

model captures the increase at ¢ = 0.4 and the slight decrease at ¢ = 0.8
observed with and without the Soret effect in the Full-S case. This sug-
gests that the Lewis number effect is mainly responsible for the trend of
water vapour reaction rate with strain in the presence of Soret effect.

Consistent with the previous observation, Fig. 10 presents the nor-
malized consumption velocity values (relative to the unstrained flame
velocity) for the LNE, PD, and Full cases. Both at ¢ = 0.4 and ¢ = 0.8,
the normalized consumption velocity values without the Soret effect, as
well as the differences between the cases with and without the Soret ef-
fect, are qualitatively closer to those of the Full cases. These observations
further suggest that the Lewis number effect is primarily responsible for
the response of the flame to strain, and the effect of thermal diffusion is
to further promote this behaviour. Further insight on how the relative
contributions of PD and LNE affect the emissions of NO, is provided in
Section 3.2.3.

3.2. Impact of Soret effect on the NO, emission prediction

The effect of strain and thermal diffusion modeling on NO, emis-
sions is investigated in this section. Based on the previous analysis, two
representative lean equivalence ratio values have been chosen, namely
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¢ = 0.8 and ¢ = 0.4, in which both the response of the flame to strain
and the sensitivity to Soret effect have been found to be different.

3.2.1. NO, integral and mass fraction distribution

The spatial distribution of the NO mass fraction computed with MA
and MA +S models is displayed in Fig. 11. To mitigate uncertainties as-
sociated with the choice of the kinetic mechanism for NO,, the trends
obtained with the mechanism proposed by Capurso et al. [30] are com-
pared with those obtained using the detailed CRECK mechanism [37].
Although the two kinetic mechanisms differ in the quantitative predic-
tion of the NO profiles, regardless of the diffusion model employed, they
consistently predict the same trend with thermal diffusion. Specifically,
both at ¢ = 0.8 (Figs. 11a,b) and ¢ = 0.4 (Figs. 11c,d), NO profiles show
slightly higher peaks when the Soret effect is considered. Additionally,
at a fixed equivalence ratio, the NO profiles exhibit greater sensitivity
to thermal diffusion at increasing strain rates.

In order to also remove the uncertainties related to the choice of the
MA model, the density-weighted NO integral (Fig. 12) and the peaks of
NO mass fraction (Fig. 12) are further compared with the MC models
with and without the Soret effect. The NO integral is defined as in [13]:

L/2
Ino = / pYnodx. 10)
-L/2

10

For all the models considered in the present analysis, it is observed
that the integral of NO decreases with increasing strain rate, indicating
that lean conditions combined with high strain significantly reduce NO,
emissions. This reduction in NO with strain rate follows the mechanism
reported in [13]. Additionally, while all curves collapse for ¢ = 0.8,
suggesting that thermal diffusion has minimal impact on the overall NO
level, at ¢ = 0.4, where the Soret effect strengthens the flame, there is
a slight increase in the NO integral. This increase correlates with the
higher peaks of NO mass fraction observed at ¢ = 0.4 compared to the
case at ¢ = 0.8. Thus confirming the relevance of the Soret effect under
lean conditions.

3.2.2. Radicals distribution and NO,. overall reaction rate

To gain more insights into the physics behind the overall increase in
NO, emissions with the Soret effect under highly strained conditions, an
analysis is conducted on the distribution of the main radicals involved
in the NO production pathways. Fig. 13 shows the distribution of the H
and O radicals obtained at ¢ = 0.8 (Figs. 13a,c) and ¢ = 0.4 (Figs. 13b,d)
by varying the applied strain rate from a = 500 s~! to a = 10000 s 1.
Overall, it can be seen that both at ¢ = 0.8 and ¢ = 0.4 and at any strain
rate investigated, the thermal diffusion leads to higher prediction of O
and H radical mass fraction. However, it is evident that this increase is
more significant at ultra-lean conditions (Figs. 13b,d). In fact, at ¢ = 0.8,



M.R. Acquaviva, A. Porcarelli and I. Langella

— MA, a =500 s7!
MA, a = 5000 s~

Fuel 395 (2025) 134939

— — MA+S, a=500s""!

