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e Premixed hydrogen-air flame propagating towards a hydrogen-permeating wall.
e Entropy generation due to conductivity, mass diffusion and chemical reactions.
o Effects of initial temperature, fuel-air ratio and dilution.

e Entropy generation per unit of fuel reduced by fuel permeation into lean flame.
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Premixed H,-air flames are studied in a one-dimensional wall-bounded configuration. The
laminar flame propagates towards and quenches at a wall that is either solid or permeable.
Entropy generation by each of 19 elementary reactions is evaluated. Their total contribu-
tion remains the most important up to the quenching instance. Close to quenching, the
conduction entropy generation grows considerable. Mass diffusion has a modest contri-
bution, which decreases towards quenching. Viscous forces are negligible as a source of
entropy. Effects of unburnt-mixture temperature and fuel-air ratio are investigated, and
also dilution with nitrogen (inert) and water vapour. The diffusive entropy flux changed
direction away from the permeating wall compared that of the solid wall. A major finding is
that fuel permeation through the wall tends to decrease the entropy generation per unit of
converted fuel, in particular for initially lean mixtures.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

Strive for less-polluting, more efficient and more compact
combustion devices has led to more intensive combustion
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close to solid walls. These efforts also include new solu-
tions like membrane reactors, where fuel or oxidizer are
partly supplied through a porous wall into the combustor.
Large efficiency losses can be the result of the concentrated
fuel conversion close to solid surfaces. Some aspects of
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flame-wall interactions were investigated by direct nu-
merical computations in our previous studies [1-3], in
which also the state of the art of head-on quenching was
reviewed.

Efficiency of energy conversion is determined by the first
and, in particular, the second law of thermodynamics.
Degrading of energy is expressed in form of exergy destruc-
tion, aka. irreversibility, and entropy generation. In classical
engineering thermodynamics, 2nd law analysis has come into
use for industrial process simulations in the form of exergy
analysis [4,5]. This method is used to evaluate and optimize
thermal plants (e.g. Refs. [6,7]). Since spatial (and to a large
extent temporal) gradients are neglected, it is sometimes
called a “zero-dimensional” method.

Computational fluid dynamics (CFD) provides detailed
knowledge of the fields of temperature, species concentra-
tion, heat and mass fluxes. Then, the entropy generation can
be provided with a similar level of detail in space and time.
The recent decades have seen increasing efforts in such ap-
proaches. Som and Datta [8] reviewed the state of the art up to
2006 for reacting flows. Arpaci and Selamet [9] were in 1988
“probably the first one” (in the wording of [8]) to apply this
approach in combustion; for a flat premixed flame. Later,
simulations have been conducted for laminar and turbulent
flames in a variety of premixed and non-premixed configu-
rations. The laminar, premixed flames were in the form of a
1-dimensional planar flame [10—13], a counterflow jet flame
[14], axisymmetric annular combustors [15,16], a cylindrical
recuperated micro combustor [17], microchannel and [18—20],
micro-planar combustors [21]. In spite of the variations in set-
up and geometries, these studies all found chemical reactions
to give the largest contribution to entropy generation, fol-
lowed by heat conduction and mass diffusion. For the case of
transition from a planar propagating flame front to auto-
ignition, Liu et al. [13] found that the chemical contribution
became dominant at autoignition and that the heat and mass
transfer vanished as sources of entropy. Laminar, non-
premixed flames have been investigated by several authors,
both single-phase flames and gaseous flames around a fuel
droplet. Datta [22] (confined jet flame), Stanciu et al. [23] (jet
flame), Nishida et al. [10] (jet flame), Datta [24] (confined jet
flame with gravity), Chen et al. [25] (counterflow jet flame)
and Briones et al. [26] (lifted jet flame, that is, partially pre-
mixed) all found heat conduction as the most important for
entropy generation, followed by reactions and then mass
diffusion. On the other hand, Chen et al. [27], found the
chemical reactions to be more important for entropy gener-
ation along the axis of an opposing jet flame. Raghavan et al.
[28] and Pope et al. [29] found heat conduction to be the
largest contributor to entropy generation in the flame around
a fuel droplet, closely followed by chemical reactions, while
mass diffusion was less important. All the studies, both
premixed and non-premixed, agreed that the contribution of
viscous dissipation was negligible in premixed and non-
premixed flames, except in zones where the other contribu-
tions were very small [25].

Turbulent reacting flows can be investigated by direct nu-
merical simulation (DNS) similar to laminar flames. This has
been done for very simple flames, but usually either chemistry
or turbulence, or both, have to be dealt with by some sort of

modeling and simplification. DNS with a single-step Arrhenius
chemical model was used [30] to investigate entropy genera-
tion of a premixed flame in decaying turbulence at low Rey-
nolds number. Other investigations were based on Reynolds-
averaged Navier-Stokes (RANS) [23,31-34]. The modeling
challenges faced by this approach were out of scope for the
present study.

The majority of entropy-generation studies are made with
the motivation of improving energy conversion. However,
studies with other aims can also be found: Acoustic distur-
bances (noise) are related to entropy waves and generation of
these. Investigations focused on thermal sources for such
waves [35] and recently, also on differences in composition
[36]. Furthermore, entropy has been related to soot formation
[37], and used as a tool for reducing chemical mechanisms
[38—40]. Another motivation has been to provide guidance
with respect to realizability of physical submodels [41,42].

