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ARTICLE INFO ABSTRACT

Keywords: The distribution of entropy generation is calculated with the aim of comparing second-law results for reduced
Entropy production and global mechanisms against a detailed mechanism. For methane, the DRM19 mechanism and a global,
Second law

one-step irreversible mechanism are used for comparison with GRI3.0. For an equimolar CO/H, mixture,
the Davis et al. mechanism and a global mechanism are compared with GRI3.0 for flames at 1, 10 and 20
atm. Conduction is the largest contributor to entropy generation, followed by mass diffusion and chemical
reactions. For the conduction and mass-diffusion components, the reduced mechanisms give results close to
the full mechanism. The global mechanisms have some deviations due to, among other things, inaccurate
prediction of flame position and temperature. Overall, entropy generation by chemical reactions of the reduced
mechanisms correspond to full mechanism reasonably well, in spite of larger deviations between the individual
reactions included in both mechanisms. When reactions are left out in mechanism reduction, their effects
are compensated by adjustments in the remaining reactions. These are clearly made with objectives other
than entropy generation. Reaction-by-reaction comparison shows that the importance with respect to entropy
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Individual reactions
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generation can be very different to that of heat release. Some simplified models are also investigated.

1. Introduction

A large fraction of all energy conversion goes through chemical
reactions. To improve and optimize such processes, the 2nd law has
to be considered. Thus, enabling scientists and engineers to locate and
quantify the entropy generation and exergy destruction in combustion
devices will be important for efficient use of energy.

Entropy generation in laminar premixed flames in a diversity of
configurations has been investigated in a multitude of studies, some
of them reported by Salimath and Ertesvdg [1]. In most cases of
these studies, the chemical reactions gave the largest contribution,
both locally in the most active reaction zone and integrated through
the flame. The second largest contribution was the conductive heat
transfer, followed by mass diffusion. Viscous forces were usually found
negligible with respect to entropy generation in flames. Radiation was
often neglected, however, when included, found to be of minor direct
importance.

Laminar, non-premixed flames have been investigated by several
researchers, both single-phase flames and gaseous flames around evap-
orating fuel droplets. In most cases, however not all, the conductive
heat transfer was shown to be the larger contributor.
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Jet flames, where the fuel jet flowed into a confined air coflow, were
investigated by Datta [2] and Stanciu et al. [3]. The fuel was methane
in global, one-step, non-reversible mechanisms. Jet flames in quiescent
air was studied by Nishida et al. [4]. For hydrogen, they used an 8-
species/16-reactions mechanism, while for methane, GRI Mech 3.0 was
used without nitrogen chemistry (32 species/186 reactions). Briones
et al. [5] studied a lifted jet flame, that is, partially premixed, which
propagated upstream and became an anchored stable non-premixed
flame. The fuel was methane with addition of hydrogen, and the
chemical mechanism used was GRI Mech 1.2. All these studies found
that conductive heat transfer give the larger overall part of entropy
generation. Chemical reactions had a significant, however much lesser,
contribution. However, for the thin zone around the stoichiometric
contour, the chemical reactions had the largest contribution.

For flames around evaporating fuel droplets in an air flow, Ragha-
van et al. [6] and Pope et al. [7] found heat conduction to be the largest
contributor to entropy generation. It was closely followed by chemical
reactions, while mass diffusion was less important.

Recently Zhang et al. [8] and Yan et al. [9] investigated entropy
generation in sooting diffusion flames computationally. These studies
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showed notable soot formation from ethylene flames. The soot effects
on entropy generation were significant, particularly in the chemical-
reactions component, but also in the mass-diffusion component.

Chen and co-workers [10,11] studied planar laminar counter-flow
non-premixed flames of hydrogen, methane and hydrogen/methane
mixtures against air, and also “MILD” conditions with CO, or H,0 as
dilutant [12]. For the hydrogen-air flames computations, the chemical
reactions gave the largest entropy generation, while for certain condi-
tions of methane and methane/hydrogen the conduction gave as large
contributions as the reactions. Mass diffusion/mixing had much lower
entropy generation.

All cited studies agreed that the contribution of viscous dissipation
was negligible, except in zones where the other components were very
small.

In the present investigation, non-premixed, opposing-flow flames
were studied. The configuration was symmetric around the common
axis for the fuel and air inflows. The fuels were methane and syngas
(equimolar CO and H,). A quasi-1-dimensional model was used, provid-
ing results along the axis between the two opposing inlets. The paper
was based on the master thesis work of the first author [13].

The primary aim of this study was to see how well reduced and
global chemical mechanisms represent the entropy generation as com-
pared with a full mechanism. The works cited above used one mecha-
nism (full, reduced or global) and made conclusions without discussing
the effects of this choice. A secondary aim was to see if the widely used
reduced mechanisms concurred with a proposal of [14] using entropy
generation as a criterion for mechanism reduction. The motivation for
these research questions was that full chemical treatment is computa-
tionally demanding and often not necessary for a study of the energy
conversion. In engineering practice, the full chemical treatment may
not even be affordable. A third aim was to see the distribution of en-
tropy generation among the different causes of entropy in opposed-flow
non-premixed laminar flames.

In the following, the theory, models, numerical tools and cases are
described in Sections 2 and 3. Next, results are presented and discussed
in Section 4, before conclusions are made.