MA+S, a = 5000 s+

—— MA, a =10000 s} — — MA+S, a = 10000 s™*

X 10'4

Yy [—]
N B~ O 0 O

0 2 4 6 8
(= 20) /0 -]

(c) p=0.8

%107

0 2
(x —20)/dun [

(d) ¢ = 0.4

Fig. 13. Distribution of H and O radicals’ mass fraction at ¢ = 0.4 (a),(c) and ¢ = 0.8 (b),(d) for different applied strain rates a. The acronyms in the legend refer
to the Mixture Averaged (MA) and Mixture Averaged with Soret effect (MA +S) diffusion models.

the differences in the peak mass fractions of H and O between the two
models are less than 10 % and 2 %, respectively. In contrast, at ¢ = 0.4,
the peak of H radical concentration increases by a factor of 1.3 with
MA + S model for the highest strain rate considered, while the O radical
peak increases by a factor of 1.1. While the increase of peaks of H radical
is due to the net diffusion flux of H that results in its accumulation near
the reaction zone (see Figs. 3c,d), the increase of O radical mass fraction
can be attributed to the overall increased reactivity of the flame with
thermal diffusion.

The role of thermal diffusion in the prediction of NO emission is even-
tually discussed by analyzing its effect on the NO formation pathways.
Data from one-dimensional simulations are used for this purpose, and
the NO, production pathways considered are thermal-NO, the N,0-NO
intermediate, and the NNH-NO. For each route j, the overall reaction
rate ORRN is computed as in [38]:

11

L2
ORR;, = / @;(x)dx,
-L)2

(1)

where @; , is the net reaction rate of each reaction r across the pathway
Jj- Adding up the contributions along the same route j, the ORR; is then
computed at ¢ = 0.8 and ¢ = 0.4 and displayed across the three different
pathways in Figs. 14, 15 and 16. Either with or without Soret effect, the
thermal NO pathway is observed to remain the dominant mechanism at
¢ = 0.8 (see Fig. 14a) as the adiabatic flame temperature has exceeded
the threshold value that allows the decomposition of N, into N radicals.
At this equivalence ratio, the effect of strain is to substantially decrease
the overall reaction of this pathway due to a re-distribution of the rad-
icals downstream of the flame front [13], where most of the thermal
NO, is formed (see Fig. 11a). When the Soret effect is included, except
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for the NNH route where the NO production rate slightly decreases with
thermal diffusion at ¢ = 0.8 (Fig. 16a), higher ORR values are observed
across the N,O and the dominant thermal pathways. The increase of
NO production rate across the thermal route can be attributed either
to the behaviour of O radicals controlling the NO formation from such
pathway [39] or the temperature. Since the former has been previously
observed to have a weak sensitivity to Soret effect at such equivalence
ratio (see Fig. 13c), the slight increase of flame temperature with the
thermal diffusion (see Fig. 7) is the only responsible for the 10 % increase
of the ORR as compared to the case without Soret effect (MA model). On
the other hand, at ¢ = 0.4, which is characterized by a lower adiabatic
flame temperature, the NNH pathway becomes dominant, its ORR is ob-
served to increase with strain, and such an increase is further enhanced
when thermal diffusion is considered, where the prediction of ORR is up
to 30 % higher for the highest strain rate considered. Such a behaviour
can be related to the trend of the H radicals with strain when thermal
diffusion is accounted for (see Fig. 13b). As already observed, in the
presence of thermal diffusion more H radicals are transported into the
high-temperature region leading to an increase of the H radicals peaks
on the flame (Fig. 13b). Given that within the NNH pathways, H radicals
control the formation of NNH from the molecular nitrogen and their dif-
fusion is strongly controlled by Soret effect, this leads to a higher ORR
and thus to higher NO peaks (Figs. 11c,d). Furthermore it is interesting
to note that, although not the dominant pathways, both the thermal-NO
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and N,O-NO are also influenced by the Soret effect at ¢ = 0.4. In the case
of the thermal pathway, the increase in NO production can be linked to
the combined effects of the higher temperatures and peaks in O radical
concentration observed with Soret effect at high strain rates. Similarly,
as reported in [30], the increased NO production via the N,O pathway
can be also attributed to the higher O radical concentration due to the
thermal diffusion, which promotes the low-activation-energy reactions
responsible for N,O formation. In light of the previous analysis, it can be
concluded that the lower the equivalence ratio, the stronger the effect
of thermal diffusion on the NO, emissions.

