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ABSTRACT

A numerical study on stratified flames of three hydrocarbon fuels, i.e., methane, propane and n-heptane,
is conducted using a unsteady, compressible and reacting flow solver ASURF-Parallel. For each fuel, both
fuel consumption speeds and flame front propagation speeds of a rich-to-lean stratified flame are com-
pared to those of their corresponding homogeneous flames. For fuel consumption speeds, the methane/air
stratified flame is overall faster than those of homogeneous flames due to chemical activities enhanced
by key radicals and species from rich burnt gas mixtures. In contrast, stratified flames of both propane/air
and n-heptane/air mixtures have lower fuel consumption speeds compared to their homogeneous flames
on the rich side, due to reduced level of key radicals consumed by intermediate hydrocarbon species
from rich burnt gases. For flame front propagation speeds, stratified flames of all three fuels are found
faster than their corresponding homogeneous flames, due to consistently enhanced total heat release rate.
Stronger enhancement of laminar flame speeds of stratified mixtures is observed in methane/air mixtures,
compared to propane and n-heptane. Burnt gas of rich methane/air mixtures consists of relatively more
molecular hydrogen, which assists fuel consumption and heat release at flame front. Moreover, molecular
hydrogen has a stronger impact on laminar flame speeds of methane/air mixtures thus an even stronger
enhancement on laminar flame speeds of methane/air stratified mixtures is observed. H/C ratio along
with local equivalence ratio at flame front are proposed to provide a unique identification of the exact

mixture composition of stratified flames.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Lean fuel-stratified combustion, as a promising modern en-
gine combustion technology, yields high engine efficiency, low NOy
emission and improvement in both ignitability and flame stability
[1-5]. In addition, direct fuel injection which leads to in-cylinder
fuel stratification is also an effective approach to control combus-
tion phasing and expand engine operation load limits [6]. Despite
the fact that the fuel stratification concept has been successfully
implemented in various industrial applications, fundamental un-
derstanding of stratified flames is still incomplete. When the strat-
ified mixture is ignited, a consequent flame will be established
and propagate through the stratified mixture. How fast the strat-
ified flame propagates compared to the corresponding homoge-
neous flames is a key question to answer as to the determination
of combustion duration and emissions. However, the difference be-
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tween laminar flame speeds of stratified and homogeneous flames
is still neither well understood nor quantified.

Researchers have experimentally observed that stratified flames
propagate at different speeds compared to homogeneous flames.
Karim and Tsang [7] set up a circular pipe where a flame can
be initiated from a bottom open end and propagate towards top
closed end. A plate valve was used to separate the pipe into
two chambers with two different mixtures. A stratified mixture
was formed by removing the plate valve. They found that for
methane/air mixtures, when the flame propagated from rich
mixtures into near stoichiometric mixtures, the observed flame
velocities (flame tip moving speed) were generally close to the
corresponding quasi-homogeneous flame velocities. However, from
stoichiometric to lean, stratified flame velocities were generally
~30% higher. Badr and Karim [8] exploited a similar setup and
extended the above conclusion: For stratified flames with de-
creasing velocities, from near stoichiometric towards either lean
or rich, flame velocities were higher than homogeneous flames.
For stratified flames with increasing velocities, from rich or lean
towards near stoichiometric, the measured velocities were close to
those of homogeneous flames. However, in their setup, the level of

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.combustflame.2016.10.018
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2016.10.018&domain=pdf
mailto:xshi@berkeley.edu
mailto:shixian0039@gmail.com
http://dx.doi.org/10.1016/j.combustflame.2016.10.018

X. Shi et al./Combustion and Flame 176 (2017) 38-47 39

Nomenclature
on equivalence ratio at flame front
bu equivalence ratio of unburnt mixture
Xy mole fraction of species k
Xp flame front location
Se fuel consumption speed
Y mass fraction of species k
WF fuel consumption rate
location
t time
St laminar flame speed relative to unburnt mixture
Sh flame front propagation speed
Pu density of unburnt mixture
Pb density of burnt mixture
s stratification thickness

stratification cannot be preciously controlled thus the conclusions
were mainly qualitative. Kang and Kyritsis [9,10] studied a similar
stratified flame of methane/air mixtures in a novel burner that
allowed accurate control of mixture stratification using convective-
diffusive balance of two fresh methane/air mixture streams. They
found that from stoichiometric to either leaner or richer, the strat-
ified flame velocities are higher than the homogeneous flames.
Furthermore, the increase in flame speed was more prominent
when the flame approached the flammability limits and encoun-
tered higher equivalence ratio gradients. In a recent experimental
study by Balusamy et al. [11], a propane/air flame was ignited in
a rich mixture and propagated into a lean mixture in a constant
volume chamber. The flame propagation in the lean mixture was
found back-supported by ignition in richer conditions, as the flame
benefited from the rich composition of the burnt gas compared to
that of lean homogeneous flames.