The present study was based on direct numerical compu-
tations [2] of a transient premixed laminar planar hydrogen
flame propagating towards a solid wall, eventually quenching.
Hydrogen permeation through the wall influences the overall
head-on quenching (HOQ) process, including entropy gener-
ation and its components. Entropy generation through
quenching has gained little attention in literature, and to our
knowledge, entropy generation in HOQ flames has not been
investigated previously.

The HOQ process involves flame propagation with re-
actions and heat losses. Large heat losses occur when the
flame approaches the wall, which adversely affects hard-
ware components and system performance. Conventional
HOQ studies were performed for IW to understand near-
wall reactions, heat transfer and flow physics. There is
less focus towards understanding of irreversibilities during
the HOQ process. In the present study, entropy analysis is
performed for H, permeation on HOQ for different condi-
tions and compared against convectional impervious wall
boundary results, to understand processes and also assistin
design to improve performance of system such as micro
combustion.

In the following, the theoretical background is given in
Section Models and numerical setup, with mathematical
formulation of the entropy generation and entropy transport.
In Section Results and discussion, first results for the free
propagating premixed flame will be shown and compared
with other investigations. Next, results for the head-on
quenching towards the wall will be shown. Here, both the
impermeable and the hydrogen-permeable cases are studied
for an initially stoichiometric mixture. Subsequently, the ef-
fect lean and rich mixtures, the unburnt-mixture tempera-
ture and dilution will be shown and discussed. Finally,
conclusions are made.

Models and numerical setup
Governing equations, properties and constitutive relations

The governing equations and relations are described accord-
ing to Chen et al. [43], which documents the code used.
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Energy is expressed in form of the total specific internal
energy with the balance equation,
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The viscous stress, species diffusion velocity and heat flux
are expressed as
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The species mass flux can be split into three components;
the species gradient diffusion flux (Fick), the pressure diffu-
sion flux and the thermodiffusion (Soret) flux:

Jui = pYiVai = J5 4+ P2 4 S0 )

The heat flux of Eq. (6) has three components, viz. the
conductive flux (Fourier), the heat flux due to species mass
fluxes J,i (which has three components, according to Eq. (8)),
and the Dufour flux:

Qe =0+, + 47" ©)

It can be noted that in Egs. (1) and (7), effects of body forces
(gravity, electrochemical) are left out. Moreover, the bulk vis-
cosity is set to zero in Eq. (4). The Dufour effect (last term of Eq.
(6)) was not implemented in the code, however included here
for reference.

A kinetic energy equation can be deduced from the mo-
mentum equation. Using the relation

p

1 1
eo=h-— ; + Euuua =e+ Euaum (10)

the energy equation, Eq. (2), can be reformulated to
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The molar reaction rate of species i in Eq. (3) can be
expressed from

NRr
w; = Z Vijq1'~ (12)
=1

Here, »j = v; — v are the stoichiometric coefficients of re-
action j, and
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is the reaction progress. The forward rate coefficient is
expressed as kg = A;T%exp( — Ej/(R,T)), while the reverse rate
coefficient is expressed from the corresponding equilibrium
constant, k;j = kg/K;.

Entropy transport and generation

The numerical analysis of combustion is based on the equa-
tions above. By using the Gibbs relation for reacting systems,
the entropy transport equation can be developed [44,45] as

2 s+ %ﬁ(psuﬁ) Bt (14)
where the entropy diffusion term is
a (1 o
B =g (a2 e ). s

and the entropy generation rate is elaborated as the sum of
contributions due to, respectively, viscous forces, conduction,
Dufour flux, mass diffusion and chemical reactions:

0 = Oyisc + Ocond + 0Du + 0diff + Ochem (16)
with
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Among these, the mass-diffusion term can be decomposed
into three contributions as og4iff = 0F; + 0pa + 050, according to
the components of Eq. (8), while the chemical term can be
decomposed into separate contributions from each elemen-
tary reaction. It should be noted that the contribution from the
2nd term of the heat flux, Eq. (9), is included in the mass-
diffusion component, Eq. (20). The last term of Eq. (9), the
Dufour flux, was neglected in the calculations. However, the
entropy generation due to the Dufour flux, Eq. (19), should
equal that of the Soret flux, according to the Onsager reciprocal
relations. Therefore, this neglected amount of entropy gener-
ation can be estimated by calculating that of the Soret flux.
Entropy generation due to heat sources (including radiation)
and body forces (e.g., gravity) was left out.
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The chemical potential (Gibbs function) for each species is
expressed as g; = h; — Ts;. For ideal gases, dh; = Cp,;dT and ds; =
(Cp/T)AT — (Ri/pi)dp;, with R; = R,/W; and p; = Xjp, hence

10h 05\ _Riop R (10% 10p )
Tox; 0x5) pidxg Wi \Xidxs poxg

The specific entropy is expressed as

s; =5;°(T) — RWMI <ln Xi+ 1npif> (23)

The temperature part s°(T), and the enthalpy hy(T), are
determined from polynomials [46,47].