3.2.3. Relative contributions of non-unity Lewis number and preferential
diffusion effect on NO, emissions

In Section 3.1.3, it was observed that the response of the flame to
strain is mainly driven by the faster transport of hydrogen, which is fur-
ther enhanced by Soret diffusion at high strain rates, and that the Lewis
number effect is the main driver of this behaviour. A further analysis
is performed in this section to shed light on the relative importance be-
tween preferential diffusion (PD) and Lewis number effect (LNE) on NO,
emissions. The spatial profiles of the NO mass fraction Yyq obtained by
comparing the isolated diffusion mechanisms with and without Soret ef-
fect are shown in Fig. 17. Looking at the profiles in the figure, it can be
seen that the PD-S curves are closer to the Full-S case either at ¢ = 0.8
or at ¢ = 0.4, for any value of applied strain rate studied. In addition,
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the differences in the peak values of the NO mass fraction with and
without Soret effect observed in the Full-NS and Full-S cases seem to be
qualitatively closer to those between the PD and PD-S cases. By com-
paring the results obtained at ¢p = 0.4 for the two values of strain rate
considered (Figs. 17c,d), it can be further seen that, as for the Full-S
case, as strain rate increases the PD-S case predicts higher peak values
of NO production with respect to the PD-NS case, while a negligible
difference is observed between the LNE-NS and LNE-S cases. All these
observations suggest that preferential diffusion is the main mechanism
responsible for the observed increase of NO with Soret effect at higher
strain rates. Further evidence of this is provided in Fig. 18, which dis-
plays the local net NO production rate for the dominant NO production
pathways at ¢ = 0.8 (Fig. 18a) and ¢ = 0.4 (Fig. 18b). Regardless of
the equivalence ratio, and thus the dominant NO production pathway,
the net local NO production rate predicted by considering only pref-
erential diffusion alongside thermal diffusion aligns more closely with
the curve obtained in the Full-S case. In contrast, modeling only the
Lewis number effect with Soret effect would significantly overestimate
the global NO production. Thus, unlike the flame’s response to strain,
which is primarily governed by the non-unity Lewis number effect, pref-
erential diffusion plays a more significant role in the evolution of NO,
emissions with strain, and the Soret effect further amplifies this influ-
ence. In fact, thermal diffusion is also observed to significantly enhance
the local variation in the equivalence ratio, which is primarily an ef-
fect of preferential diffusion. This variation in local stoichiometry leads
to a locally-reacher flame, which in turn results into a higher concen-
tration of the H (Fig. 13b), O (Fig. 13d), and OH (not shown) radicals.
At ultra-lean conditions, the higher H radicals concentration, further fo-
cused near the reaction zone by their thermal diffusion, contributes to
the increased NO production through the NNH pathway (see Fig. 16b).
Similarly, at moderately lean conditions, where NO is predominantly
formed through the thermal pathway (see Fig. 14a), the Soret effect in-
creases the NO formation rate due to the elevated temperature resulting
from the local variation of the equivalence ratio.