2. Theory and models
2.1. Flow, mass and energy

Following Kee et al. [15], the governing equations can be simplified
to the following. For continuity,

d(pu)

+2pV =0, (@9)

dx
axial and radial momentum,

du dp 4 d [ du ] dVv

=y S | y= =V +2u—, 2
P T Tax Taax Pax TR TR 2)
av ) d ( dV)

Vi =—A+ — (u—), 3
pudx+p +dx ”dx 3
energy,

N, N,
dT  d (,dT 3 dT 3 . d
peu—— = — (/1—) - Z Jicyi— - Z hiWio; — d—qrad+d>, (©)]
X pe i pe

species mass,
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pu—— =_E+Wiwi~ 5)
Here, x and r are the axial and radial coordinates, u and v are the
velocity components in these directions, V' = v/r, p is the mixture mass
density, p is pressure, u is the mixture viscosity, A = (dp/or)/r = A(x) is
the radial-pressure-gradient eigenvalue, T is the temperature, c, and c,;
are the mixture and individual species specific heats, respectively, and
A is the mixture conductivity. W;, h; and Y; are, respectively, the molar
mass, specific enthalpy and mass fraction of species i, and N; is the
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number of species. g, is the radiation heat flux, and @ is the viscous
dissipation heat. J; is the diffusive mass flux of species i in the axial
direction, and ®; is the volumetric molar production rate of species i.
The gases were assumed ideal.

For the 1-dimensional case, the viscous forces are seen in the
momentum-component equations, Egs. (2)-(3). The viscous dissipation
heat, Eq. (4), can be expressed as [16],

ou \? s 2 (0u 2
®= 2(—) +2V——(—+V> . 6
K ( ox 3 \ox ©)
This term was assumed small (cf. [16]) and neglected in the solution,
however, evaluated from the results for verification.

The species mass flux in x direction, J; = pY;V;, can be expressed by
the multi-component formulation of the mass diffusion velocity,
Dl ginT

N,
LN
Vi= —= Y W;Dyd; — —

()
X, W Z pY; dx

Here, X; is the mole fraction, W is the mixture molar mass, D;; is
the diffusion coefficient of species i into species j, D,.T is the thermo-
diffusion (Soret) coefficient, and d ; is the diffusion driving force,

dX; d
J
4= Tx * X =0) e ®

It can be noted that thermo-diffusion and pressure diffusion were
included in Egs. (7)-(8), whereas the Dufour effect of heat transfer was
neglected.

For radiation, the model by Liu and Rogg [17] was used in Eq. (4),

dan _

dx
where k, denotes the Planck mean absorption coefficient, ¢ is the
Stefan-Boltzmann constant, B = esT* with ¢ as the mean emissivity,
while subscripts “fu” and “ox” denote the boundaries at the fuel and
oxidizer inlets.

—2k, (26T* = B, — Byy) » 9)

2.2. Chemical reactions

The volumetric production rate of species i by chemical reactions is
expressed from

Ng
& = 2, vigdy (10)
=1
where v;; = v/} — v/, are the stoichiometric coefficients of reaction j, Ng
is the number of reactions, and the reaction progress is expressed from

Ny v N, v
3 p}’l ij p}’l ij
=k Ll i) R i) 7 11
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Here, k;; = A;T bi exp(~E;/(R,T)) is the forward rate coefficient, with
R, as the universal gas constant and A;, §; and E; as parameters
specified by the reaction mechanism. The reverse rate coefficient is de-
termined by k; = k¢;/K;, where K, is the corresponding equilibrium
constant.
The volumetric reaction heat release rate for reaction j is expressed
as

4

Qj =- VVih,‘VijCIj, 12)
1

and the total heat release rate from all reactions is the sum of the

contributions, Q = Zj\lfl 0;.



S.J. Lorentzen and LS. Ertesvdg
2.3. Entropy generation

The expressions for the volumetric entropy generation rate along
the axis were found from the source terms of the entropy “transport”
equation developed from the procedure described by, among others,
Haase [18] and Bird et al. [16]. It was decomposed into effects of
viscous forces,

(03]
Oyisc = T’ (13)
conduction heat flux,
A (dT\?
Ocond = F (E) > a4
mass diffusion,
N,
S 1dh; ds;
e = -J)l=—-—), 15
Caitf [:Z]( 2 <T dx  dx as

chemical reaction j,

Ny
13
Ochem,j = _T Z VVigiVijqj'a (16)

i=1
and radiation,
o _ “YGrad X d_T
rad — T2 dx .
In the last expression, —gq,,q is the flux from Eq. (9), while @ in Eq. (13)
is expressed by Eq. (6).

In Egs. (15)-(16), h;, s; and g; = h; — T's; are, respectively, the
specific enthalpy, specific entropy and specific Gibbs function (free
energy) for species i. For ideal gases, the parenthesis in Eq. (15) can
be reformulated as
(ldh,-_ds,- R, 1 dp; Ru<Lﬁ+ld_p>

X; dx pdx

a7

18

Tdx ax " Wndx "W,
All chemical reactions summarize as oy, = Zj’i"l Ochem,j- The sum
of all the contributions is the local total volumetric entropy generation

rate,

0 = Oyise T Ocond T Odiff T Ochem T Orad- 19
3. Configuration, cases and chemical mechanisms
3.1. Boundary conditions

The cases for the diffusion flame will be specified by the conditions
of the inflows at x = 0 and x = L, where L is the distance between the
two nozzles.

The mass flux m'” = pu, temperature and mass fractions of each inlet
are specified.

3.2. Chemical mechanisms

For methane-air combustion, the full mechanism GRI Mech 3.0 [19]
was used. It consists of 325 elementary two-way reactions and involves
53 species. The reduced mechanism DRM19 [20] was also applied. This
mechanism was based on GRI Mech 1.2 [21], and involved 21 species
(including inert N, and Ar) participating in 84 elementary, two-way
reactions.