The chemical term, Eq. (21), contains the volumetric reac-
tion rate for each species. With Egs. (12) and (13), the term can
be reformulated to provide the contribution of the jth
elementary reactions as

Ng g
Ochem,j = — Z_IWI *Vijq;. (24)
i=1 T

The sum of these contributions will provide that of Eq. (21),

N;
Ochem = E)':Rlo'chem,j-
Exergy calculations

The exergy destruction rate was calculated as the product
of the ambient temperature and the entropy generation
rate, To + o. The chemical exergy for H, was evaluated
[4,48] to 238.16 kJ/mol for the ISO standard ambient air
conditions for gas-turbine testing (15 °C, 1 atm, 60% rela-
tive humidity). In accordance with said standard, the
ambient temperature was chosen as To = 288.15 K. The
calculation of chemical exergy at various ambient condi-
tions was outlined by Ref. [4], and a comprehensive
description and discussion of the accurate procedure was
given by Ref. [48].

The DNS code and its assumptions

The S3D code is a massively parallel DNS solver developed at
the Sandia National Labs, see Chen et al. [43]. It solves fully
compressible momentum, total energy, species and mass
continuity equations coupled with detailed chemistry. The
code has been used for a wide range of studies of premixed (e.g.
Refs. [3,49—51]) and non-premixed flames (e.g. Refs. [52—54]).
The transport equations were solved using an eighth-order
explicit centered finite difference scheme in space (third-
order one-sided stencils at the domain boundaries). A fourth-
order six-stage explicit Runge-Kutta scheme was used for
time integration [55]. Thermodynamic properties were
modeled as polynomial functions of temperature and transport
coefficients by the Chemkin and Transport packages [47,56].
The assumptions made in the S3D code were the ideal gas
assumption for reactive fluid flow with continuum assumption
for small length scales, body and buoyancy forces neglected,
bulk viscosity neglected, a mixture-averaged diffusion coeffi-
cient used for all species, Dufour effect neglected, and no ra-
diation heat transfer [43]. The Soret effect was implemented for
light species (molar weight less than 5) [47], that is, H, and H.

Simulations of the head-on quenching flame

The present work made use of results from the previous
studies, Salimath et al. [2], Gruber et al. [1]. The setup of the 1-
dimensional cases is illustrated in Fig. 1. The flame front
propagated in a premixed hydrogen/air mixture perpendicu-
larly towards a solid wall facing the flame. The flame
quenched when reaching the wall. Two configurations were
investigated: a solid, impermeable wall (IW) and a hydrogen-
permeable wall (PW). Both walls were chemically inert (no
adsorption or catalytic effects). In the PW case, the flame
became partly non-premixed, as H, seeped into the initial
hydrogen-air mixture on the permeate side.

The numerical setup, models and boundary conditions are
described previously, Salimath et al. [2]. Briefly outlined here,
the domain had a length of L = 0.02 m, resolved in a uniform
mesh of 4096 nodes and the time step fixed to 1.0 - 10~ s for all
simulations. The air was assumed as 21% O, and 79% N,,
molar based. The chemical mechanism of Li et al. [57] was
used, with 19 elementary reactions (Table 1) comprising 8
species (H,, O,, H,0, OH, H, O, HO, and H,0,) in addition to
inert N,. The reactions are listed in Table 1, enumerated from
R1 to R19. In the following, f and r will denote the forward and
reverse net contributions of each reaction. The wall was
assumed isothermal, and its temperature set equal to the
unburnt-gas temperature, Ty, = T,. The pressure of the gas
mixture was maintained at 1 atm. For the permeable wall, H,
permeation occurred from t = 0.

It can be noted that for presentation purposes, results were
extracted at every 1000 timesteps, i.e. at intervals of 1.0 -
107% s. Furthermore, to provide correspondance with results
from Ref. [2], the non-dimensional distance and time are used
asx*=x/6 andt" =t-S°/6,. Here, the laminar flame speed and
thickness were used for the normalization.

The cases investigated had unburnt-mixture tempera-
tures at 750 K, 500 K and 300 K, all with equivalence ratios at
0.5, 1.0 and 1.5. In addition, the stoichiometric cases at 750 K
were diluted with nitrogen (two cases) and water vapour
(two cases). All these 13 conditions were investigated for IW
and for PW.

Results and discussion
Free propagating flame: verification and comparison

After initiation, the planar flame front moved undisturbed
in the initially premixed fuel-air mixture. For a while, it
behaved like a simple quasi-steady, 1-dimensional plane
premixed flame. In our previous studies, it was seen that
profiles from the undisturbed hydrogen-air [2] and
methane-air [3] flames in S3D were virtually identical to
results from Chemkin.

For comparison with previous work [10—12], the case of
stoichiometric mixture and unburnt temperature 300 K was
investigated.

Fig. 2 shows the spatial profiles of total entropy generation
rate and its components due to chemical reactions, heat
conduction and mass diffusion. The viscous contribution was
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Fig. 1 — Head-on quenching configurations of impermeable and permeable walls with hydrogen flux.

Table 1 — Elementary reactions in the H,—0, chemical
mechanism, Li et al. [57].

