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a b s t r a c t

Numerical studies on hydrogen/air stratified flames in 1-D planar coordinate are performed using a time-

accurate and space-adaptive numerical solver A-SURF. A step change in equivalence ratio is initialized as fuel

stratification. Flame characterizations including fuel consumption speed and flame front propagation speed

are compared between stratified flames and corresponding homogeneous flames. Two transport models, with

equal diffusivity and mixture-average diffusivity assumptions respectively, are considered. With equal diffu-

sivity assumption and stratification thickness larger than flame thickness, local fuel consumption speeds of

stratified and homogeneous flames are identical, indicating that neither thermal effect nor chemical effect is

present in stratified flames. When stratification thickness is reduced to the order of flame thickness, the dif-

ference between local fuel consumption speeds of stratified and homogeneous flames is caused by chemical

effect due to different level of H radical in burnt gas. The same mechanism also leads to the difference be-

tween local fuel consumption speeds with mixture-average diffusivity assumption. In addition, preferential

diffusion of H radical further increases the difference. The difference between flame front propagation speeds

of stratified and homogeneous flames is mainly caused by additional heat release in the burnt gas with equal

diffusivity assumption, while the difference with mixture-average diffusivity assumption is mainly caused

by local chemical effect. Hydrodynamic effect due to fluid continuity on flame front propagation speeds is

observed in both transport models. Additionally, with increasing stratification thickness, both local chemical

and hydrodynamic effect are reduced. No significant lean flammability extension of hydrogen/air mixture is

introduced by fuel stratification.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Fuel-stratified, overall-lean combustion has become one of the

potential internal combustion engine techniques [1,2]. While lean

combustion leads to low NOx emission without losing combustion

efficiency [3,4], charge stratification improves ignitability and flame

stability [5,6]. In addition, fuel stratification is also regarded as a use-

ful technique to control combustion phasing and expand load limits

in piston engines[7]. Despite its wide application in industries, funda-

mental understanding of stratified flames is still incomplete, which

impedes the development of advanced direct fuel injection control

strategies. In particular, as laminar flame speed of stratified charge is

a key factor to determine the interaction between fuel auto-ignition

events and flame propagation in stratified compression ignition en-

gines, how laminar flame speed of stratified flame varies compared
∗ Corresponding author.

E-mail address: xshi@berkeley.edu (X. Shi).

i

fi

fl

h

http://dx.doi.org/10.1016/j.combustflame.2015.10.014

0010-2180/© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
o the corresponding homogeneous flames is crucial but still not well

nderstood.

There are two typical types of stratified flames: stratified flames

ropagating perpendicular to the mixture stratification layer, or along

he layer. The first type of stratified flames is often investigated

ith a detailed discussion on structure of tribrachial triple flames

8–10], as a diffusion flame branch is created along the stoichiomet-

ic mixture fraction line. In comparison, the second type of stratified

ames, when stratified flames propagate along the mixture strati-

cation layer, only has the premixed flame branch. It is relatively

omplicated as flame characteristics are transient and alter in time

ue to flame passing through different local mixture compositions

cross the stratification layer. This study focuses on the latter strati-

ed flames, which propagate along fuel stratification layer.

There have been extensive theoretical, experimental and numer-

cal research on stratified flames propagating along mixture strati-

cation layer: Effects of stratification on flammability limit [11–13],

ame propagation speed [14,15], flame structure [16–18] and etc.

ave been investigated, with regard to different fuel components

http://dx.doi.org/10.1016/j.combustflame.2015.10.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2015.10.014&domain=pdf
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Fig. 1. Schematic of stratified flame propagating in 1-D planar coordinate.
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Nomenclature

φ equivalence ratio

φu equivalence ratio of unburnt mixture

φf equivalence ratio at flame front based on local ele-

ment composition

Xk mole fraction of species k

δS stratification thickness

Sc fuel consumption speed

Yk mass fraction of species k

ω̇F fuel consumption rate

SL laminar flame speed relative to unburnt mixture

Sb flame front propagation speed

ρu density of unburnt mixture

ρb density of burnt mixture

Sexp fluid expansion speed

xc grid cell size

t time

T temperature

q heat release

q̇ heat release rate

cp specific heat

xf flame front location

DT thermal diffusivity

λ thermal conductivity

ρ density

Dk mass diffusivity of species k

u fluid velocity

HF homogeneous flames

SF stratified flames

ncluding hydrogen [13], methane [14,15] and iso-octane [16]. As to

he effect of stratification on laminar flame speeds, two mechanisms

ave been proposed to explain the behavior of stratified flames. Cruz

t al. [19] conducted 1-D planar, unsteady laminar flame simulations

n stratified methane/air mixture with detailed chemistry. Both rich

nd lean mixtures undergoing through positive or negative equiva-

ence ratio gradients with regard to flame propagation direction were

nvestigated. They suggested that the propagation of lean stratified

ames is influenced mainly by burned gas temperature, i.e. ther-

al effect. When flame is burning from stoichiometry to lean, ad-

itional heat and composition fluxes from hotter products acceler-

te combustion at the flame front compared to the corresponding

omogeneous flames at the same equivalence ratio. For rich strat-

fied flames, the propagation is additionally influenced by produc-

ion and consumption of molecular hydrogen in the flame front and

he burnt gas, i.e. chemical effect. This causes the stoichiometric to

ich flames to slow down and the rich to stoichiometric flames to ac-

elerate, compared to homogeneous flames. However, only the fuel

onsumption over the entire domain was investigated and the im-

act of stratification on local flame characteristics was missing. In

he content of computational fluid dynamics (CFD), local fuel con-

umption is especially more relevant in internal combustion engine

pplications and turbulent combustion. Moreover, although the dif-

erences in temperature and species distribution between stratified

ames and homogeneous flames were reported, how they actually

ed to the difference in flame characteristics is not fully understood.