For comparison, a global mechanism by Westbrook and Dryer [22]
was used. This is a one-step, one-way (irreversible) reaction of methane
with oxygen, CH,; + 20, — CO, + 2H,0. The reaction progress (only
forward) can be written as

q = —A[CH4]”[02]" exp(—E,/(R,T)), (20)

where the parameters A = 6.7 - 1012, ¢ = 0.7, b = 0.8 and E, =
48.4 [22] (their Table 2, Set 3) were specified in the mechanism for
units cm-s-mol-kcal-K.
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GRI Mech 3.0 was used for syngas-air combustion, as well. In
addition, a reduced mechanism (14 species, 38 elementary reactions),
optimized for H,/CO by Davis et al. [23], was used.

The (quasi-)global mechanism by Cuoci et al. [24] was based on
a mechanism of Dryer and Westbrook [25]. The parameters had been
adjusted, and a third reaction appeared to be added by [24]. The three
one-way reactions were

CO +0.50, — CO,,
€O, - CO +0.50,, 1)
H, +0.50, — H,0.

The corresponding reaction progresses (forward only) were ([24], their
Table 4)

q; = 2.30 - 10" exp(—=31700/(R,T))[CO][H, O],
gy = 4.45 - 10° exp(—=41300/(R, T))[CO, 1, (22)
g3 = 1.35 - 10" exp(—=6900/(R, T)[H,1>87[0,111°.

Here, the pre-exponential factors were transformed to ensure reaction
rates in mol/(cm? s). In the following, this mechanism will be denoted
“CFFR”.

3.3. Cases

The fuel was either pure methane or an equimolar CO/H, mixture
(syngas). Air was specified as 21% O, and 79% N,, molar based.

The mass fluxes were set to 2 kg/(m2 s) for air and 1 kg/(m? s)
for fuel. This corresponded to overall equivalence ratios of 0.116 for
methane and 0.435 for syngas. These choices gave approximately the
same molar flows from the air and fuel inlets. Consequently, the flame
zone was located near halfway between the nozzles.

For all cases, both inflows had temperature 300 K, and the distance
L between the nozzles was 0.030 m. For each fuel, computations were
made with the three mechanisms described above. The cases were run
with pressures 1 atm (101 325 Pa), 10 atm and 20 atm.

The customary definition of strain rate,

1/2
2(_uox) Uy pfu
a, = I+ ——=, (23)
AR R R
where subscripts “fu” and “ox” refer to the fuel and oxidizer inlets,

gave values of 190 s (methane) and 193 s-1 (syngas) for 1 atm, 19
s~ for 10 atm and 9.7 s~! for 20 atm.

3.4. Code and properties

The analyses were made with the open-source code Cantera [26].
The models described above were all implemented from before, except
the global mechanisms.

The thermodynamic properties ¢, i (1), hi(T), s;(T, prer) Were eval-
uated from the 7-parameter “NASA polynomials” with coefficients of
McBride et al. [27]. Similarly, viscosity, conductivity and diffusivity
were evaluated from polynomials [28].

It can be noted that Eq. (9) was implemented in Cantera for effects
of CO, and H,O. Effects of other species, e.g. CH; and CO, were
however neglected.

For the adaptive grid refinement procedure [26], the criteria were
set to ratio: 2; slope and curve: 0.2, with the exception of the global-
mechanism methane case at 1 atm (slope and curve: 0.08). The criteria
led to different number of points in the axial direction for different
cases.

The solution to Egs. (1)-(11) was provided by the Cantera solver,
while postprocessing in own scripts was used to calculate the entropy
generation terms, Egs. (13)—(19).
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4. Results and discussion
4.1. Initial simulations, validation

The 1-dimensional model described above, Egs. (1)-(5), was com-
pared with a full 3-dimensional model by Luo et al. [29]. They found
that the 1-dimensional model represented the flow quite well and “very
similar” to the 3-dimensional model.

Som et al. [30] compared simulations to experiments of non-
premixed counter-flow flames of syngas (50%/50% H,/CO, molar
based) and air. The temperature profile was “in close agreement” with
experiments at atmospheric pressure, except for a shift of the position
of the peak. This shift was explained by a strong suction to drain the
effluents from the flame. The computational results of Som et al. at 1
atm (Fig. 2 of [30]) were well reproduced in the present study [13],
both for GRI Mech 3.0 and the Davis et al. mechanism. Furthermore,
the temperature profiles for 1, 5, 10, 15 and 20 atm (Fig. 8a of [30])
were well reproduced, using the same inflow conditions and the same
mechanism (Davis et al.).

It was concluded that the code was verified and the model validated
for further investigations of the opposed-flow flames.

4.2. Temperature and composition

The temperature of the methane-air cases at 1 atm and 10 atm are
shown in Fig. 1. It was seen that for 1 atm, the global-mechanism peak
temperature was higher than for the full and reduced mechanisms. It
was also shifted a little towards the air inlet (to the right). The results
for 20 atm were close to those of 10 atm and are not shown. Fig. 2
displays the corresponding results for syngas-air cases.

The mass fractions of CHy, CO, and O, are shown in Fig. 3 for 1
atm and 10 atm with the full and the global mechanism. The results

0.011 0.012 0.013

x (m)

0.014 0.015

1 atm and 10 atm.

of the reduced mechanism (DRM19) were not visibly distinguishable
from those of GRI 3.0, and are not included. The shift of the global-
mechanism flame to the right (air inlet) is seen here, as well as in
the CH, and O, profiles. The global mechanism converts all carbon
to CO,, while the detailed mechanisms include CO and other carbon
compounds. Therefore, the CO, profile was higher for the global mech-
anism. The 10 atm and 20 atm results were similar, although with
lesser differences between global and detailed mechanisms for CH,
and O,. This was consistent with the temperature results seen above.
Fig. 4 shows the major species of the syngas—air flame at 1 atm and 10
atm. Again, the reduced mechanism (here, Davis et al.) did not deviate
significantly from the full mechanism, and its results are not included.

