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� The Soret diffusion role on the exergy loss in laminar premixed flames is studied.

� Hydrogen/air detailed reaction and the multicomponent transport models are adopted.

� Soret diffusion can appreciably affect the exergy loss contributions.

� Soret effect is not negligible especially when this affects laminar flame speed.

� The derivation of the Soret diffusion contribution to entropy generation is presented.
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The analysis of the exergy loss is an effective tool for evaluating second-law irrevers-

ibility in laminar flames. However, despite numerous studies underlining the importance

of taking into account thermal diffusion in laminar flame studies, especially in hydrogen/

air flames, this phenomenon is usually neglected in the exergy analysis of these flames.

Therefore, this work investigates the effect of Soret diffusion on the exergy loss in

laminar premixed flames for hydrogen/air mixtures using a detailed reaction mechanism

and the multicomponent transport model. The study starts from conditions in which the

importance of the Soret effect is well established in the scientific literature. It is found

that, while the exergy losses directly due to the Soret effect are negligible, the Soret

effect can appreciably affect the other exergy loss contributions and hence the total

exergy loss. Hence, the Soret effect, unlike what has usually been assumed, is not

negligible in flame calculations at least when this effect is known to affect laminar flame

speed.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Energy production is undoubtedly one of the key factors in

human development. However, traditional energy systems

fail to meet the environmental and socioeconomic
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requirements for sustainable human development. Therefore,

a change in energy systems is needed both for satisfying the

global energy demand increase and for tackling climate

change. Developing new or improving existing energy sys-

tems requires addressing irreversibilities [1].
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An effective tool for evaluating the second-law irrevers-

ibility in energy conversion systems is the analysis of the

exergy loss [2,3]. Indeed, many works in the scientific litera-

ture underline the importance of exergy analysis for the per-

formance evaluation of energy systems (to deepen see the

book authored by Dincer and Rosen [4]).

However, as shown in the review of Som and Datta [3], the

greater amount of exergy loss in power generation systems is

due to combustion phenomena. Therefore, several studies

have been dedicated to investigating the irreversibilities in

different combustion processes, see for instance: droplet

combustion (e.g. [5e7]); spray combustion (e.g. [8,9]); coal/

carbon combustion (e.g. [10,11]); laminar premixed flames (e.g.

[2,12e15]); diffusion flames (e.g. [2,16]); constant volume

combustion (e.g. [17,18]); triple flames (e.g. [19]). The entropy

generation, i.e. the exergy loss, in these processes, is linked to

four irreversible phenomena: chemical reactions, heat con-

duction, mass diffusion, and viscous dissipation [20].

Particularly, mass diffusion is an essential phenomenon in

laminar flames. Indeed, it affects ignition, flame propagation,

and extinction [21]. In a multi-component mixture, mass

diffusion depends on three contributions associated with the

mechanical driving forces and a contribution associated with

the thermal driving force [22]. This latter contribution de-

scribes the chemical species diffusion under the influence of a

temperature gradient; it is known as the Soret effect or

thermal-diffusion effect. Usually, it is negligible because the

thermal-diffusion coefficient is typically significantly smaller

than themass diffusion coefficient [22]. Nevertheless, it can be

quantitatively significant at times and must be taken into

account [23], especially if light or heavy fuels are considered

[21]. The Soret effect drives light species toward hot regions of

the flow and heavy species away from them [24]. Conversely,

the companion effect, i.e. the energy flux due to a mass con-

centration gradient (also known as the Dufour effect) gener-

ally has a weak influence in laminar flame [23,25].

Since the pioneering study of Greenberg [26], the impact of

the Soret effect on laminar flame has been widely studied (an

in-depth review can be found in [23]), e.g.: Garcı́a-Ybarra et al.