n the second mechanism study, by performing numerical simulation

f methane/air counterflow stagnation flames, Zhou and Hochgreb

20] confirmed that methane/air stratified flames are primarily dom-

nated by the diffusion of heat under lean conditions, and diffusion of

2 under rich conditions. However, these observations are only valid

n the cases of certain strain rates under steady state. How stratifica-

ion relates to unstretched propagating flames is still unclear. In fact,
tratified flames are difficult to characterize, e.g. location of flame

ront, equivalence ratio at flame front and definition of flame speeds.

specially when differential diffusion exists, gas composition at the

ame front can be quite different from that of unburnt mixture, mak-

ng the characterization even harder. Furthermore, observation from

ne particular fuel stratification might also not hold for another fuel,

s different fuel species burn through different chemical pathways.

s one of the fundamental combustible mixtures, hydrogen/air flame

enerates intermediate radicals, which appear in almost all hydro-

arbon flames. Therefore a thorough understanding of hydrogen/air

ames is essentially important to establish the first picture of fuel

tratification concept.

The objective of this study is to understand how hydrogen/air

tratified flame behaves differently in comparison to homogeneous

ames. More specifically, the following questions are to be answered:

1. What is the detailed mechanism that stratification introduces

thermal effect or chemical effect, if any, leading to variation of

flame characteristics between stratified flames and homogeneous

flames?

2. What is the role of differential diffusion of chemical species in

stratified flames? Is it related to the chemical effect?

3. How do flame characteristics respond to different degrees of strat-

ification?

To answer these questions, fuel consumption speed as well as

ame front propagation speed are used to quantify the differences

etween stratified and homogeneous flames. Two transport models

ith equal diffusivity and mixture-average diffusivity assumptions

espectively are considered and analyzed. The effect of stratification

hickness on stratified flames as well as the potential on lean flamma-

ility extension are also investigated.

. Numerical model and setup

The present numerical model represents hydrogen/air flame prop-

gation in one-dimensional (1-D) planar coordinate with one end

losed and the other open, as sketched in Fig. 1. The flame is ini-

ialized at the closed end and propagates toward the open end.

tratification is introduced by specifying a step change in the ini-

ial equivalence ratio profile. The simulated condition is analogous

o constant-volume bomb experiments where ignition occurs in the

enter and flame propagates outwardly [21], or to tube experiments

here flame propagates in a pipe from its closed bottom to the open

nd [22].
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Fig. 2. Schematic of stratification thickness.
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The numerical simulation is carried out by a time-accurate and

space-adaptive numerical solver named the Adaptive Simulation of

Unsteady Reacting Flow - A-SURF, originally developed by the co-

author of this paper [23]. The unsteady compressible Navier-Stokes

equations along with energy and species conversation equations for

a multi-species reactive mixture in 1-D planar coordinate are solved.

A 9-species detailed chemistry mechanism of hydrogen/air mixture

[24] is used and the chemical kinetics are solved by CHEMKIN pack-

ages [25]. Dynamically and locally adaptive mesh refinement (AMR)

based on local temperature gradients is also applied. A-SURF has

been successfully applied to many previous studies of homogeneous

flames [26–29] demonstrating high-fidelity simulation capability. For

this study of stratified flames, three major modifications have been

made: (1) application of transport model with equal diffusivity as-

sumption, (2) specification of the initial equivalence ratio profile

through a step change and (3) additional AMR based on local equiv-

alence ratio gradient. All the cases reported here were conducted in

a 50 cm planar domain. The initial temperature is 300 K while pres-

sure is 1 atm. Reflective boundary condition is applied at the first grid

point to simulate the closed end, while transmissive boundary con-

dition at the last grid point to simulate open end. The time step is

specified by a fixed CFL number of 0.25. Due to both temperature and

equivalence ratio AMR, both sizes of grid cells and time step are dy-

namically adjusted during the run.

The flame is initialized by imposing burnt gas composition and

temperature profiles from CHEMKIN PREMIX [30] to the grid points

on the left side so that the flame can be established with relatively

small time duration and the initial unsteadiness is minimized. The

step change in equivalence ratio is placed a certain distance away

from the initial flame so that the flame will achieve a steady state

when it reaches the stratification. The step itself is specified by a

sharp change between φ1 and φ2 across several grid points, as shown

in Fig. 1. Details on stratification thickness will be discussed in the

following sections.

3. Flame characterizations in stratified flames

Flame characterizations in stratified mixtures are not as well-

defined as those in homogeneous mixtures due to the composition

variation across the flame zone [19]. In order to make meaning-

ful comparison between stratified and homogeneous flames, several

flame characterizations are specifically defined and explained in the

following.