Despite the fruitful observations from experimental studies,
there still remain critical questions which cannot be fully resolved
by experiments:

1. In a stratified flame, both thermal and mass diffusion processes
are different from those in the corresponding homogeneous
flames. Experimental evaluation of each process cannot be con-
ducted exclusively thus their comparative impacts on laminar
flame speeds of stratified flames were yet understood.

2. Specific experimental setups, including propagation directions
and boundary conditions, might introduce additional effects or
biases. For example, for flames propagating vertically upwards,
the hot burned gases are more buoyant and tend to propagate
faster relative to the flame and thereby assist the convective
mass transfer of active species ahead of the flame.

3. Flame stretch and curvature undermine the accuracy of mea-
sured flame speeds. For example, in [11], due to the initial mix-
ture preparation and ignition setup, an oval contour of flame
front was developed instead of an ideal sphere. Consequently,
tracking flame front propagation and extrapolation of the un-
stretched laminar flame speed are problematic.

4, Discrepancy exists between stoichiometry of unburnt mixture
and mixtures at flame front, due to preferential diffusion of
lighter species. As some lighter but important chemical species
and radicals, e.g., H, Hy, diffuse much faster than other species,
mixture composition at the flame front can be quite different
from that of the corresponding unburnt mixture. Therefore, the
structure of a pre-defined stratified mixture based on unburnt
mixtures might change during the course of stratified flame
propagation.

In order to compensate the above experimental limitations, nu-
merical studies with idealized setups are conducted to reduce the
problem complexity and help identify dominant processes which
are responsible for the differences between stratified and homoge-
neous flames.

There have already been several numerical studies investigat-
ing the behavior of stratified flames: Cruz et al. [12] performed 1-
D unsteady simulations of laminar stratified methane/air flames.
They concluded that the propagation of lean-to-rich stratified
flames is influenced mainly by heat from burned gases, i.e., ther-
mal effect. For rich-to-lean stratified flames, the propagation is
dominated by production and consumption of molecular hydro-
gen in the rich burnt gas, i.e., chemical effect. However, although
the differences between temperature and species distributions at
the flame front of stratified flames and of homogeneous flames
were reported, an analysis with adequate details about how these
diffusion processes compete was not given. Zhou and Hochgreb
[13] conducted numerical simulations of methane/air counterflow
stagnation flames and confirmed that methane/air stratified flames
are primarily dominated by the diffusion of heat under lean con-
ditions, and diffusion of H, under rich conditions. In contrast,
Zhang and Abraham [14] investigated planar stratified methane/air
flames. They confirmed that additional diffusion of heat and ac-
tive species had made rich-to-lean stratified flames faster than cor-
responding homogeneous flames. More importantly, they studied
comparative effect of thermal and species diffusion by considering
equal-diffusivity transport model and concluded that species dif-
fusion is more important in increasing flame speeds of stratified
mixtures. In a recent numerical study by the authors [15], stratified
hydrogen/air laminar flames were investigated. Local flame speeds
of rich-to-lean stratified flames were found overall faster than ho-
mogeneous flames, which agrees with previous observation. How-
ever, through a diffusion speed study, thermal effect was found
to be unimportant as thermal diffusion speed is not fast enough
to catch up the flame front propagation. The chemical effect was
identified through enhanced levels of H radicals produced in the
burnt gas, which diffuse faster enough into the flame front and en-
hanced the fuel consumption and local heat release rate.

As a continuous endeavor of the previous study [15], this nu-
merical study compares stratified flames of three different hydro-
carbon fuels, i.e.,, methane, propane and n-heptane, in a quantita-
tive manner. Specifically, the study focuses on rich-to-lean strati-
fied flames and aims to answer:

1. How different are flame properties, such as temperature and
species distributions as well as chemical reaction pathways, be-
tween stratified and homogeneous flames of different hydrocar-
bon fuels?

2. Does the trend, that rich-to-lean stratified flames are faster
than homogeneous flames, still hold for larger hydrocarbon fu-
els? If not, what is the corresponding dominant process respon-
sible for the opposite trend?