[25] underlined that Soret mass diffusion cannot be neglected

in the flame front dynamics studies; Ern and Giovangigli

[24,27] showed the influence of thermal diffusion on

hydrogen/air and methane/air (freely propagating and coun-

terflow) flames; Rosner et al. [28] demonstrated quantitatively

that, in air-fuel combustion systems especially in non-

premixed ones, Soret effect is not confined to lightweight

species (such as H, H2, or CH4), but it affects also heavy hy-

drocarbon fuel vapors and high molecular weight reaction

intermediates (such as PAH molecules); Bongers and De Goey

[29], considering a one-dimensional adiabatic premixed flame

with methane/air, methane/oxygen, hydrogen/air, and

hydrogen/oxygen mixtures, obtained that neglecting thermal

diffusion leads to significant errors in evaluating the flame

burning velocity; Arias-Zugasti and Rosner [30] showed that in

counterflow diffusion flames the Soret effect can introduce

significant shifts in flame position and flame temperature;

Grcar et al. [31] studied lean hydrogen/air premixed flames

predicting hotter and significantly faster flames if the Soret

effect is taken into account; Yang et al. [32,33] presented a

study of Soret diffusion in hydrogen/air and n-butane/air
Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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flames showing that this effect (especially the Soret effect of

H) plays an important role in hydrogen/air flame speed while

it almost has no influence on the butane/air flame speed; Xin

et al. [34] investigated the influence of Soret diffusion on n-

heptane/air flames (freely-propagating planar premixed

flames, and counter-flow premixed and diffusion flames)

underlining that in freely-propagating flames the net effect of

the Soret diffusion (that primarily affects the chemical ki-

netics) is small while in the counter-flow cases its impact af-

fects the flame temperature and flame burning intensity;

Liang et al. [21] demonstrated that Soret diffusion reduces the

laminar flame speed, at atmospheric pressure in premixed

syngas/air flames, of unstretched planar flames and Marks-

tein length of positively-stretched spherical flames; Liang

et al. [35] reported that Soret diffusion leads to larger (smaller)

minimum ignition energy (MIE) for relatively rich (lean)

hydrogen/air mixtures; finally, Faghih et al. [36] computed

laminar flame speeds with and without considering Soret

diffusion of a series of premixed spherical flames propagating

at engine-relevant conditions (high temperature and pres-

sures) with different fuels showing that Soret diffusion has

significant influence for hydrogen/air and negligible effects for

methane/air and iso-octane/air mixtures.

Despite these numerous studies underlining the impor-

tance of taking into account the thermal diffusion in laminar

flame studies, especially when hydrogen/air flames are stud-

ied, this phenomenon is usually neglected in the exergy

analysis of laminar premixed or diffusion flames. Therefore, a

question arises: is it correct to neglect the Soret diffusion in

the exergy analysis of hydrogen/air premixed laminar flames?

This study aims to answer this question by computationally

investigating the effect of Soret diffusion on the exergy loss in

laminar premixed flames for hydrogen/air mixtures using a

detailed reaction mechanism and transport data. Specifically,

starting from conditions in which the importance of the Soret

effect is well known, it has the purpose of verifying whether

this effect is actually negligible with respect to the other

exergy loss sources.
Methodology

Both Yang et al. [33] and Faghih et al. [36] show that thermal

diffusion may appreciably affect the laminar flame speed in

premixed hydrogen/air flames. These results are adopted as

the reference and the starting point for this study. Specifically,

the results reported in Fig. 3 of Yang et al. [33] and in Fig. 2 of

Faghih et al. [36] are used as reference conditions for per-

forming the exergy loss analysis.

The laminar flame speed of a premixed hydrogen/air

mixture is calculated using the CHEMKIN software package

[37]. The model used is the freely-propagating flame (a

detailedmathematical formulation of thismodel can be found

in [38]). The final computational domain is set to 0.12 m

(120mm) from�0.02 to 0.1 m, the adaptive grid controls based

on, respectively, curvature and gradient are set to 0.005 and

0.002, the tolerance parameters are set to 1e-9 for the absolute

one and 1e-6 for the relative one, and the maximum number

of grid points allowed is set to 10,000. The transport properties

are evaluated using themulticomponent transport model (see
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404
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Table 1 e Molar Fractions and standard chemical exergy
at P0 ¼ 101,325 Pa and T0 ¼ 298.15 K of constituents of the
reference environment.

