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Abstract

Adding hydrogen (H2) to hydrocarbon fuels (e.g. CH4) in ultra lean premixed
combustion systems can progressively reduce pollutant emissions. However, the
combustion characteristics of H2-blended fuels significantly differ from tradi-
tional hydrocarbon fuels, because the high diffusivity of H2 leads to differential
diffusion between heat and mass in flames. The rate at which fuel gases diffuse
to the flame front and the rate for conductive heat loss from the flame front
become locally imbalance when the flame is curved or velocity gradients are
presented in the mixture. This leads to non-uniform burning rates, thermal-
diffusive instabilities or formation of cellular flame structures. This phenomenon
becomes especially important in ultra lean mixtures near the flammability limit.
Due to those effects, various near-limit combustion regimes (ball-like flames,
cap-like flames and multiple flamelets) in H2-containing mixtures were observed
in different diameter tubes at normal gravity conditions. Studies on these lean
limit flames can improve our understanding of combustion properties for low
Lewis number mixtures, and of mechanisms which determine the lean flamma-
bility limit. In this thesis, the above low Lewis number lean limit flames are sys-
tematically studied by experimental measurements and numerical simulations.

Four experimental setups are developed to investigate these flames. These
experimental setups obey the same principle as buoyancy-affected ultra lean
flames which are stabilized by supplying a downward mixture flow. First of all,
the influence of Lewis number on the ball-like flame in a 13.5 mm diameter tube
is experimentally and numerically investigated. It is found that the size of the
ball-like lean limit flame decreases significantly with decreasing Lewis number.
Moreover, the flame temperatures for 1D planar flames, 1D micro-gravity flame
balls and ball-like flames converge to nearly the same value with the decrease of
equivalence ratio, implying that these three types of flames may have the same
extinction mechanism.

Cap-like lean limit flames in a 30 mm diameter tube are also studied. The
presence of negative flame displacement speed for the entire leading edges of
the cap-like flames is numerically predicted and experimentally demonstrated.
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Abstract

The heat release of a second weak flame front is found to support the occurrence
of a negative flame displacement speed for the first flame front. It is also found
that radiative heat loss is not the key factor causing cap-like flame extinction.
The extinction of the cap-like flame could be caused by the imbalance of the
flame bottom edge burning velocity and the corresponding flow velocity.

Multiple lean limit flamelets are observed in a 55 mm diameter tube below a
perforated plate, which experience sporadic events of flame splitting and extinc-
tion. The multiple lean limit flamelets have a closed oblate spheroidal shape,
while they become more uniform and spherical with the increase of H2 content
in the fuel gases. Numerical results show that the multiple ball-like lean limit
flames are more affected by buoyancy than a single ball-like lean limit flame in a
narrow tube, indicating that the behavior of the single ball-like lean limit flame
in a narrow tube is more similar to the microgravity flame ball.

Furthermore, the effect of pressure on the lean limit flames in tubes is in-
vestigated. A change from ball-like to cap-like lean limit flame is observed with
increasing pressure, which is caused by the increase in buoyancy effect at higher
pressures. The size of the ball-like lean limit flames decreases with the increase
of pressure. Ball-like lean limit flames tend to form inside the tube at conditions
with less influence of buoyancy.

Finally, the influence of Soret diffusion on lean premixed flames propagat-
ing in hydrogen/air mixtures is numerically investigated at normal and ele-
vated pressure and temperature. The influence of Soret diffusion on the one-
dimensional (1D) flame mass burning rate and two-dimensional (2D) flame
propagating characteristics is analysed, revealing a strong dependency on flame
stretch rate, pressure and temperature. It is found that the Soret diffusion effect
on the mass burning rate at different stretch rates results from the competing
effects of Soret diffusion of H and H2. For the dynamics of 2D lean hydro-
gen/air flames, at normal pressure and temperature, in the early phase of flame
evolution, the flames computed with Soret diffusion display more curved flame
cells than those without Soret diffusion. Pressure enhances this effect while
temperature reduces it.
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Chapter 1
Introduction

1.1 Background

Combustion plays a significant role in the development of human society. Com-
bustion of fossil fuels provides about 80% of the world’s energy needs [1] and
will remain the dominant means of energy supply in the foreseeable future,
despite the rising supply of renewable energy.

However, combustion also produces emissions such as nitrogen oxides (NOx),
carbon monoxide (CO), particulates (e.g. soot and aerosols), and other by-
products that are harmful to human health and the environment. Besides,
emissions of carbon dioxide (CO2) from combustion are responsible for nearly
75% greenhouse gas emissions [2]. The increase of greenhouse gas is widely
considered to be the key factor that causes global warming. To reduce the
undesirable pollutants, hydrogen (H2) is suggested as an alternative, carbon-
free and environmentally friendly fuel. Meanwhile, new combustion concepts
have to be developed for the application in burners and engines. For example,
ultra-lean combustion is one of the most promising concepts, which can greatly
reduce emissions and maintain high efficiency.

While transition to pure H2 energetics may take decades, using H2-enriched
blends is a compromise for the nearest future, which can significantly reduce the
pollutant emissions compared to traditional hydrocarbon fuels. Also, hydrogen
generated by water electrolysis can be used for the redistribution in space and
time of renewable energy such as solar, wind or geothermal, which is necessary
because the availability of renewable sources depends on weather and time of
the day/year, and production peaks do not match peaks of demand. This is
another reason for blending H2 into natural gas. There are, however, consid-
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Chapter 1. Introduction

Figure 1.1: Cellular flame structure represented by chemcial heat release
in H2-air mixture with an equivalence ratio of 0.4. The unburned mixture
flows from left to right. Length unit: cm, heat release unit: W/m3

erable difficulties associated with the design of burners or engines which can
operate near the lean flammability limit conditions using H2-containing fuels.
The combustion characteristics for H2-containing fuels differ significantly from
the ones found for the traditional hydrocarbon fuels because of thermal-diffusive
flame instabilities induced by the imbalance of the mass and heat diffusion rate
due to the high diffusivity of H2. These effects can, in turn, affect the lean
flammability limit, local flame temperature, completeness of combustion and
other practically important combustion characteristics. Therefore, it is crucial to
understand the lean flammability limit and near-limit combustion behavior of
low Lewis number premixed flames of H2-CH4-air mixtures for the development
of next generation burners and engines. In this chapter, we will review the basic
knowledge of thermal-diffusive instability, near-limit flame behavior and flame
balls, before presenting the aim of the current study.

1.2 Thermal-diffusive cellular instability

Extensive previous experiments [3] have shown that cellular flame structures
develop in lean H2-containing fuel/air mixtures. As shown in Fig. 1.1, these cel-
lular flame fronts consist of convex flame segment with respect to the unburned
mixture, connected by highly curved concave cusps. The burning rate is high at
the convex flame segments, so that they can be considered as flame front leading
edges, while weak combustion and, sometimes, even extinction is observed at
the flame cusps. Theories on such thermal-diffusive instabilities have appeared
over the years, and are briefly introduced in the following.

2



1.2. Thermal-diffusive cellular instability

Stream Tube

Preheat ZonePreheat Zone

Reaction Zone

Mass flux into stream tube
Heat flux out of stream tube

Figure 1.2: Convex flame front with respect to the reactants.

In the 1940’s, Zeldovich [4] proposed that cellular flame structures can form
in mixtures with deficient light components, such as lean H2 mixtures. It is
found [4] that the local burning intensity of a convex flame fragment is increased
due to an increase of the deficient reactant concentration in the control volume,
as shown in Fig. 1.2. However, the local burning intensity of the convex flame
fragments is weakened by thermal energy loss. Depending on which effect is
stronger, mass diffusion or heat transport, the initial small flame front perturba-
tions will be amplified or will tend to decay. The result of the competing effect
of the above two phenomena depends on the relative rates of heat and mass
diffusion, charactered by the Lewis Number (Le). The mixture Lewis number is
defined as:

Le=
α

D
(1.1)

where α is the thermal diffusivity and D is the mass diffusivity of the deficient
reactant. For Le< 1 mixtures, the gain of chemical energy in the control volume
exceeds the thermal energy loss, which leads to an increase in local burning
intensity of the convex flame fragments. Therefore, the instability is enhanced.
However, for Le > 1, the instability is suppressed due to the opposite effect.

Barenblatt et al. [5], using classical stability analysis with a long-wave asymp-
totic approximation and assuming constant density, derived a dispersion relation

3



Chapter 1. Introduction

which is expressed as

σ=Dth[
1

2
β(1−Le)−1]k2 (1.2)

here, σ is the growth rate of an initial perturbation, Dth is the thermal diffu-
sivity, k is the wave vector of the disturbance of the flame front, and β = E(Tb-
Tu)/RT2b is the Zeldovich number with E the activation energy, Tb the maximum
flame temperature, Tu the unburnt mixture temperature and R the universal gas
constant. Therefore, the stability boundary of flames is Lec = 1-2/β. It is slightly
less than unity. The flames are unstable to any perturbation for Le < Lec and
are stable for Le > Lec. These results are consistent with the qualitative analysis
by Zeldovich [4].

Assuming constant density and employing large activation energy asymp-
totic analysis, Sivashinsky [6] derived an algebraic equation,

F(σ,k,Le) =
(Le−q)(p− r)

Le−q+p− r
−
β

2
= 0 (1.3)

where
p= 0.5[1+

√
1+4(σ+k2)] (1.4)

q=
Le

2
[1+

√
1+

4(σLe+k2)

Le2
] (1.5)

r= 0.5[1−
√
1+4(σ+k2)] (1.6)

It can be seen that the growth rate of an initial perturbation (σ) is an implicit
function of wavenumber (k). With the assumption of Le ≈ Lec, Sivashinsky [7]
further derived an explicit dispersion relation from equation 1.3:

σ=Dth[
1

2
β(1−Le)−1]k2−4Dthδ

2k4 (1.7)

where δ is the flame thickness. It can be seen that, for Le < Lec, the flames are
unstable for small wavenumbers. However, at sufficiently large wavenumbers,
the growth rate is negative and the flames are stable.

Sivashinsky’s theory was further extended by Joulin and Clavin [8] by con-
sidering the effect of heat loss, and a dispersion relation for non-adiabatic flames
is given as follows,

(1−A)[
H0
2

(1+A)−A2] =
Le

2
(1−A+2k) (1.8)

where A =
√
1+4(σ+k2) and H0 is the non-dimensional heat loss. It is found

that the stability boundary Lec increases with the inclusion of heat loss and

4



1.3. Flammability limits

approaches unity with increasing heat loss.
A number of numerical studies have been conducted on the thermal-diffusive

instability [9–11]. It is found that, for Le < 1, initial perturbations grow and
a planar flame develops into cellular structures. Two dynamical stages were
observed: (1) a linear stage in which an initial perturbation grows and (2) a
non-linear stage in which the flame cells exhibit chaotic behavior. In the linear
stage, growth rates extracted from the simulations are comparable with the
theoretical growth rate with the assumption of large activation energy. Also, the
average size of flame cells is slightly larger than the critical cell size predicted
by the linear dispersion relation. In the non-linear stage, the flame cells exhibit
chaotic behavior, showing splitting and merging of flame cells. In this thesis, we
will study several mixtures of H2/CH4 fuels representing the variation of Lewis
number (LeH2 = 0.296 and LeCH4 = 0.97).

1.3 Flammability limits

Flammability limits are the leanest and richest concentration limits of fuel-oxidizer
mixtures which characterize combustible and non-combustible mixtures. Al-
though flammability limits have been extensively studied since 1800, the con-
cept of flammability limit for premixed flames has never been strictly defined due
to the diversity of experimentally measured data obtained with different equip-
ment. Practical flammability tests are usually conducted using tubes or closed
vessels, and the measured results are affected by buoyancy. One of the flamma-
bility testing systems is a so-called standard flammability tube proposed by Cow-
ard and Jones [12], which is a 50 mm diameter and 1800 mm long tube open
from the bottom end and closed at the top end. The mixture is considered to be
flammable if the flame can propagate upward from the bottom end to the top
end after ignition near the bottom end. The flammability limits are determined
when the flames with the lowest or highest fuel concentration in a mixture still
can reach the top end after ignition at the bottom. Only the lean flammability
limit is considered in this section, as low emission combustors operate near the
lean flammability limit. The data [12] from the experiments utilizing standard
flammability tubes reveal that the propagation speed of a flame in a vertical tube
near the lean flammability limit is influenced by buoyancy. In order to reduce the
buoyancy effect, the flammability limit of CH4-air was measured at micro-gravity
conditions using the standard flammability tube [13, 14], a spherical flame in a
closed vessel [15] and a counterflow flame [16], respectively. These experiments
showed that lean flammability limit measured using the spherical flame are very
close to those measured in the standard tube, while those measured using the
counterflow flame are much lower than others.
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Chapter 1. Introduction

Studies to understand flammability limit of planar flames were initialized by
Zeldovich [17]. An analytical solution for planar flames was first obtained by
Zeldovich and Frank-Kamenetskii [18] in a moving coordinate system attached
to the flame front. They pointed out that the flammability limit is caused by
thermal heat loss to the environment from three zones of the flame: 1) the up-
stream preheat zone, 2) the reaction zone, and 3) the downstream cooling zone.
For non-adiabatic flames, the temperature in the reaction zone decreases due to
the heat loss, which leads to the reduction of the reaction rate. Consequently, for
ultra lean or rich mixtures, flames are extinguished by heat loss. This conclusion
was further confirmed by Spalding [19].