Numerical simulations of methane, propane and n-heptane/air
stratified flames are performed and compared to their correspond-
ing homogeneous flames. For one to one comparison, consistency
in characterizing flame properties between stratified and homo-
geneous flames is crucial, e.g., location of flame front, reference
equivalence ratio and flame speed. Therefore, in this study, all the
investigated and relevant flame characteristics are consistently de-
fined and illustrated in later sections. Since stratified flames prop-
agate through varying mixture compositions, the Lewis number
of deficient reactant may affect flame stability. As all the sim-
ulations are one-dimensional and conduced in a planar geome-
try, the potential flame instability introduced by curvature is not
captured.
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Fig. 1. Schematic of stratified flame setup in 1-D planar coordinate.

2. Numerical model and setup

A parallel version of the Adaptive Simulation of Unsteady Re-
acting Flow (ASURF-Parallel) [15,16], is used to perform tran-
sient simulations of stratified and homogeneous flames. The pro-
gram solves conservation equations of one-dimensional, compress-
ible, multi-component reactive flow using finite volume method.
Chemical species and elementary chemical reactions are handled
by CHEMKIN packages [17,18]. A multi-level dynamically adaptive
mesh refinement (AMR) algorithm is applied to resolve the re-
action front. In addition to the original AMR with thresholds of
temperature gradients, refinement based on local equivalence ratio
gradients is also implemented in order to resolve the stratification
layer. A domain decomposition approach based on Message Passing
Interface (MPI) is implemented to speed up the calculation. In this
study, a fractional-step procedure is implemented to separate stiff
chemistry reaction term from convection and diffusion terms. For
the chemistry step, a stiff VODE solver is used. For the transport
step, a second-order Runge-Kutta method is utilized for time inte-
gration while diffusion and convection are solved through central
difference method and HLLC Riemann solver, respectively.

Figure 1 sketches the numerical setup of a representative strat-
ified flame. The left end is a closed end as zero Dirichlet bound-
ary conditions is applied, while the right end is an open end ap-
proximated by zero-gradient Neumann boundary condition. The
flame is initialized at the closed end with homogeneous unburnt
mixture of equivalence ratio ¢, 1. Ignition is achieved by specify-
ing the burnt equilibrium temperature, velocity and composition
profiles of unburnt mixture ¢, ; at the closed end. Therefore, a
consequent propagating flame can be established with least un-
steadiness disturbance. The flame propagates through a stratifica-
tion layer before reaching another homogeneous unburnt mixture
of equivalence ratio ¢, ,. The stratification is introduced by spec-
ifying a step change in the initial equivalence ratio profile from
¢y 1 to ¢y ». At the time when the flame front reaches the strat-
ification layer, a smooth structure of stratification, as shown in
Fig. 1 can be achieved due to natural mass diffusion process. Lam-
inar flame speeds, in terms of either fuel consumption speeds or
flame front propagation speeds, are tracked throughout the strat-
ified flame propagation as a function of reference equivalence ra-
tio at flame front. The transient stratified flame speed results are
later compared to the corresponding homogeneous flames. The ho-
mogeneous flame results were generated by running entirely ho-
mogeneous mixtures with the same setup until the flame speeds
no longer change. All the cases were conducted in an 1-D do-
main of 20 cm under initial temperature and pressure of 300 K
and 1 atm. A 9-level AMR scheme is applied with Axmuex = 0.2 cm
and AXxp, =4 wm. As a results, the flame front where major heat
release occurs is revolved by approximately 250 grids. The time
step is 1 ns. Only planar simulations are conducted and hence all
the results reported are stretch free. The thickness of stratification

layer, which will be defined in the next section, is of the order of
0.1 cm, approximately the same order of flame thickness.

For methane/air flames, a 16-species reduced chemical ki-
netic mechanism was developed from a short version of GRI3.0
[19] without NOx chemistry. For propane/air flames, a 24-species
reduced mechanism was developed from a 70-species detailed
mechanism [20]. For n-heptane/air flames, a 32-species reduced
mechanism was developed from a 65-species skeletal mechanism
[21]. All the reduced mechanisms were developed using in-house
Computer Assisted Reduction Mechanism (CARM) software [22],
including directed relation graph (DRG) method and target search
algorithm (TSA). The computed flame speeds of homogeneous
flames agree well with experimental data in the literature and the
comparisons are included in the supplemental material. A further
validation of n-heptane reduced chemistry against detailed chem-
istry is provided as well.

3. Flame characteristics

For a meaningful comparison between stratified flames (SF) and
homogeneous flames (HF), SF and HF are compared with the same
reference equivalence ratio using the same definition of laminar
flame speed. Equivalence ratio at flame front ¢; and of unburnt
mixture ¢, are thereby defined to quantify the mixture composi-
tion of both SF and HF. The mostly referred laminar flame speed
in the literature is S;, which represents the unstretched, adiabatic,
flame propagation speed relative to unburnt mixtures. However,
this ideal definition of laminar flame speed cannot be accurately
determined from either experiments nor transient flame simula-
tions. Therefore, alternative flame speed definitions are proposed
based on different flame characteristics. In this study, fuel con-
sumption speed, S¢, and flame front propagation speed, S;, are de-
fined and used to describe the flame behaviors of SF and HF. The
definition of stratification thickness, as to quantify the degree of
stratification, is also given.

