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a b s t r a c t

A theoretical–numerical analysis based on the second law of thermodynamics is used to

examine the propagation of laminar H2-enriched CH4–air flames. The analysis is based on

computing the various entropy generation terms in a transient reacting flow field. A

comprehensive, time-dependent computational model, which employs a detailed

description of chemistry and transport, is used to simulate the transient ignition and flame

propagation in this reacting flow field. Flames are ignited in a jet-mixing layer far down-

stream of the burner. Following ignition, a well-defined triple flame is formed that prop-

agates upstream with nearly constant flame displacement speed along the stoichiometric

mixture fraction line. As the flame approaches the burner, it transitions to a double flame,

and subsequently to a burner-stabilized nonpremixed flame. The triple point exhibits the

maximum entropy generation, indicating that this point is characterized by high chemical

reactivity, as well as large temperature and mass fraction gradients. The volumetric

entropy generation is the highest in the two premixed reaction zones, and the lowest in the

nonpremixed reaction zone. In the premixed zones, the volumetric entropy generation due

to chemical reaction is the highest, followed by heat conduction, and then mixing. The

converse is true for the nonpremixed zone. However, the integrated entropy generation

rate indicates that heat conduction is the major contributor, followed by chemical reac-

tivity, and then mixing. As H2 addition to methane fuel is increased, the integrated entropy

generation increases primarily due to enhanced heat conduction and chemical reactivity.

However, the contributions of heat conduction, chemical reactivity, and mixing to total

entropy generation weakly depend on the fuel being burned. While the flame propagates

upstream entropy generation increases and reaches a maximum when the flame exhibits

a well-defined triple flame structure, and then decreases as the flame approaches the

burner. The second law efficiency of the system remains nearly constant with H2 addition,

since the increased irreversibilities due to H2 addition are compensated by the increase in

the flow availability in the fuel blend.
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Nomenclature

Ain availability at inlet, W

aa;in availability of air at the inlet, J/kg

af;in availability of fuel at the inlet, J/kg

Di-mix mass diffusivity of species i in mixture, m2/s

ei specific molar internal energy, J/mol

ech chemical availability, W

fi body force per unit volume of species i, N/m3

gf;i Gibbs free energy of formation of species ‘‘i’’ at

reference pressure and temperature, J/kmol

ji mass flux of species i, kg/m2s

pi partial pressure of species i, Pa

P total pressure, Pa

Pref reference total pressure, Pa

qc conduction heat flux, W/m2

r radial coordinate, m

R gas constant, J/kg K

R universal gas constant, J/kmol K

S specific entropy, J/kg K

si specific entropy of species i, J/kg K

s0
i specific entropy of species i at reference pressure,

J/kg K

T temperature, K

T0 temperature of environment, K

vr radial velocity, m/s

vz axial velocity, m/s

xi mole fraction of species i, dimensionless

yi mass fraction of species i, dimensionless

z axial coordinate, m

Greek symbols

yi stoichiometric mole coefficient of species

m viscosity, Pa s

mi chemical potential of species i, J/kg K

r density, kg/m3

s integrated entropy generation rate, W/kg K

s% volumetric entropy generation rate, W/m3 K

s viscous stress, N/m2

uI production rate of species i, kg/m3 s

Subscripts

cond conduction

mix mixing

tot total

vis viscous effect
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1. Introduction in both premixed and diffusion flames. For premixed flames,
Analysis based on second law of thermodynamics has been

utilized to optimize design and improve performance of

energy systems [1–4]. Combustion of fuel involves complex

interaction of different physical and chemical processes.

Since many of these processes are irreversible and involve

loss of exergy, they have important implications in devices

like gas turbines and internal combustion engines. Thus, in

order to improve the performance of different combustion

systems, it is essential to identify the causes of irreversibility.

The majority of analysis on entropy generation in systems

involving heat and mass transfer are based on the formulation

of Hirschfelder et al. [5]. While there has been numerous

works on entropy generations in nonreacting flows involving

heat and mass transfer [6,7], there has been relatively less

work dealing with entropy generation in combustion systems.

A comprehensive account of exergy analysis in combustion

systems is available in a recent review by Som and Datta [8].