The effect of heat loss on the planar flame speed was derived in [17, 20],

m2lnm2 =−H (1.9)

H=
2Kαβ

ρCpU
2
ad

(1.10)

where m is the ratio of actual flame speed to adiabatic flame speed, H is the
non-dimensional heat loss, K the heat loss coefficient, α the thermal diffusivity,
ρ the density, Cp the specific heat capacity at constant pressure, and Uad the
adiabatic flame speed. The authors of [17, 20] found that the non-adiabatic
flame speed decreases with the increase of heat loss, and extinction occurs at H
= e−1 and m−1 = e1/2. This extinction point is referred to as the flammability
limit of planar flames.

Sibulkin and Frendi [21] numerically simulated outward propagating spher-
ical flames ignited in a large chamber, using one-step chemistry with radiative
heat loss. The radiative heat loss is incorporated by an optically thin radiation
model. CO2 and H2O were considered to be the major emitting gases. The re-
sults showed that the predicted lean flammability limit for non-adiabatic flames
is in reasonable agreement with the microgravity experimental data, while no
flammability limit is obtained for adiabatic flames. The predicted laminar flame
speed of the non-adiabatic flames at the flammability limit is not zero. Lak-
shmisha et al. [22] simulated the flammability limit of planar CH4-air flames
employing an optically thin radiation model and detailed chemistry, showing
that the predicted flammability limit is in agreement with experimental data,
and that it is very sensitive to heat loss. Therefore, the authors concluded that
the flammability limit is caused by radiative heat loss.

Law and Egolfopoulos [23] proposed a kinetic criterion for the flammability
limit, arguing that the limit phenomena are primarily controlled by the compet-
ing effect of chain branching reactions and chain termination reactions. Subse-
quently, a unified chain-thermal theory on the flammability limit was suggested
by Law and Egolfopoulos [24], demonstrating that both heat loss and chain

6



1.4. Flame balls at micro-gravity

termination are simultaneously important for the flammability limit. However,
Giovangigli and Smooke [24] numerically found that there is no purely kineti-
cally determined flammability limit without heat loss. Sibulkin and Frendi [21]
further confirmed this conclusion.

Besides the planar flame, the counterflow flame is also widely used in flamma-
bility limit research. Law et al. [25] attempted to determine the flammability
limit using a counterflow flame by linear extrapolation of the extinction limit
curve to zero stretch. Maruta et al. [26] studied the flame extinction limit at low
stretch conditions using a low speed counterflow flame at micro-gravity condi-
tions, finding that a CH4-air mixture can burn below the planar flammability
limit in the intermediate stretch region. This phenomenon was further studied
numerically in [27, 28], showing that the flame extinction limit in the low stretch
region is caused by radiative heat loss and the extension of the extinction limit
in the intermediate stretch region is owing to the coupling effects of stretch rate
and preferential diffusion for low Lewis number flames.

1.4 Flame balls at micro-gravity

Thermal-diffusive instability and flammability limits are discussed in Sections 1.2
and 1.3, respectively. Subsequently, a question naturally arises: how do the
thermal-diffusive instability and preferential diffusion affect the lean flamma-
bility limit? Preferential diffusion describes unequal diffusion rates of the de-
ficient reactant and the excess reactant. To answer this question, Ronney [29]
measured the flammability limit of H2-air flames in drop-tower experiments.
At near-limit conditions, he observed spherical flames with a stationary radius,
namely flame ball. Subsequent aircraft-based micro-gravity experiments [30,
31] showed that flame balls can exist in different near-limit low Lewis number
mixtures of H2-air, H2-O2, H2-O2-SF6, and CH4-O2-SF6. Flame ball experiments
were further conducted in April and July 1997 during the space shuttle missions.
In these experiments, multiple stable flame balls were observed for more than
500 seconds drifting away from each other [31].

The existence of the flame ball burning regime was first predicted by Zel-
dovich [4] in 1944, showing that a stationary spherical flame purely controlled
by diffusion can exist in an unconfined medium of premixed reactants. As il-
lustrated in Fig. 1.3, in such flames, fuel and oxidizer diffuse inward from the
unburned mixture to the spherical reaction zone, while heat and combustion
products diffuse outward. Temperature (T) and mass fraction (Y) distributions
are of the form T ∼ 1/r and Y ∼ 1 - 1/r, respectively. Zeldovich [4] also found
that the adiabatic flame ball is unstable and further hypothesized that flame
balls could be stabilized by heat loss.
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T*

T0

Fuel Fraction: Y

Gas Temperature: T

Y~1-1/r

T~1/r

Burned Gas
Reaction Zone

Fuel & Oxygen
Diffuse Inward

Heat & Products
Diffuse Outward

T*: Maximum Flame Temperature

T 0: Unburned Gas Temperature

Figure 1.3: Struture of flame ball.

Motivated by the experimental observation of flame balls, Buckmaster et
al. [32, 33] studied the effects of radiative heat loss on a flame ball, finding
two steady flame ball solutions: a large radius flame ball and a small radius
flame ball. They also found that the radii of the two flame balls converge to the
same value as the flammability limit is approached. However, no solution was
obtained when the radiative heat loss was sufficiently large. Stability analysis
showed that the small flames are unstable to radial disturbances. The large
flame balls with equivalence ratio far from the flammability limits are unstable
to three-dimensional disturbances while those near the flammability limit are
stable to both disturbances. Lee and Buckmaster [34] also predicted that stable
flame balls only can be obtained for low Lewis number mixtures. Minaev et
al. [35] further theoretically predicted that flame balls are self-drifting.

Buckmaster et al. [36] numerically simulated non-adiabatic flame balls in
H2-air mixtures with detailed chemistry, transport and radiation models, predict-
ing two flame ball solutions which are qualitatively consistent with the theory
of Buckmaster [32]. Wu et al. [37, 38] further performed numerical simulations
and compared then with experimental results obtained at the 10-second drop
shaft in Japan and in space. Only qualitative agreement between numerical and
experimental results was observed, and the authors attributed the difference to
the imperfectness of the used chemistry and radiation models. Still, another
question can be raised: can steady flame balls exist at earth gravity?
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Figure 1.4: Upward propagating ball-like (left) and cap-like (right) lean
limit flames in 12.3 mm and 35 mm diameter tubes at different H2 contents,
taken from Ref. [39].

1.5 Ball-like and cap-like flames at earth gravity

Although flame ball phenomena are intriguing, not much experimental research
has been done to unveil the flame ball detailed structure, due to the difficul-
ties to carry out experiments in micro-gravity environment. Recently, for low
Lewis number flames, a transition from cell-like to ball-like flames was observed
in narrow (8-13.5 mm diameter) tubes at earth gravity conditions when the
lean flammability limit is approached [39, 40]. The ball-like flames have an
enclosed flame front with nearly uniform luminosity, as shown in Fig. 1.4 (left).
These enclosed-front lean limit flames are closely related to the micro-gravity
multiple flame balls in the convective flows numerically predicted by Kagan and
Sivashinsky [41] and Fursenko and Minaev [42]. There is also another type of
enclosed flames observed in tubes at near-limit conditions: cap-like flames, as
shown in Fig. 1.4 (right). The cap-like flames were experimentally observed in
20-50 mm diameter tubes in hydrogen-methane-air mxitures [39]. Such flames
are relatively large compared to the ball-like flames and have a cap shape with
a secondary weak flame front inside the flame. This combustion regime can also
be relevant to the flame ball phenomenon, though the current state of theory
does not allow to draw solid conclusions regarding this argument.
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1.6 Objectives

The main objective of the research in this thesis is to improve the understand-
ing of flame ball phenomena, near-limit combustion behavior and mechanisms
which determine the lean flammability limit for low Lewis number premixed
flames of H2-CH4-air mixtures, by investigating ball-like and cap-like flames
at earth gravity conditions. In order to accomplish the research objective, the
following major questions are posed:

• How does mixture Lewis number affect the properties of the ball-like lean
limit flames?

• What are the combustion mechanism and the flame structure of the cap-
like lean limit flames?

• Can multiple ball-like lean limit flames appear in a large volume at normal
gravity conditions?

• If so, what are the differences between the multiple ball-like flames and
the single ball-like flame in a narrow tube?

• How does pressure affect the low Lewis number lean limit flame behavior?

• How does Soret diffusion affect the flame behavior for ultra lean H2-air
mixture at elevated pressure and temperature? Soret diffusion is caused
by temperature gradients, which is considered as a second-order mass
diffusion.

1.7 Organization of the dissertation

The present thesis is organized into 7 chapters. This first Chapter provides a
general overview and introduction.

Chapter 2 is focused on ball-like flames for different fuel compositions. The
ball-like flames in mixtures with different Lewis numbers are experimentally and
numerically investigated. The emphasis is on investigating the Lewis number
effect on the ball-like flames in a tube and exploring the flammability limit
mechanism for low Lewis number flames.

Chapter 3 is concerned with the combustion characteristics of the cap-like
lean limit flames. The cap-like lean limit flames are studied experimentally
and numerically. The role of the secondary weak flame front inside the cap-
like flames is identified. The effect of radiative heat loss on the cap-like flame
behavior is discussed.

Chapter 4 presents the results of the study on near-limit low Lewis number
premixed flame behavior in a large space compared to the size of the ball-like
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flames. A combustion regime diagram is identified as function of the ratio of
H2 and CH4 and equivalence ratio. The effects of tube diameter and boundary
condition on the ball-like lean limit flame behavior are numerically investigated.

Chapter 5 reports results on the low Lewis number lean limit flames in tubes
at different pressures. The influence of pressure on the lean limit flame behavior
is experimentally and numerically analyzed. The effects of transport and chem-
ical models on the prediction of the lean limit flames at different pressures are
also discussed.

In chapter 6, the effect of Soret diffusion on the ultra lean H2-air flame at
elevated pressure and temperature is examined. A mechanistic interpretation
on Soret diffusion effect on stretched flame mass burning rate is provided and
the extent of the Soret diffusion effect on two-dimensional freely propagating
flames is evaluated.

Finally, in Chapter 7, concluding remarks are given and recommendations
for future work are suggested.
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Chapter 2
Effect of Lewis number on ball-like lean
limit flames

This chapter is based on: Zhen Zhou, Yuriy Shoshin, Francisco E. Hernández-
Pérez, Jeroen A. van Oijen & Laurentius P.H. de Goey (2017): Effect of Lewis
number on ball-like lean limit flames. Combustion and Flame, accepted.

2.1 Introduction

Although steady flame balls were considered non-existent at normal gravity con-
ditions, a transition from cell-like propagating flames to ball-like propagating
flames in H2-CH4-air mixtures was observed by Shoshin and de Goey [39] in
experiments on flame propagation in a tube under normal gravity condition.
Shoshin et al. [40] further studied this ball-like lean limit flame by experiments
and numerical simulations, and found that the temperature profile along the
centerline for the ball-like flame is very similar to that of the so-called travelling
flame ball [41, 43]. Subsequently, a ball-like lean limit flame was stabilized in
a downward flow of premixed reactants [44]. A detailed comparison between
experimental ball-like flames and numerical ball-like flames has been conducted
by Hernández-Pérez et al. [45]. Despite the achievements of above studies, the
effects of different fuel Lewis numbers on the lean limit flames in a tube remain
unknown. Studies on lean limit flames in a tube for mixtures with different
Lewis numbers can improve the understanding of the influence of Lewis number
on the lean limit combustion properties and mechanisms which determine the
lean flammability limit.

In this regard, the aims of the present chapter are as follows:
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Chapter 2. Ball-like flames

1. To experimentally study the influence of fuel Lewis number on the struc-
ture of a lean limit flame stabilized in a tube in a downward flow of
premixed reactants.

2. To examine the fuel Lewis number effect on the lean limit flame structure
by numerical simulations.

3. To investigate the differences between the lean limit flames stabilized
inside a tube at normal gravity with 1D planar lean limit flames and 1D
micro-gravity flame balls.

In the present chapter, pure CH4, pure H2, and a mixture of 40% H2 and 60%
CH4 (specified on a molar basis) are selected as the fuels, and air as oxidiser, to
prepare lean mixtures with different Lewis numbers. In the following sections
of this chapter, the experimental setup and numerical approach are presented,
and the experimental and numerical results are discussed. Finally, concluding
remarks are given.