No. Reactions

R1 0, +H=0H+ 0

R2 H, + O=OH +H

R3 OH + H,=H + H,0

R4 H,0 + O= 20H

R5 Hy,+M=2H+M

R6 20 +M =0, + M

R7 H+O0O+M=0H+M
RS OH+H+M =H,0 + M
R9 0, + H+ M =HO, + M
R10 H + HO,=0,+ H,

R11 H + HO,= 20H

R12 O + HO,=0H + 0,

R13 OH + HO,=0, + H,0
R14 2HO,=0, + H,0,

R15 H,O0, + M = 20H + M
R16 H + H,0,=0H + H,0
R17 H + H,0,=H, + HO,
R18 O + H,0,=HO, + OH
R19 OH + H,0,=H,0 + HO,

left out as it could not visually be distinguished from the zero
line. Also the entropy diffusion is included (Eq. (15)).

These results were found to be within the results of the
previous studies. The chemical and mass-diffusion compo-
nents, normalized by the inflow fuel chemical exergy flow
rate, were virtually identical to those of Zhang et al. [11], while
our peak of the conductive component was larger, close to
that of Nishida et al. [10]. The results of Acampora and Marra

25 3000
""" Ocond
20 | Odift 12500
= = =Ochem %/
12000 o
=
11500 %
g
=N
1000 £
3
=
500
A ) lo
7.6 7.8 8 8.2 8.4 8.6
z (mm)
(a) T. =300K

[12] seemed to be a little higher for all three components
compared with our and the other results. The deviations may
be attributed to differences in chemical mechanisms, trans-
port models and numerical procedures.

Table 2 shows the quantities integrated spatially through
the free propagating flame for some cases. Here, the chemical-
reactions entropy generation is decomposed into the contri-
butions from each of the 19 elementary reactions. Further-
more, the entropy generation due to mass diffusion is
decomposed into the three components due to species
gradient (Fick), pressure gradient and thermodiffusion (Soret).

In the table, the exergy destruction rate associated with the
total entropy generation rate is also compared with the
chemical exergy of the consumed hydrogen. The ratio of said
quantities is included.

Head-on quenching

Fig. 3 shows the entropy generation and its components as
function of time through quenching. For each timestep, the
quantities were integrated over the length of the domain,

¥ gdx. Also the integral of the diffusion, [ Bdx (Eq. (15)), is
shown in the graphs.

The entropy generation due to reactions had a signifi-
cant increase before the flame front reached the PW before
fading off after quenching, while the IW case showed a
gradual fade off.

The entropy generation of the most important elementary
reactions are shown in Fig. 4. It is seen that the increase in the
(overall) chemical component before quenching in the PW
case was primarily due to reaction R8. Spikes from R5 and R8

25 3000

~=="=Ocond

diff 2500

=~ ~Ochem

2000

1500

1000

Temperature (K)

500

6.2 6.4 6.6 6.8 7 72
2 (mm)

(b) Ty = 750K

Fig. 2 — Components of entropy generation rate in the free propagating planar stoichiometric flame.
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Table 2 — Components of entropy generation rate in a
one-dimensional, quasi-steady planar H,-air premixed

flame (spatially integrated through the flame), fuel exergy
and terms of the entropy equation.

du () 1.0 1.0 0.5 1.5
Ty (K) 300 750 750 750
Total entropy 3.825 4.595 2.316 5.421
generation rate (kW/
(m*K))
Heat conduction 0.241 0.0615 0.0571 0.0636

(fraction of total)

Mass diffusion (of
total)

Chemical reactions (of 0.687 0.869 0.879 0.866
total)

Viscous forces (of
total)

Species gradient 0.922 0.962 0.953 0.973
(fraction of mass
diffusion)

Pressure gradient
(fraction of mass

0.0719 0.0698 0.0642 0.0702

32-10° 54-.10°23-10° 62-10°

1.08-10°44-10°17-10"° 46-10°

diffusion)
Thermal (Soret) 0.078 0.038 0.0475 0.0266
(fraction of mass
diffusion)
R1 (fraction of chem. 0.0170 0.0318  0.0146 0.0501
Component)
R2 0.0208 0.0332  0.0262 0.0402
R3 0.117 0.162 0.160 0.164
R4 99-.107* 36-10%98-10* 20-10*
RS 0.0167 0.0305  0.101 0.0566
R6 33.10* 57-10%13-10% 16-10*
R7 0.0276 0.0490  0.0387 0.0385
R8 0.231 0.289 0.193 0.288
R9 0.247 0.174 0.236 0.156
R10 0.0312 0.0258  0.0316 0.0235
R11 0.203 0.176 0.207 0.167
R12 0.0120 9.3 - 1073 0.0312 0.0049
R13 0.0686 0.0126  0.0381 0.0070
R14 64-10* 39-10%96-10° 31-10°
R15 0.00125 82-10*16-10° 40-.10*
R16 3.02-10%25-103%28-10% 16-103
R17 41-10* 59.10*48-10* 39.10°*
R18 22-107* 33-.10%83-10* 64-10°
R19 198-10%22-10%46-102 59-10*
Fuel exergy converted 5337 11,375 4311 12,637
(kW/m?)
Exergy destruction 0.207 0.127 0.155 0.124
ratio (-)
Entropy transient term —11.77 —23.5 -12.6 —26.2

(kW/(m? K))

Entropy convection 15.59 28.1 15.0 31.6
rate (kW/(m? K))