The viscous dissipation heat, @ (Eq. (6)), was neglected in the
solution and evaluated from the results. In the flame (i.e. elevated
temperature) the reaction heat release ranged from four to eighth
orders of magnitude larger than the viscous term at 1 atm. Integrated
through the flame, the ratio was 6 - 10°. For higher pressures, the ratio
was even larger.

4.3. Entropy generation components

This section will present results for entropy generation along the
axis. Unless otherwise specified, all results here are entropy generation
rates per unit of volume. The total entropy generation is shown in
Fig. 5 for 1 atm and 10 atm for the three mechanisms of methane-air
combustion. The 20 atm results were similar to those of 10 atm, except
that the global and DRM19 peaks were relatively higher compared with
the full mechanism. Fig. 6 shows the corresponding results for syngas.

Figs. 7 and 8 display the entropy generation due to conduction. This
contribution followed the temperature gradient and provided distinct
effects on both sides of the peak temperature. Results for 1 atm and 10
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Fig. 5. Entropy generation along axis; methane-air, 1 atm and 10 atm.

atm are fairly similar to each other. Results for 20 atm had only minute
differences from those of 10 atm and are not shown.

Mass diffusion entropy generation is shown in Figs. 9 and 10. The 20
atm results were narrower and with higher peaks for all mechanisms,
otherwise similar to 10 atm.

Fig. 11 shows the entropy generation due to chemical reactions for
methane. At 1 atm the results of the three mechanisms were close
to each other, except for the shift in flame position for the global
mechanism. The peaks for the reduced and global mechanisms became
relatively higher for higher pressure (10 atm and 20 atm). The tem-
perature and mass fraction profiles can partly, but hardly fully, explain
the narrow spikes in the chemical entropy generation with the global
mechanism. Hence, the reasons attribute to the mechanism itself. With

no intermediates, the reactions take place in a narrower zone and with
a shorter reaction timescale (faster completion of the reaction).

The syngas results are seen in Fig. 12. While methane had a primary
peak slightly on the rich side of the peak temperature and a much lower
secondary peak on the lean side, the situation was the opposite for
syngas, with the dominating peak at the lean side. Furthermore, for
increased pressure, the reduced syngas mechanism gave lower entropy
generation than the full mechanism, contrary to the methane cases.
For 10 atm, the quasi-global mechanism (CFFR) gave negative entropy
generation besides the flame zone. This unphysical result seemed to be
caused by a local imbalance between the heat releases of the individual
reactions.
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Entropy generation due to viscous forces was five orders of mag-
nitude less than the contributions shown above for 1 atm, and even
smaller for 10 and 20 atm. The profiles are not shown here, but had
two maxima corresponding to the maximum and minimum of the local
strain rate. Close to the peak temperature, the strain rate and hence,
the viscous entropy generation, had zero values.

The entropy generation due to radiation heat exchange was also
very small compared to the major contributions, and the results are
left out here. Its magnitude was four orders less than the major contri-
butions for methane and six for syngas.

The volumetric total entropy generation rate and its components
were integrated spatially along the axis, | L=O odx. The results are shown

in Table 1, together with the integral of the volumetric reaction heat
release rate. Also the peak temperature and its location is shown. For
the reduced and global mechanisms, the integrated quantities and peak
temperature are shown as relative deviations from the GRI 3.0 results.
It was seen that the reduced DRM19 mechanism for methane gave
heat release rates and peak temperatures within minor deviations (2%)
from the full mechanism. The conduction entropy generation is closely
linked to the temperature, but had more notable deviations, partic-
ularly for the elevated pressure. For syngas the reduced-mechanisms
results were close to those of the full mechanism, except for the
(relatively small) chemical component of entropy generation.
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Fig. 11. Chemical reactions entropy generation along axis; methane-air, 1 atm and 10 atm.

4.4. Contributions to entropy generation by individual reactions

The total heat release for each location is the sum from all the
elementary reactions, some positive (exothermic) and some negative
(endothermic). To compare the impacts of the different reactions, the
heat release rate (Eq. (12)) and its absolute value were both integrated
along the axis between the nozzles. The latter integral was used to get
a more appropriate view of both exo- and endothermic reactions, and
in particular, for reactions that were endothermic at some locations
and exothermic at other locations. Tables 2 and 3 show this integral as
fractions of the integral of the net heat release rate. The sums of these
fractions are above unity. For methane (1 atm) with GRI 3.0, the sum
1.8622 means that the endothermic contributions were —0.4311, and
the exothermic 1.4311, times the net heat release rate. Furthermore,

the entropy generation by each chemical reaction, Eq. (16), was also
integrated along the axis. They are shown in the tables as fractions of
the integrated total chemical reactions entropy generation rate.

The “Rank” shown in the tables indicates the importance of each
reaction to the quantity in question. The first reaction in Table 2,
H+0,<==0+O0H, was the most important for heat generation by both
mechanisms. For entropy generation, however, it gave the 7th and 11th
largest contributions with GRI 3.0 and DRM19, respectively.

It was seen that the important reactions for heat release in GRI 3.0
in these cases were also important in the reduced mechanisms (with H
+ H,0 + 05 = H,0 + HO, as an exception). This observation was
not equally clear for entropy generation. In particular, for methane,
the most important GRI 3.0 reaction is not part of DRM19. This was
compensated by other reactions, e.g., a reaction with low importance
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Table 1

Entropy generation rate and heat release rate integrated along the axis from nozzle to nozzle. Dimensional values for GRI 3.0, relative deviations for the other mechanisms. Peak

temperature and its location.