Substance Molar Fraction Molar Exergy
[%] [kJ/mol]

N2 75.67 0.72

O2 20.34 3.97

CO2 0.03 19.87

H2O 3.03 9.49

He 0.00052 30.37

Ne 0.0018 27.19

Ar 0.92 11.69

Kr 0.000076 34.36

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3
for details Kee et al. [38]). In agreement with both Yang et al.

[32] and Faghih et al. [36], the detailed chemical mechanism

consisting of 9 species and 20 reactions developed by Li et al.

[39] is used to model hydrogen combustion.

The local entropy generation in laminar premixed flames,

under the following assumptions:

1. Radiative heat transfer is negligible

2. Gas mixture is ideal

3. Pressure is constant throughout the flowfield

4. Dufour effect is negligible

5. Contribution due to viscous effects is negligible

6. Gravity is the only body force

7. Flow is steady, plane, and one-dimensional in the adopted

frame of reference

can be quantitatively evaluated (see the Supplementary

Material - Part A, for a detailed discussion of the topic) as:

gtot ¼
l

T2

�
dT
dx

�2

þ rRm

XNs

k¼1

Dkm

Xk

�
dXk

dx

�2

þ
XNs

k¼1

RkDT
k

XkT

�
dT
dx

��
dXk

dx

�

� 1
T

XNs
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XNr
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mk

�
nPkj � nRkj

�
rj

(1)

In Eq. (1), four contributions can be distinguished.

� heat conduction

ghc ¼
l

T2

�
dT
dx

�2

� mass diffusion

gdiff ¼ rRm

XNs

k¼1

Dkm

Xk

�
dXk

dx

�2

� mass diffusion by Soret effect

gdiff; Soret ¼
1
T

XNs

k¼1

RkD
T
k

Xk

�
dT
dx

��
dXk

dx

�

� chemical reactions

greact ¼ �1
T

XNs

k¼1

XNr

j¼1

mkðnPkj � nRkjÞrj

These quantities are evaluated, in order to investigate the

relative importance of the Soret effect, in post-processing

(from the flame numerical results) by using the Matlab®

functions based on Cantera open-source suite [40] included as

supplementary material (Part C).

The exergy losses are obtained using the Gouy-Stodola

theorem [41]:

_Eloss ¼ T0g (2)
Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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Here, the subscript 0 refers to the exergy reference environ-

ment that is assumed to be, in accordance with Moran et al.

[42], an ideal gas mixture modeling Earth's atmosphere (Table

1 [43]) and g refers to one of the previously defined

contributions.

The exergy loss ratios are calculated as [14]:

Eloss ¼
T0

Z
gdx

ef
(3)

where ef is the initial chemical exergy carried by the mixture.

It is defined as the product between the standard chemical

exergy per unit mass of the unburned mixture (see the Sup-

plementary Material - Part B for details), the density of the

unburned mixture, and the laminar flame speed (being ruSL
the flow rate):

ef ¼ euruSL (4)

Results and discussion

Effect of Soret diffusion as a function of the equivalence ratio

Yang et al. [32,33] show that the Soret diffusion decreases the

laminar flame speed in the entire range from lean to rich

mixtures due to the downstream diffusion of H radicals

(Fig. 1).

In order to verify whether the laminar flame model adop-

ted and its parameters are the same as the reference work, a

comparison between laminar flame speed data digitized from

Yang et al. [33] and that computed for this study is carried out.

Fig. 1 shows that there is a perfect match between computed

and digitized data.

Computing the relative difference between the results ob-

tained with and without the Soret effect:

Relative differenceðSL;Soret; SL;noSoretÞ ¼
���� SL;Soret � SL;noSoret

0:5ðSL;Soret þ SL;noSoretÞ
����

allows for identifying the equivalence ratio in which this ef-

fect is more significant.

The relative difference is reported in Fig. 2. It results that

the maximum effect of the Soret diffusion on the laminar

flame speed is at an equivalence ratio of 0.7.

The entropy generation rates due to the four contributions

previously listed are reported in Fig. 3 at 4 ¼ 0.7, P ¼ 1atm, and
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404
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Fig. 2 e Relative difference between laminar flame speed

computed with and without the Soret effect.