3.1. Equivalence ratio at flame front, φf

Flame front location is a fundamentally significant feature for

describing non-stationary flames. In experimental studies, flame

front may be defined by the maximum density gradient measured

using Schlieren technique [31], or a threshold level of representative

species/radical concentration measured by laser induced fluores-

cence technique [32]. Flame front in this numerical study is defined

as the location at which heat release rate is maximum.

Next the equivalence ratio at flame front should be reasonably

defined to achieve fair comparison between stratified and homoge-

neous flames. For stratified flames, it is inappropriate to define the

equivalence ratio based on upstream unburnt gas mixture. Therefore

the equivalence ratio at flame front used here is based on local ele-

ment composition instead of actual fuel/air ratio, similar to [20]:

φ f = XH

2XO

, (1)

where XH, XO denote the element mole fraction of H and O at the

flame front respectively. For homogeneous flames, the equivalence

ratio based on unburnt gas mixture φu will be equal to φf when equal

diffusivity is assumed. In contrast, with mixture-average diffusivity
ssumption, φf may deviate from φu, even for homogeneous flames,

ue to differential diffusion of species. Therefore in this study, strat-

fied flames will be compared to their corresponding homogeneous

ames with the same equivalence ratio at flame front φf.

.2. Stratification thickness, δS

Since the step change in equivalence ratio is placed at a certain

istance from the closed end, during the time period when flame

ropagates from the initial flame position to the step, the stratifica-

ion layer has grown due to mass diffusion. In order to quantify the

egree of stratification when the flame front reaches the stratified re-

ion, stratification thickness δS, or referred as mixing layer thickness,

s defined as shown in Fig. 2 and given as following:

S = |φ1 − φ2|∣∣ dφ
dx

∣∣
max

. (2)

Different stratification thicknesses can be achieved by placing the

nitial step change at different locations relative to the closed end.

ote that this study mainly focuses on cases where stratification

hickness is at the same order magnitude or larger compared to flame

hickness, which is approximately 0.04 cm based on peak tempera-

ure gradient [33]. With this being said, stratified flames propagate

hrough a natural equivalence ratio gradient where burnt gas tem-

erature and composition are different from those of corresponding

F. Stratification thickness in all cases demonstrated in this study is

f the order of 0.1 cm if not specified otherwise.

.3. Fuel consumption speed, Sc

Based on numerical simulation results, laminar flame speeds can

e determined through the profile of flame properties across the

ame, such as temperature variation and species distribution [34].

rom the fuel consumption point of view, laminar flame speed can be

epresented by the fuel consumption speed as defined by [29,35]:

c = − 1

ρuY u
F

∫
ω̇F dx, (3)

here Y u
F

is the mass fraction of fuel species in the unburnt gas; ρu

s the unburnt gas density and ω̇F is the fuel consumption rate. The-

retically, Y u
F

− Y b
F

may be used in Eq. (3) instead of Y u
F

, especially for

ich mixture flames [36]. However in stratified flames, Y b
F

is not well-

efined as the burnt gas is stratified. Even for homogeneous flames,

ncertainty exists in Y b
F

as the burnt gas composition of propagat-

ng flames can deviate from the corresponding equilibrium composi-

ion [37]. Therefore, Y u
F

is used for both stratified and homogeneous

ames.

As fuel species are not only consumed around the flame front

ut also continuously reacting in the burnt gas due to finite rates

f chemistry, the integral limits used in Eq. (3) will determine the

cope of fuel consumption speed. For homogeneous flames, the lim-

ts can range from negative to positive infinity. However for stratified
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Fig. 3. Fuel consumption speed integration with different cutoff integral limits with

regard to maximum heat release rate.
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ames, the integral would include fuel consumption from burnt gas

ith different equivalence ratios, causing ambiguity when compared

o the corresponding homogeneous flames with the same φf. There-

ore, different integral limits are applied to distinguish between local

nd global fuel consumption speeds. In Fig. 3, both 0% and 5% cutoff

ntegral limits are illustrated. While 0% cutoff represents the integral

ver the entire domain, 5% means that the integral will be conducted

nly over the domain where local heat release rate exceeds 5% of the

aximum heat release rate. In this way, 5% cutoff fuel consumption

peed is considered as the local fuel consumption speed and there-

ore represents local flame characteristics.

.4. Flame front propagation speed, Sb

In experimental studies, laminar flames can be directly character-

zed by a global behavior of the flame, such as flame front movement

peed in outwardly propagating flames or equivalent fluid velocity in

pposed jet flames. In this study, flame front propagation speed, Sb,

s defined as the physical moving speed of the flame front in the cal-

ulation domain. Note that Sb can be directly measured from exper-

ments and is related to SL, laminar flame speed relative to unburnt

ixture. In homogeneous flames, the relation between Sb and SL can

e expressed as

b = ρu

ρb

SL, (4)

here ρu and ρb represent density of unburnt and burnt mixture.

imilar to Y u
F

, ρb is not well-defined in stratified flames as well as

ropagating homogeneous flames. Therefore SL cannot be unambigu-

usly derived from the above relation.