Entropy diffusion rate 0.0035
(kW/(m? K))

Entropy generation 3.825 4.595 2.316 5.421
rate (kW/(m? K))

—0.0016 —2.3 - 107> 0.0050

were counteracted by decrease in other reactions and were
not visible in the chemical component, Fig. 3b.
Heat-conduction entropy generation had a notable in-
crease through the quenching, and became the largest
contribution after quenching. The mass diffusion contribution
diminished to a negligible value for IW. For PW, the H,

permeation caused some entropy generation also after
quenching. The contribution from viscous forces was evalu-
ated, but not included in the graphs, as the curves were not
visibly distinguishable from zero. At quenching (ty), the non-

dimensional viscous entropy generation o}, . (cf. Fig. 3) had
values of 2.2 - 107* for IW and 6.9 - 1077 for PW.

The mass diffusion has three components (Eq. (8)). Their
contributions are shown in Fig. 5. The pressure diffusion was
very small due to a nearly constant pressure. The contribution
of the Soret diffusion can be of particular interest, since it is
usually neglected. The computations confirmed that the Soret
entropy generation was very small. Just after quenching for
PW, it peaked to 0.008 times the free-flame total entropy
generation. Its contribution to the total entropy generation
remained less than 1% for all times throughout quenching for
PW and had a lesser contribution for IW.

When the flame approached the wall, the Soret entropy
generation showed negative values. This was caused by a
combination of a positive temperature gradient (negative
Soret flux) and negative species gradients (primarily H,).
Negative contribution to entropy generation by the Soret ef-
fect was also observed by Torabi et al. [58]. It should be noted
that a positive total entropy generation was maintained also
at these instances.

Although the Dufour effect was not implemented in the
code, its contribution to entropy generation can be evaluated
from that of the Soret effect, which is of equal value.

The entropy diffusion components, Eq. (15), due to heat
conduction and mass diffusion, respectively, had opposite
signs. Both increased considerably towards the quenching
instance, and then decreased. Since their relative weights
were different for PW and IW, the resulting total entropy
diffusion B had different signs for the two configurations, as
seen in Fig. 3.

It was noted that the IW results showed a small, but
marked step at t* = 547.1. Since it ocurred well after the
quenching instance, we did not make further investigations.
However, it was observed that at this instance, the flow ve-
locity was reduced towards zero in most of the domain and
had changed direction close to the wall.

The detailed temporal development of the entropy gener-
ation and its main components through quenching is shown
in Fig. 6 for PW. Contributions from selected elementary re-
actions are shown in Fig. 7. It can be noted that the ordinates
of these graphs are dimensional, while the non-dimensional
distance and time are retained from Ref. [2] for easier com-
parison. The corresponding results for IW are shown in Figs. 8
and 9. It was seen that the diffusion contribution became
lower, both absolutely and relatively, when the flame came
close to the wall. Hence, the species concentrations gradients
were reduced towards quenching.

Effects of fuel-air ratio

Theinvestigations were conducted for alean (¢, = 0.5) and arich
(¢u = 1.5) mixture, in addition to the stoichiometric cases in the
preceding section. The total entropy generation rate and its
components were integrated over the spatial domain, fé o(x,t)dx,
as described above. This transient quantity was then multiplied
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Fig. 3 — Entropy generation rate components and entropy diffusion integrated over the length of the domain as a function of
time, ¢, = 1.0, T, = 750 K. Values are made non-dimensional with the integral of the total entropy generation through the

free propagating flame.
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Fig. 4 — Entropy generation rate components due to some elementary reactions, integrated over the length of the domain as
a function of time, ¢, = 1.0, T, = 750 K. Values are made non-dimensional with the integral of the total entropy generation

through the free propagating flame.
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Fig. 5 — Entropy generation rate due to mass diffusion and its components integrated over the length of the domain as a
function of time, permeable wall, ¢, = 1.0, T,, = 750 K. Values are made non-dimensional with the integral of the total

entropy generation through the free propagating flame.

with the ambient temperature, To, to provide the exergy
destruction rate (ED) in the domain at each timestep. These re-
sults are shown in Fig. 10. Also shown is the rate of conversion of
Wy, (X, t))dx. This
comparison was found relevant, since IW and PW had different
amounts of fuel, due to permeation through the wall. Although
H, alone did not give the complete image of the chemical con-
version, it gave a clear indication. For a comparison between the
different mixtures, the integrated rates are shown as

H, chemical exergy (CE), that is, &'+ [;(—

dimensional quantities. For convenience, the chemical-exergy
conversion rates were scaled by a factor of 0.2 in the graphs.

As observed previously [1,2], the conductive heat flux for
the IW configuration varied notably with the equivalence ratio
near quenching. This also led to a strong variation in the
corresponding entropy generation rate. As seen in Fig. 10a for
the rich case, the conduction component was the largest
contributor at quenching. For the stoichiometric and lean IW
cases, this component was notably smaller, both relatively
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and absolutely. While the conduction component peaked, the
chemical and diffusive components just faded off at quench-

ing for all stoichiometries.