Fig. 3 e Entropy generation and temperature profile of

premixed laminar flame at 4 ¼ 0.7, P ¼ 1atm, and

Tu ¼ 300K.

Fig. 1 e Laminar flame speed as function of equivalence

ratio of hydrogeneair mixtures at P ¼ 1atm and Tu ¼ 300K

with (black) and without (red) Soret effect. The symbols are

the data digitized from Yang et al. [33] for comparison

purposes.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4
Tu ¼ 300K. Despite the contribution due to the Soret effect

sharply rises at the main reaction zone as similarly done by

the other contributions, it remains an order of magnitude

lower than the entropy generated by mass diffusion.

The low importance of the Soret effect in the entropy

generation is confirmed by computing its relative weight with

respect to the total mass diffusion (the sum of the mass
Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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diffusion and Soret diffusion) and with respect to the total

entropy generation (Fig. 4) by adopting the following relations:

RWdiff ¼

Z
gdiff; SoretdxZ �

gdiff; Soret þ gdiff

�
dx

*100

RWtot ¼

Z
gdiff; SoretdxZ �

gdiff; Soret þ gdiff þ ghc þ greact

�
dx

*100

Clearly, being the relative weight of about 5.5% with

respect to the entropy generated by mass diffusion and 0.42%

with respect to the total entropy production, it appears that

the entropy generated by Soret diffusion is negligible. How-

ever, an open question remains. Namely, it is needed to verify

if neglecting the Soret diffusion in the laminar flame simula-

tions may significantly affect the exergy loss due to other

contributions. In order to carry out this verification, a com-

parison between the exergy loss ratios obtainedwith the Soret

effect and without this phenomenon is presented in Fig. 5.

The results presented show that there is an appreciable

effect due to the Soret diffusion on the exergy losses due to

chemical reactions and heat conduction. For quantifying this

effect, the relative errors between the exergy loss obtained

with and without Soret diffusion are computed using the

following relation:

h ¼
����
_Eloss � _Eloss;approx

_Eloss

����*100
where the subscript approx refers to results obtained

neglecting the Soret effect. Neglecting the Soret diffusion leads
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404
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Fig. 4 e Relative weight of the entropy generated by the Soret effect with respect to the total mass diffusion (left) and the total

entropy generation (right) at P ¼ 1atm, and Tu ¼ 300K.

Fig. 5 e Comparison between results obtained with and

without the Soret effect at 4¼ 0.7, P¼ 1atm, and Tu ¼ 300K.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
to an overestimation of about 4.5% of the contribution due to

heat conduction, 13.1% of that due to chemical reactions, and

3.8% of that due to total mass diffusion1. Altogether the error

on the total exergy loss (the sum of all the considered contri-

butions) is about 10.1%. Therefore, neglecting the Soret effect

significantly affects the exergy loss evaluation.

Effects of Soret diffusion under engine-relevant conditions

Faghih et al. [36] show that, for hydrogen/air mixtures, the

Soret diffusion reduces the laminar flame speed up to around

10% in premixed flame under engine-relevant conditions

(Fig. 6) mainly due to the Soret diffusion flux of H radicals and

H2 molecules.

Fig. 6 shows both the laminar flame speed results obtained

by using the mixture-averaged transport model and the
1 The sum of the contributions gdiff, Soret and gSoret (where the
Soret effect was considered).

Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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multicomponent formulation. The first results are computed

only for validating the computation method because Faghih

et al. [36] adopt the mixture-averaged transport model. The

very small differences between the results obtained in this

work and the results digitized from Faghih et al. [36] must be

attributed to the different methods adopted to compute the

laminar flame speed. Indeed, Faghih et al. [36], instead of using

Chemkin for this purpose, developed an in-house code that

takes advantage of Chemkin only for computing thermal and

transport properties and reaction rates. However, in thiswork,

to properly pursue its purposes, only the multicomponent

formulation is considered to study the role of the Soret effect.