.5. Fluid expansion speed, Sexp

Propagation of flame front is resulted from not only the burning

elocity that flame propagates into unburnt mixture, but also the ex-

ansion of burnt gas due to additional heat release. It is useful to

efine burnt gas expansion speed for assessing the fluid expansion

ffect on the flame front propagation speed. In order to formulate

his speed definition, each computational cell is regarded as a single

-D control mass, which can only expand or shrink but not exchange

ass with neighbor cells. The cell size changing rate represents the

as expansion due to heat release. Therefore, the sum of the size

hanging rates of all cells, from closed end to flame front, will rep-

esent the total burnt gas expansion. If the burnt gas heat release and

onsequential expansion differ between SF and HF, the correspond-

ng differences will be observed in fluid expansion speeds as well as
ame front propagation speeds. To calculate the cell size changing

ate, mass conservation is applied to each single 1-D cell:

(ρxc) = 0, (5)

here xc stands for the cell size. Taking the derivative of the above

quation with respect to time yields:

dxc

dt
= −xc

ρ

dρ

dt
. (6)

ased on ideal gas law with constant pressure, density changing rate

an be written as temperature changing rate. Molecular weight of the

ixture is assumed unchanged as burnt gas composition has approx-

mately reached equilibrium. As temperature increase is related to

eat release, temperature changing rate can be further expressed as

function of local heat release rate, density and specific heat. There-

ore, the size expansion rate can be eventually written as

dxc

dt
= xc

T

dT

dt
= xc

ρcpT

dq

dt
= xcq̇

ρcpT
, (7)

he fluid expansion speed is then determined by integrating the ex-

ansion rate of all grid cells up to the location of flame front.

exp =
∫ x f

0

q̇

ρcpT
dx, (8)

here xf stands for the location of flame front. Numerically it can be

lso expressed as

exp =
f∑ xcq̇

ρcpT
. (9)

.6. Diffusion speed, V

In order to quantify the thermal and chemical effects introduced

y the burnt gas of stratified flames, thermal and species diffusion

peeds are defined as following:

T = −DT
d ln T

dx
, DT = λ

ρcp
(10)

k = −Dk

d ln Xk

dx
, (11)

here DT is thermal diffusivity and Dk is mass diffusivity of species

. These quantities are used in the energy and species conservation

quations and represent how fast heat and chemical species diffuse

elative to fluid velocity. Absolute diffusion speed is thereby defined

s diffusion speed relative to the lab frame, i.e. diffusion speed plus

ocal fluid velocity. Thermal or chemical effects on local flame char-

cteristics will exist only if heat or mass diffusion on the basis of fluid

elocity are fast enough to catch up the propagation of flame front.

. Results and discussion

In piston engines, fuel stratification is created by the injection of

uel into combustion chamber. Ignition is often initiated at a rich mix-

ure, creating stratified flames propagating from rich to lean. There-

ore, rich-to-lean stratified flame is the most common stratified flame

n practical applications and thus the primary focus in understanding

he mechanism of stratified flames. Other stratification cases are also

onsidered in this study as theoretical references.

.1. Equal diffusivity results (Le = 1)

In this section, equal diffusivity is assumed: mass diffusivity of all

hemical species are set to the thermal diffusivity, i.e. Lewis number

s set to one (Le = 1). Thermal diffusivity is calculated on the basis

f local mixture properties. This assumption is a useful tool to sepa-

ate thermal and chemical effects when studying stratified flames, as
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Fig. 4. Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF

propagates from φ f = 2.0 to φ f = 0.5, δS = 0.1 cm, with equal diffusivity assumption.
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it suppresses differential diffusions and examines whether only ther-

mal effect will lead to any difference between SF and HF. As differen-

tial diffusion is excluded, φf is equal to φu in homogeneous flames.
Fig. 5. (a) Heat release rate and temperature, (b) Major species mole fraction and (c) Therm

from φ f = 2.0 to φ f = 0.5, δS = 0.1 cm, with equal diffusivity assumption.
Figure 4 compares fuel consumption speed results calculated with

oth 0% and 5% cutoffs, of both stratified flames (SF) and homoge-

eous flames (HF). The stratified flame is propagating from a homo-

eneous charge of equivalence ratio 2.0 (rich) to that of 0.5 (lean)

hrough the step change. Note that the fuel consumption speeds

ased on 0% cutoff peak at φ f = 1.0, and certain differences are ob-

erved between SF and HF. In contrast, the 5% cutoff results peak at

f = 1.3 and collapse on top of each other, indicating that there is

o difference in local fuel consumption speeds between SF and HF. To

nterpret these results, detailed flame characteristics near flame front

uch as temperature and species distributions are investigated. Fig. 5

hows the heat release rate, temperature, species mole fraction and

heir corresponding diffusion speed profiles of SF and HF when φf =
.2. The position at x = 0 represents the location of flame front. Thus

he region of x < 0 represents burnt gas near the flame and the other

ide is unburnt. In Fig. 5a, heat release rate profiles are identical be-

ween SF and HF, which agree with the 5% Sc results. Temperature in

he burnt gas of SF seems to be slightly lower than that of HF as SF

ropagates from richer mixture with lower adiabatic flame temper-

ture. In Fig. 5b, more H and H2 but less OH are found in the burnt

as of SF than HF, while they are almost identical near flame front.