Puri [9], Dash and Som [10] and Hiwase et al. [11] analysed

the entropy generation associated with combustion of an

isolated droplet. While Puri [9] based his analysis of entropy

generation mainly on empirical values of transport coeffi-

cient, Dash and Som [10] and Hiwase et al. [11] solved the

detailed conservation equations to obtain the flow and scalar

fields. Both Dash and Som and Hiwase et al. observed that for

a stationary droplet where the combustion is diffusion-

controlled, the major contributor to the entropy generation is

the heat conduction.

Arpaci and Selamet [12] used dimensional analysis to study

entropy generation in premixed flames on a flat flame burner.

They found that the minimum quenching distance for the

flame corresponds to an extremum in entropy generation.

Nishida et al. [13] analysed entropy generation and exergy loss
they considered laminar, steady one-dimensional flow, and

observed that chemical reaction is the dominant contributor

to entropy generation, although its contribution changes with

flame structure modification and temperature. Li et al. [14]

considered entropy generation in the flame zone of a cylin-

drical microcombustor. They used one-dimensional analysis

and an approximate relation for temperature distribution in

the flame zone, and concluded that entropy generation rea-

ches a minimum at the quenching radius and that stoichio-

metric mixtures give most irreversible combustion.

Dunbar and Lior [15] calculated irreversibilities in hydrogen

and methane premixed and nonpremixed flames. They

separated the entropy generation into three processes:

combined diffusion and fuel oxidation, internal thermal

energy exchange and product constituent mixing. Their

analysis identified internal energy exchange as the major

constituent of entropy generation. Datta [16] investigated

entropy generation in confined axisymmetric laminar diffu-

sion flames and observed that the largest share of entropy

generation comes from transport processes. The analysis

further showed that air preheating reduced entropy genera-

tion while heat loss through the confining wall increased the

irreversibility. In their analysis of nonpremixed flames,

Nishida et al. [13] also concluded that for axisymmetric

laminar diffusion flames heat conduction accounts for the

largest fraction of entropy generation. Datta [17] investigated

the effect of gravity on entropy generation in axisymmetric

laminar diffusion flames. The study concluded again that at

all gravity levels, heat transfer remains the major source of

irreversibility.

All the above works consider only steady premixed or

nonpremixed flames. However, many engineering applica-

tions like internal combustion engines involve propagating
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flames. Often these flames are partially premixed (triple

flame) in nature while in transit. In local quenching of non-

premixed flames [18] and propagation and stabilization of

flames in axisymmetric jets [19], flames develop into partially

premixed mode of combustion, containing double and triple

flame structures [20–23]. In the realm of turbulent flames,

local extinction and re-ignition give rise to partially premixed

flames. The process of re-ignition can involve the formation of

a triple flame that may lose its characteristics during propa-

gation [24]. Under certain conditions a propagating triple

flame may lose one or both of its premixed wings and degrade

into a double or diffusion flame [25,26]. This transition is of

both fundamental and practical interest. In direct injection

spark ignition engines (DISI), fuel is injected directly into the

combustion chamber just prior to ignition, resulting in an

inhomogeneous mixture distribution in the combustion

chamber at the time of injection. The flame front propagates

through locally rich and locally lean pockets of fuel–air

mixture burning in a partially premixed mode [27].

The propagating flames in all these configurations gener-

ally have a partially premixed character, i.e., they contain both

premixed and nonpremixed branches. Hence, the results of

earlier investigations, dealing with only premixed or only

nonpremixed flames are not directly applicable for such

devices. The objective of this investigation is to study entropy

generation in a propagating triple flame, and its subsequent

transition to a double flame and then to a nonpremixed flame

structure. The study is based on a complete analysis involving

the detailed simulations of propagating triple flames. The

synergy between the premixed and the nonpremixed

branches is expected to have significant effect on the domi-

nant entropy generation processes. Hence, the results are

post-processed to obtain the individual contributions of

viscous dissipation, heat conduction, mixing, and chemical

reactivity processes to total entropy generation. All the

previous studies on entropy generation in gaseous flames

consider only pure fuels. However, it is of interest to charac-

terize entropy generation in flames burning fuel blends.