2.2 Experimental setup

A schematic of the experimental setup is shown in Fig. 2.1. As described in
the following section, line-wise Rayleigh scattering measurements have been
performed along a line normal to the tube symmetry axis. In order to measure
the temperature field of the whole flame, a burner is designed which allows
traversing steadily the burning flame inside the tube through the measurement
section. The burner consists of a hollow piston and a quartz tube with an inner
diameter of 13.5 mm and a length of 100 mm. A linear motor is connected
to the piston, which moves the piston inside the tube with a constant speed. A
perforated plate with thickness of 2 mm and holes of 0.4 mm diameter uniformly
spaced with 0.5 mm pitch is mounted in the outlet of the piston to generate a
uniform outlet flow profile. The slit between the piston and the tube is sealed by
Teflon tape. Cylinder gases (H2, CH4 and synthetic air – 21% O2) with 99.9%
purity are used in the experiments. The supply of H2, CH4 and synthetic air is
controlled by mass flow controllers with an uncertainty less than 1%. Small fluc-
tuations of mixtures composition (within 1% error), caused by inherent small
flow instabilities introduced by mass flow controllers are damped by a buffer
mounted in the gas line before the mixture is supplied to the burner. The mixture
is ignited at the bottom of the burner using a household lighter at a sufficiently
large equivalence ratio. After ignition, the equivalence ratio is slowly reduced
and near-limit flames are stabilized at some distance from the perforated plate.
The inlet mixture velocity is set close to the blow-off value for lean limit flames
(determined in separate experiments). The temperature of the tube wall is kept
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Figure 2.1: Schematic of experimental setup.

nearly at room temperature by supplying cooling air to the outside of the quartz
tube. The tube wall temperature is monitored by a pyrometer Pyrospot DT 40L.
For the binary fuel-blend/air mixture, the equivalence ratio, φ, is defined as
follows:

φ=
(FCH4 +FH2)/O[
(FCH4 +FH2)/O

]
st

(2.1)

where Fi is the mass of fuel, with i = CH4 and H2, O is the mass of oxidizer, and
the subscript, st, denotes the stoichiometric state.

Flame chemiluminescence is recorded at a fixed piston position, 30 mm
along the outlet of the tube. An AVT-PIKE F-032b CCD-camera equipped with
an interference filter (430 nm and bandwidth 10 nm) and an intensified CCD
camera (Princeton Instruments ICCD) mounted with an interference filter (307
nm and bandwidth 10 nm) are employed to record the CH∗ and OH∗ chemi-
luminescence for the CH4 contained flames and H2 flames, respectively. The
chemiluminescence images represent a line-of-sight integrated emission inten-
sity. Radial emission intensity distributions are recovered by Abel inversion of
the recorded image horizontal intensity profiles. The conditions of the exper-
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Chapter 2. Ball-like flames

iments are listed in Table 2.1. Only fuel Lewis numbers less than unity are
considered in the present study, because flame balls form only in below unity
Lewis number mixtures. It can be seen in Table 2.1 that the effective fuel Lewis
number decreases significantly from condition I to condition III. The details
for the Rayleigh scattering temperature measurement are described in the next
section.

Table 2.1: Summary of conditions for the experiments with different equiv-
alence ratios. * Mole-fraction-based effective Lewis number (Le) for CH4
and H2 mixture.

Condition Fuel Fuel Lewis number Vin (cm/s)
I CH4 0.97 0.58
II 40% H2 + 60% CH4 0.7∗ 0.72
III H2 0.296 0.73

2.3 Rayleigh temperature measurement

A blue CW laser with an output power of 1 W operated at 450 nm is used for the
measurements. In order to avoid strong background scattering when the laser
beam passes through the tube wall, two symmetrical holes with a diameter of
2 mm are drilled in the middle of the tube. Two metal tubes with an inner di-
ameter of 6 mm are horizontally attached to the tube wall sharing the axes with
both small holes. At the inlet side of the laser beam, the metal tube is fitted with
an anti-reflection window, while a Brewster window is mounted to the outlet
side of the laser beam. This combination allows to minimize forward scattering
from the front window and reflection from the back window, minimizing thereby
the background signal related to the stray light. To further reduce background
radiation, the inner metal tube wall and half of the inner quartz tube wall are
painted with black high-temperature paint. The laser beam is focused in the
center of the tube with a 15 mm focal length lens, procuring a nearly constant
width beam of approximately 0.3 mm diameter inside the quartz tube. A flame
inside the tube is scanned by moving the piston with a constant speed of 0.7
mm/s. The scattered light from the laser beam inside the tube is recorded by
the AVT-PIKE F-032b CCD-camera with a frame rate of 8 fps. The camera lens is
equipped with an interference filter (center wavelength 450 nm and bandwidth
10 nm) to filter out flame radiation. The Rayleigh scattering images recorded
during the piston motion are utilized to reconstruct the temperature field inside
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2.3. Rayleigh temperature measurement

Figure 2.2: Raw Rayleigh scattering signal.

the tube using the known image scale and frame rate. The measurements pro-
vide a resolution of 0.034 mm in horizontal direction and 0.175 mm in vertical
direction.

For each location along the beam, the Rayleigh scattering signal is calculated
by integrating the recorded intensities across the beam image (10 pixels), as
shown in Fig. 2.2. The background signal is estimated by averaging background
signals integrated over 10 pixels at a distance of 20 pixels above and below the
beam. A corrected Rayleigh scattering signal intensity is determined as,

Scor = Sraw−Sbkg (2.2)

where Scor is the corrected signal, Sraw is the initial recorded signal by camera
and Sbkg is the background signal.

The effective Rayleigh scattering cross section is calculated based on the
mole fraction of species, which is expressed as

σeff =
∑

xiσi (2.3)

where σeff is the effective Rayleigh scattering cross section, xi is the mole fraction
of the ith species and σi is the Rayleigh scattering cross section of the ith species.
A number of Rayleigh scattering cross sections for major species for different
light wavelengths can be found in Ref. [46]. The Rayleigh cross sections for
major species at 450 nm are obtained by interpolation of the data presented in
Ref. [46]. The effective Rayleigh scattering cross section for the present lean
limit flames is evaluated using numerically predicted distributions of species in
the studied flames, as shown in Fig. 2.3. The effective Rayleigh scattering cross
section for the studied lean limit flames is scaled by the effective Rayleigh cross
section for the corresponding unburned mixture, as the calibration of the mea-
surements are performed with the corresponding unburned mixture. Figure 2.3
shows that the influence of variations of the effective Rayleigh scattering cross
section over the flame region on the precision of temperature measurements
is small for lean limit flames. The estimated error related to these variations
does not exceed 2.5% and 1% for CH4-air flames and H2-containing flames,
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(a) φ = 0.445 (b) φ = 0.315 (c) φ = 0.11

Figure 2.3: Scaled effective Rayleigh scattering cross section for different
lean limit flames. a. CH4-air; b. H2-CH4-air; c. H2-air. The effective
Rayleigh scattering cross section for lean limit flames is scaled by the ef-
fective Rayleigh scattering cross section of the corresponding unburned
mixture.

respectively.
For calculation of temperature, the flow is assumed to be a mixture of perfect

gases obeying an ideal gas equation of state. The reference signal is recorded in
the corresponding unburned mixture at room temperature (300 K). Finally, the
temperature is calculated as

Tf = Tcal
Scal
Sf

σf
σcal

(2.4)

where Tf is the measured temperature, Tcal is the reference temperature, Scal is
the background-corrected Rayleigh scattering signal intensity for calibration, Sf
is the background-corrected Rayleigh scattering signal intensity for the flames
and σcal and σf are the effective Rayleigh cross section for calibration (un-
burned mixture) and flames, respectively. For the σf, the averaged effective
cross-section between its minimum and the maximum values in simulated flames
is taken.

2.4 Governing equations

The laminar and axisymmetric flames under study are mathematically described
by the conservation equations of mass, momentum, energy and species in a
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cylindrical coordinate system. The flow is treated as a mixture of perfect gases
under the assumption of an ideal gas equation of state. The conservation equa-
tions with axisymmetric form for a mixture consisting of N chemical species
evolving in time, t, and space, ~x = (r,θ,z), can be expressed as

∂ρ

∂t
+
∂(ρur)

∂r
+
∂(ρuz)

∂z
=−

ρur

r
, (2.5)

∂(ρur)

∂t
+
∂(ρu2r +p)

∂r
+
∂(ρuruz)

∂z
=
∂τrr

∂r
+
∂τrz

∂z
+
τrr−τθθ−ρu

2
r

r
, (2.6)

∂(ρuz)

∂t
+
∂(ρuzur)

∂r
+
∂(ρu2z+p)

∂z
=
∂τrz

∂r
+
∂τzz

∂z
+
τrz−ρuzur

r
+ρgz , (2.7)

∂(ρE)

∂t
+
∂[ρur(E+p/ρ)]

∂r
+
∂[ρuz(E+p/ρ)]

∂z

=
∂(urτrr+uzτrz−qr)

∂r
+
∂(urτrz+uzτzz−qz)

∂z

−
ρur(E+p/ρ)

r
+
urτrr+uzτrz−qr

r
+ρuzgz+ Q̇ ,

(2.8)

∂ρYα

∂t
+
∂[ρYα(ur+Vα,r)]

∂r
+
∂[ρYα(uz+Vα,z)]

∂z
=−

ρYα(ur+Vα,r)

r
+ ω̇α , (2.9)

with α=1, . . . ,N−1. Here, ρ is the mixture density, ~u is the mixture velocity, p
is the mixture pressure, E is the total mixture energy, Yα is the mass fraction
of species α, g is the gravity acceleration, ~~τ is the viscous stress tensor, ~q is
the heat flux vector, Q̇ is the radiative heat loss, Vα is the diffusion velocity of
the species α, ω̇α is the net reaction rate of species α, and the subscripts (r,
θ and z) represent the components in the radial, angular and axial directions,
respectively.

2.5 Numerical approach

The set of governing equations is solved by the body-fitted, multi-block, adaptive
mesh refinement, finite-volume framework that has been originally developed
by Groth and co-researchers [45, 47, 48]. Thermodynamic properties, transport
properties and species net production/destruction rate are all computed by the
open-source library CANTERA [49].

In the simulations, the computational domain is a cylindrical channel with
a radius of 6.75 mm and a height of 30 mm, as shown in Fig. 2.4. The flames
under study are laminar and axisymmetric. Hence the flames are simulated
in two dimensions. The left boundary of the domain aligns with the axis of
symmetry. The upper boundary is assumed to be isothermal with a temperature
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Chapter 2. Ball-like flames

Figure 2.4: Schematic of the computational domain and boundary condi-
tions.

of 300 K which accounts for the diffusion of fuel/air mixture, which is supplied
uniformly from the upper boundary. The right boundary is treated as a non-slip
and iso-thermal boundary with a temperature of 300 K according to the temper-
ature of the tube wall in the experiments. The lower boundary is modelled as
a free outflow. The diffusion velocity is computed using the mixture-averaged
transport model. The skeletal mechanism of Smooke for CH4 [50] is employed
which consists of 16 species and 25 reversible elementary reactions. This skele-
tal mechanism obtained good qualitative results in the simulation of ball-like
lean limit flames in Ref. [40]. Gravity (g = 9.81 m/s2) and radiative heat loss
are taken into consideration. Thermal radiation is modelled via the optically-
thin Planck model. The Planck mean absorption coefficient of the mixture is
evaluated from the major radiating species CO2, H2O and CO. The individual
coefficients are calculated using a statistical narrow-band model and the dataset
of Soufiani and Taine [51]. The solutions are obtained with up to three levels of
mesh refinement, achieving a minimum grid space of 44 µm for all the cases.
These levels of resolution are found to be sufficient to get grid-independent
solutions due to the rapid increase of flame thickness for near lean limit flames.
A summary of the conditions for the simulated cases is given in Table 2.2. The 1D
planar flames and 1D micro-gravity flame balls are computed using the in-house
code CHEM1D [52], employing different transport and chemistry models.
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2.6. Results and discussion

Table 2.2: Summary of conditions for the simulated cases with tube diame-
ter of 13.5 mm.

Case Fuel Vin (cm/s) φ

A CH4 0.58 0.49
B CH4 0.58 0.47
C CH4 0.58 0.45
D CH4 0.58 0.445
E 40% H2 + 60% CH4 0.72 0.40
F 40% H2 + 60% CH4 0.72 0.35
G 40% H2 + 60% CH4 0.72 0.33
H 40% H2 + 60% CH4 0.72 0.315
I H2 0.73 0.17
J H2 0.73 0.15
K H2 0.73 0.13
L H2 0.73 0.11

2.6 Results and discussion

2.6.1 Flame shape

Figure 2.5 shows the experimentally Abel-inverted CH∗ chemiluminescence dis-
tributions for CH4-air and CH4-H2-air flames and the OH∗ chemiluminescence
distributions for H2-air flames as a function of equivalence ratio. It is seen
that, for CH4-air flames, cell-like flames are formed at all tested equivalence
ratios. With the decrease of equivalence ratio, the flame becomes smaller and
the trailing edge of the flame becomes brighter. The leanest 2D CH4-air flame
is obtained at φ = 0.48. This value is only slightly lower than the lean limit for
1D planar flame obtained with simulations, as show in Table 2.3, which can be
explained by the weakness of preferential diffusion effect in 2D CH4-air flames
for which the effective Lewis number is close to unity. Figure 2.5 further shows
that a transition from a cell-like flame to a nearly spherical ball-like flame is
observed with decreasing equivalence ratio in CH4-H2-air and H2-air mixtures.
The lean limit ball-like flame for H2-air is smaller than that for CH4-H2-air.
Additionally, the equivalence ratios of the lean limit 2D CH4-H2-air and H2-air
flames are significantly lower than that of the corresponding 1D planar flames
(see Table 2.3). This is because preferential diffusion effects greatly increase
the local equivalence ratio in these small Lewis number 2D flames with respect
to the inlet equivalence ratio. Changes of local equivalence ratio for the three
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different fuel mixture flames will be discussed further below, based on numerical
predictions. At the same time, the simulated lean limit of 1D micro-gravity CH4-
H2-air and H2-air flame balls are slightly lower than that of experimental 2D
flames (see Table 2.3). The difference in flammability limits for the studied ball-
like flames and micro-gravity flame balls can be attributed to the heat losses
related to convection and conduction to the tube wall for the studied 2D flames.