3.1. Equivalence ratio at flame front, ¢, and of unburnt mixture, ¢y

While the flame front location x; is defined as the location of
peak heat release rate, the reference equivalence ratio is defined
at flame front on the basis of local element composition instead of
unburnt fuel/air ratio [13]:

_ Xva —+ 4XCf

¢f - 2X0‘f (1)

where Xy, Xc and Xy denote the element mole fraction of H, C and
O respectively and subscript f denote the location of flame front.
The equivalence ratio of unburnt mixture, ¢,, can then be calcu-
lated using the same definition but considering the composition
of unburnt mixture instead of that at flame front. This definition
of equivalence ratio is applicable to all hydrocarbon fuels. For ho-
mogeneous flames, ¢, can be different from ¢y due to differential
diffusion of chemical species. For example, ¢, is equal to 1 for stoi-
chiometric methane/air mixtures. However, ¢y of the same mixture
is actually 0.97 due to preferential diffusion of intermediate species
such as H and H,. When comparing SF and HF, both flames share
the same ¢¢ as SF does not have the corresponding unburnt mix-
ture to define ¢,.

3.2. Fuel consumption speed, S¢

Laminar flame speeds can be determined through the profile
of flame properties, such as temperature variation and species dis-
tribution [23], which are accessible in numerical simulations. Fuel
consumption speed, S;, defines the flame propagation from the
perspective of fuel consumption. S is relatively well-defined and
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frequently used in turbulent combustion simulations. It can be de-
rived from the mass balance of a stationary flame and written as
[24]:

1 +00
Sem - / dpdx, (2)
‘ Pu¥f J o

where Y} is the mass fraction of fuel species in the unburnt gas;
pu is the unburnt gas density and g is the fuel consumption rate.
Due to uncertainty in determining YF’J in propagating flames, Y} is
used instead of Y} — YFb, which was stated in the original theoreti-
cal derivation of fuel consumption speed.

3.3. Flame front propagation speed, Sy,

Alternatively, laminar flames can be directly characterized by
the global behavior of the flame, such as flame front movement
speed or equivalent fluid velocity of incoming unburnt mixtures.
In this study, flame front propagation speed, S, is defined as the
physical moving speed of the flame front:

de
= (3)
Subscript b indicates that the flame speed is calculated with ref-
erence to burnt gas. Specifically, since the flame is initialized from
a closed end and propagates towards an open end, S, is a com-
bination of laminar flame speed relative to unburnt gas and the
expansion of burnt gas. Therefore, S, can be related to S; in homo-
geneous flames as

Sp

Pu
Sp= 5L, (4)
Pb
where p, and p, represent density of unburnt and burnt mixture.
Similar to Y¢, pp, is not well-defined in stratified flames as well
as propagating homogeneous flames. Thus S; cannot be unambigu-
ously derived from the above relation.

3.4. Stratification thickness, §s

As the step change in equivalence ratio is placed at a certain
distance away from the closed end, the stratification layer will
grow due to mass diffusion before the flame front arrives. In or-
der to quantify the degree of stratification when the flame front
reaches the stratified mixture, stratification thickness & is defined
and given as following:

85 — |¢u,1 - ¢u.2|

dey

dx

. (5)

max

similar to the flame thickness definition based on peak tem-
perature gradient [25]. Different stratification thicknesses can be
achieved by placing the initial step change at different locations
relative to the closed end. In this study, the stratification thick-
ness is controlled around 0.1 cm, at the same order of typical hy-
drocarbon flame thickness. Note that for all three fuels, larger the
stratification thickness is, less prominent effect is introduced, while
the overall trend holds the same. This observation agrees with the
previous findings in [15]. A comparison among stratified flames
with different stratification thicknesses and homogeneous flames
of methane/air mixtures is provided in the supplemental material.