Methane-air GRI 3.0 DRM19 Global

1 atm 10 atm 20 atm 1 atm 10 atm 20 atm 1 atm 10 atm 20 atm
Conduction (W/(m? K)) 3235 364.4 357.1 -3.2% -9.3% -9.5% 18.6% 3.5% 1.0%
Diffusion (W/(m? K)) 120.2 144.9 150.1 —5.8% -10.6% -12.6% -22.2% -21.2% —-23.2%
Chemical (W/(m? K)) 209.2 128.9 123.8 -1.9% 2.6% 2.9% -22.0% 6.0% 10.5%
Total (W/(m? K)) 653.0 638.4 631.3 -3.2% -7.2% -7.7% -1.9% -1.5% -2.7%
Heat release (kW/m?) 379.4 385.9 387.0 2.0% -1.5% -1.6% 11.4% 3.2% 5.0%
Peak T (K) 1949.4 2147.6 2115.0 0.2% -1.7% -2.3% 12.8% 1.8% -0.3%
Location (cm) of peak T 1.291 1.302 1.301 1.291 1.300 1.300 1.308 1.309 1.306
Syngas—air GRI 3.0 Davis et al. Global

1 atm 10 atm 20 atm 1 atm 10 atm 20 atm 1 atm 10 atm 20 atm
Conduction (W/(m? K)) 361.2 400.5 389.6 1.0% 0.3% -0.1% 4.1% 4.0% 4.3%
Diffusion (W/(m? K)) 134.2 158.3 166.2 —0.4% 0.3% 0.3% -17.2% -2.2% 0.5%
Chemical (W/(m? K)) 86.8 6.1 4.8 —6.4% -16.6% -21.2% -11.6% -33.6% —45.4%
Total (W/(m? K)) 582.3 565.3 561.2 —0.4% 0.2% 0.0% -3.1% 1.8% 2.8%
Heat release (kW/m?) 489.5 506.1 501.4 0.4% 0.0% 0.1% -2.9% -1.5% -4.8%
Peak T (K) 2145.5 2441.6 2383.0 1.7% 0.3% 0.2% 2.3% 0.8% 0.8%
Location (cm) of peak T 1.313 1.325 1.324 1.308 1.325 1.325 1.303 1.323 1.324

(64th) in GRI 3.0 became the 2nd most important DRM19 reaction. A
similar feature was seen in the syngas case: The 2nd most important
GRI 3.0 reaction was missing, and compensated by other reactions.

The differences between heat and entropy contributions can be
attributed to two features. First, the entropy generation is a function
of the Gibbs energy difference, cf. Eq. (16), while heat release is
a function of enthalpy difference, cf. Eq. (12). Second, dividing by
temperature, Eq. (16), has a more pronounced effect for reactions
taking place close to the peak temperature than for those important
at lower temperatures.

The profiles of entropy generation rates for the 12 most important
reactions in GRI 3.0 and in DRM19 are shown in Fig. 13 for the
methane-air flame at 1 atm. It is seen that most reactions contributed in
a range around the peak temperature (cf. Fig. 1) and summarized to the
main peak seen in Fig. 11. However, some hydrogen/oxygen reactions
contributed to the notable secondary peak on the lean side. Further-
more, reactions of hydrocarbons occurring mainly on the rich side
widened the total profile, although without making another secondary
peak.

The corresponding profiles are shown for syngas (1 atm) in Fig. 14.
Here, one single reaction recombining radicals H and HCO was the
dominating contributor to the peak on the rich side. Other important
reactions contributed mainly to the lean-side peak in Fig. 12, which
here had the primary peak.

The differences in weight of reactions between the full and the
reduced mechanism are partly due to differences in reaction kinetics
parameters (4;, §;, E;), and partly due to differences in composition.

In the methane-air flame, mass fractions of C,H, and HCO had, re-
spectively, 4.4 and 1.4 higher peak values with DRM19 compared with
GRI 3.0. For CO, H,, H and CH,O this ratio was 0.7-0.9. For other
species participating in the most important reactions, the peak values
of DRM19 were close to those of GRI 3.0.

For elevated pressure, the temperature and species mass fraction
profiles were not very different from 1 atm, Figs. 1-4. Therefore, the
effects of pressure came mainly through the density in the reaction
progress ¢;, Eq. (11), cf. Egs. (12) and (16), and through pressure de-
pendent rate coefficients for some reactions. The changes in importance
of elementary reactions were notable. For methane-air, the 12 most
important reactions for entropy generation at 10 atm included only 5
from the list at 1 atm (rank 3, 11, 8, 7 and 6) for GRI 3.0. The reaction
CH,0 + H=="H, + HCO increased from rank 3 at 1 atm to a fraction
0.0786 (integrated along the axis, cf. Table 2) and rank 1 at 10 atm,
CH,0 + OH = H,0 + HCO increased from rank 14 to rank 2 and

fraction 0.0630, and CH,(s) + CO, = CH,0 + CO increased from
rank 24 to rank 3 and fraction 0.0562. For DRM19, C,H,; + O=—=-CH,
+ HCO (fraction 0.2329), CH,(s) + CO, —-CH,0 + CO (0.1144) and

CH;3; + O==-CH,0 + H (0.0551) became the most important reactions
for entropy generation at 10 atm. Here, the 12 most important reactions
at 10 atm included 8 of the 12 most important at 1 atm.

4.5. Entropy generation as a criterion for mechanism reduction
Several entropy-generation studies were motivated by efficient en-

ergy conversion. Other studies have been seeking guidance to real-
izability of submodels. Among these can be regarded Kooshkbaghi
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Contributions (absolute values) relative to the total heat release rate and entropy generation rate from individual reactions integrated along the axis for methane, 1 atm, with
GRI 3.0 and DRM19 mechanisms. “Rank” means the rank of importance for each quantity, and the included reactions are among the 25 most important for at least one of the

quantities for one of the mechanisms. (“x”: reaction not part of the mechanism).