The above experimentally observed phenomena are numerically predicted
with the mixture-averaged transport model and the skeletal chemical mecha-
nism for CH4 [50]. Figure 2.6 displays the calculated distributions of chemical
heat release rates and streamlines for different fuel compositions at different
equivalence ratios. It shows that the numerical simulations can qualitatively
predict the change of flame shapes with decreasing equivalence ratio for all
three different fuel compositions. The predicted lean limit for the 2D CH4-air
flame is lower than the experimental lean limit while that of CH4-H2-air and H2-
air flames are slightly higher than the experimental lean limit (Table 2.3). The
discrepancy can be attributed to the uncertainties of the chemical mechanism
and transport model. Figure 2.6 also shows that a recirculation zone occurs as
the lean limit is approached for all three fuel compositions, which is due to the
increase of the buoyancy induced convection relative to flame burning velocity.
The lean limit flames for CH4-H2-air and H2-air mixtures are located entirely
inside the recirculation zone. However, for the lean limit flame of the CH4-air
mixture, only the leading edge is located inside the recirculation zone.

Table 2.3: Summary of the equivalence ratios at the lean flammability limit
for different types of flames with different fuel compositions. The lean limit
of 1D planar flames and 1D micro-gravity flame balls are computed with a
multi-component transport model with Soret diffusion, GRI 3.0 mechanism
and optically thin radiation model.

Exp. 2D Num. 2D 1D flat 1D flame
Fuel Le flame flame flame ball
CH4 0.97 0.480 0.445 0.497

40% H2 + 60% CH4 0.7 0.305 0.315 0.446 0.270
H2 0.296 0.090 0.110 0.295 0.073
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2.6. Results and discussion

Figure 2.5: The Abel-inverted CH∗ chemiluminescence distributions for
CH4-air and 40% H2-60% CH4-air flames and OH∗ chemiluminescence
distributions for H2-air flames with different equivalence ratios. Natural
chemiluminescence is recorded for the lean limit ball-like flame of H2-air
mixture.
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(a) φ=0.49 (b) φ=0.47 (c) φ=0.45 (d) φ=0.445

(e) φ=0.40 (f) φ=0.35 (g) φ=0.33 (h) φ=0.315

(i) φ=0.17 (j) φ=0.15 (k) φ=0.13 (l) φ=0.11

Figure 2.6: Distributions of chemical heat release (W/m3) and flow stream-
lines for the flames studied in the simulations with mixture-averaged trans-
port model and skeletal mechanism at different fuel compositions. (a-d):
CH4; (e-h): CH4-H2; (i-l): H2.
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2.6.2 Flame temperature

Figure 2.7 shows the numerically and experimentally measured lean limit flame
temperature fields with different fuel compositions and the distributions of flame
temperature along the flame centerlines. Since the signal to noise ratio for
Rayleigh scattering measurements decreases in the right part of the test section
for cases (d,e), only the left part of the flame temperature field is used. A very
good agreement is observed between numerical simulations and experimental
measurements for the peak temperatures along the flame centerline. However,
the discrepancies between simulated and experimental flame sizes and stand-
off distances are substantial. This can be explained by the imperfection of the
numerical models. The predictions for lean limit flames are very sensitive to the
choice of chemistry and transport models [45]. It is further seen in Fig. 2.7 that,
with decreasing Lewis number, the lean limit flame burns at a lower tempera-
ture.

Maximum flame temperatures for the 2D numerical and experimental flames
with different fuel compositions are compared with those for 1D planar flames
and 1D micro-gravity flame balls as a function of equivalence ratio. The results
are presented in Fig. 2.8. The maximum flame temperature for the 2D numerical
and experimental flames is taken from the maximum temperature along the
centerline. It shows that, for CH4-air flames, 1D planar flame temperature and
2D predicted and measured flame temperatures decrease with the decrease of
equivalence ratio. Although the predicted lean limits for 1D and 2D flames and
the experimentally obtained lean limit for 2D flames are different, the maximum
flame temperatures of these flames converge to nearly the same value as the
equivalence ratio approaches the lean limit. For CH4-H2-air flames, both 1D
planar flame temperature and 2D flame temperature decrease with the decrease
of equivalence ratio. However, the 1D flame ball temperature increases with the
decrease of equivalence ratio. The flame temperatures for these three types of
flame also converge to nearly the same value with decreasing equivalence ratio.
For H2-air flames, the trend for the change of temperature with the decrease
of equivalence ratio for three types of flame is similar to that of CH4-H2-air
flames. Above observations indicate that the 1D planar flames, the 1D micro-
gravity flame balls and the 2D ball-like flames may have the same extinction
mechanism. However, reasons for the increase in flame temperature of the
1D micro-gravity flame balls with decreasing equivalence ratio remain unclear,
which needs further investigation. Understanding of this phenomenon may be
crucial for the development of a flammability limit theory, which covers both
conventional flames and flame balls.
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(a) φ=0.445 (b) φ=0.315 (c) φ=0.11

(d) φ=0.48 (e) φ=0.305 (f) φ=0.09
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Figure 2.7: Numerical (a-c) and experimental (d-f) lean limit flame tem-
perature fields. (g): Distributions of numerical and experimental lean limit
flame temperature along centerline. (a,d): CH4-air; (b,e): CH4-H2-air;
(c,f): H2-air.
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Chapter 2. Ball-like flames

2.6.3 Flame structure

Figure 2.9 displays the numerical distributions of the normalized chemical heat
release, the normalized temperature and the scaled mass fraction of species
along the centerline for different equivalence ratios with different fuel com-
positions. The chemical heat release is normalized by its maximum value in
the domain. The normalized temperature is defined as c = (T -Tu)/(Tb-Tu),
where Tu and Tb are the unburned mixture temperature and maximum flame
temperature. The mole fraction of species is scaled by the maximum mole
fraction of H2O. It is seen that the mole fraction of fuels first decreases and then
increases from the inlet side to the outlet side for all simulated cases. It is also
seen that the increase in fuel mole fraction of the trailing edges is enhanced with
decreasing equivalence ratio, especially for low Lewis number flames. This leads
to the enhancement in the heat release of the trailing edge with the decrease of
equivalence ratio and, more so, for lower Lewis number flames: a more uniform,
closed flame front forms for low Lewis number flames near the lean limit. This
is because flames are smaller in leaner mixtures and consume less fuel, allowing
for a larger amount of fuel to leak between the flame and the tube wall and then
feed the bottom part of the flame by diffusion. This effect is more prominent for
smaller Lewis number flames, for which lean limit flames are smaller.

While 1D micro-gravity flame balls are purely diffusional flames, in 2D ball-
like flames both diffusion and convection transport species and thermal energy.
Qualitatively, the relative roles of diffusional and convective transport in the
studied 2D flames can be studied by comparison of the corresponding fluxes
of fuel gases plotted as a function of normalized temperature, c, in the flame
region, with similar plots for 1D micro-gravity flame balls and 1D planar flames.
Figure 2.10 shows such plots, based on numerical results, for 1D flame balls
and planar flames for three fuel compositions near the lean limit ((a) CH4: φ
= 0.5; (b) CH4-H2: φ = 0.46; (c) H2: φ = 0.30). It is seen in Fig. 2.10
that the convective flux of CH4 in 1D planar flames decreases almost linearly
in the preheat zone with the increase of temperature, while the diffusive flux
of CH4 increases linearly. At the same time, the convective flux of H2 in planar
flames decreases much faster in the initial stage of the increase of temperature,
while the diffusive flux of H2 rapidly increases, due to the high diffusivity of H2.
Additionally, for the 1D planar flame of the CH4-H2-air mixture, the diffusive
fluxes of CH4 and H2 are comparable in the reaction zone, while the diffusive
flux of H2 dominates that of CH4 for the 1D micro-gravity flame ball.

Figure 2.11 displays the distributions of the convective and diffusive fluxes
of CH4 and H2 for the leading edges of 2D flames along the centerline of the tube
as a function of the normalized temperature with different fuel compositions. It
is seen that, for all simulated flames, the convective flux decreases fast with
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2.6. Results and discussion

Figure 2.9: Normalized heat release, normalized temperature and scaled
mole fraction of species along the centerline of predicted flames for different
equivalence ratios with different fuel compositions.
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2.6. Results and discussion

slight increase of temperature and more so with the decrease of equivalence
ratio. This indicates that the fuel transport caused by convection for the leading
edges of 2D lean limit flames plays a less important role, as compared with that
in the 1D planar lean limit flame. For the lean limit CH4-air flame, a negative
convective flux of CH4 is observed in a part of the preheat zone, indicating that
in this region CH4 is transported out of the flame by convection. This is because
of the flame negative displacement speed caused by gas recirculation, as shown
in Fig. 2.6(d). At the leading edges of the 2D CH4-H2-air flames, the diffusive
flux of H2 is larger than that of CH4, which is similar to the distributions of
the 1D micro-gravity flame ball (Fig. 2.10). For H2-air flames, the shape of the
diffusive flux of H2 as a function of normalized temperature is more similar to
that of the 1D micro-gravity flame ball. This further indicates that convective
transport for the leading edges of 2D lean limit flames is significantly weaker
than that for the 1D planar lean limit flame.

Figure 2.12 displays the distributions of the convective and diffusive fluxes
of CH4 and H2 for the trailing edges of 2D flames at the centerline of the tube as
a function of the normalized temperature for different equivalence ratios with
different fuel compositions. It is observed that, for all three fuel compositions,
the diffusive flux increases with the decrease of equivalence ratio. For most
of the simulated cases, the convective flux for the trailing edges is negative,
reflecting that fuels are directed out of the trailing edge. Only for the lean limit
flames with low Lewis numbers, a small amount of fuel is transported to the
trailing edge by convection due to the recirculation zone. The fuel transport
at the trailing edges of the 2D flames is dominated by diffusion. Summarizing
these results, the general observed trend is that, for the flames stabilized inside
the tube, the convection contribution to the total fuel flux decreases with the
decrease of equivalence ratio. For the flames with low Lewis numbers, the
diffusive flux profiles resemble the corresponding ones for 1D flame balls as
the lean limit is approached, which is an indication of similarity of combustion
mechanisms of the studied lean limit flames and 1D micro-gravity flame balls.
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2.6.4 Preferential diffusion effect on lean limit flames

A local equivalence ratio is computed for the simulated cases, based on mixture
fraction, ζ, which is given by

φ=
ζ

(1−ζ)

1−ζst
ζst

(2.10)

where ζst denotes the stoichiometric mixture fraction. Bilger’s definition of
mixture fraction is employed, which is expressed as

ζ=
β−βox
βfu−βox

(2.11)

where β is a coupling function, subscripts fu and ox denote the fuel stream and
oxidizer stream, respectively. For a fuel blend of H2 and hydrocarbon CmHn,
with m and n referring to the number of atoms of the elements C and H, re-
spectively, the coupling function β based on the element mass fraction is given
by

β=
ZC/MC
m(1−κ)

+
ZH/MH

n(1−κ)+2κ
−

ZO,ox/MO
(1−κ)(m+n/4)+κ/2

(2.12)

where Zα is the element mass fraction of α and Mα is the molar mass of α, with
α = C, H and O, and κ is the molar fraction of H2 in the fuel. The stoichiometric
mixture fraction (ζst) is determined by the following equations

ζst =

ZO,ox/MO

(1−κ)(m+n/4)+κ/2
ZC,fu/MC

m(1−κ) +
ZH,fu/MH

n(1−κ)+2κ +
ZO,ox/MO

(1−κ)(m+n/4)+κ/2

(2.13)

For the local equivalence ratio of the H2-air flames, with κ = 1, the above
equations in this section still hold by removing the terms related to the element
C.

Figure 2.13 shows the distributions of the local equivalence ratio for the
lean limit flames with different fuel compositions. Apparent changes in local
equivalence ratio for the three flames are observed due to preferential diffusion.
The increase in local equivalence ratio is enhanced for the mixtures with smaller
Lewis number. Furthermore, a more uniform local equivalence ratio distribution
in the high temperature zone is observed for the lean limit flames with H2 con-
tent, as compared with the CH4-air flames. Additionally, an area where the local
equivalence ratio diminishes along the upwind side of the flames is observed for
the three flames. This is because H2 and CH4 in this area diffuse into the high
temperature area more rapidly than O2.