Moreover, there is significant interest in developing hydrogen-

based and hydrogen-enhanced combustion systems. There-

fore, it is important for practical applications to understand

how hydrogen addition affects the irreversibilities as well as

exergy in hydrocarbon-air flames. Considering these, the

effect of hydrogen addition on entropy generation in propa-

gating methane–air flames is also investigated.
2. Mathematical modeling

The mathematical model is presented in two parts. The first

part deals with the simulation of propagating flames in non-

premixed or partially premixed jets, based on the solution of

the time-dependent conservation equations for an axisym-

metric unsteady reacting flow. This has been described in

detail elsewhere [28–30] and hence is only briefly discussed

here. The second part deals with the computation of irre-

versibilities or entropy generation in propagating triple

flames, and is described in more detail in this paper.

The time-dependent conservation equations for two-

dimensional (axisymmetric) unsteady reacting flows have
been discussed in our previous studies [28,29]. An optically

thin gas model is used in the energy equation to account for

thermal radiation from the flame. The thermodynamic and

transport properties appearing in the governing equations are

temperature and species dependent, the details of which are

given elsewhere [19,28,29]. The methane–air chemistry is

modeled using the GRI-Mech. 1.2, which considers 31 species

and 346 elementary reactions [31]. The major species included

in the mechanism are CH4, O2, CO2, CO, CH2O, H2, H2O, C2H2,

C2H4, C2H6, CH3OH, and N2, while the radical species include

CH3, CH2, CH, CHO, H, O, OH, HO2, H2O2, C2H, C2H3, C2H5,

CHCO, C, CH2(s), CH2OH, CH3O, CH2CO, and HCCOH. The

numerical algorithm employs a time-accurate finite-volume

approach using a staggered, non-uniform grid system. The

algorithm as well as the reaction mechanism has been vali-

dated previously for the computation of premixed flame

speeds and the detailed structure of premixed, partially pre-

mixed and nonpremixed flames [32–34].
3. The entropy transport equation

The flow field and the distribution of scalar properties, such as

temperature and species mass fractions, are obtained from

numerical solutions of the governing equations. From the flow

and scalar field distributions, the local entropy generation rate

is computed using the entropy transport equation, which is

obtained in the following form [35]:
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The terms within the first bracket of right hand side represent

the rate of entropy transport, while those within the second

bracket represents the entropy generation due to different

effects, and are the focus of the present study. These include

entropy generation due to viscous dissipation, heat conduc-

tion, mixing (or mass diffusion), body forces, and chemical

reaction, respectively. Assuming Fourier law and Fick’s Law,

one can write qc ¼ �kVT and ji ¼ �rDi�mixVyi. Also using Vmi þ
siVT ¼ VmT

i ¼ ðRT=xiÞVxi for ideal gases, the expression for

entropy generation becomes
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For cases where gravity is the only body force,P
i

f i$ji ¼
P

i

g$ji ¼ g$
P

i

ji ¼ 0. Thus, the expression for entropy

generation becomes
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Assuming Newtonian fluids and an axisymmetric flame

configuration, the final form of volumetric entropy generation

rate can be written as

s%
total ¼ s%

vis þ s%
cond þ s%

mix þ s%
chem (4)
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The contributions of the individual processes to the entropy

generation are expressed as
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For an ideal gas mixture:

mi ¼ eiðTÞ � T$s0
i ðTÞ þ RT ln

�
xiP
Pref

�

where Pref¼ 1 atm and s0
i ðTÞ is the reference entropy of species

‘‘i’’ at Pref. The upper bar indicates a property per unit mole.

The units of chemical potential (mi) and species reaction rate

(ui) are in J/mol and mol/m3 s, respectively. The units of

entropy generation s%
total are J/(m3 s K). Eq. (4) can now be used

to obtain the entropy generation due to viscous dissipation,

thermal conduction, mixing, and chemical reaction for prop-

agating flames in an axisymmetric configuration. The inte-

grated entropy generation rate can be obtained using the

equation:

s ¼
Z Z

2prs% dr dz (5)

Then the second law efficiency (hII) is obtained using the

following equation [36]:

hII ¼ 1� T0s

Ain
(6)

Here T0 is the dead temperature which is taken as the ambient

temperature (i.e. T0¼ 300 K). The availability at the inlet is calcu-

lated as follows [8,36].