For the PW configuration, the peak of conductive heat
flux at quenching did not show much variation with
equivalence ratio. It was slightly reduced with increasing
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equivalence ratio, similar to the wall heat flux (displayed in
Ref. [1]). On the other hand, the chemical component of
entropy generation showed more variation, in particular,
between the lean case and the stoichiometric and rich

cases. For the lean case, and to some extent the stoichio-
metric case, a higher content of fuel close to the hydrogen-
permeable wall led to an increased chemical conversion
and more entropy generation. Therefore, the chemical
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Fig. 10 — Exergy destruction (ED) rate components and hydrogen chemical exergy conversion (CE) rate (notice scale),
integrated over the length of the domain as a function of time for T, = 750 K and different equivalence ratios.

component of entropy generation increased as the flame
approached the wall. Close to the quenching instance, the
chemical component of these cases also decreased and
eventually faded off. In comparison, the conductive
component had a slower fade off after quenching, and it
became the biggest contributor to entropy generation in the
weakly reacting mixture after quenching.

For all these cases, the already modest diffusive compo-
nent of entropy generation faded off before quenching.

Inspecting the contributions of individual elementary
reactions, the overall view was to some extent similar to
the stochiometric case, Fig. 4. However, some deviations
were noted. For the free propagating flame, the rich case
was not very different from the stoichiometric. The most
important reaction was R8f, followed by R11f, R3f and R9f.
Also R5r, R1f and R2f had notable contributions. All these
reactions had a moderately larger entropy generation in

the rich case. In the lean case, the contributions were
considerably lesser. In particular, R8 was reduced to one-
third compared to stoichiometric case, falling below R9
and R11.

When the flame approached the impermeable wall (IW) for
the rich case, R8 and R5 had spikes similar to the stoichio-
metric case. The other chemical contributions declined before
these spikes, and the sum of chemical contributions faded off,
as seen in Fig. 10a. For the lean case, all important reactions
just faded off.

For the permeable wall (PW) rich case, R8 began decreasing
some time before quenching, before it got a peak close to
quenching. For the other reactions, the behaviour was similar
to that of the stoichiometric case. In the lean case, the re-
actions mentioned (R11f, R3f, R9f, R5r, R1f, R2f) had an in-
crease when the flame approached the wall. In particular, R8
rose to a level like that of the stoichiometric case. For all PW
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cases, and to lesser extent the rich IW case, R5 showed a
strong increase in entropy generation just before quenching,
when other reactions decreased. For these cases, R5 remained
the largest contributor after quenching, although at a much
lower level. The negative H, consumption seen in Fig. 10 can
be associated with the reverse R5 recombining 2H into H,.

As noted in the Introduction, previous studies on non-
premixed and some partially premixed flames had found the
conduction to be the largest contributor to entropy generation.
For premixed flames, chemical reactions have been found to
dominate. On this background, it is worth noting that the
permeation of hydrogen from the wall, i.e. a non-premixed
supply of fuel, can increase the weight of the chemical re-
actions in entropy generation.

Effects on the entropy diffusion flux B, Eq. (15), are shown

in Fig. 11 presented as fg Bsdx. As in Fig. 4, the values were
made non-dimensional with the integral of the total entropy
generation through the free propagating stoichiometric flame.
It was seen that the entropy flux was virtually zero in the free
propagating flame (cf. Table 2). For IW, the lean flame had a
flux towards the wall (i.e. negative) when approaching
quenching. With increasing fuel-air ratio, a period with posi-
tive flux appeared shortly before quenching. In the ¢, = 1.5
case, this became the main effect. For PW, the permeating fuel
gave a positive (non-zero) entropy flux near the wall for the
entire period, with a strong increase just before quenching.
For an overall comparison, the spatially integrated exergy
destruction rate was also integrated for a time interval ending

at the quenching instance:
tq L

ED =T, / | / o(x, t)dxdt (25)

For PW, the integral was taken from the time t;, where the
wall permeation began affecting the flame (beginning of
“Stage II”, cf [2]). For IW, t; was chosen so that the time interval
(tq — t1) had the same value for each pair of IW and PW cases.
The exergy destruction, Eq. (25), can be compared with the

exergy of the converted fuel in the same interval, CE =& - t:Q
Jo(— gy (x, 1)) dxdt.

The fraction of entropy generation due to conduction
increased for IW with increasing equivalence ratio, from 5.9%

300 400 500 600 700
tw

(a) IW

for ¢, = 0.5 and 6.7% for ¢, = 1.0, to 10% for ¢, = 1.5. The
diffusion fraction had a maximum at 7.1% at stoichiometric
conditions, with a small reduction for rich and lean. The
chemistry dominated (=86%) and had a slightly reduced share
with increasing equivalence ratio. Compared with the H,
chemical exergy conversion (CE), Fig. 12, all components of
exergy destruction had a minimum at stoichiometric condi-
tions. The conduction and diffusion components had small
increases for rich and lean mixtures, while the chemical term
increased most notably for lean conditions. For the PW
configuration, the variations were similar to, but less than
those of IW.

From Eq. (18), showing gcona inversely proportional to the
square of the temperature, an increase in this component was
expected at a reduced temperature. On the contrary, the
diffusion component, Egs. (20) and (22), does not have a direct
relation to temperature. The chemical component, Eq. (21), is
inversely proportional to the temperature, and proportional to
the reaction rate involving an exponential function. The latter
relation will also affect the fuel conversion. Since the reaction
Gibbs energy difference varies more with temperature than
the corresponding enthalpy difference, the entropy genera-
tion variation differs from that of the heat release.