Figure 2.14 shows the maximum local equivalence ratio for 2D simulated

34



2.6. Results and discussion

(a) φ=0.445 (b) φ=0.315 (c) φ=0.11

Figure 2.13: Distribution of local equivalence ratio for the lean limit flames
with different fuel compositions. (a): CH4-air; (b): CH4-H2-air; (c): H2-air.

flames as a function of inlet equivalence ratio for mixtures with the three fuel
compositions. Also, the maximum local equivalence ratio scaled by the inlet
equivalence ratio is plotted in Fig. 2.14. It is seen that the maximum local
equivalence ratio decreases slightly with the decrease of the inlet equivalence
ratio for the three fuel compositions. Figure 2.14 further shows that the scaled
maximum local equivalence ratio increases slightly with the decrease of the
inlet equivalence ratio for CH4-air and CH4-H2-air flames, while it increases
significantly for H2-air flames. This observation reflects that the influence of
preferential diffusion on the local equivalence ratio significantly increases for the
mixtures with smaller Lewis number. The maximum local equivalence ratios for
the numerical 2D lean limit flames are presented in Table 2.4 with the inclusion
of the maximum local equivalence ratios for the 1D planar lean limit flame and
the 1D micro-gravity lean limit flame ball. It shows that the maximum local
equivalence ratios for numerical 2D lean limit flames are very close to the ones
for 1D micro-gravity lean limit flame balls and 1D planar lean limit flames. This
observation indicates again that these three types of flames may have the same
extinction mechanism.
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equivalence ratio with different fuel compositions as a function of inlet
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Table 2.4: Summary of the maximum local equivalence ratio for numerical
2D lean limit flames with different fuel compositions as well as the corre-
sponding maximum local equivalence ratios for 1D planar lean limit flames
and 1D lean limit micro-gravity flame balls. The 1D planar flames and 1D
micro-gravity flame balls are computed with mixture-averaged transport
model and skeletal mechanism for CH4.

2D 1D planar 1D flame
Fuel Le flame flame ball
CH4 0.96 0.498 0.478

40% H2 + 60% CH4 0.7 0.433 0.436 0.441
H2 0.296 0.288 0.298 0.301
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2.7 Summary and conclusions

The influence of Lewis number on the lean limit flames inside a tube with an
inner diameter of 13.5 mm is examined by experiment and numerical simula-
tion. Three different fuel compositions with three different fuel Lewis numbers
are considered: CH4, 40% H2 and 60% CH4 fuel composition (specified on
a molar basis) and H2. The CH∗ chemiluminescence distribution for CH4-air
and CH4-H2-air flames and the OH∗ chemiluminescence distribution for H2-air
flames are recorded in the experiments. Cell-like flames are observed for CH4-
air mixture inside the tube with all tested equivalence ratios. For CH4-H2-air
and H2-air flames, however, ball-like lean limit flames are observed. Numerical
simulations are performed with mixture-averaged transport model and skeletal
mechanism of CH4. A good qualitative agreement between predicted flames and
experimental flames is observed.

The structure of the lean limit flames with three different fuel compositions
is analysed by Rayleigh scattering temperature measurement and numerical
simulation. A good agreement between measured and simulated temperature
profiles is observed for the lean limit flames for all three tested fuel gases. It is
further found that the maximum flame temperature for 2D experimental flames,
2D numerical flames, 1D planar flames and 1D flame ball converges to a nearly
the same value as the lean limit is approached.

The lean limit flames for CH4-H2-air and H2-air flames are located inside a
recirculation zone, while only the leading edge is located inside the recirculation
zone for lean limit CH4-air flame. A flame structure with a negative flame
displacement speed is observed for the leading edges of the three predicted
lean limit flames. The fuel transport caused by convection at the leading edges
of 2D lean limit flames is less significant in 2D lean limit flames as compared
with 1D planar flames. For the trailing edges of the three predicted lean limit
flames, a diffusion dominated flame structure is observed. The study in this
chapter provides useful information on the Lewis number effect on the ultra
lean combustion behavior and the underlying flammability limit mechanisms.
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Chapter 3
Experimental and numerical study of cap-
like lean limit flames in H2-CH4-air mix-
tures

This chapter is based on: Zhen Zhou, Yuriy Shoshin, Francisco E. Hernández-
Pérez, Jeroen A. van Oijen & Laurentius P.H. de Goey (2017): Experimental and
numerical study of cap-like lean limit flames in H2-CH4-air mixtures. Combus-
tion and Flame, in revision.

3.1 Introduction

One of the conventional combustion limit test systems is the so-called standard
flammability tube introduced by Coward and Jones [12] with the following ge-
ometrical specifications: an inner diameter of 51 mm, 1800 mm length, closed
upper end and open bottom end. The combustion limits in this device are
determined as the lowest or highest fuel concentration in a mixture at which
the flame still can propagate to the upper end after ignition at the bottom side.

For near-unity Lewis number mixtures, the upward propagating lean limit
flame looks similar to a low-density bubble rising in a tube filled with a high-
density liquid, showing a spherical cap followed by a long skirt [53, 54], as
shown in Fig. 3.1. The propagation speed of the lean limit methane/air flame is
determined by buoyancy [53] and is close to that of a rising bubble which can be
estimated by an analytical formula [55]. Buckmaster and Mikolaitis [56] intro-
duced a flammability limit model for upward propagation of lean methane/air
flames in a standard flammability tube which was based on the assumption that
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Chapter 3. Cap-like flames

flame stretch renders flame propagation impossible when it reduces the local
flame speed at the flame’s leading point to zero. It should be noted, however,
that the authors admitted the possibility of negative flame displacement speed in
the case of highly stretched flames burning between counter-flowing streams of
a fuel-lean mixture and that of hot combustion products, while they considered
such situation in the case of the leading edge of the lean limit flames as very
unlikely. According to these authors, the rising flames would be extinguished
at the tip by the reverse flow of combustion products, which would be cooled
by the tube wall when the recirculating gas passes by it. Later experimen-
tal measurements and numerical simulations [57] showed that the local flame
speed at the leading point of the lean limit methane/air flame in a standard
flammability tube is indeed close to zero. The effect of tube diameter on the
extinction limit of premixed flames was experimentally studied by Babkin et
al. [58], showing that the rich extinction limit for propane/air flames depends on
the tube diameter. Von Lavante and Strehlow [57] investigated the local flame
stretch rate distributions for lean limit methane/air flames in a vertical tube by
a semi-empirical numerical model, and found that the maximum stretch rate
occurs at the flame top for the upward propagating limit flames in methane/air
mixture. Shoshin et al. [59, 60] experimentally measured the gas velocity field
for lean limit methane/air flames in the standard flammability tube using PIV,
confirming that the maximum stretch rate occurs at the flame tip. However,
a different mechanism of the lean limit methane/air flame was suggested by
Shoshin et al. [59, 60], who pointed out that an increase in the local radiative
heat loss induced by the positive flame stretch at the flame tip leads to a local low
temperature. Higuera and Muntean [61, 62] numerically investigated the effects
of tube diameter and radiative heat loss on the lean limit methane/air flame in
a vertical tube using a thermal-diffusive model, and confirmed the radiative
extinction hypothesis. Shoshin et al. [63] studied lean limit methane/air flames
propagating in a 24 mm diameter tube and found that the lean limit is lower
than that for the standard flammability tube and that the local flame speed is
negative around the leading point of the flame front. The flame front has a
bubble-like shape with a spherical cap and a long decaying skirt, with a relatively
small recirculation zone located inside the flame near its leading point. Because
the recirculation zone is separated from the tube wall by the flame skirt, the
counterflowing products are not cooled significantly to cause flame extinction at
the flame tip.

All the above studies focus on methane/air and propane/air flames. How-
ever, the extinction mechanism and near-limit combustion behavior in vertical
tubes for hydrogen blended fuels are more complex, in particular due to the
strong coupling effects of flame stretch and preferential diffusion. Shoshin and
de Goey [39] examined the tube diameter effects on the lean flammability limit
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for methane/hydrogen/air flames, observing different lean limit combustion
regimes. Specifically, along with long bubble-like flames, with shapes similar
to these of limit methane-air flames in a standard flammability tube, the au-
thors also observed short cap-like lean limit flames with a sharp bottom edge,
and enclosed ball-like lean limit flames. While ball-like flames were formed in
hydrogen-containing fuel mixtures in small (9-12 mm) diameter tubes, cap-like
flames were observed for near lean limit mixtures in 25-50 mm diameter tubes,
for a hydrogen content in the fuel gas from 10% to 40% (the maximum content
used in those experiments), as shown in Fig. 3.1. The observed steadily propa-
gating cap-like flames had diameters of about half the tube diameter and were
symmetric relative to the tube centerline. Thus, cap-like flames can determine
the lean flammability limit for mixtures with a wide range of Lewis number, Le
< 1, and this fact makes studying this combustion regime important. Besides,
the combustion mechanism of such flames is relevant to propagation of gravity-
affected near-limit low Lewis number flames [64] in conditions different from
the ones studied here. An interesting observation made in [39] was the presence
of a secondary concave cone-like shaped front inside the main front of the cap-
like flames. The presence of this front and its possible role in the cap-like flame
propagation remain, however, unexplained, and the combustion regime of the
observed cap-like flames is not fully understood.

The main objective of the present chapter is to investigate the structure and
combustion mechanism of the cap-like lean limit flames propagating upward
in a tube. In our experiments, hydrogen/methane/air flames are stabilized
in a downward flow with an inlet velocity kept near the flame blow-off limit
which closely corresponds to the upward flame propagation speed in a tube
of the corresponding diameter. While a stationary flame burns in nearly the
same conditions as the one propagating upward in the tube, it allows for more
detailed experimental measurements. A tube with an inner diameter of 30 mm
has been selected for the experiments. The 30 mm diameter tube is chosen
because it was found that, for this tube diameter, the cap-like flames can form
for a wide range of hydrogen fractions in methane (wide range of Le) [39].
Another objective of this chapter is to study the Lewis number effect on the cap-
like lean limit flames. For that purpose, hydrogen-methane fuel gas mixtures,
with hydrogen contents of 20% and 40% by volume, are used in the experiments
and the simulations. The Abel inverted CH∗ chemiluminescence of the studied
flames is recorded as a function of equivalence ratio, φ. The velocity field in-
side the tube is measured experimentally using the Particle Image Velocimetry
method (PIV). The flame temperature fields are experimentally determined by
the Rayleigh scattering method. Detailed numerical simulations of the cap-like
lean limit flames are performed with a mixture-averaged transport model and
skeletal chemical mechanism for methane of Smooke [50]. In the following
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Figure 3.1: Upward propagating bubble-like (left) and cap-like (right) lean
limit flames in the 35 mm diameter tube taken from Ref. [39].

sections of this chapter, the experimental setups and numerical modeling are
described. Subsequently, the experimental and numerical results are discussed.

3.2 PIV measurements

A schematic of the experimental setup for PIV measurements is shown in Fig. 3.2.
A quartz tube with an inner diameter of 30 mm, length of 50 mm and wall thick-
ness of 1.5 mm is connected to a plenum chamber. The flow is preconditioned
by a metal foam plate installed inside the plenum chamber. A 30 mm diameter
perforated plate with thickness of 2 mm and holes of 0.5 mm diameter uniformly
spaced with 0.6 mm pitch, separates the chamber and the tube and produces a
uniform mixture flow at the tube inlet side. A flame can be stabilized inside the
quartz tube after ignition below the tube.

In order to eliminate the background reflection from the laser light, the back
part of the inner tube wall is painted with thermal resistant black paint. For the
front part of the tube wall, two small parts of outer tube wall near the laser sheet
are also covered with the black paint. The mixture is seeded with Al2O3 particles
with an average size of approximately 1 µm using a custom-made fluidized bed
seeding system. The flame region is illuminated by a light sheet of an Nd:YAG
pulsed laser with a wavelength of 532 nm. As reported in the following section,
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Figure 3.2: Schematic of experimental PIV setup.

the flame displacement speed at the leading edge of the limit flames is negative,
meaning that a stagnation surface is located at the upward side of the reaction
zone. Due to this, streamlines which originate from the fresh mixture, as well
as seeding particles carried by the mixture, do not penetrate the flame front.
All the particles are transported out of the tube by the flow near the tube wall.
In order to introduce particles into the flame with the reverse upward flow in
a recirculating zone, a thin metal strip connected with an oscillating motor is
installed at the outlet of the tube. The slowly oscillating metal strip slightly
disturbs the flow at the tube outlet and introduces particles from the periphery to
the middle part of the tube. The particles are then transported towards the flame
region due to the flame generated recirculation zone, as shown in Fig. 3.3. Even
with this remedy, the amount of seeding particles in the flame is not sufficient
to recover the velocity field from a single measurement. In order to measure the
entire flow field, multiple pairs of consecutive PIV images are stacked into one
pair and then processed. The effects of the oscillating metal strip on the flow
field in the flame region are almost negligible. The post-processing of raw PIV
images is performed using the PIVview2C software [65]. The fuel compositions
and inlet velocities considered in the experiments for PIV measurements and for
Rayleigh temperature measurements are listed in Table 3.1. The inlet velocities
in the experiments for different fuel compositions are chosen near the blow off
limit of the lean limit flames (determined in separate experiments), which are
very close to the upward flame propagation speed in a tube of corresponding
diameter.
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Figure 3.3: A pair of consecutive PIV images of the flame in the (40%
H2+60% CH4)-air mixture at an equivalence ratio of 0.31.