The inflow availability is given as [36]

Ain ¼ h� h0 � T0ðs� s0Þ þ
V2

2
þ gzþ ech (7)

Here, h is the enthalpy, s the entropy, V the velocity, g the

gravitational acceleration, z the height, R the universal gas

constant, and ech the chemical exergy. The subscript ‘‘0’’

refers to the dead state conditions. In our simulations the

dead state corresponds to the ambient conditions (i.e. 300 K

and 1 atm). All terms on the right hand side except the last one

represent the thermomechanical exergy (availability) flow.

The potential and kinetic exergy can be considered negligible.

Since our inlet conditions are considered as ambient condi-

tions (i.e. dead state), h¼ h0, and s¼ s0, all terms are 0 expect

the last one, and the above equation can be written as

Ain ¼ ech ¼ _ma;inaa;in þ _mf;inaf;in (8)

The units of Ain, _m, and a are kW, kg/s, and kJ/kg, respectively.

For air and fuel entering as separate streams at the reference

temperature ðTf;in ¼ Ta;in ¼ TrefÞ and reference total pressure

(pa;in ¼ pref and pf;in ¼ pref ), the above equations simplify to [36]
aa;in ¼ 0 (9)

af;in ¼ gf;f þ nO2
gf;O2

� nCO2
gf;CO2

� nH2Ogf;H2OðgÞ

þ RTref ln
xe

O2

nO2

xe
CO2

nCO2 xe
H2OðgÞ

nH2O
(10)

Here gf ;i the molar Gibbs free energy of species i, and yi the

stoichiometric mole coefficient of species i. xe
i the mole frac-

tion of ith species in the environment, which is composed of

21% O2, and 79% N2. Using the composition of the environ-

ment as given by Szargut et al. [37], Moran and Shapiro [36]

computed the exergy of methane and hydrogen in the gaseous

state as 831,650 and 236,100 kJ/kmol, respectively, based on

the above equation. Note that these values are lower than

their respective HHV, which are 888,160 and 283,560 kJ/kmol

for methane and hydrogen, respectively. Using the composi-

tion given in this text, and calculating the exergy directly, we

obtain the following values for the various methane–hydrogen

blends: af;in¼ 792;998 kJ=kmol for 100:0 (CH4:H2) blend;

af;in¼ 651;389 kJ=kmol for 75:25 blend, af;in ¼ 509;781 kJ=kmol

for 50:50 blend; and af;in ¼ 368;172 kJ=Kmol for 25:75 blend.

The slight differences between our values and those obtained

by Moran and Shapiro [36] are due to different environment

compositions used. In addition, note that the values of af;in are

close to their respective LHV. For instance, LHVs for the

mixtures given above are 802,405, 662,265, 522,125, and

381,985 kJ/kmol, respectively. In fact, the ratios of af;in=LHV for

the mixtures given above is 1.012, 1.017, 1.024, and 1.038,

respectively.

The specific flow exergy is calculated from molar exergy as

af;in ¼
af;in

Mf
(11)

The corresponding af;in for the above four methane-hydrogen

above are 50,150, 52,981, 58,013, and 69,431 kJ/kg, respectively.
4. Solution procedure

The finite-difference forms of the momentum equations are

obtained using QUICKEST scheme [38], while those of the

species and energy are obtained using a hybrid scheme of

upwind and central differencing. The pressure field is calcu-

lated at every time step by solving all of the pressure Poisson

equations simultaneously.

Fig. 1 illustrates the computational domain. It consists of

100 mm� 50 mm in the axial (z) and radial (r) directions,

respectively, and is represented by a staggered, non-uniform

grid system (601� 201). We have examined the grid resolution

issues previously [39], and found that a minimum grid spacing

of 0.05 mm is sufficient to resolve the flame structure,

including H and CH radical layers. Consequently, the

minimum grid spacing is 0.05 mm in both the r- and z-direc-

tions, and the reported results are nearly grid independent. An

isothermal insert (2� 0.8 mm) is used to simulate the inner

burner wall. The temperature at the burner wall was set at

300 K. The inner and outer jets are assumed to have uniform

velocity profiles, with velocities of 10 cm/s and 30 cm/s,

respectively. The inner jet issues a H2–CH4 mixture, while the

outer jet issues air. A propagating flame is established by



Fig. 1 – Schematic of the computational domain and grid used in the simulations. The small rectangle shows the minimum

grid spacing region where the propagating flame front is located.
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simulating ignition in the far field (35 mm above the burner