Our previous results [1,2] showed that for IW, the lean flame
hadlower temperatures, while the rich flame had approximately

0.15

0.1F
0.05
EDchem/CE |:|EDd|ff/CE :|EDcond/CE
0

IW0.5 IW1.0 IW1 5 PWO.5 PW1 .0 PW1.5

Fig. 12 — Effect of equivalence ratio: Components of exergy
destruction (ED) in the domain for a time interval up to
quenching as fractions of the converted fuel chemical
exergy (CE), T, = Tw = 750 K.

Fig. 11 — Entropy diffusion rate integrated over the length of the domain as a function of time, T, = 750 K at different
equivalence ratios. Values are made non-dimensional with the integral of the total entropy generation through the free

propagating flame for ¢, = 1.0.
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the same temperatures as the stoichiometric. For PW, the
permeation led to a higher local equivalence ratio close to the
wall. The (initially) lean and stoichiometric mixtures gave
similar temperatures, while the rich flame got lower values.
Compared to IW, the lean PW case had higher temperatures, the
stoichiometric case was on par with IW, while for the rich
mixture the temperatures were lower than for IW.

The entropy generation caused by the isothermal expan-
sion of H, through the membrane, from the feed pressure
(10 atm) to the partial pressure on the permeate side, was not
included in the results above. It was estimated to approxi-
mately 1% of the total entropy generation.

Effects of mixture temperature

Both configurations, with rich, stoichiometric and lean mix-
tures, were computed with temperatures of the unburnt
mixture and the wall (T, = Ty,) at 500 K and 300 K [2].

The exergy destruction for the domain and the time interval
was compared with the chemical exergy of the converted fuel, as
described above. Theresults are shown in Fig. 13. It was seen that
lower temperatures gave larger values both for the total and the
components of exergy destruction. The fraction due to diffusion
was slightly larger at lower temperatures, while the conduction
fraction of total entropy generation increased considerably (from
7% at 750 K to 25% at 300 K, stoichiometric). The variations with
equivalence ratio were similar to those at the higher tempera-
ture in the preceding section.

Effects of dilution with nitrogen or water vapour

The stoichiometric cases at 750 K (Case DO, IW and PW as
above) were diluted by increasing the unburnt-mixture ni-
trogen-oxygen molar ratio from 3.762 (undiluted Case DO,
with no H,0) to 4.0 (Case D1) and 4.762 (Case D2), for both
configurations. Furthermore, water vapour was added such
that the H,0—0, ratio of the unburnt mixture increased from
zero (Case DO) to 0.12 (Case D3) and 3.147 (Case D4), as
described in Ref. [2].

Basically, dilution will reduce the reaction temperatures
and the effects can be expected similar to those of the reduced
temperature in the preceding section.

The exergy destruction integrated over the domain and
the time interval was compared with the chemical exergy of
the converted fuel, as described above. The results are shown
in Fig. 14.

I EDchem/CE [ ]EDdiffICE (] EDcond/CE
I S S e
IW0.5 IW1.0 IW1.5 PWO.5  PW1.0  PW15

(a) T, =500K

Dilution with (inert) N, (Cases D1 and D2) gave modest
increases in total exergy destruction as fraction of converted
fuel exergy and in the chemical component. Dilution with H,O
had a different effect for the smaller amount (Cases D3). Then,
the chemical component (relative to converted fuel exergy)
was reduced. The reasons seemed to be that some additional
H,0 gave an increased conversion of fuel (H,). Further dilution
with more vapour (Cases D4) had the same effect as dilution
with N,, i.e. modest increases. The effects were similar for
both configurations.

Permeable vs. impermeable wall

The entropy generation primarily followed inversely the
temperature. Lower unburnt-mixture temperature, deviation
from stoichiometry and dilution all gave lower temperatures
and higher total entropy generation and exergy destruction
per unit of converted fuel.

The effects of fuel permeation were more complex. It had a
cooling effect close to the wall due to thermal dilution [1,3].
Entering a lean mixture, additional fuel gave increased fuel
conversion and a higher temperature near the wall. The higher
temperature due to reaction heat release was more pronounced
on entropy generation than the cooling effect. When fuel
permeated into an initially stoichiometric or rich mixture, the
local mixture became richer. Therefore, the temperature was
lowered, and the entropy generation increased.
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0
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Fig. 14 — Effect of dilution: Components of exergy
destruction (ED) in the domain for a time interval up to
quenching as fractions of the correspondingly converted
fuel chemical exergy (CE).

I EDcher/CE [ 1EDiff/CE [ EDcond/CE
[ N e O
IW0.5 IW1.0 IW1.5 PWO5  PW1.0  PW15

(b) Ty =300K

Fig. 13 — Effect of unburnt temperature: Components of exergy destruction (ED) in the domain for a time interval up to
quenching as fractions of the correspondingly converted fuel chemical exergy (CE).
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The main contributions to entropy generation were re-
actions and conduction. Diffusion had, in general, a minor
impact. Even though permeation influenced diffusion, the
effect of this on entropy generation was small.