The relative difference between the results obtained with

and without the Soret effect is reported in Fig. 7. Clearly, the

Soret diffusion slightly decreases with pressure and temper-

ature increases. Themaximum effect of the Soret diffusion on

the laminar flame speed is at P ¼ 1atm, and Tu ¼ 350K.

However, the relative weights of the entropy generated by

the Soret effect with respect to the entropy generation by total

mass diffusion (the sum of contributions due to the mass

diffusion and Soret diffusion) and with respect to the total

entropy generation (both shown in Fig. 8) indicate the need to

investigate the Soret diffusion effects also at P ¼ 6atm, and

Tu ¼ 579.03K where RWdiff is maximum, and at P ¼ 19atm, and

Tu ¼ 792.30K where RWtot is maximum.

The entropy generation due to the four entropy production

mechanisms at the three identified conditions is reported in

Fig. 9.

Clearly, these results show that the entropy generation

contribution directly due to Soret diffusion is always negli-

gible with respect to the other contributions. However, as

done in the previous section, it is needed to verify if neglecting

the Soret diffusion in the laminar flame simulations may

significantly affect the exergy loss due to other contributions.

The comparisons between the exergy loss ratios obtainedwith

and without the Soret effect are presented in Fig. 10 for the

three conditions identified.

It results that there is an appreciable effect due to the Soret

diffusion on all the other contributions to the exergy loss. The
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404
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Fig. 6 e Laminar flame speed of hydrogeneair mixtures as a function of pressure at 4¼ 1 with (black) and without (red) Soret

effect: at left the results obtained by mixture averaged transport model, at right that obtained by the more accurate

multicomponent formulation. The temperature of the unburned mixture changes with pressure following the isentropic

compression relationship with the initial values of P¼ 1atm, and Tu ¼ 350K. The symbols are the data digitized from Faghih

et al. [36] for comparison purposes.

Fig. 7 e Relative difference between laminar flame speed

computed with and without the Soret effect.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
relative error that would bemade in neglecting the Soret effect

is summarized in Table 2.

The reported results show that neglecting the Soret effect

significantly affects the exergy loss due to the chemical re-

actions while the effect on the contributions due to other

exergy loss sources is negligible. However, the inclusion of the

Soret diffusion in the laminar flame model, as in the previous

study case, leads to a significant change in the estimated value

of the total exergy loss.
Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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Indirect effect of Soret diffusion

According to the reported results, the exergy losses directly

due to the Soret effect ð _Eloss;diff; SoretÞ are always negligible with

respect to the other exergy loss sources. However, neglecting

the Soret diffusion affects the evaluation of the other contri-

butions to the exergy loss especially the one due to the

chemical reactions. Therefore, there is an indirect effect of the

Soret diffusion on others exergy loss contributions.

An explanation of this indirect effect requires an exami-

nation of the distribution of the H radicals (as indicated by

Yang et al. [32]), for the range 0e7 mm reported in Fig. 11, and

of entropy generation profiles, for the range 1.5e3 mm shown

in Fig. 12. For deepening this effect, the conditions of the study

case reported in section 3.1 (4 ¼ 0.7, P ¼ 1atm, and Tu ¼ 300K)

have been adopted because this study case is the worst-case

scenario (total entropy loss error of 10.1%). The results for

the others study cases are qualitatively similar.

Fig. 11 shows that there is, when the Soret effect is taken

into account, a reduction in the concentration of H. Fig. 12

shows that neglecting the Soret diffusion leads overall to an

overestimation of the exergy loss. However, observing the

entropy generation rate profile due to the total mass diffusion

it is possible to underline that locally the entropy generation

rate computed by considering the Soret effect is greater than

that obtained neglecting this phenomenon approximately in

the range spanning from 1.5 to 1.85 mm. These results are in

agreement with those reported by Yang et al. [32]. The role of

Soret diffusion on H radicals is to move them from the reac-

tion zone toward the downstream direction reducing their
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404

https://doi.org/10.1016/j.ijhydene.2023.03.404


Fig. 8 e Relative weight of the entropy generated by the Soret effect with respect to the entropy production by total mass

diffusion (left) and the total entropy generation (right) at 4 ¼ 1. The temperature of the unburned mixture changes with

pressure following the isentropic compression relationship with the initial values of P ¼ 1atm, and Tu ¼ 350K.