4. Results and discussion

In this section, rich-to-lean stratified flames, propagating from
unburnt mixture of ¢, = 1.60-0.60, are compared to their cor-
responding homogeneous flames, at the same equivalence ratio
at flame front ¢y Both fuel consumption speeds and flame front
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Fig. 2. Fuel consumption speeds of the rich-to-lean stratified flame and the corre-
sponding homogeneous flames.

propagation speeds are compared. Note that stratified flame is es-
sentially unsteady, as the flame front passes through mixtures with
varying compositions. Therefore, the equivalence ratio of upstream
burnt gas is no longer the same as that at flame front. The arbi-
trary burnt gas composition will result in enhanced/reduced diffu-
sion processes between burnt gas and flame front compared to ho-
mogeneous flames, especially of intermediate lighter species such
as molecular hydrogen. Therefore, the local flame behaviors and
laminar flame speeds of stratified flames are different from those
of homogeneous flames. Detailed analysis of temperature, species
and reaction heat release around the flame front are conducted to
explain the trends and identify contributions from diffusion pro-
cesses and chemical reaction pathways.

4.1. Comparison among fuel consumption speeds

Figure 2 presents the fuel consumption speeds of SF and HF
for all three hydrocarbon fuels. Fuel consumption speeds S. are
plotted against equivalence ratio at flame front ¢;. Transient strat-
ified flames are represented by the solid lines, while the refer-
ence homogeneous flames are shown in terms of symbols. The
stratified flame first started with the same S. as that of the ho-
mogeneous mixture at rich end ¢y ~ 1.6, then deviated from ho-
mogeneous flames throughout its propagation inside the stratifi-
cation layer, and gradually converged to the lean end ¢; ~ 0.6.
For methane/air, the overall trend is that S; of the rich-to-lean SF
are enhanced compared to those of HF across the entire stratifica-
tion layer, which agreed with some previous studies [12]. However,
for propane and n-heptane, while the enhancement on S; of SF is
found on the lean side, an opposite trend is observed on the rich
side. The percentage differences between S. of SF and HF with re-
gard to HF are calculated and presented in Fig. 3. From ¢y ~ 1.6 to
1.3, negative percentages for propane and n-heptane are observed,
indicating decreases in S of SF. In order to understand this un-
expected behavior of propane and n-heptane SFs, detailed flame
properties are analyzed ¢y ~ 1.40, where the maximum discrep-
ancy occurs.
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Fig. 4. Heat release rates and fuel consumption rates in methane/air stratified and
homogeneous flames, at ¢y = 1.41.

For reference, methane/air mixture is first analyzed. For the
homogeneous mixture of ¢, = 140, ¢y is equal to 1.41. Figure 4
shows the profiles of computed fuel consumption rates and heat
release rates, where x = 0 is the location of the flame front. Both
peak heat release rate and fuel consumption rate of SF are larger
than those of HF. The location of peak fuel consumption is also lo-
cated very close to the flame front. Figures 5 and 6 compare the
computed temperature, reactant, product as well as intermediate
species profiles of both SF and HF. In Fig. 5, the temperature at
flame front is ~1800 K. On the unburnt side (x > 0), the decreasing
profile of CH,4 seen in the SF is indicative of that the flame propa-
gates towards a leaner mixture. A higher level of H,0 is found in
the unburnt mixture of SF, which exhibits the same trend as tem-
perature: the unbunrt temperature of SF near the flame front is
notably higher (about 150 K) than that of HF. Similarly in Fig. 6,
higher levels of H, and CO are also found in unburnt mixture of
SF. As there is no discernible heat release in the preheat zone of SF
(x > 0.025 cm) thus no local formation of products, these species
(H,0, Hy, CO) must have diffused from the flame front or burnt
gas into the unburnt mixture. A higher temperature of the unburnt
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Fig. 5. Temperature, mole fractions of reactants and products in methane/air strat-
ified and homogeneous flames, at ¢y = 1.41.
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Fig. 6. Mole fractions of intermediate species and radicals in methane/air stratified
and homogeneous flames, at ¢y = 1.41.

mixture is achieved due to high enthalpy carried by these species.
In Fig. 6, more H and OH radicals are found near the flame front
in SF than HF, which agree with the observation of higher heat re-
lease rate and fuel consumption rate in SF. This enhancement in
radical pool resulted from preferential diffusion of molecular hy-
drogen and was referred to as the chemical effect of SF from pre-
vious studies [12]. Note that the burnt gas temperature of SF is
lower than that of HF in Fig. 5, which should have led to a de-
creased unburnt gas temperature of SF due to reduced thermal
diffusion. However, the unburnt gas temperature of SF is higher
due to enhanced radical and product diffusion therefore the im-
pact of chemical effect is dominant compared to thermal effect
[15]. Although not presented in this paper, the results around ¢y
= 1 where the enhancement is most prominent show that sub-
stantially more hydrogen (almost twice as much), water as well
as consequent higher unburnt gas temperature were observed in
the stratified flame. This observation confirmed the dominance of
chemical effect. In all, fuel consumption speeds of SF are higher
than those of HF for methane/air mixtures, due to enhanced radi-
cal pool at the flame front and increased unburnt mixture temper-
ature.
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Fig. 8. Heat release rates and fuel consumption rates in propane/air stratified and
homogeneous flames, at ¢; = 1.42.