The investigations of permeable walls are motivated by,
among other, potential emissions reduction and efficiency
improvement. The permeation zone will be a smaller part of a
combustor. When incomplete fuel conversion occurs, it will be
a localized phenomenon, and the conversion can be
completed elsewhere in the combustor. Accordingly, the pri-
mary interest will be to observe the entropy generation per
unit of converted fuel. Permeating fuel increased the entropy
generation because the fuel conversion increased. The en-
tropy generation per unit of converted fuel was either
decreased (lean mixtures) or marginally affected (stoichio-
metric or rich mixtures) by permeation.

Conclusions

Previous investigations [1,2] on 1-D head-on premixed H,-air
flame interacting with an impermeable wall (IW) or a perme-
able wall (PW) were extended with computations of entropy
generation and entropy fluxes. Additional fuel was supplied
through the permeable wall.

In general, fuel permeation through the wall increased
both entropy generation and fuel conversion.

The permeating fuel had a diversity of effects. First, ithad a
cooling effect close to the wall. Separately, this thermal dilu-
tion reduced the local temperature and contributed to
increased entropy generation. However, for initially lean and
stoichiometric mixtures, the additional fuel provided more
reaction heat release, leading to higher temperature and
reduced entropy generation per unit of converted fuel.
Permeation also increased the mass flux, and thereby the
entropy flux, away from the wall. The effects of mass diffusion
on entropy generation were modest, and the altered mass
diffusion made small changes from IW to PW. The Soret
diffusion (thermodiffusion) had small contribution to the
mass diffusion entropy generation. During quenching it
became even smaller for IW, while it had an increase for PW.
The effects of pressure diffusion were negligible.

The effects of permeation were similar for all unburnt-
temperatures investigated (750 K, 500 K, 300 K). As expected
from theory and other studies, a lower temperature gave
higher entropy generation. Furthermore, in accordance with
literature, the chemical reaction gave the major part of en-
tropy generation, with conduction as the second most
important source. Mass diffusion was of modest importance,
while viscous forces had vanishing effects.

Permeation to a lean mixture reduced entropy generation
per unit of fuel converted. The effect was stronger for lower
temperatures because then the conduction had a greater share
of the total entropy generation. At the higher unburnt-mixture
temperature, similar results were seen for rich mixtures, as
well. For the lower temperature, permeation into a rich mixture
increased the entropy generation per unit of converted fuel.

The elementary reactions most important for entropy
generation towards quenching were R8 (OH + H + M =
H,0 + M, net forward), R5 (H, + M = 2H + M, net reverse) and

R3 (OH + H, = H + H,0, net forward). In particular, the
recombining R5r had a notable relative increase towards the
quenching instance. Both R8f and R5r had high peaks of en-
tropy generation rate when the flame reached the wall and
quenched.
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Nomenclature

Aj factor in reaction-rate model, reaction j

Bs entropy diffusion term (J/(s-m>-K))

Cp, Cp;i  specific heat capacity at constant pressure (for
species i) (J/(kg-K))

d i diffusion driving force of species i in x, direction
(m Y

Dpix mixture-averaged mass diffusivity of species i (m%/s)

Df thermal diffusion coefficient of species i (kg/(ms))

e specific internal energy (J/kg)

E; activation energy in reaction j (J/(mol-K))

gi specific chemical potential (Gibbs function) for
species i (J/kg)

h; specific enthalpy for species i (J/kg)

Jui diffusive mass flux of species i in x, direction (kg/(s
-m?)

kg, kg forward, reverse rate coefficients of reaction j

K equilibrium constant of reaction j (-)

L length of domain (m)

Nr number of reactions ()

Ns number of species (—)

D, Dref  Pressure, reference pressure (Pa)

aj reaction progress of elementary reaction j (mol/
(ms))

Qu heat flux in x, direction (J/(s -m?))

Ry universal gas constant (J/(mol-K))

S, Si specific entropy (J/(kg-K))

s specific entropy at reference pressure (J/(kg-K))

P laminar flame speed (m/s)

t time (s)

T, To temperature, ambient temperature (K)

Uy velocity component in x,, direction (m/s)

Vi mass diffusion velocity of speciesiin x, direction (m/
s)

Wi molar mass of species i (kg/kmol)

X, Xu spatial coordinate (m)
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X; mole fraction of species i (-)

Yi mass fraction of species i (-)

6 exponent in reaction-rate model, reaction j (-)

bup Kronecker delta (-)

oL Laminar flame thickness (m)

esh chemical specific exergy for species i (kJ/kg)

A thermal conductivity (J/(s-m-K))

w viscosity (Pa-s)

vij reaction coefficient of species i in reaction j (-)

vgj,v;;- reaction coefficients of species i (reactant, product)
in reaction j (-)

P mass density (kg/m?)

o volumetric entropy generation rate (J/(s-m?>-K))

TaB viscous stress tensor (Pa)

W volumetric molar reaction rate of species i (mol/

(m’s))

Superscripts/Subscripts

*

Du

Fi
Fo
J
pd
Q
So

non-dimensional

Dufour

Fick (species gradient diffusion)
Fourier (thermal gradient conduction)
mass diffusion

pressure diffusion

quenching

Soret
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