Table 3.1: Summary of conditions for the experiments with different equiv-
alence ratios. Effective fuel Lewis number (Le) for CH4 and H2 mixtures is
evaluated by taking a mole average.

Condition Fuel Le Inlet velocity (cm/s)
I 20% H2 + 80% CH4 0.84 11.8
II 40% H2 + 60% CH4 0.7 13.7

3.3 Rayleigh temperature measurements

A schematic of the experimental setup for Rayleigh scattering temperature mea-
surements is shown in Fig. 3.4. The temperature field of the entire flame is
measured by line-wise Rayleigh scattering using a burner that can traverse a
steadily burning flame inside the tube through the measurement section. This
burner consists of a hollow tubular piston and a quartz tube with an inner diam-
eter of 30 mm and a length of 220 mm. A linear motor moves the piston inside
the tube with a constant speed. A perforated plate with thickness of 2 mm and
holes of 0.4 mm diameter uniformly spaced with 0.5 mm pitch is mounted in
the outlet of the piston to generate a uniform outlet flow profile. The flow is
pre-conditioned by a metal foam disc installed above the perforated plate inside
the piston. The mixture is supplied through two side inlets at the upper part
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of the piston. The slit between the piston and the tube is sealed by a circular
rubber seal, which tightly envelops the tube and the piston.

A CW diode laser with an output power of 1 W operated at 450 nm is used
for the measurements. In order to avoid strong background scattered light when
the laser beam passes through the tube wall, two symmetrical holes with a diam-
eter of 4 mm are drilled at the position of 100 mm from the top end of the quartz
tube. Two metal tubes with an inner diameter of 6 mm are horizontally attached
to the tube wall sharing the co-axis with both small holes. At the inlet side of
the laser beam, the metal tube is fitted with an anti-reflection window, while
a Brewster window is mounted at the outlet side of the laser beam. The inner
metal tube wall and half of the inner quartz tube wall are painted with black
heat resistant paint. The laser beam is focused in the center of the tube with
a 20 mm focal length lens, procuring a nearly constant width beam of 0.5 mm
diameter inside the quartz tube. A flame inside the tube is scanned by moving
the piston with a constant speed of 0.7 mm/s. The scattered light from the
laser beam inside the tube is recorded by a AVT-PIKE F-032b CCD-camera with
a frame rate of 8 fps. The camera lens is equipped with an interference filter
(center wavelength 450 nm and bandwidth 10 nm) to filter out flame radiation.
The Rayleigh scattering images recorded during the piston motion are utilized
to reconstruct the temperature field inside the tube using the known image scale
and frame rate, achieving a resolution of 0.05 mm in horizontal direction and
0.175 mm in vertical direction.

The details on the Rayleigh scattering experiment and data processing can
be found in chapter 2. The effective Rayleigh scattering cross section for the
present lean limit flames is evaluated using the numerically predicted distri-
bution of species in the studied flames, as shown in Fig. 3.5. The effective
Rayleigh scattering cross section is scaled by the effective Rayleigh cross section
for the corresponding unburned mixture, as the calibration of the measurements
is performed using the corresponding unburned mixture. The estimated error,
based on Fig. 3.5, indicating by the variations of the effective cross-section, does
not exceed 1% and 0.5% for (20% H2+80% CH4)-air flames and (40% H2+60%
CH4)-air flames, respectively.

Flame chemiluminescence is recorded at a fixed piston position at a dis-
tance of 50 mm from the outlet of the tube. An AVT-PIKE F-032b CCD-camera
equipped with an interference filter (430 nm and bandwidth 10 nm) is employed
to record the CH∗ chemiluminescence radiation. The chemiluminescence im-
ages represent a line-of-sight integrated emission intensity. The in-plane radial
emission intensity distributions are recovered by Abel inversion of the horizontal
recorded intensity profiles.

For both PIV and Rayleigh temperature measurements, cylinder gases (H2,
CH4, synthetic air) with 99.9% purity are used in the experiments. Mass flow
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Figure 3.4: Schematic of experimental setup for Rayleigh temperature mea-
surement.

(a) φ = 0.390 (b) φ = 0.315

Figure 3.5: Scaled effective Rayleigh scattering cross section for the lean
limit flames. a. 20% H2; b. 40% H2. The effective Rayleigh scattering cross
section for lean limit flames is scaled by the effective Rayleigh scattering
cross section of the unburned mixture at 1 bar and 300 K.
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3.4. Numerical approach

controllers with an uncertainty less than 1% are employed to control the supply
of H2, CH4 and synthetic air. Small fluctuations of mixture compositions in-
duced by the mass flow controllers’ inherent instability are damped by a buffer
mounted in the gas line before the mixture is supplied to the burner. The mixture
is ignited at the bottom of the burner at a sufficiently large equivalence ratio
using a household lighter. A lean limit flame can be stabilized inside the tube by
decreasing the equivalence ratio. The tube wall is kept at room temperature by
supplying cooling air behind the quartz tube.

3.4 Numerical approach

The laminar and axisymmetric flames under study are mathematically described
by the conservation equations of mass, momentum, energy and species in a
cylindrical coordinate system, as described in chapter 2. The flow is treated as a
mixture of perfect gases under the assumption of an ideal gas equation of state.
The set of governing equations is solved by the body-fitted, multi-block, adaptive
mesh refinement, finite-volume framework that has been originally developed
by Groth and co-workers [45, 47, 48]. Thermodynamic properties, transport
properties and species net production/destruction rate are all computed by the
open-source library CANTERA [49].

In the simulations, the computational domain is a cylindrical channel with a
radius of 15 mm and a height of 50 mm, as shown in Fig. 3.6. The left boundary
of the domain aligns with the axis of symmetry. The upper boundary is assumed
to be isothermal with a temperature of 300 K. The upper boundary also accounts
for the diffusion of fuel/air mixture across the boundary. The fuel/air mixture
is supplied uniformly from the upper boundary. The right boundary is treated
as a non-slip and iso-thermal boundary with a temperature of 300 K according
to measured temperatures of the tube wall. The lower boundary is modelled as
a free outflow. The diffusion velocity is computed using the mixture-averaged
transport model. The skeletal mechanism for CH4 of Smooke [50] is employed
in the present simulations, which consists of 16 species and 25 elementary reac-
tions. These chemical and transport models yield good qualitative results in the
simulation of ball-like lean limit flames in our previous research [40]. Gravity
and radiative heat loss are taken into consideration. Thermal radiation is mod-
elled via the optically-thin Planck model. The Planck mean absorption coeffi-
cient of the mixture is evaluated from the major radiating species CO2, H2O and
CO. The individual coefficients are calculated using a statistical narrow-band
model and the dataset of Soufiani and Taine [51]. The solutions are obtained
with up to three levels of mesh refinement, achieving a minimum resolution of
54 µm for all the cases. These levels of resolution are found to be sufficient
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Figure 3.6: Schematic of the computational domain and boundary condi-
tions.

to get grid-independent solutions due to the relatively large flame thickness for
flames near the lean limit. The conditions of the simulated cases are listed in
Table 3.2.

Table 3.2: Summary of conditions for the simulated cases with the tube
diameter of 30 mm.

Case Fuel Vin (cm/s) φ

A 20% H2 + 80% CH4 11.8 0.440
B 20% H2 + 80% CH4 11.8 0.410
C 20% H2 + 80% CH4 11.8 0.395
D 20% H2 + 80% CH4 11.8 0.390
E 40% H2 + 60% CH4 13.7 0.400
F 40% H2 + 60% CH4 13.7 0.340
G 40% H2 + 60% CH4 13.7 0.330
H 40% H2 + 60% CH4 13.7 0.315
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3.5 Results and discussion

3.5.1 Flame shape and overall structure

Figure 3.7 displays the Abel inverted CH∗ chemiluminescence distributions for
the flames with different H2 contents in the fuel gases as a function of equiva-
lence ratio (φ). For both H2-containing mixtures, a transition from bubble-like
flames, with a long decaying skirt, to cap-like flames with a sharp visible flame
edge at the bottom is observed with the decrease of equivalence ratio. This
transition is accompanied by formation of a secondary, weak flame front inside
the cap-like flame. The secondary flame front connects the bottom edge of the
main front of the flame, and, like the main one, is convex toward the burner
inlet side. It is seen in Fig. 3.7 that the CH∗ luminosity of the secondary flame
front for the (40% H2+60% CH4)-air flame is weaker than that for the (20%
H2+80% CH4)-air flame, indicating a lower burning rate of CH4. Also, the size
of the lean limit flame in the (20% H2+80% CH4)-air mixture is smaller than
that in the (40% H2+60% CH4)-air mixture. A weak visible line which is convex
toward the downstream side in some flames is caused by the Abel inversion error,
because of slight asymmetry of the bottom edge of the flames.

The lean flammability limits obtained in the experiments for the mixtures
with 20% and 40% H2 contents are φ = 0.395 and 0.31, respectively, which are
in agreement with those measured in long vertical tubes with inner diameters
of 25 mm and 35 mm [39]. A slight decrease of the equivalence ratio below
the lean limit value leads to flame extinction. During the quenching process, the
bottom edge of the flame collapses toward the middle of the flame, forming, at
the final stage, a ball-like flame, which propagates upward and then quenches
when it touches the perforated plate.

Figure 3.8 displays the measured velocity field for the lean limit flames in
the mixtures with 20% and 40% H2 contents. The flame front in Fig. 3.8 is
determined by the maximum luminosity of the flame image which is visible
on the PIV images (Fig. 3.3). The lean limit flame containing 20% H2 (φ =
0.395) is extinguished by the PIV particles in the experiments. Therefore, the
PIV measurement for the lean limit flame of (20% H2+80% CH4)-air mixture
is performed at φ = 0.397, which is found to be the lean limit for the seeded
mixture. It can be seen in Fig. 3.8 that the entire lean limit flame in both H2-
containing mixtures is located inside a recirculation zone, reflecting that no fresh
mixture is delivered to the reaction zone by convection across the stagnation sur-
face. In the main flame front, the transport of the unburned mixture below the
stagnation surface to the reaction zone is solely caused by diffusion against the
convective flow of combustion products. The local gas velocity in the reaction
zone is directed against the velocity of the fresh mixture flow, which is char-

49



Chapter 3. Cap-like flames

(a)
φ

=
0.44

(b)
φ

=
0.42

(c)
φ

=
0.40

(d)
φ

=
0.395

(e)
φ

=
0.34

(f)
φ

=
0.33

(g)
φ

=
0.32

(h)
φ

=
0.31

Figure
3.7:

The
A

bel
inverted

C
H
∗

chem
ilum

inescence
distributions

for
different

equivalence
ratios

for
(20%

H
2 +

80%
C

H
4 )-air

flam
es

(upper)
and

(40%
H
2 +

60%
C

H
4 )-air

flam
es

(low
er).

50



3.5. Results and discussion

acterized as a negative flame displacement speed [66]. The local flame speed
of the secondary flame front can be characterized as positive if its propagation
relative to the gas flowing upward in the recirculation zone is considered. A
negative flame displacement speed was first experimentally observed in coun-
terflow premixed flames [67, 68]. Also, a possibility for the occurrence of a
negative flame displacement speed in a lean limit CH4-air flame propagating in
a standard flammability tube is theoretically predicted in Ref. [56]. However, the
authors claimed that the steady state upward propagation lean limit flame with
negative flame displacement speed is not experimentally observable, because,
according to the authors, the flame would be extinguished by the flux of cooled
combustion products into the reaction zone. The speculations of the authors,
however, were related to CH4-air flames, for which the Lewis number is close to
unity and flame-stretch-induced preferential diffusion effects are small. In low
Lewis number mixtures, however, the enhancement of the local flame burning
intensity at the flame leading edge due to strong preferential diffusion can, at
least to some extent, compensate the cooling effect of the counterflowing com-
bustion products. An additional crucial factor that makes survival of the cap-like
flames with negative flame speed possible is the presence of the secondary flame
front inside the cap-like flames, which supports the leading front by providing an
additional amount of flame heat. The secondary flame front is formed, because
a large fraction of the unburned mixture leaks from the upstream side to the
downstream side. This will be clarified by numerical results in the following
paragraphs.