Another evidence of the chemical effect is revealed by the reac-
tion heat release analysis. Figure 7 shows the differences between
heat release rates of each reaction in methane/air SF and HF, plot-
ted against reaction index number. The reaction heat release rate
is calculated as the integration of heat release of one particular re-
action over the entire calculation domain divided by the domain
length. A positive value means that this reaction releases/absorbs
more heat in SF than that in HF. Reactions A-G substantially re-
lease/absorb more heat in SF than that in HF and indicated that
the overall heat release behavior in SF is more active compared
to HF. All major reactions are associated with radicals (H and OH)
or reactive intermediate species (H,, CO and CH3) that are formed
more in SF.

A similar analysis is conducted for propane/air HF and SF. De-
tailed flame properties are analyzed at ¢y = 1.42 (corresponding
to HF with the unburnt mixture of ¢, = 1.40). As propane/air
flames at ¢y = 1.42 have higher flame speeds (~23 c¢m/s) compared
to methane/air flames (~13 cm/s), both profiles of heat release
rates and fuel consumption rates of propane/air flames shown in
Fig. 8 are thinner compared to methane/air flames. In Fig. 8, while
the peak fuel consumption rate of SF is clearly smaller than that
of HF, heat release rates of both flames are almost identical. Al-
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Fig. 9. Temperature, mole fractions of reactants and products in propane/air strati-
fied and homogeneous flames, at ¢; = 1.42.
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Fig. 10. Mole fractions of intermediate species and radicals in propane/air stratified
and homogeneous flames, at ¢y = 1.42.

though the peak heat release rate of SF is smaller than HF, the
total heat release rate of SF is still slightly higher than HF since
SF releases more heat on the burnt side of the peak location. The
peak locations of heat release rate and fuel consumption rate no
longer coincide, showing that major fuel consumption occurs on
the unburnt side of major heat release. As fuel decomposition re-
action steps in propane/air flames have lower activation tempera-
tures compared to methane/air flames, fuel consumption peaks at
a lower temperature, ~1400 K.

Temperature and major species profiles in Fig. 9 show simi-
lar trends as those of methane/air flames. Unburnt mixture of SF
has higher temperatures than HF. As a result, fuel consumption
of SF occurs slightly earlier than HF in Fig. 8, while mole frac-
tion of C3Hg decreases earlier as well in Fig. 9. For radical dis-
tributions in Fig. 10, while mole fractions of CO and H, are still
higher in SF similar to methane, mole fractions of H and OH near
the flame front of propane SF are lower than those of HF, opposite
to methane. Therefore, a reduced level fuel consumption rate and
S¢ is expected for SF due a reduced pool of key radicals.

In the reaction heat release analysis shown in Fig. 11, Reac-
tion A, recombination of H and CHs, and Reaction B, wet route
of CO oxidation, release more heat in SF than HF and they
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Fig. 11. Difference between absolute heat release rates of reaction steps in
propane/air stratified and homogeneous flames, at ¢y = 1.42.

consume more H and OH radicals respectively. In contrast, there
are fewer reactions of radical production in propane/air SF com-
pared to methane/air SF. Therefore, in propane/air SF, intermediate
hydrocarbon species generated from richer mixtures consume rad-
icals in the burnt gas, leading to decreased levels of these key rad-
icals and consequently reduced fuel consumption rate of SF. These
intermediate hydrocarbon species are mainly seen in rich flames
of larger hydrocarbon fuels. The enhancement in fuel consumption
speed seen in methane/air SF is thereby suppressed.

Due to the nature of complicated chemical pathways for larger
hydrocarbon fuels, the heat release not only comes from reactions
related to fuel decomposition around flame front, but also the re-
actions between small hydrocarbon molecules and reactive radicals
on the burnt side of flame front. In stratified flames of propane/air
mixtures, the heat release is enhanced through the latter reactions
so that radicals are consumed on the burnt side and not as avail-
able for fuel decomposition compared to HF. Although S is re-
duced in SF, the total heat release rate of SF is still slightly higher
indicated in Fig. 11.

The computed n-heptane/air flames exhibit a very similar trend
as propane/air flames. Therefore, only the heat release reaction
pathway analysis is provided for n-heptane/air flames. For unburnt
mixture ¢, = 140 of n-heptane/air mixtures, ¢y is equal to 1.44.
In Fig. 12, besides Reactions A and C which appear in propane/air
flame analysis, Reactions B and D which involve in CH,O and
CH,CO consuming H release more heat are found more active in
SF than HF. Small intermediate hydrocarbon species such as CH,0
and CH,CO remain in the burnt gas composition of richer mix-
tures and react with available radicals. It again indicates that the
enhancement in fuel consumption speed is suppressed as radicals
are consumed by the intermediate species of richer mixtures. The
total heat release rate is still higher in SF, similar to propane.