Fig. 9 e Entropy generation and temperature profile of premixed laminar flame at: 4 ¼ 1.0, P ¼ 1atm, and Tu ¼ 350K(left);

4 ¼ 1.0, P ¼ 6atm, and Tu ¼ 579.03K(center); 4 ¼ 1.0, P ¼ 19atm, and Tu ¼ 792.30K(right).

Fig. 10 e Comparison between results obtained with and without Soret effect at: 4 ¼ 1.0, P ¼ 1atm, and Tu ¼ 350K(left);

4 ¼ 1.0, P ¼ 6atm, and Tu ¼ 579.03K(center); 4 ¼ 1.0, P ¼ 19atm, and Tu ¼ 792.30K(right).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7
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Table 2 e Relative error in neglecting the Soret effect.

Pressure -
Temperature

P ¼ 1atm -
Tu ¼ 350K

P ¼ 6atm -
Tu ¼ 579.03K

P ¼ 19atm -
Tu ¼ 792.30K

Heat

Conduction

3.0% 2.1% 1.9%

Total Mass

Diffusion

1.9% 0.6% 0.3%

Chemical

Reactions

10.9% 9.7% 9.0%

Total 8.8% 7.6% 7.1%

Fig. 11 e Mole fractions of H for the laminar premixed

flame at 4 ¼ 0.7, P ¼ 1atm, and Tu ¼ 300K, allowing no

Soret diffusion and Soret diffusion for all species.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x8
concentration. This effect awakens the reaction intensity,

namely, it reduces reactions rates, temperature gradient, and

mole fraction gradients and consequently the entropy gener-

ation rates (that are functions of these quantities) and,

therefore, the exergy losses.
Fig. 12 e Entropy generation profiles for the laminar premixed fl

diffusion and Soret diffusion for all species.

Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
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Conclusions

The present study computationally investigates the effect of

Soret diffusion on the exergy loss in laminar premixed flames

using a detailed reaction mechanism and the multicompo-

nent transport model.

The investigation started from the results of Yang et al. [33]

and Faghih et al. [36]. Namely, the role of the Soret effect is

studied both at atmospheric conditions by varying the

equivalence ratio and under engine-relevant conditions, i.e.

under conditions where it was demonstrated that thermal

diffusion appreciably affects the laminar flame speed in pre-

mixed hydrogen/air flames.

The results obtained lead to the following conclusions:

� the exergy losses directly due to the Soret effect

ð _Eloss;diff; SoretÞ are always negligiblewith respect to the other

contributions;

� there is an indirect effect of the Soret diffusion on others

exergy loss contributions;

� neglecting thermal diffusion leads to an overestimation

(relative error) of the total exergy loss that stood in the

range of 7.1%e10.1% (values comparable to errors

on laminar flame speed evaluation reported in the

literature).

Hence, the Soret effect, unlike what has been usually

assumed in previous studies, is not negligible in evaluating

the exergy loss in premixed laminar flames at least when this

effect is known to affect laminar flame speed.
Nomenclature

_Eloss Exergy loss rate

h Relative error

g Entropy production

l Thermal conductivity
ame at 4 ¼ 0.7, P ¼ 1atm, and Tu ¼ 300K, allowing no Soret

sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404
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mk Chemical potential of the k-th species

nPkn Stoichiometric coefficients of products

nRkn Stoichiometric coefficients of reactants

r Density of the mixture

ru Density of the unburned mixture

4 Equivalence ratio

DT
k Thermal diffusion coefficient of the k-th species

Dkm Equivalent Fickian diffusion coefficient

ef Initial chemical exergy carried by the mixture

eu Standard chemical exergy per unit mass of the

unburned mixture

Eloss Exergy loss ratio

Nr Number of chemical reactions

Ns Number of chemical species

P Pressure

P0 Pressure of the reference environment

rj Net rate of progress of the j-th reaction

Rk Gas constant of the k-th species

Rm Mixture gas constant

RWdiff Relative weight of the contribution in the entropy

generation due to Soret effect with respect to that

due to the total mass diffusion

RWtot Relative weight of the contribution in the entropy

generation due to Soret effect with respect to the

total entropy generation

SL Laminar flame speed

T Absolute temperature

T0 Temperature of the reference environment

Tu Temperature of the unburned mixture

Xk Mole fraction of the k-th species
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2023.03.404.
r e f e r e n c e s