Figure 3.9 displays the simulated distributions of chemical heat release rate
and streamlines for the flames with different H2 contents at different equiva-
lence ratios. It is seen that the experimentally observed transition from bubble-
like flame to cap-like flame is qualitatively predicted by the numerical simula-
tions. Both in experiments and simulations, this transition happens suddenly
when the inlet equivalence ratio is reduced, while no intermediate regime is
observed. It also can be seen in Fig. 3.9 that a recirculation zone occurs in the
flames as the lean limit is approached, which is due to the fact that buoyancy-
induced natural convection becomes important near the lean limit as the flame
burning velocity becomes smaller. Consistent with the experimental results, the
simulated lean limit flames for both H2-containing mixtures are entirely located
inside a recirculation zone. Besides, the occurrence of a recirculation zone is
accompanied by the appearance of a local minimum of the heat release rate at
the flame tip for the (20% H2+80% CH4)-air flames, while this phenomenon is
not observed for the (40% H2+60% CH4)-air flames. This phenomenon can be
explained by the coupling effect of radiative heat loss and preferential diffusion.
For both cap-like lean limit flames, the tangential speed along the flame front
has the lowest values near the flame tip. Consequently, the gas near the flame
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(a) φ=0.397 (b) φ=0.310

Figure 3.8: Experimentally measured velocity fields for the lean limit flames
with different H2 contents. a. (20% H2+80% CH4)-air flame; b. (40%
H2+60% CH4)-air flame. The black line denotes the main flame front.

tip is effectively cooled by radiative heat loss. For the (20% H2+80% CH4)-air
flames, the reduction in burning intensity at the flame tip caused by radiative
heat loss dominates the increase in burning intensity at the flame tip caused by
the coupling effects of positive flame stretch and preferential diffusion, thus a
local minimum appears in the heat release rate at the flame tip. Conversely, for
the (40% H2+60% CH4)-air flames, with more H2 content in the fuel gases, the
opposite situation takes place and the heat release rate peaks at the flame tip.
The validity of this argumentation will be further demonstrated in section 3.5.5
by performing detailed numerical simulations without radiative heat loss.

The predicted lean flammability limit in the mixture with 20% H2 content
is obtained at φ = 0.39, which is slightly lower than the experimental value.
However, the predicted lean flammability limit in the mixture with 40% H2
content is attained at φ = 0.315, which is slightly larger than the corresponding
measured one. This can be attributed to uncertainties of the transport model
and chemical mechanism, as the prediction of lean limit flames is very sensitive
to the chemical mechanism and transport model [45].

Figure 3.10 presents the mass fraction distributions of CH4, H2 and O2 for
the lean limit flame with 40% H2 content. It can be seen that a large fraction of
CH4, H2 and O2 leaks from the upstream side to the downstream side through
the gap between tube wall and flame. The species (H2, CH4, and O2) diffuse
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Chapter 3. Cap-like flames

(a) CH4 (b) H2 (c) O2

Figure 3.10: Mass fraction distributions of CH4, H2 and O2 for the flame
with 40% H2 content at φ = 0.315.

from the peripheral near-wall flow into the recirculation zone and are then
brought back to the flame region with the upward convective flow in the core
of the recirculation zone. Though the unburned mixture inside the recirculation
zone is highly diluted by the combustion products, the burning of this mixture
is made possible by preheating: a large amount of the heat generated in the
primary front is also transported to the secondary flame front by conduction.

The centerline variations of chemical heat release rate and net consumption
rates of CH4 and H2 for the flames in two different H2-containing mixtures
with different inlet equivalence ratios are displayed in Fig. 3.11. It can be seen
that chemical heat release rate decreases significantly with the decrease of inlet
equivalence ratio. The presence of two peaks for the heat release rate is observed
for the lean limit flames. Similar to the heat release rate, both net consumption
rates for CH4 and H2 diminish with decreasing the inlet equivalence ratio. How-
ever, only CH4 exhibits two clear peaks for the net consumption rate, indicating
that the heat release in the middle part of the secondary front of the lean limit
flames is mainly caused by the consumption of CH4. The disappearance of H2
at the apex of the secondary flame front can be explained by the fact that the
secondary flame front is negatively stretched, as the flow configuration there
is similar to the one at the apex of a Bunsen flame. Negative flame stretch
is known to weaken low Lewis number flames [69]. Because H2 is a highly
diffusive component, the preferential diffusion effect is much stronger for H2
compared to CH4. This phenomenon is qualitatively similar to weakening or
extinction of the tip of a Bunsen flame for low Lewis number mixtures [70].
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Chapter 3. Cap-like flames

3.5.2 Flame temperature

The experimentally measured (a-h) and numerically simulated (i-p) tempera-
ture fields for the flames in the mixtures with 20% (a-d, i-l) and 40% (e-h,
m-p) H2 contents at different inlet equivalence ratios are shown in Fig. 3.12.
A qualitative agreement between measured and simulated temperature fields is
observed. It also can be seen that the size of the hot core region decreases with
diminishing inlet equivalence ratio for both measured and simulated flames.
For the simulated flames, the maximum flame temperature for all the flames is
achieved near the flame tip except for the simulated flames containing 20% H2
in the fuel gases at the inlet equivalence ratios of 0.395 and 0.39. The maximum
temperature along the flame centerline for both flames is about 16 K lower than
the maximum flame temperature. The reason for this is radiation as has been
explained in section 3.5.1. The lack of a lower temperature at the flame tip in the
measured temperature field can be attributed to the experimental uncertainties
which exceed the 16 K.

The measured and simulated centerline distributions of the temperature for
the lean limit flames with different H2 contents are presented in Fig. 3.13. It
is seen that the flame temperature rapidly increases at the upstream side and
decreases significantly at the downstream side. Notably, the cooled low density
mixture is effectively heated up when the mixture flows upward through the
secondary flame front. Consequently, the temperature inside the flame stays
nearly constant. Even though the heat release rate in the secondary flame front is
much smaller than in the flame leading edge, the thermal effect of the secondary
flame front is significant, because the gas mass flow rate through the secondary
flame front is small. The heated combustion products are then transported into
the main flame front reaction zone, preventing the extinction of the main flame
front. The experimental cap-like flame with 20% H2 content is shorter than the
simulated one. Correspondingly, the measured high temperature zone is smaller
than the simulated one. Also, the measured maximum flame temperature along
the centerline is slightly larger than that of the simulated flame. For the cap-like
flame with 40% H2 content, the measured centerline flame temperature profile
in the flame region is in good agreement with the simulated temperature, and
the maximum flame temperatures match almost exactly.
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3.5.3 Flame stretch and fuel consumption

For a stationary cylindrically symmetric flame, the local flame stretch rate, k,
can be calculated using [57],

k=
dvt

dL
+
vt cosθ
R

(3.1)

where vt is the tangential component of the gas velocity along the flame front,
L is the distance along the flame front, θ is the angle of the normal to the
flame front and the flame symmetry axis, and R is the radial distance from the
selected flame front location to the symmetry axis. The stretch rate can not
be defined uniquely due to the large flame front thickness. From the present
simulated flames, it is found that, although the value of the local flame stretch
rate changes with the change of flame front location determined by different
isothermal lines, the maximum local flame stretch rate always peaks at the
flame tip. It is also noted that the measured local flame stretch rate distribution
determined for the flame front location defined by the maximum luminosity
is very noisy, because the calculation of flame stretch rate is very sensitive to
vt, and the measured vt along this defined flame front is noisy. Consequently,
the measured and simulated stretch rate distributions along the flame front are
determined at the stagnation surface, where the uncertainty of the measured
vt is small. The definition of the flame front at the stagnation surface was also
used in Ref. [59]. Figure 3.14 shows the measured and the simulated local flame
stretch rate distributions along the flame front for the lean limit flames. It can be
seen that both measured and simulated local stretch rates attain their maximum
values at the top of the flames (L = 0). The measured flame stretch rates are
slightly lower than the simulated ones, though the discrepancy is not large.

Local consumption rates for CH4 and H2, ṁcα, are computed as:

ṁcα =
−1

Ac

∫
Ωlocal

ωαdΩlocal (3.2)

where Ac is the length of the flame front inside the control surface, α denotes
CH4 or H2, ωα is the consumption rate of species α, and Ωlocal is the local
control surface. The flame front for each case is determined at the iso-thermal
line corresponding to the maximum heat release. The local control surface is the
area between two adjacent local normals which are uniformly distributed along
the flame front. The local normals follow the gradient of temperature. The
local consumption rates for CH4 and H2 along the flame front are presented in
Fig. 3.15 from the tip of the main flame front (L = 0) to the tip of the secondary
flame front. It is seen that, for the flames with 20% H2 contents, the local
consumption rates of CH4 and H2 have local minimum values at the flame tip
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for both inlet equivalence ratios. This phenomenon is slightly more distinct at
smaller inlet equivalence ratio, owing to the stronger radiative heat loss relative
to the heat release rate with decreasing inlet equivalence ratio. However, for
the flames with 40% H2 content, the local consumption rates of CH4 and H2 are
nearly constant over the distance from 0 to 5 mm for the flame tip, and decrease
further away from the flame leading point for both inlet equivalence ratios. This
can be argued as follows: with more H2 content in the fuel gases, the increase
in burning rate at the flame tip caused by preferential diffusion dominates the
reduction in burning rate caused by the radiative heat loss. Figure 3.15 further
shows that the local consumption rates of CH4 and H2 at the tip of the main
flame front decrease with the decrease of equivalence ratio, while those peaks
at the flame bottom edge increase due to an increase in local equivalence ratio
caused by flame curvature. An extinction mechanism for the cap-like flames
is proposed based on above observations. With the decrease of equivalence
ratio, the size and intensity of the buoyancy-induced recirculation zone increase,
which leads to a more curved flame bottom edge. As a result, the burning rate at
the bottom edge increases. Correspondingly, the burning velocity of the bottom
edge increases, which causes the flame bottom edge to get closer to the flame
tip and then reaches a new balance between the burning velocity of the bottom
edge and the corresponding flow velocity. However, as the lean limit is reached,
the balance of the burning velocity of the bottom edge and the corresponding
flow velocity can not be maintained, which leads to the extinction of the cap-like
flame.
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Figure 3.15: Distribution of local flame consumption rate for CH4 and H2
along the flame front from the tip of the main flame front to the tip of the
secondary flame front.
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Chapter 3. Cap-like flames

3.5.4 Local equivalence ratio

For low Lewis number flames, the local mixture can be significantly enriched by
the coupling effects of preferential diffusion and positive flame stretch/curvature,
which leads to a larger local equivalence ratio. Therefore, in order to evaluate
the influence of preferential diffusion on the cap-like flames, a local equivalence
ratio is computed for the simulated cases based on mixture fraction. The details
on the calculation of the local equivalence ratio can be found in chapter 2.

Figure 3.16 shows the simulated distributions of local equivalence ratio
scaled by the corresponding inlet value for different H2 contents in the fuel
gases. It can be seen that the variation in equivalence ratio is more pronounced
with more H2 content and with lower inlet equivalence ratio. For the lean limit
flame with 40% H2 content, the maximum increase and decrease in equivalence
ratio with respective to its inlet value are 29.5% and 3%, respectively, while
these for the lean limit flame with 20% H2 content are only 20% and 2.5%.
Figure 3.17 displays the distribution of the local equivalence ratio for the lean
limit flames with different H2 contents in the fuel gases along the flame front
from the tip of the main flame front to the tip of the secondary flame front. The
flame front is defined as the iso-thermal line corresponding to the maximum
heat release rate. It is seen that, for both lean limit flames, the local equivalence
ratio along the flame front peaks at the main flame front tip and flame bottom
edge, respectively, while it has the lowest value at the tip of the secondary flame
front. The enhancement of the local equivalence ratio at the main flame front
and the flame bottom edge is caused by the positive flame stretch rate and flame
curvature, while the reduction of the local equivalence ratio at the secondary
flame front tip relative to the main flame front results from the negative flame
stretch rate and curvature.

3.5.5 Radiative heat loss effect

To assess the effect of radiative heat loss on the local heat release rate for the
lean limit flame with 20% H2 content, numerical simulations without radiative
heat losses are performed. Excluding radiative heat losses from the simulations
significantly extends the flammability limit, from φ = 0.39 with radiation to
φ = 0.34 without radiation. Figure 3.18 shows the simulated distribution of
chemical heat release rate and flow streamlines for the lean limit flames in the
(20% H2+80% CH4)-air mixture at φ= 0.39 with radiative heat loss (a), for the
flame at the same φ without radiative heat loss (b), and for the lean limit flame
at φ = 0.34 without radiative heat loss (c). It can be seen that the difference
for the flame shapes simulated with and without radiative heat loss is prominent
at φ = 0.39. The flame shape and streamline pattern of the flame at φ = 0.39
without radiative heat loss resemble those of the flames at larger equivalence
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Figure 3.17: Distribution of local equivalence ratio along the flame front
from the tip of the main flame front to the tip of the secondary flame front.

ratio with radiative heat loss (Fig. 3.9). Shapes and sizes of the lean limit flames
simulated with and without radiative heat loss (a, c) are comparable. Also,
both lean limit flames are located in a recirculation zone. It should be noted
that no local minimum heat release rate at the flame tip is observed for the
lean limit flame without radiative heat loss. This observation demonstrates that
the lower burning intensity at the flame tip for the near-limit (20% H2+80%
CH4)-air flames (Fig. 3.9 (c,d)) is caused by radiative heat loss. Though the
radiative heat loss affects the distribution of chemical heat release rate along
the flame front as well as the value of the lean limit, it seems to be unimportant
for the extinction mechanism of the present lean limit flame. Both simulated
lean limit flames with and without radiative heat loss begin to extinguish from
the flame bottom edge and collapse towards the leading point when the inlet
equivalence ratio is set slightly below the limit value. This extinction scenario is
also consistent with experimental observation.
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Chapter 3. Cap-like flames

3.6 Conclusions

In this chapter, we investigated the cap-like lean limit flames of two H2-CH4-
air mixtures stabilized inside a 30 mm diameter tube in a downward mixture
flow. As the lean flammability limit is approached, a sudden transition from
bubble-like flame to cap-like flame is observed accompanied by the formation
of a secondary weak flame front inside the flame. This experimentally observed
phenomenon is qualitatively predicted by the numerical simulations.