hese temperature and species differences agree with previous re-

ults reported in [19], but certainly do not lead to changes in local

ame characteristics as heat release and 5% Sc results are identical

etween SF and HF. If diffusion of heat and species in the burnt gas

re not fast enough to catch up with the propagation of flame front,
al and species diffusion speeds profiles of SF and HF at φ f = 1.2, when SF propagates
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Fig. 6. Flame front propagation speeds, fluid expansion speeds and respective differ-

ences between SF and HF, when SF propagates from φ f = 2.0 to φ f = 0.5, δS = 0.1 cm,

with equal diffusivity assumption.
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Fig. 7. Fluid velocity profiles when SF propagates from φ f = 2.0 to φ f = 0.5, δS = 0.1

cm, with equal diffusivity assumption.
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here will be no effect introduced by these differences. Fig. 5c shows

he absolute thermal and species diffusion speeds compared to Sb, the

ame front propagation speed. The absolute thermal diffusion speed,

abeled as T, is found much slower than Sb, indicating heat diffusion is

uch slower than flame front propagation. Therefore, extra heat dif-

usion due to the difference in burnt gas temperature between SF and

F is not able to influence local fuel consumption. In comparison, ab-

olute species diffusion speeds are also overall slower than Sb except

hat H and OH diffusion is faster than Sb in the region near flame front.

owever, in the same region near flame front, H and OH mole fraction

rofiles are identical between SF and HF as shown in Fig. 5b. There-

ore, the difference in species distribution is also not able to influence

ocal fuel consumption. In short, with equal diffusivity assumption,

he above analysis reveals that neither thermal effect nor chemical

ffect impacts local fuel consumption.

The difference observed in the 0% cutoff results is due to addi-

ional fuel consumption in the burnt gas dominated by burnt gas

emperature, since chemical reactions do not completely finish and

ontinue to happen after the flame has passed through. As SF propa-

ates firstly from rich to stoichiometry, the burnt gas of SF has lower

diabatic temperature than that of HF. Therefore, less fuel per unit

ixture is consumed, which makes less contribution to the overall 0%

uel consumption speed of SF. When SF continues to propagate from

toichiometry to lean, higher burnt gas temperature is achieved. As a

esult, the gap between SF and HF results starts to decrease and even-

ually SF catches up with HF. This explains the trend that 0% cutoff Sc

f SF is firstly slower than that of HF but later able to catch up with

F.

Figure 6 compares the flame front propagation speeds and fluid

xpansion speeds of both SF and HF, and shows their respective dif-

erences (�S|SF−HF = S|SF − S|HF ). For both flame front propagation

peeds and fluid expansion speeds, the same trends are observed:

he results of SF are firstly lower than those of HF and then higher,

imilar to 0% Sc results. However, the differences in Sexp between SF

nd HF, �Sexp|SF−HF , are smaller than the differences in Sb between

F and HF, �Sb|SF−HF . Since local fuel consumption of SF and HF are

dentical, there must be additional effects besides burnt gas expan-

ion that are responsible for the relatively large difference between

b.

Figure 7 presents the velocity profiles of SF at several different

ime steps, where x-axis stands for the spatial location of the 1D do-

ain and y-axis is the corresponding fluid velocity. The sharp change

f each curve is indicative of the flame front location. When the flame

s located outside the stratification (φf = 0.5 or 2.0), burnt gas reaches

teady state as the fluid velocity from the closed end to the flame is
lmost zero. However when SF propagates through the stratification,

he burnt gas velocities deviate from zero. For example, at φf = 1.7

hen the flame propagates from φf = 2.0 to 1.3, while the unburnt

as in front of the flame front holds relatively slower speed, the flame

ront itself accelerates. As a result, not only is the unburnt gas further

ushed away by the flame front, the burnt gas is also compressed to-

ards the closed end, resulting in slightly negative fluid velocities as

hown by the fluid velocity profile at φ f = 1.7 in Fig. 7. The flame

ront propagation speed is consequently smaller compared to that if

he burnt gas is still. In comparison, when the flame propagates in

he later part of stratification from φf 1.3 to 0.5, unburnt gas in front

f the flame front still holds a higher speed while flame front itself

as already slowed down. As a result, a contraction effect is created

round: Instead of remaining still near the closed end, burnt gases are

ttracted towards the flame. As a result, burnt gases now have posi-

ive fluid velocities, as shown by in φf = 0.9 results in Fig. 7. The fluid

elocity at flame front is then increased, leading to an elevated flame

ront propagation speed. This hydrodynamic effect due to fluid con-

inuity is caused by the variation of flame front propagation speeds

cross stratified charges with different equivalence ratios, which is

nly observed in stratified flames but not homogeneous flames. In

hort, this additional hydrodynamic effect also contributes to the dif-

erence in Sb between SF and HF.

For lean-to-rich stratification case, where SF propagates from

f = 0.5 to φ f = 2.0, the comparison of fuel consumption speeds and

ame front propagation speeds are shown in Fig. 8 and Fig. 9, respec-

ively. In Fig. 8, while 5% cutoff results are still identical, 0% result of SF

s firstly lower and then higher than that of HF, as the burnt gas tem-

erature of SF is still lower and then higher compared to that of HF. In

ig. 9, both Sexp and Sb of SF are lower and then higher than those of

F, while the additional hydrodynamic effect due to fluid continuity

s still present as �Sexp|SF−HF does not match �Sb|SF−HF . Therefore,

he same rational and analysis are still valid in this opposite stratifi-

ation case.