3.2.4. Effect of pressure

The flame’s response to strain can be enhanced at high pressure (see
for example Fig. 6 in [40]). One may then argue that higher pressure
conditions also amplify the flame sensitivity to the Soret effect. The in-
fluence on NO, emissions is however more complex to extrapolate, as the
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NO production pathways change according to the pressure as well. For
this reason, some light is shed in this section on the impact of thermal
diffusion on flame structure and NO, emissions as pressure increases.
To illustrate this, Fig. 19 displays the overall reaction rate ORR of NO
obtained across the thermal, N,O and NNH pathways at a pressure of
10 bar and equivalence ratios ¢ = 0.8 (Fig. 19 left column) and ¢ = 0.4
(Fig. 19 right column). It is important to note that the chemical mech-
anism employed for this analysis is verified to accurately predict the
overall NO profile at high-pressure conditions (see Fig. Alc in the sup-
plementary material of [30]). At 10 bar, NO production increases across
all the pathways considered, and the thermal pathway remains the domi-
nant route of NO production at ¢ = 0.8. As also observed for atmospheric
conditions (Fig. 14a), at 10 bar the thermal diffusion increases the net
global production of NO as compared to the case where thermal diffu-
sion is not accounted for. Specifically, the highest deviation between the
MA and MA + S models at high pressure is about 58 % at a = 500 s 1,
which can be attributed to the increased maximum temperature when
thermal diffusion is considered. At ¢ = 0.4, the N,O pathway becomes
a dominant contributor to the NO production at 10 bar, and the Soret
effect remains significant in enhancing this production, leading to a de-
viation up to 37 % between the MA and MA +S cases. As discussed in
Section 3.2.2, this deviation can be attributed to the elevated peaks of
the O radical under the influence of the Soret effect at high pressure (not
shown), which promote low-activation-energy reactions responsible for
N,O formation.

4, Conclusion

The influence of thermal diffusion on flame behaviour and NO,
emissions in lean strained hydrogen/air premixed flames has been in-
vestigated in a reactant-to-product counterflow flame configuration by
employing detailed-chemistry one-dimensional simulations. The results
showed that the sensitivity of strained flames to Soret effect depends
on the range of equivalence ratios considered. As the mixture becomes
leaner, the flame becomes more sensitive to strain, and the addition of
Soret effect further enhances the flame sensitivity to strain due to its cou-
pling with preferential diffusion. Consistently, the thermal diffusion is
shown to increase the peaks of temperature, which makes the flame even
more resistant to very high strain rates. Furthermore, it has been found
that at moderately lean conditions, even though the flame response is
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less sensitive to strain, the Soret effect still plays a role, contributing
to the transport of the light species towards the high-temperature re-
gion. Moreover, the thermal diffusion is observed to shift the peak of
consumption speed towards higher strain rate values, thus shifting the
inversion point of the Markstein length towards higher values of equiva-
lence ratio. These behaviours are shown to be mostly linked to the Soret
effect enhancing the Lewis number effect.

As thermal diffusion can alter the behaviour of strained flames, par-
ticularly under ultra-lean conditions, the prediction of NO, emissions
is also affected. The inclusion of thermal diffusion in the modeling is
found to affect the peak value of NO mass fraction and its formation rate
independently of the chemical mechanism employed. At atmospheric
conditions, the inclusion of thermal diffusion in the modeling has re-
vealed that the peaks of NO mass fraction experience an increase, which
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is more pronounced in ultra-lean conditions where Soret effect strength-
ens the flame. The trend of NO production rate with strain is also
affected. The prediction mismatch ranges from 10 % across the ther-
mal pathway in moderately lean conditions up to 30 % in ultra-lean
conditions where the NNH pathway is dominant. In fact, the prediction
of NO formed across the NNH route is strongly affected by the accuracy
of the local radicals concentration. Moreover, it has been found that, at
the lean and ultra-lean conditions examined, the trends of NO, produc-
tion rate with strain rate are mainly linked to hydrogen’s preferential
diffusion. Eventually, results obtained for high-pressure conditions con-
firm the importance of modeling thermal diffusion under highly strained
conditions even at elevated pressure as the discrepancies in the compu-
tation of the global production rate range from 37 % for ultra-lean up
to 50 % for moderate lean conditions.
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