rim) of the jet-mixing layer. The ignition event is simulated by

providing a high-temperature zone of 2000 K in a small rect-

angular cross-sectional area (2 mm2), containing small

amounts of H and OH radicals. This generates an ignition

kernel that propagates upstream and rapidly develops into

a triple flame, which then propagates upstream towards the

burner rim and eventually stabilizes at the rim.
5. Results and discussion

Fig. 2 presents the simulated results of transient ignition,

flame propagation and its subsequent stabilization for

a propagating CH4-air flame in a nonpremixed jet. The snap-

shots or instantaneous images are depicted in terms of heat

release rate contours. The image at t¼ 0 ms corresponds to

the instant when the high-temperature ignition source is

removed, while the subsequent images show the formation

and propagation of a triple flame. Following ignition, two

reacting volumes are formed, as indicated by the image at

t¼ 3 ms. One volume propagates downstream and is quickly

extinguished. The other propagates upstream towards the

burner and develops into a propagating triple flame, which is

the focus of this investigation. The triple flame structure

develops at t w 18 ms. The flame then propagates in a quasi-

steady manner, i.e., at near-constant flame displacement

speed, from z¼ 25 mm to z¼ 4 mm, exhibiting a well-defined

triple flame structure as indicated in the snapshot at 48 ms.

The three reaction zones, namely the rich premixed zone

(RPZ), the lean premixed zone (LPZ), and the nonpremixed

zone (NPZ), can be readily identified in the 18 ms and 48 ms

images. As the flame approaches the burner rim (i.e.
z z 4 mm), the length of the RPZ shortens, and the flame

transitions to a double flame, i.e., the LPZ extinguishes. The

flame reaches the burner rim at 88 ms, and during its stabili-

zation at the rim, the RPZ extinguishes and the flame transi-

tions from a double flame to a steady nonpremixed flame.

Fig. 3 presents the volumetric entropy generation rate (cf.

Eq. (4)) contours for two propagating triple flames in 100%CH4–

0%H2 and 50%CH4–50%H2 nonpremixed jets, respectively. For

both the flames, the maximum volumetric entropy generation

rate occurs at the triple point, which is shared by the three

reaction zones. Although the individual entropy generation

contributions peak at the triple point, the entropy generation

rate due to chemical reaction is about 2.8 times larger than that

due to heat conduction, which in turn is significantly higher

than that due to mixing. This indicates that the triple point is

characterized by high chemical reactivity as well as large

temperature and mass fraction gradients. Then, the entropy

generation rate due to chemical reactions decreases slowly

along the two premixed reaction zones, but rather rapidly

along the nonpremixed reaction zone. In the two premixed

zones, entropy generation due to chemical reaction is the

highest, followed by heat conduction, and then mixing. On the

contrary, in the nonpremixed branch, entropy generation due

to mixing is the highest, followed by heat conduction, and then

chemical reaction. Previous studies [13,16,17] have shown that

in nonpremixed flames, entropy generation due to heat

conduction is the highest. Therefore, the synergy between the

multiple branches alters the dominant chemical and physical

processes responsible for entropy generation in the non-

premixed branch of the triple flames with respect to the cor-

responding nonpremixed flames. Nevertheless, the dominant

entropy generation process in the premixed branches remains

the same as that observed previously for premixed flames [13].



Fig. 2 – Snapshots in terms of heat release rate contours showing the temporal evolution of ignition and flame propagation

in the mixing layer of methane and coflowing air jets. The three reaction zones, i.e., the rich premixed (RPZ), nonpremixed

(NPZ), and lean premixed (LPZ) zones, are indicated in the snapshot at t [ 48 ms.
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Moreover, while the dominant entropy generation in both the

premixed branches is due to chemical reaction, the contribu-

tion from the rich premixed branch is higher than that from the

lean premixed branch due to a higher volume of the former. It is
Fig. 3 – Entropy generation and heat release rate contours (red