.2. Mixture-average diffusivity results

Results with mixture-average diffusivity assumption are pre-

ented in this section. Each species has its own mass diffusivity which

epends on temperature and the thermal differential diffusion (the

oret effect). Therefore, the Lewis number is not fixed: each species

as its own Lewis number which changes at different positions in

he flame. Due to preferential diffusion, lighter species, such as H, H ,
2
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Fig. 8. Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF

propagates from φ f = 0.5 to φ f = 2.0, δS = 0.1 cm, with equal diffusivity assumption.

Fig. 9. Flame front propagation speeds and fluid expansion speeds of SF and HF, when

SF propagates from φ f = 0.5 to φ f = 2.0, δS = 0.1 cm, with equal diffusivity assump-

tion.

Fig. 10. Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF

propagates from φ f = 1.6 to φ f = 0.4, δS = 0.1 cm, with mixture-average diffusivity

assumption.
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diffuse faster compared to heavier species. A similar set of numeri-

cal simulations as that with equal diffusivity assumption are investi-

gated: the stratified flame propagates from unburnt charge of equiv-

alence ratio 2.0 to that of 0.5 through the step change, as well as the

opposite stratification case. Note that φu is no longer equal to φf due

to preferential diffusion. In terms of φf, the stratified flame is actually

propagating from φf = 1.6 to 0.4.

Figure 10 compares fuel consumption speed results calculated

with both 0% and 5% cutoffs of SF and HF. Unlike the equal diffusivity

results, both 0% cutoff and 5% cutoff results differ between SF and HF.

More specifically, 5% Sc of SF is overall faster than that of HF across

the entire stratification. Detailed flame characteristics of SF and HF at

φ f = 1.0 are investigated as shown in Fig. 11. In Fig. 11a, heat release

rates near flame front of SF are higher than those of HF, indicating that

local fuel consumption of SF is larger than that of HF. The temperature

and species mole fraction profiles in Fig. 11a and b show similar re-

sults as those in the case with equal diffusivity assumption: burnt gas

temperature of SF is lower than that of HF. More H and H2 and less

OH are found in the burnt gas of SF than HF, while they are almost

identical near flame front. In Fig. 11c, diffusion speed profiles are pre-

sented and significant differences arise compared to the correspond-

ing case with equal diffusivity assumption: while thermal diffusion
peed is still much lower than Sb, diffusion of H is able to catch up

ith the flame front propagation over a wide range across the flame

ront. Moreover, within the same range, H mole fraction in SF is no-

ably higher than that of HF. Therefore compared to equal diffusivity

ase, H radical in burnt gas of SF will influence local fuel consump-

ion speeds, referred as chemical effect. In this rich-to-lean stratified

ame, more H radicals are generated in burnt gas of SF compared to

F. As a result, more H radicals will diffuse into the stratified flame

nd thus enhance the local chain-branching reactions, leading to en-

ancement of local flame speed near flame front. This local chem-

cal effect agrees with the 5% Sc results as SF is always faster than

hat HF. Therefore, chemical effect is observed and has its impact on

ocal flame characteristics with mixture-average diffusivity assump-

ion, while thermal effect still does not exist. This observation is dif-

erent from the conclusion drawn on methane/air stratified flames in

19]. As burnt gas fuel consumption is still dominated by burnt gas

emperature, 0% cutoff results still follow the similar trend as seen in

he corresponding equal diffusivity case.

Figure 12 compares the flame front propagation speeds and fluid

xpansion speeds of SF and HF, and shows their differences. Com-

ared to equal diffusivity case, the difference in Sexp between SF and

F, �Sexp|SF−HF , is almost zero. Recall that with equal diffusivity as-

umption, fluid expansion effect results from heat release in the burnt

as and the difference between SF and HF is due to different burnt gas

ompositions. In comparison, with mixture-average diffusivity as-

umption, additional H radicals in stratified flames are more likely to

iffuse towards the region of flame front due to preferential diffusion.

s a result, the difference in burnt gas heat release between SF and HF

s well as its contribution to flame front propagation speeds on flame

ront propagation speed becomes insignificant. As the flame is still

urning at different speeds with different equivalence ratios, the hy-

rodynamic effect of fluid continuity is still present in SF. Therefore,

he difference in Sb is resulted from the chemical effect on local flame

peeds and the hydrodynamic effect due to fluid continuity. In Fig. 12,

uring the initial rich region, Sb of SF is found slightly slower than HF

ue to the hydrodynamic effect. Afterwards Sb of SF is overall faster

han that of HF across the rest of the stratification due to faster local

ame speeds.

The flame speed results of the opposite stratification case, where

F propagates from φ f = 0.4 to φ f = 1.6, are also investigated: As

een in Fig. 13, 5% Sc of SF is overall lower than that of HF, as less

adicals diffuse into the local flame front of SF. 0% Sc of SF shows the
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Fig. 11. (a) Heat release rate and temperature, (b) major species mole fraction and (c) thermal and species diffusion speeds profiles of SF and HF at φ f = 1.0, when SF propagates

from φ f = 1.6 to φ f = 0.4, δS = 0.1 cm, with mixture-average diffusivity assumption.

Fig. 12. Flame front propagation speeds and fluid expansion speeds of SF and HF, when

SF propagates from φ f = 1.6 to φ f = 0.4, δS = 0.1 cm, with mixture-average diffusivity

assumption.
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rend of lower to higher than HF due to burnt gas temperature. In

ig. 14, while �Sexp|SF−HF is still negligible, Sb of SF is overall slower

han that of HF across most of the stratification due to slower local

ame speeds of SF, and slightly faster in the rich region due to hydro-
ynamic effect. Therefore, results from both stratification cases can

e understood with the analysis of 5% Sc, 0% Sc, species and fluid ve-

ocity profiles.