Reaction GRI 3.0 DRM19

Heat Rank Entropy Rank Heat Rank Entropy Rank
H+ 0,==0 + OH 0.1490 1 0.0353 7 0.1377 1 0.0335 11
CH; + 0 — CO + H+ H, 0.0439 14 0.0647 1 X X X X
CH; + O=CH,0 + H 0.0666 6 0.0516 2 0.1268 2 0.1058 1
H, + OH—=H + H,0 0.1397 2 0.0073 40 0.1032 3 0.0059 32
C,H, + O=CH; + HCO 0.0014 89 0.0022 64 0.0483 14 0.1001 2
H + H,0 + 0, = H,0 + HO, 0.1076 3 0.0444 4 0.0965 5 0.0399
CH,0 + H==H, + HCO 0.0333 20 0.0510 0.0300 23 0.0457 5
CH, + O, — HCO + OH X X X 0.0620 9 0.0728 3
CO + OH=CO0, + H 0.0916 4 0.0110 30 0.0960 6 0.0129 24
CH; + H (+M) = CH, (+M) 0.0849 5 0.0087 36 0.0989 4 0.0115 26
H,0 + HCO=CO + H + H,0 0.0335 19 0.0364 6 0.0508 11 0.0605 4
H + HO, =2 OH 0.0439 13 0.0396 5 0.0486 13 0.0444 6
2 CH; (+M) = C,H¢y (+M) 0.0580 7 0.0018 71 0.0658 7 0.0021 42
C,H, + H (+M) = C,H; (+M) 0.0568 8 0.0215 16 X X X X
CH, + H (+M) = C,Hy (+M) 0.0527 9 0.0244 11 0.0643 0.0212 16
HO, + OH=-H,0 + O, 0.0457 12 0.0297 8 x x x x
HCO + M=CO + H+ M 0.0223 26 0.0242 12 0.0335 18 0.0399
CH + H0O=CH,0 + H 0.0343 17 0.0258 9 X X X X
CH, + O, — CO + H + OH 0.0088 42 0.0167 22 0.0178 29 0.0344
H+ N, + O,==HO, + N, 0.0499 10 0.0249 10 0.0459 16 0.0233 15
HO, + OH—=H,0 + O, 0.0484 11 0.0169 21 0.0549 10 0.0335 10
CH, + OH=CH; + H,0 0.0407 16 0.0034 51 0.0490 12 0.0106 27
CH,0 + OH<—=H,0 + HCO 0.0280 23 0.0236 14 0.0348 17 0.0292 12
CH + O, ==HCO + O 0.0227 25 0.0242 13 X X X X
CH,(s) + CO, = CH,0 + CO 0.0213 28 0.0160 24 0.0328 20 0.0265 13
HO, + 0=0, + OH 0.0294 22 0.0231 15 0.0311 21 0.0246 14
20H=H,0 + O 0.0414 15 0.0016 76 0.0300 22 0.0011 52
CH, + CH; =C,H; + H 0.0278 24 0.0139 26 0.0467 15 0.0184 20
C,H, + O=H + HCCO 0.0157 31 0.0199 17 X X X X
CH, + O=H + HCO 0.0090 41 0.0077 37 0.0217 28 0.0192 17
H+ OH+ M=—=H,0 + M 0.0340 18 0.0112 29 0.0289 24 0.0098 28
C,H, + O==CH, + CO 0.0214 27 0.0196 18 X X X X
H + HO,=H, + O, 0.0298 21 0.0167 23 0.0331 19 0.0188 18
CH, + 0, — CO, + 2 H 0.0141 33 0.0195 19 X X X X
CH, + OH—=CH,0 + H 0.0121 36 0.0077 38 0.0267 25 0.0184 19
CH, + H=CH; + H, 0.0045 61 0.0182 20 0.0044 41 0.0168 22
CH,(s) + 0,=CO + H + OH 0.0057 54 0.0093 35 0.0104 33 0.0176 21
H + HCO=CO + H, 0.0166 30 0.0074 39 0.0266 27 0.0132 23
C+0,—=CO+0 0.0185 29 0.0139 25 X X X X
HCO + OH=—=-CO + H,0 0.0123 35 0.0048 45 0.0266 26 0.0117 25
Other reactions 0.2847 0.2001 0.1282 0.0766
Total 1.8622 1.0000 1.7117 1.0000

et al. [14], who proposed a systematic procedure to reduce chemical
mechanisms. The first step was to identify the reactions contributing at
least a fraction e (specified to 0.05) of the local instantaneous chemical
entropy generation. They used this criterion for time instances of a
transient homogeneous reactor. This would correspond to the locations
along a 1-dimensional steady-state flame in the configuration here.

For the present case of methane-air (1 atm) with GRI 3.0, 44
reactions reached the criterion somewhere along the axis. Among these,
27 were found in DRM19. Within the range of x from 0.01209 m to
0.01404 m, where the chemical entropy generation was above 0.001
times its peak value (and visible in Fig. 11), only 20 reactions reached
a local fraction of 0.05. Among these, 3 were not in DRM19 (and
one not in GRI 1.2). Considering the 25 reactions that had the largest
contributions when integrated along the axis (Table 2), 9 did not reach
a local fraction of 0.05 anywhere. These 9 included the reactions with
rank 9, 12 and 14 for entropy generation. Moreover, the reactions with
the 2nd and 5th largest contributions to heat release, did not reach the
criterion within the flame zone.