100%CH4–0%H2 and a 50%CH4–50%H2 nonpremixed jets, respect

to conduction, chemical reaction, and mixing (mass diffusion) a

(flooded contours on the right), and sMIX (green lines on the left

times, but at the same axial location. [For interpretation of color

version of the article.]
also seen that the entropy generation due to heat conduction is

significant over a larger region with H2 addition, implying that

H2 addition increases entropy generation primarily through

heat conduction.
lines on the right) for two propagating triple flames in

ively. The volumetric entropy generation rate contours due

re represented by sCON (flooded contours on the left), sCHEM

), respectively. The two flames are compared at different

referred in this figure legend, the reader is referred to web
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Fig. 4 presents the relative entropy generation rate due to

conduction (sCON/sTotal), chemical reaction (sCHEM/sTotal), and

mixing (sMIX/sTotal) as a function of time for the (a) 0%H2–

100%CH4, (b) 50%H2–50%CH4, and (c) 75%H2–25%CH4 flames.1

For a given condition, sMIX/sTotal remains nearly constant and

substantially less than the other two. With H2 addition, sCHEM/

sTOTAL decreases, whereas sCON/sTOTAL increases during flame

propagation. However, for pure methane flames, the relative

importance of heat conduction first increases, reaches

a maximum and then decreases. Note here that Nishida et al.

[13] observed that sCHEM/sTOTAL is lower for pure CH4–air

flames than for pure H2 flames while our results show that

relative importance of chemical reaction decreases with

increase in H2 content. This may be attributed to the fact that

the Nishida et al. [13] considered planar premixed flames

where entropy generation by chemical reaction is always

dominant. In propagating triple flames, entropy generation by

heat conduction is the most dominant process contributing to

exergy losses, as mentioned previously.

Although Fig. 3 provides a good picture of the local distri-

bution of different components of entropy generation, the

overall irreversibility of the system is governed by the entropy

generation, integrated over the entire volume. Fig. 5 presents

the integrated entropy generation rate due to conduction

(sCON), chemical reaction (sCHEM), and mixing (sMIX), as well as

the total entropy generation rate (stotal), as a function of H2

mole fraction in the CH4–H2 fuel mixture. For the ease of

discussion, Fig. 5 also presents the relative contributions of

conduction (sCON/sTotal), chemical reaction (sCHEM/sTotal), and

mixing (sMIX/sTotal) to the total entropy generation rate as

a function of H2 mole fraction. Although the premixed branch

is characterized by the largest volumetric entropy generation

due to chemical reaction, it is the entropy generation due to

heat conduction that occupies more volume in the flame (cf.

Fig. 3). Therefore, the results in Fig. 5 indicate that heat

conduction is the major contributor to the integrated entropy

generation. Furthermore, H2 addition increases the entropy

generation primarily due to heat conduction. For instance, as

the H2 content is increased from 0% to 75%, the magnitude of

entropy generation due to heat conduction, chemical reaction,

and mixing increases by 90%, 71%, and 64%, respectively. For

a 75%H2–25%CH4 fuel mixture, the thermal conductivity and

peak flame temperature are about 3.5 and 1.05 times higher

than those for pure CH4. This indicates that the temperature

gradients are reduced with H2 enrichment in order for sCOND

corresponding to the 75%H2–25%CH4 flame to be only 1.9 times

sCOND corresponding to the pure CH4 flame. Although H2

addition increases the total entropy generation, the relative

contributions of heat conduction, chemical reaction, and

mixing to total entropy generation are not substantially

modified. For instance, as the amount of H2 is increased from

0% to 75%, the fraction of entropy generation due to heat

conduction increases non-monotonically from 54% to 58%,

whereas that due to chemical reactions and mixing decreases

non-monotonically as well from 36% to 34% and from 9.5% to

8.5%, respectively (cf. Fig. 5b). These results show that the

relative importance of the different factors contributing to

(sMIX/sTotal) as a function of time for the (a) 0%H2–100%CH4,

(b) 50%H2–50%CH4, and (c) 75%H2–25%CH4 flames. Note that

si represents the integrated or global values.
1 These relative entropy generation rates are integrated over the

entire computational domain so they represent global quantities.
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Fig. 5 – (a) Integrated entropy generation rates due to

conduction (sCON), mixing (sMIX), and chemical reactivity

(sCHEM) as a function of H2 mole fraction (%). The integrated

values are computed at different times, but at the same

axial location of the flame, with the triple point located at

z [ 17 mm. (b) Relative entropy generation rates sCON/

sTotal, sCHEM/sTotal, and sMIX/sTotal as a function of H2 mole

fraction.
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Fig. 6 – (a) Integrated entropy generation rate (s) and

second law efficiency (hII) as a function of time for the

0%H2–100%CH4, 50%H2–50%CH4, and 75%H2–25%CH4

flames; (b) integrated entropy generation rate (s) as

a function of flame position for the same three flames.
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entropy generation is not significantly altered by the addition

of hydrogen. On the other hand, a comparison with the results

of Nishida et al. [13] for plane premixed flames shows the

difference in the relative contributions for the two different

configurations. Therefore, the relative importance of the

major chemical and physical processes that contribute to

entropy generation depends on the flame configuration rather

than the fuel being burned.