.3. Effect of stratification thickness

Stratified flames with different stratification thicknesses, ranging

rom the order of flame thickness to relatively large distance (ap-

roximately 20 times larger than the flame thickness), are compared

o homogeneous flames, with both equal and mixture-average diffu-

ivity assumptions. Figs. 15 and 16 show the effect of stratification

hickness on 5% Sc and Sb for the stratified flame propagating from

f = 2.0 to φ f = 0.5 with equal diffusivity assumption. While no dif-

erence is observed between 5% Sc of SF and HF when δS = 0.1 cm and

S = 1 cm, SF with δS = 0.04 cm is overall slightly faster than HF, sim-

lar to previous mixture-average diffusivity results. Similar to previ-

us analysis, Fig. 17 shows the heat release rate, temperature, species

ole fraction and their corresponding diffusion speeds profiles of

F with δS = 0.04 cm and HF when φf = 1.2. As the difference be-

ween 5% Sc is quite small, the difference between heat release rates

n Fig. 17a is similarly insignificant. Although the temperature pro-

les especially in the burnt gas are notably different, heat diffusion

peed is still not fast enough to catch up with the flame as shown in

ig. 17c, indicating no thermal effect. In the meanwhile, the differ-

nce between H radical profiles in Fig. 17b is enlarged and further ex-

anded to the flame location compared to larger δ results in Fig. 5b.
S
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Fig. 13. Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF

propagates from φ f = 0.4 to φ f = 1.6, δS = 0.1 cm, with mixture-average diffusivity

assumption.

Fig. 14. Flame front propagation speeds and fluid expansion speeds of SF and HF, when

SF propagates from φ f = 0.4 to φ f = 1.6, δS = 0.1 cm, with mixture-average diffusivity

assumption.

Fig. 15. Fuel consumption speeds with 5% cutoff of SF at different stratification thick-

ness and corresponding HF, when SF propagates from φ f = 2.0 to φ f = 0.5, with equal

diffusivity assumption.

Fig. 16. Flame front propagation speeds of SF at different stratification thickness and

corresponding HF, when SF propagates from φ f = 2.0 to φ f = 0.5, with equal diffusiv-

ity assumption.
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s a result, extra H radicals in burnt gas of SF are able to diffuse into

he flame and enhance the local flame speed. Therefore, when δS is

educed to the order of flame thickness, weak chemical effect is ob-

erved even with equal diffusivity assumption. Sb of SF at different

S are always different from HF due to hydrodynamics effects. With

ncreasing δS, divergence between Sb of SF and HF decreases.

Figures 18 and 19 show the influence of stratification thickness

n 5% Sc and Sb for the stratified flame propagating from φ f = 1.6

o φ f = 0.4 with mixture-average diffusivity assumption. Both Sc and

b of SF with different δS are different from those of HF. When δS is

.04 cm, both Sc and Sb results show considerably large differences

etween SF and HF. Therefore, preferential diffusion of H radical fur-

her enhances chemical effect, as it is observed over a much wider

ange of stratification thicknesses and at larger magnitudes. As δS

ncreases, both Sc and Sb of SF approach their corresponding results

f HF.

For local fuel consumption speeds, larger stratification thickness

educes the difference between burnt gas composition of SF and HF.

s a result, less difference in burnt gas heat release between SF and

F is achieved. Local chemical effect is therefore suppressed leading

o smaller difference in Sc between SF and HF. For flame front prop-

gation speeds, larger stratification thickness reduces the magnitude

f fluid velocity variation so that the hydrodynamic effect due to con-

inuity is also decreased. As both local chemical and hydrodynamic

ffects are weakened, difference in Sb between SF and HF becomes

maller. In conclusion, with increasing stratification thickness, both

ocal chemical and hydrodynamic effects decrease.

.4. Lean flammability extension

According to literature, the lean flammability limit of homoge-

eous hydrogen/air flame under ambient temperature and atmo-

pheric pressure is measured at equivalence ratio φu = 0.4 [38,39].

herefore, the flame characteristics of HF at φu = 0.4 is used as the

hreshold to decide the flammability limit in this numerical study.

ote that due to preferential diffusion, φu = 0.4 is equivalent to φ f =
.356.

One stratified flame case with mixture-average diffusivity as-

umption, analogous to the practical situation in direct injection en-

ines, is performed. The stratified flame is propagating from unburnt

ixture at φu = 1.0 to φu = 0.2 with δS = 0.1 cm. Fig. 20a compares

he major species and radical profiles of both SF and HF at lean
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Fig. 17. (a) Heat release rate and temperature, (b) major species mole fraction and (c) thermal and species diffusion speeds profiles of SF and HF at φ f = 1.2, when SF propagates

from φ f = 2.0 to φ f = 0.5, δS = 0.04 cm, with equal diffusivity assumption.