4.2. Comparison among flame front propagation speeds

Comparisons of the computed flame front propagation speeds
S, are presented in Figs. 13 and 14. Different from the fuel con-
sumption speed, the flame front propagation speed represents the
local heat release behavior as well as the expansion of burnt gas.
Moreover, the flame front propagation speed can be experimentally
measured, facilitating comparisons between numerical results and
experimental observations. For all three fuels, S, of SF are consis-
tently faster than those of HF throughout the entire stratification
layer. The trends in S, are consistent with those in S. between SF
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Fig. 12. Difference between absolute heat release rates of reaction steps in n-
heptane/air stratified and homogeneous flames, at ¢ = 1.44.
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Fig. 13. Flame front propagation speeds of the rich-to-lean stratified flame and the
corresponding homogeneous flames.

and HF of all three fuels on the lean side, due to preferential dif-
fusion of molecular hydrogen, i.e. chemical effect. In contrast, S,
of SF on the rich sides are also enhanced compared to HF, dif-
ferent from the S, results of propane and n-heptane. Recall that
although the fuel consumption speeds are reduced, the total heat
release rates are still faster in rich SF of propane and n-heptane
compared to their corresponding HF. According to the previous hy-
drogen stratified flame study [15], the transient expansion of burnt
gas can introduce hydrodynamic effect, which changes the local
velocity field thus influencing the flame front propagation speeds.
When the flame front accelerates, propagating from rich to stoi-
chiometric mixtures, not only is the unburnt gas further pushed
away by the flame front, the burnt gas is also compressed towards
the closed end, resulting in slightly negative fluid velocities. The
flame front propagation speed tends to decrease due to conse-
quent negative velocity field of burnt gases near the wall and vice
versa. For SFs of three fuels in this study, the magnitude of flame
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Fig. 14. Percentage differences between flame front propagation speeds of the rich-
to-lean stratified flame and the corresponding homogeneous flames.

acceleration/declaration is much smaller compared to hydrogen/air
SF, as the velocity field of burnt gas remain negligibly small dur-
ing the stratified flame propagation. Therefore, the hydrodynamic
effect is negligible compared to the enhanced heat release due to
chemical effect.

4.3. Effect of intermediate molecular hydrogen and its preferential
diffusion

Despite the discrepancy between the results of S. and S,
when comparing SF and HF on the rich side, a similar trend was
shown when comparing different fuel species. In both Figs. 3 and
14, the percentage difference between SF and HF decreases in
the sequence of methane, propane and n-heptane. Recall that all
three stratified flames have about the same stratification thick-
ness. Therefore, the reduced trend on impacts of stratification with
larger fuel species should be related to specific fuel properties.

According to the previous analysis, the enhancement in fuel
consumption speeds of stratified mixtures results from the chem-
ical effect, where lighter species such as H, diffuse ahead of the
flame front. Figure 15 plots the mole fraction of molecular hydro-
gen (H,) on the unburnt side of flame front (half flame thickness
from flame front into the unburnt mixture) against equivalence ra-
tio at flame front. The rich-to-lean stratified flame and the corre-
sponding homogeneous flames are shown in terms of lines and
symbols respectively. For homogeneous flames of all three fuels,
little amount of hydrogen was produced under lean conditions. On
the rich side, methane/air flames produced most amount of hydro-
gen, followed by propane and n-heptane in part due to their lower
H/C ratio of fuel molecule. As larger fuel tends to produce less in-
termediate molecular hydrogen under rich conditions, the corre-
sponding stratified flames contain less hydrogen in the burnt gas
to assist the local heat release. As a result, the enhancement in fuel
consumption speeds of propane and n-heptane are not as strong as
methane.