Fig. 6(a) presents the total integrated entropy generation

rate (s) and second law efficiency (hII) as a function of time for

the 0%H2–100%CH4, 50%H2–50%CH4, and 75%H2–25%CH4

flames. The entropy generation first increases during flame

propagation and reaches a maximum, and then it decreases
monotonically until the flame reaches the burner rim and gets

stabilized there. Although the total irreversibility of the

system increases with addition of hydrogen, the second law

efficiency (hII) of the system remains nearly constant with H2

addition, indicating that the increased irreversibilities (i.e. T0s)

due to H2 addition are compensated by the increased flow

availability in the fuel mixture. Notice that the second law

efficiency (hII) decreases to a minimum and then it increases

with time. The minimum value of the second law efficiency

(hII) occurs at the same time when the maximum entropy

generation (s) occurs. Fig. 6(b) presents the integrated entropy

generation as a function of flame position. Note that the

maximum entropy generation occurs nearly at the same axial

position regardless of hydrogen addition. Since the flame

structure changes during the transit, this result corroborates

our earlier observation that entropy generation in a propa-

gating flame is more dependent on the flame configuration

than the fuel composition. A plausible explanation for the

initial increase in entropy generation is that chemical reac-

tivity intensifies and the reacting volume increases, as the
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ignition kernel develops into a triple flame. Then, as the flame

propagates upstream, the mixing layer decreases, weakening

the premixed branches. This in turn reduces the chemical

reactivity and the temperature and mass fraction gradients;

hence the entropy generation decreases.
6. Conclusions

A theoretical–numerical analysis based on the second law of

thermodynamics is used to explain the entropy generation in

propagating triple flames and the effect of hydrogen enrich-

ment on entropy generation. Propagating triple flames are

established in axisymmetric coflowing jets by igniting the

fuel–air mixture at a downstream location. A time-accurate

implicit algorithm that uses detailed descriptions of transport

and fuel chemistry is used for simulations. Then, the total

entropy generation, as well as the individual contributions of

viscous dissipation, heat conduction, mixing, and chemical

reactivity to total entropy generation are post-processed from

the simulations. Important conclusions are

1. For all the propagating triple flames investigated, there is

no loss of exergy when blending methane with hydrogen.

The second law efficiency of the system remains nearly

constant with H2 addition, since the increased irreversibil-

ities due to H2 addition are compensated by the increase in

the flow availability in the fuel blend. This is an important

result with the implication that the thermodynamics of the

combustion process may not be not significantly altered by

the blending of hydrogen.

2. The relative importance of the major chemical and physical

processes that contribute to entropy generation depends on

the flame configuration rather than the fuel being burned.

For instance, regardless of the fuel blend the maximum

irreversibilities are observed when the propagating flame

exhibits a well-defined triple flame structure.

3. For all four H2-enriched methane–air flames, the volu-

metric entropy generation is the highest in the two pre-

mixed reaction zones, and the lowest in the nonpremixed

reaction zone. In the premixed zones, the volumetric

entropy generation due to chemical reaction is the high-

est, followed by heat conduction, and then by mixing. On

the contrary, in the nonpremixed branch, entropy

generation due to mixing is the highest, followed by heat

conduction, and then by chemical reaction. In typical

nonpremixed flames, entropy generation due to heat

conduction is the highest. Therefore, the synergy

between the multiple branches alters the dominant

chemical and physical processes responsible for entropy

generation in the nonpremixed branch of the triple

flames with respect to their corresponding nonpremixed

flames. However, the dominant entropy generation

process in the premixed branches remains the same as

that observed in premixed flames.

4. The maximum entropy generation occurs at the triple

point, indicating that this point is characterized by high

chemical reactivity, and large temperature and mass frac-

tion gradients. Thus the triple point can also be identified as

the location of highest entropy generation.
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