For the syngas case (1 atm) with GRI 3.0, 19 reactions had a local
fraction at 0.05 or more. Only 8 of these were found in the Davis
et al. reduced mechanism. For the range where local entropy generation
reached above 0.001 of its peak value (x = 0.01053 — 0.01474 m), only
9 reactions had a local fraction of 0.05 or more. Five of these were
found in the Davis et al. mechanism. Among the 20 most important
reactions when integrated along the axis (Table 3), 7 satisfied the local
0.05 criterion. For instance, the reactions with rank 3, 6, 7 and 9 did
not reach a local fraction of 0.05 anywhere.

It is kept in mind that although DRM19 was not derived from GRI
3.0, its starting point GRI 1.2 was closely related. Summarizing, it
seems fair to state that neither DRM19 nor Davis et al. complied with
the first criterion of the Kooshkbaghi et al. approach. The findings did
not indicate that the approach would lead to better results for a reduced
mechanism.

An issue still open for further research is to which extent an entropy-
based approach for mechanism reduction, in general, will maintain key
features like ignition delay and laminar flame speed. It is worth noting
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Contributions (absolute values) relative to total heat release rate and entropy generation rate from individual reactions integrated along the
axis for syngas, 1 atm, with GRI 3.0 and Davis et al. mechanisms. For explanation, see Table 2.

Reaction GRI 3.0 Davis et al.
Heat Rank Entropy Rank Heat Rank Entropy Rank
H, + OH—==H + H,;0 0.1816 1 0.0082 16 0.1628 2 0.0072 14
H+OH+M—=-H,0+M 0.1810 2 0.1104 3 0.4359 1 0.2709 1
H + HCO—=CO + H, 0.0573 8 0.1634 1 0.0461 7 0.1309 3
H + H,0 + O, == H,0 + HO, 0.1697 3 0.1550 2 X X x x
H+ 0y + M==HO0O; + M 0.0089 19 0.0072 18 0.1281 4 0.1923 2
H+ O0,==0+OH 0.1293 5 0.0085 14 0.1340 3 0.0126 11
HO, + OH—=H,0 + 0, 0.1303 4 0.0935 4 0.0881 5 0.0723 4
H + HO, =2 OH 0.0534 9 0.0919 5 0.0194 14 0.0418 8
HO; + O==0,; + OH 0.0307 15 0.0565 8 0.0274 12 0.0612 5
CO + OH=CO0; + H 0.0653 6 0.0085 15 0.0454 8 0.0058 16
H+O0O+M—=OH+M 0.0029 26 0.0021 25 0.0648 6 0.0510 7
HO, + OH—=H,0 + 0, 0.0587 7 0.0781 6 0.0436 9 0.0591 6
H+ Ny + 0 =HO, + N, 0.0506 10 0.0600 7 X X X X
H + HO, =H; + O, 0.0372 14 0.0409 9 X X X X
H,0, + OH = H,;0 + HO, 0.0284 16 0.0130 12 0.0184 15 0.0244 9
20H=H,0+ O 0.0427 12 0.0010 28 0.0424 10 0.0011 25
2 H+ H,0==H, + H,0 0.0377 13 0.0314 10 0.0207 13 0.0159 10
2 OH (+M) = H,;0, (+M) 0.0452 11 0.0184 11 0.0316 11 0.0066 15
2H+M—=H, + M 0.0139 17 0.0126 13 0.0143 17 0.0120 12
H, + 0, — H + HO, x X x X 0.0101 18 0.0109 13
CO + OH=C0, + H X X X X 0.0167 16 0.0034 18
H+ 2 0, =H0, + 0, 0.0055 22 0.0079 17 X X X X
CO + 0 (+ M) =CO, (+M) 0.0082 20 0.0048 20 0.0065 20 0.0039 17
H, + O=H + OH 0.0105 18 0.0026 23 0.0083 19 0.0029 19
2H+ Hy=2H, 0.0044 24 0.0050 19 0.0023 23 0.0025 20
HCO+ M=CO+H+M 0.0072 21 0.0033 22 0.0050 21 0.0023 21
H + HO, ==H,0 + O 0.0036 25 0.0043 21 0.0013 25 0.0020 22
H,0 + HCO==CO + H + H,0 0.0045 23 0.0014 26 0.0043 22 0.0013 24
H + H,0, == H,;0 + OH 0.0003 34 0.0004 33 0.0013 24 0.0018 23
H + HCO (+M) = CH,0 (+M) 0.0006 30 0.0022 24 X X X X
Other reactions 0.0076 0.0074 0.0031 0.0040
Total 1.3776 1.0000 1.3815 1.0000
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Fig. 13. Entropy generation along axis for 12 most important individual reactions; methane-air, 1 atm, GRI 3.0 and DRM19.
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Fig. 14. Entropy generation along axis for 12 most important individual reactions; syngas-air, 1 atm, GRI 3.0 and Davis et al..

that said quantities depend, among other things, on heat release, which
in a mechanism not necessarily corresponds to the entropy generation.

There is a small number of studies applying the referred method.
Benekos et al. [31] used it providing a reduced mechanism (97 reac-
tions, 20 species) for methane derived from GRI 3.0. This mechanism
was tried for methane-air in the present work. Compared with GRI
3.0, the new mechanism gave slightly higher temperature (20-40 K
on the rich side) for 1 atm, with a peak shifted slightly towards the
air inlet. The chemical reactions entropy generation integrated through
the flame was reduced by 2%, while the peak value was increased by
10%. The heat release rate increased by 2.5% integrated and its peak
by 10%. The OH, O and H mass fraction peak values were reduced by
9%, 11% and 24%, respectively, while that of CO by 23%, although
CO increased in the rich zone. The two reactions most important for
entropy generation (CH; + O — CO + H + H, and H, + OH<=—H
+ H,O, cf. Table 2) maintained their rank, while they increased their
contributions by 80% (integrated) and peak values by 86%. The third
and fourth increased by 7%-9%, while the 13th and 20th increased
their contributions more than 3 times and became 3rd and 5th in rank.
The mass-diffusion entropy generation integrated through the flame
was reduced by 7% compared to the full GRI 3.0.