[1] Dincer C Acar. Smart energy systems for a sustainable
future. Appl Energy 2017;194:225e35. https://doi.org/10.1016/
j.apenergy.2016.12.058. ISSN 03062619.

[2] Nishida K, Takagi T, Kinoshita S. Analysis of entropy
generation and exergy loss during combustion. Proc
Combust Inst 2002;29(1):869e74. https://doi.org/10.1016/
S1540-7489(02)80111-0. ISSN 15407489.

[3] Som S, Datta A. Thermodynamic irreversibilities and exergy
balance in combustion processes. Prog Energy Combust Sci
2008;34(3):351e76. https://doi.org/10.1016/j.pecs.2007.09.001.
ISSN 03601285.

[4] Dincer I, Rosen M. Exergy: energy, environment and
sustainable development. Elsevier Science; 2012.
Please cite this article as: Acampora L, Marra FS, Effects of Soret diffu
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijh
9780080970905, URL, https://books.google.it/books?
id¼FrUolHxhGVYC.

[5] Dash SK, Som SK. Transport processes and associated
irreversibilities in droplet combustion in a convective
medium. Int J Energy Res 1991;15(7):603e19. https://doi.org/
10.1002/er.4440150708. ISSN 0363907X.

[6] Puri IK. Second law analysis of convective
droplet burning. Int J Heat Mass Tran 1992;35(10):2571e8.
https://doi.org/10.1016/0017-9310(92)90099-E. ISSN
00179310.

[7] Hiwase SD, Datta A, Som SK. Entropy balance and exergy
analysis of the process of droplet combustion. J Phys Appl
Phys 1998;31(13):1601e10. https://doi.org/10.1088/0022-3727/
31/13/015. ISSN 0022-3727.

[8] Datta A, Som S. Thermodynamic irreversibilities and second
law analysis in a spray combustion process. Combust Sci
Technol 1999;142(1e6):29e54. https://doi.org/10.1080/
00102209908924187. ISSN 0010-2202.

[9] Som SK, Sharma NY. Energy and exergy balance in the
process of spray combustion in a gas turbine combustor. J
Heat Tran 2002;124(5):828. https://doi.org/10.1115/1.1484393.
ISSN 00221481.

[10] Som SK, Mondal SS, Dash SK. Energy and exergy balance in
the process of pulverized coal combustion in a tubular
combustor. J Heat Tran 2005;127(12):1322. https://doi.org/
10.1115/1.2101860. ISSN 00221481.

[11] Prins M, Ptasinski K. Energy and exergy analyses of the
oxidation and gasification of carbon. Energy
2005;30(7):982e1002. https://doi.org/10.1016/
j.energy.2004.08.010. ISSN 03605442.

[12] Arpaci VS, Selamet A. Entropy production in flames.
Combust Flame 1988;73(3):251e9. https://doi.org/10.1016/
0010-2180(88)90022-3. ISSN 00102180.

[13] Jiang D, Yang W, Teng J. Entropy generation analysis of fuel
lean premixed CO/H2/air flames. Int J Hydrogen Energy
2015;40(15):5210e20. https://doi.org/10.1016/
j.ijhydene.2015.02.082. ISSN 0360-3199.

[14] Zhang J, Zhong A, Huang Z, Han D. Second-law
thermodynamic analysis in premixed flames of ammonia
and hydrogen binary fuels. J Eng Gas Turbines Power
2019;141(7):071007. https://doi.org/10.1115/1.4042412. ISSN
0742-4795.

[15] Acampora L, Marra FS. Second law thermodynamic analysis
of syngas premixed flames. Int J Hydrogen Energy
2020;45(21):12185e202. https://doi.org/10.1016/
j.ijhydene.2020.02.142. ISSN 0360-3199.