Fig. 18. Fuel consumption speeds with 5% cutoff of SF at different stratification thick-

ness and corresponding HF, when SF propagates from φ f = 1.6 to φ f = 0.4, with

mixture-average diffusivity assumption.

fl

s

r

a

Fig. 19. Flame front propagation speeds of SF at different stratification thickness

and corresponding HF, when SF propagates from φ f = 1.6 to φ f = 0.4, with mixture-

average diffusivity assumption.

c

l

0

ammability φ f = 0.356. Even though the overall concentrations of

pecies and radicals are low as φf is at flammability limit, SF still has

elatively larger amount of H and OH radicals at flame front as well

s in the burnt gas, which can enhance the local flame burning. This
onclusion can be supported by Fig. 20b, showing the total heat re-

ease rate and major exothermic reaction rates of SF and HF at φ f =
.356. SF has overall more heat release than HF and major exothermic
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Fig. 20. (a) Major species mole fraction and (b) heat release rate and major exothermic reaction rate profiles of SF and HF at φ f = 0.356, when SF propagates from φu = 1.0 to

φu = 0.4, δS = 0.1 cm, with mixture-average diffusivity assumption.

Fig. 21. (a) Major species mole fraction and (b) heat release rate and major exothermic reaction rate profiles of HF at φ local = 0.356 and SF at φ local = 0.346, when SF propagates

from φu 1.0 to 0.2, δS = 0.1 cm, with mixture-average diffusivity assumption.
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reactions are indeed related to H and OH radicals; therefore SF has not

reached the lean flammability yet.

As SF continues to burn leaner, Fig. 21a and b show the results

of SF at φ f = 0.346 and HF at φ f = 0.356. The radical and reactant

profiles near flame front as well as heat release profiles match ex-

actly with each other between SF and HF. Therefore it is reason-

able to conclude that SF has reached its lean flammability limit

at φ f = 0.346. The extension of lean flammability limit of SF, from

φ f = 0.356 to φ f = 0.346 is achieved by local chemical effect, but

relatively insignificant. As the overall radical and reactant concen-

trations are quite low near flammability, the overall reactivity is as

well low so that the local chemical effect is significantly weakened.

Furthermore, since the flame is propagating really slow near the

lean flammability, it gives significantly more time for the stratifi-

cation layer to diffuse. When the stratified flame reaches the lean

flammability limit, δS has grown to the order of 1 cm from its original

0.1 cm.

5. Conclusions

Detailed numerical studies have been performed on hydrogen/air

stratified flames in 1-D planar coordinate using A-SURF. Stratified
ames propagate through a natural equivalence ratio gradient where

urnt gas temperature and composition are different from those of

orresponding HF, while investigated stratification thicknesses are

t the same order of magnitude or larger than flame thickness. In

ddition to comparison of 0% fuel consumption speeds and flame

ront propagation speeds, new insights of how stratification influ-

nces laminar flame speed are gained by analyzing local fuel con-

umption, burnt gas expansion, diffusion speeds of heat and species

nd hydrodynamic effect due to fluid velocity variation. The follow-

ng specific conclusions have been reached from the observations and

nalysis:

• With equal diffusivity assumption, as 5% cutoff fuel consump-

tion speeds are identical between SF and HF when stratifica-

tion thickness is larger than flame thickness, neither thermal ef-

fect nor chemical effect is seen locally near flame front. When

stratification thickness reduces to the order of flame thickness,

weak chemical effect due to different level of H radical in burnt

gases is observed even with equal diffusivity assumption. As

burnt gas continues to react after the flame has passed through,

the difference between 0% cutoff fuel consumption speeds re-

sultes from burnt gas fuel consumption dominated by burnt gas
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temperature. The difference between flame front propagation

speeds are caused by fluid expansion due to burnt gas heat release

as well as the hydrodynamic effect due to fluid continuity.

• With mixture-average diffusivity assumption, chemical effect due

to different level of H radicals in burnt gas is observed in strati-

fied flames as 5% cutoff fuel consumption speed of rich-to-lean SF

is overall faster than the corresponding HF. The chemical effect is

further enhanced by preferential diffusion of H radical. Lean-to-

rich SF is respectively slower than HF. 0% cutoff fuel consumption

speeds are still influenced by burnt gas fuel consumption. As addi-

tional H radicals generated from burnt gas fuel consumption in SF

diffuse from the burnt gas into the flame region, the difference in

burnt gas heat release between SF and HF becomes insignificant.

The difference between flame front propagation speeds thereby

results from the difference between local flame speeds due to

chemical effect in addition to the hydrodynamic effect due to fluid

continuity.

• Two transport models respond differently to different stratifica-

tion thicknesses: with equal diffusivity assumption, weak chemi-

cal effect is observed only when stratification thickness is reduced

to the order of flame thickness. In comparison, with mixture aver-

age diffusivity assumption, chemical effect is observed in a wider

range of stratification thicknesses up to 1 cm, as preferential dif-

fusion of H radical further enhances the chemical effect. Overall,

increasing stratification thickness leads to decreased gradients in

burnt gas compositions as well as decrease in the changing rate

of flame front propagation speeds. Thus both local chemical and

hydrodynamic effects are reduced.

• No significant lean flammability extension is observed for hydro-

gen/air stratified flames, as chemical effect is significantly weak-

ened due to overall low reactivity and enlarged stratification

thickness.

This study provides physical mechanism and numerical data refer-

nces for development of predictive models for laminar flame speeds

f stratified flames. Using the same methodology, different fuel/air

ixtures can be investigated. Different results are expected due to

ifferences in transport, chemistry and mass diffusivity of reactants

nd radicals.
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