4.6. Simplified models for entropy generation

Some authors make use of simplified models for entropy generation.
One approach is to calculate the chemical-reactions entropy generation
as Q/T, where Q is the total reaction heat release rate (cf. Eq. (12)).
For instance, Raghavan et al. [6] used this model in conjunction with
a 1-step global reaction. For the present cases (1 atm), this model was
compared to the full models of chemical-reaction entropy generation
in Fig. 15. It was seen that for methane-air, the deviations due to
the model were less than the deviations due to different chemical
mechanisms. For syngas, the differences were much larger. This can
primarily be explained by the distinction between the reaction enthalpy

11

difference (—4AH) and the reaction Gibbs energy difference (—AG) for
the fuels in reaction with oxygen. The former is the heat release of
the completed global reaction, while the latter divided by T represents
the entropy generation of the same reaction (cf. Eq. (16)). For the
temperature range of 1600-2100 K, the ratio of (—4G) to (—-AH) for
methane is very close to unity, approximately 0.99, whereas for H, and
CO it is only 0.45-0.60.

Another approach (e.g. [32-34]) is simply to neglect all other con-
tributions but viscous and conduction. For the present cases, the effects
of this can be seen by comparing the conduction component, Figs. 7-8,
with the total contribution, Figs. 5-6. The cited authors did not clearly
argue in favour of the simplification, however, they referred sources
dealing with non-reacting flows. For chemical reactions in equilibrium,
the chemical reactions do not contribute to entropy generation. This is,
however, not in general the case of conventional combustion. Indeed,
the conduction appears to make the largest contribution to entropy
generation in a diffusion flame, and it is located close to (although not
in) the flame front. It gives an indication on the location and magnitude
of the entropy generation. When this serves the aim of the investigation,
neglecting all other contributions might make some sense.

4.7. Overall discussion

In the development of a detailed mechanism like GRI 3.0, a number
of target data were used for comparison and optimization [19,35].
Although entropy and entropy generation were not among these target
data, when heat release, temperature and species formation and trans-
port are well captured, the entropy quantities should also be reasonably
well predicted.

When it comes to reduced mechanisms, these are approximations
to a more complete mechanisms, e.g. DRM19 [20] approximated GRI
1.2, and Davis et al. [23] was based on GRI 3.0. The reduction aimed
at maintaining ignition delay and laminar flame speed, which rely on
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Fig. 15. Chemical reactions entropy generation rate along axis compared to a simplified model based on heat release rate from the same mechanism; methane-air and syngas—air

with different mechanisms.

heat generation, temperature and amounts of certain species. When re-
actions are omitted, their contributions had to be compensated by mod-
ifications in remaining reactions. The extent of maintaining entropy
generation (or not) can be seen as a side effect.

The reduced mechanisms inherit the defects and weaknesses of
the full mechanism they are reduced from. Additional deficiencies
can be introduced during the reduction process. Hence, for a reduced
mechanism, results of the full mechanism can serve as a benchmark,
both for entropy generation and other quantities.

Above, it was seen that temperature and major species were well
represented by the reduced mechanisms, as expected. This also results
in generally good predictions of entropy generation due to conduction
by the reduced mechanisms when compared with the full mecha-
nism. Furthermore, most reactions important for heat generation in
the full mechanism were also important in the reduced mechanisms
(Tables 2-3), although with some shift of weight.

Formulation of global mechanisms, with one or a few steps, gives
few parameters to adapt and more compromises to be made. The focus
is on heat release, temperature and major species, which gives rougher
approximations. Nevertheless, these are the main input to calculations
of entropy, which can be satisfactorily made when those quantities are
well approximated.

5. Conclusions

Entropy generation in an opposed-flow laminar non-premixed flame
has been investigated. Methane-air and syngas-air flames have been
simulated with a global, reduced and full chemical mechanisms at
three different pressures (1, 10 and 20 atm). Deviations from the
full mechanism results by reduced and global mechanisms have been
highlighted.

* The most important contribution to entropy generation is due to
conductive heat transfer. Since the temperature is well predicted by all
mechanisms, the conduction entropy generation is also well calculated.
The global mechanisms give slightly steeper temperature gradients and
hence, larger entropy generation.

* For syngas (all pressures) and for methane at elevated pressure,
mass diffusion gives the second largest contribution to entropy gener-
ation. For methane the mass diffusion entropy generation is slightly
lower for the reduced mechanism than for the full mechanism. For
syngas, the reduced mechanism gives small deviations from the full
mechanism. The global mechanisms, with only major species included,
have larger deviations, reaching above 20% when integrated along the
axis.

* For methane at atmospheric pressure, chemical reactions are the
second largest contribution to entropy generation. Again, the reduced
mechanism gives moderate deviations from the full mechanism, while
the global mechanism predicts a thinner reaction zone with faster
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reaction, i.e. a narrower and higher spike in the entropy generation.
Integrated along the axis, the chemical entropy production deviates
considerable (more than 40%) from the global mechanism. Indeed,
it is noted that for syngas-air at elevated pressures, the chemical
contribution to entropy generation is quite modest (below 1%).

* When comparing contributions to heat release and entropy gen-
eration for individual reactions of the mechanisms, it is seen that the
importance of each reaction can deviate considerably from the reduced
to the full mechanism. The entropy generation for a particular reaction
can be very different in the two mechanisms.

* Simplified entropy-generation models, either based on heat release
rate, or by including conduction entropy generation only, do not give
precise information on entropy generation. However, when used with
care, they can give an indication on the location and magnitude of the
entropy generation for methane/air non-premixed flames.
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