Although the amount of intermediate hydrogen produced in
rich mixtures has been found to decrease in mixtures of larger fuel
species, it does not necessarily indicate that the enhancement in
fuel consumption speeds scales with hydrogen since combustion
chemistry is different. Figure 16 quantifies the enhancement of ho-
mogeneous laminar flame speeds due to hydrogen addition for all
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Fig. 15. Mole fraction of molecular hydrogen on the unburnt side of flame front, for
both the rich-to-lean stratified flame and the corresponding homogeneous flames.
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Fig. 16. Enhancement of laminar flame speeds with hydrogen addition for methane,
propane and n-heptane homogeneous flames; Xy, ynburne represents mole fraction of
hydrogen in initial homogeneous unburnt mixtures.

three fuels. The computed results come from simulations of homo-
geneous mixtures with different amount of initial hydrogen addi-
tion. Lean (¢, = 0.7), stoichiometric (¢, = 1.0) and rich (¢, = 1.3)
conditions are all tested. For each condition, hydrogen is added
into the initial unburnt mixture and the overall equivalence ra-
tio of unburnt mixture based on element composition (Eq. (1)) is
kept constant. The enhancement is evaluated by comparing lami-
nar flame speeds of hydrogen-added and hydrogen-free mixtures.
The enhancement percentage is plotted against the mole fraction
of hydrogen in the initial unburnt mixture. According to Fig. 16, for
the same amount of hydrogen addition, the enhancement is found
to be stronger in methane compared to propane and n-heptane, for
all investigated initial mixture compositions.
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Fig. 17. H/C ratio at flame front of the rich-to-lean stratified flame and the corre-
sponding homogeneous flames.

Therefore, Figs. 15 and 16 together indicate that for fuels with
a high H/C ratio such as methane, more intermediate hydrogen
are being generated from its rich mixtures. In a rich-to-lean strati-
fied flame, due to preferential diffusion of hydrogen, this enhanced
level of hydrogen molecules assisted the local heat release, leading
to a even more enhanced laminar flame speed compared to the
corresponding homogeneous flames.

4.4. Identification of mixture properties for stratified flames

Although equivalence ratio at flame front ¢y is able to evaluate
the overall stoichiometry, the ratio between hydrogen and carbon
elements can still vary. For rich-to-lean SF, the enhanced level of
H, and H,0 increased the amount of hydrogen element at flame
front. As a result, the mixture composition of stratified flame is not
exactly the same as that of the corresponding homogeneous flame
even with equal ¢ Moreover, the mixture composition of strati-
fied flames with different stratification thicknesses may also vary
from each other. Therefore, equivalence ratio at the flame front is
inadequate to identify the exact mixture composition of stratified
flames.

Figure 17 plots the ratio between hydrogen and carbon ele-
ments of SF and HF for all three fuels. The observed trend is con-
sistent compared to the results of flame front propagation speed
Sp in Fig. 14. This result further confirms that the enhanced flame
front propagation speeds of rich-to-lean stratified flames result
from the chemical effect due to preferential diffusion of molecu-
lar hydrogen. For model development purpose, the H/C ratio com-
bined with equivalence ratio at flame front may be used together
to identify specific stratified flames.

5. Conclusions

Computed rich-to-lean stratified flames of three different hy-
drocarbon fuels are compared to their corresponding homogeneous
flames in terms of fuel consumption speeds and flame front prop-
agation speeds. The following conclusions are drawn:

1. For fuel consumption speeds, the stratified flame of
methane/air is overall faster than homogeneous flames, due to
the enhanced chemical activities by more radicals from burnt

products of rich mixtures. In comparison, the rich-to-lean strat-
ified flames of both propane/air and n-heptane/air flames have
slightly lower fuel consumption speeds compared to those of
homogeneous flames on the rich side. As reactive radicals such
as H and OH react with intermediate hydrocarbon species in
rich burnt gases, the overall fuel consumption rates of stratified
flames are reduced due to lack of radicals at flame front.

2. For flame front propagation speeds, the stratified flames of all
three hydrocarbon fuels are found faster than their correspond-
ing homogeneous flames. For methane/air stratified flames, the
enhancement of flame front propagation speeds resulted from
the chemical effect - preferential diffusion of molecular hydro-
gen. For propane and n-heptane, while the enhancement on
the lean side consistently resulted from chemical effect, the en-
hancement on the rich side resulted from enhanced total heat
release rate for those reactions between intermediate species
from burnt gas and key radicals (H, OH) release more heat on
the burnt side of flame front. The hydrodynamic effect is found
unimportant for stratified flames of these three fuels.

3. For both fuel consumption speeds and flame front propaga-
tion speeds, stronger enhancement of stratified laminar flame
speeds is observed in methane/air mixtures. More intermedi-
ate hydrogen are generated in the rich mixtures of methane,
while the corresponding enhancement on laminar flame speeds
due to same amount of hydrogen addition is also stronger in
methane/air mixtures.

4, Equivalence ratio at flame front is insufficient to define a spe-
cific stratified flame as the amount of carbon and hydrogen ele-
ments can still vary. The H/C ratio along with equivalence ratio
at the flame front may be used to provide an improved identi-
fication of the exact mixture composition of stratified flames.
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