[16] Datta A. Entropy
generation in a confined laminar diffusion flame.
Combust Sci Technol 2000;159(1):39e56. https://doi.org/
10.1080/00102200008935776. ISSN 0010-2202.

[17] Yan F, Su W. Numerical study on exergy losses of n -heptane
constant-volume combustion by detailed chemical kinetics.
Energy Fuels 2014;28(10):6635e43. https://doi.org/10.1021/
ef5013374. ISSN 0887-0624.

[18] Pan F, Zhang J, Han D, Lu T. Numerical study on exergy losses
of iso-octane constant-volume combustion with water
addition. Fuel 2019;248:127e35. https://doi.org/10.1016/
j.fuel.2019.03.068. ISSN 00162361.

[19] Briones AM, Mukhopadhyay A, Aggarwal SK.
Analysis of entropy generation in hydrogen-enriched
methaneeair propagating triple flames.
Int J Hydrogen Energy 2009;34(2):1074e83. https://doi.org/
10.1016/j.ijhydene.2008.09.103. ISSN 0360-3199.

[20] Hirschfelder JO, Curtiss CF, Bird RB. Molecular theory of
gases and liquids. Wiley; 1964.

[21] Liang W, Chen Z, Yang F, Zhang H. Effects of Soret
diffusion on the laminar flame speed and Markstein length
of syngas/air mixtures. Proc Combust Inst
sion on the exergy losses in hydrogen laminar premixed flames,
ydene.2023.03.404

https://doi.org/10.1016/j.ijhydene.2023.03.404
https://doi.org/10.1016/j.apenergy.2016.12.058
https://doi.org/10.1016/j.apenergy.2016.12.058
https://doi.org/10.1016/S1540-7489(02)80111-0
https://doi.org/10.1016/S1540-7489(02)80111-0
https://doi.org/10.1016/j.pecs.2007.09.001
https://books.google.it/books?id=FrUolHxhGVYC
https://books.google.it/books?id=FrUolHxhGVYC
https://books.google.it/books?id=FrUolHxhGVYC
https://doi.org/10.1002/er.4440150708
https://doi.org/10.1002/er.4440150708
https://doi.org/10.1016/0017-9310(92)90099-E
https://doi.org/10.1088/0022-3727/31/13/015
https://doi.org/10.1088/0022-3727/31/13/015
https://doi.org/10.1080/00102209908924187
https://doi.org/10.1080/00102209908924187
https://doi.org/10.1115/1.1484393
https://doi.org/10.1115/1.2101860
https://doi.org/10.1115/1.2101860
https://doi.org/10.1016/j.energy.2004.08.010
https://doi.org/10.1016/j.energy.2004.08.010
https://doi.org/10.1016/0010-2180(88)90022-3
https://doi.org/10.1016/0010-2180(88)90022-3
https://doi.org/10.1016/j.ijhydene.2015.02.082
https://doi.org/10.1016/j.ijhydene.2015.02.082
https://doi.org/10.1115/1.4042412
https://doi.org/10.1016/j.ijhydene.2020.02.142
https://doi.org/10.1016/j.ijhydene.2020.02.142
https://doi.org/10.1080/00102200008935776
https://doi.org/10.1080/00102200008935776
https://doi.org/10.1021/ef5013374
https://doi.org/10.1021/ef5013374
https://doi.org/10.1016/j.fuel.2019.03.068
https://doi.org/10.1016/j.fuel.2019.03.068
https://doi.org/10.1016/j.ijhydene.2008.09.103
https://doi.org/10.1016/j.ijhydene.2008.09.103
http://refhub.elsevier.com/S0360-3199(23)01571-9/sref20
http://refhub.elsevier.com/S0360-3199(23)01571-9/sref20
https://doi.org/10.1016/j.ijhydene.2023.03.404


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10
2013;34(1):695e702. https://doi.org/10.1016/
j.proci.2012.06.048. ISSN 15407489.

[22] Jakobsen H. Chemical reactor modeling: multiphase reactive
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