Both experimental and numerical results show that the cap-like lean limit
flame is located inside a recirculation zone. The entire leading edge of the cap-
like flame is found to be propagating with a negative flame displacement speed.
The burning of the secondary weak flame front is supported by the unburned
mixture which leaks between the cap-like flame and tube wall and the released
heat from the main flame front. The presence of the secondary weak flame front
is a key feature of the studied cap-like flames, which allows the main flame
front to propagate with a negative flame displacement speed. The measured
flame temperature is in reasonable agreement with the predicted temperature.
The maximum local stretch rate is attained at the flame tip, which is similar
to the CH4-air flames in a tube. It is also found that radiative heat loss has a
significant influence on the lean flammability limit of the cap-like flames. The
extinction of the cap-like flame could be caused by the imbalance of the flame
bottom edge burning velocity and the flow velocity.
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Chapter 4
Self-organization of multiple ball-like lean
limit flames

This chapter is based on: Zhen Zhou, Yuriy Shoshin, Francisco E. Hernández-
Pérez, Jeroen A. van Oijen & Laurentius P.H. de Goey (2017): Formation and
stabilization of multiple ball-like flames at earth gravity. Combustion and Flame,
in revision.

4.1 Introduction

Kagan and Sivashinsky [41] numerically found that a two-dimensional (2D)
flame front breaks into separate closed-front flamelets at zero-gravity conditions
in the presence of sufficiently high radiative heat loss. The closed-front flamelets
were further theoretically studied by Brailovsky and Sivashinsky [43], showing
that, besides the stationary flame ball, there may also exist so-called travel-
ling flame balls. Fursenko and Minaev [42] numerically simulated the three-
dimensional flame propagation in a diverging channel at zero-gravity condition,
observing multiple ball-like flames which split and extinguish when the radia-
tive heat loss is sufficiently large. Recently, Takase et al. [71] experimentally
observed that a ball-like low-Lewis-number flame exists near the lean limit in a
low-stretch counterflow burner at micro-gravity conditions. Moreover, Fursenko
et al. [72] experimentally and numerically identified the combustion regimes of
low-Lewis-number stretched premixed flames at micro-gravity conditions, and
predicted a set of unstable ball-like flames near the lean limit. It should be
noted that all the above studies were conducted at micro-gravity or zero-gravity
conditions.
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Chapter 4. Multiple ball-like flames

Shoshin and de Goey [39] observed a transition from a cell-like propagating
flame to a ball-like flame in hydrogen–methane–air mixtures near lean limit
in experiments on flame propagation in a tube under normal gravity. Shoshin
et al. [40] further studied this ball-like lean limit flame by experiments and
numerical simulations. Subsequently, a ball-like lean limit flame was stabilized
in a downward mixture flow [44]. A detailed comparison between these exper-
imental and numerical ball-like flames has been conducted by Hernández-Pérez
et al. [45]. However, it remains unclear how crucial the wall confinement is for
the formation of ball-like flames. In order to understand the confinement effect,
the following two questions have to be answered:

1. Can multiple ball-like flames appear in a space much larger than the size
of the ball-like flames at normal gravity conditions? There is a reason
to believe that there may exist a symmetric structure of multiple ball-like
flames at normal gravity. Groups of unsteady and small flame structures
have been observed earlier in experiments on the propagation of ultra-
lean hydrogen-containing flames in a wide (50 mm) tube at normal grav-
ity conditions [3, 39, 73, 74]. Those flamelets, however, were strongly
affected by the convective flow, resulting in an irregular flame shape, and
were described as not closed “flame caps” instead of ball-like flame struc-
tures. Still, multiple ball-like flames at normal gravity might be attainable
by reducing convection.

2. If so, what are the differences between ball-like flames in a relative large
space and ball-like flames confined in small tubes?

The aim of present chapter is to answer the above questions. An exper-
imental setup is developed to investigate combustion regimes of low-Lewis-
number flames in a relatively large space at normal gravity conditions in a
downward mixture flow. Using a downward flow allows to localize buoyancy-
affected flames within a short test region, and to perform a more detailed study
comparable to the case of propagating flamelets. The near-limit combustion
regimes in a downward mixture flow at normal gravity condition are studied
for H2-CH4-air mixtures at different H2/CH4 ratios and equivalence ratios (φ).
Numerical simulations are performed in a 2D cylindrically symmetric domain
at conditions approximately representing the ones for a single unit of an array
of stabilized flamelets observed in the experiments, and further contrasted with
a corresponding flame in a narrow tube. In the following sections, the experi-
mental setup and numerical approach are presented, and the experimental and
numerical results are discussed. Finally, concluding remarks are given.
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Figure 4.1: Schematic of experimental setup.

4.2 Experimental setup

A schematic of the experimental setup is shown in Fig. 4.1. The burner consists
of a plenum chamber with a width of 15 cm and a height of 25 cm and a quartz
tube with an inner diameter of 5.5 cm and a height of 4 cm. The unburned
mixture first flows into the plenum chamber, is preconditioned by a metal foam,
and then flows into the quartz tube through a perforated plate with a diameter of
5.5 cm, thickness of 2 mm and uniformly spaced with a 0.5 mm pitch. The metal
foam with mean pore size of 1.0 mm is located at 80 mm from the top of the
plenum chamber. Thereby, a uniform mixture flow at the top end of the quartz
tube is produced. The composition of the unburned mixture is controlled by
mass flow controllers with an uncertainty of less than 1%. In the experiments,
the unburned mixture is ignited at the bottom of the burner at a sufficiently
large equivalence ratio and then the equivalence ratio is reduced in a step-wise
manner. Two AVT-PIKE F-032b CCD-cameras are employed to record the natural
chemiluminescence of the flames from the side of the tube and from the bottom
of the tube (with the help of a 45o mirror). The tube wall is cooled by an air
flow. The cooling flow is supplied through the small holes which are vertically
aligned and injected directly to the outer side of tube wall.

In order to stabilize the multiple lean limit flames, in some experiments
a corrugated wire mesh is installed at 10 mm below the perforated plate to
introduce small random spatial variations of the inlet velocity. The wire mesh
is gently punched by a steel ball of 4 mm diameter at random positions, pro-
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Chapter 4. Multiple ball-like flames

ducing 2 mm deep bumps on the mesh surface. The CH∗ chemiluminescence
for the lean limit flames that are stabilized below the middle part of perforated
plate and not affected by the tube wall is recorded by a AVT-PIKE F-032b CCD-
camera, equipped with an interference filter (430 nm and bandwidth 10 nm).
The chemiluminescence images show a line-of-sight integrated emission inten-
sity of cylindrically symmetric flames. The in-plane radial emission intensity
distribution is recovered by Abel inversion. The conditions of experiments are
listed in Table 4.1. In order to compare the lean limit flames obtained in the
present chapter with the previously studied lean limit flames in a tube with a
much smaller inner diameter of 13.5 mm [45], the inlet velocities in the present
experiments are set equal to the velocity near the blow off limit for the lean limit
flames in the tube with an inner diameter of 13.5 mm. It should be mentioned
that, with higher inlet velocity in the experiments, the lean limit flames are more
affected by the convective flow, resulting in multiple flamelets with irregular
shapes as observed in Ref. [39]. However, when the inlet velocity is larger than
6.5 cm/s, the heat loss to the burner deck has almost no influence on the lean
flammability limit.

Table 4.1: Summary of conditions for the experiments with different ratios
of CH4 and H2.

Condition Fuel Compositions Vin (cm/s)
I CH4 0.58
II 20% H2 + 80% CH4 0.72
III 40% H2 + 60% CH4 0.72
IV 60% H2 + 40% CH4 0.72
V 80% H2 + 20% CH4 0.73

4.3 Experimental observations and discussion

Figure 4.2 shows the natural chemiluminescence distributions for CH4–air flames
at two equivalence ratios. For a sufficiently large equivalence ratio, a planar
flame forms. Images of the planar flames are omitted for brevity. It is seen
that, for CH4–air flames, a transition from flat flame to wrinkled flame occurs
by decreasing equivalence ratio. Furthermore, as the equivalence ratio reaches
the lean flammability limit (φ = 0.475), the flame front of the CH4–air flame
becomes significantly wrinkled. Although the Lewis number of CH4 is close
to unity, it lies below one and the burnt gas Markstein number of a CH4–air
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mixture near the lean flammability limit is negative [75]. Thus, preferential
diffusion effects can be expected. Furthermore, the Karlovitz number increases
with the decrease of equivalence ratio due to the decrease of laminar burning
velocity and the increase of the flame thickness, which enhances the preferential
diffusion effects near the lean flammability limit. Notably, the flame front re-
mains continuous without strong local extinction in flame cusps. However, with
addition of H2 to CH4, the combustion behavior becomes more complex with
the decrease of equivalence ratio, owing to the enhancement of preferential
diffusion effects, as compared with CH4–air flames. Figure 4.3 illustrates the
evolution of the combustion regimes for (80% H2+20% CH4)–air mixtures with
decreasing equivalence ratio down to the lean flammability limit value. It is
observed that, with decreasing equivalence ratio, the flat flame first changes
to a set of small cell-like flames (a, e) which move chaotically. With a further
reduction in equivalence ratio, the cell-like flames begin to merge together form-
ing larger cell-like flames with irregular shape (b, f) (distorted cap-like flames).
These cellular flame structures move chaotically and the size of these structures
changes in time. With further decrease in equivalence ratio, the top part of the
distorted cap-like flames becomes flatter and weaker, while the bottom part of
the flame shows maximum luminosity (c, g). The cellular structures in Figs. 3(c,
g) oscillate slightly and their size has almost no change in time. Finally, the
distorted cap-like flames separate into a set of ball-like flames, which display
chaotic motion (d, h).

The key features of the motion of the ball-like flames below the perforated
plate are illustrated by a sequence of flame images in Fig. 4.4. It is found that
some ball-like flames split into two secondary ball-like flames which are nearly
identical to the primary one. Meanwhile, some ball-like flames are blown down
into the combustion products and extinguish. This evolution pattern of the ball-
like flames is similar to that found by simulations in Ref. [42] for lean limit
flames in a diverging channel at zero-gravity conditions.

The combustion regimes that were encountered for other low-Lewis-number
flames with different levels of H2 addition fall into the above described sequence
of the combustion regimes. The observed regimes are mapped in Fig. 4.5 as func-
tion of the H2/CH4 ratio and equivalence ratio. The dotted line and dashed line
in Fig. 4.5 just roughly separate the flat flames, cell-like flames and distorted cell-
like flames, but do not indicate an abrupt change of combustion regimes across
these boundaries because the transition between combustion regimes can not be
clearly defined in the experiments. However, the boundary line between ball-
like and distorted cell-like flames is very clear in the experiments. The distorted
cell-like flames break into several ball-like flames at a certain equivalence ratio.
The ball-like flames can only be obtained in a very narrow range of equivalence
ratio. This narrow range of equivalence ratio increases with the decrease of
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(a) φ=0.53, Bottom View (b) φ=0.53, Side View

(c) φ=0.475, Bottom View (d) φ=0.475, Side View

Figure 4.2: Natural chemiluminescence distributions for CH4–air flames
with different equivalence ratios. The light gray line indicates the surface
of the perforated plate.
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Figure 4.5: Experimentally observed combustion regimes with different H2
contents in the fuel gases as a function of equivalence ratio.

Lewis number. The main differences found for the combustion behavior of mix-
tures with different H2 contents in the fuel are the change in size and shape of
flamelets at lean limit conditions. With increasing H2 content in the fuel gases,
the lean limit flamelets become smaller and evolve from a flattened to a ball-like
shape, with more uniform flame front chemiluminescence intensity.

To stabilize the flamelets below the perforated plate, small perturbations are
added to the flow field using a randomly corrugated wire mesh installed 10 mm
below the perforated plate. Bottom views of stable flame patterns for mixtures
with different H2 contents are presented in Fig. 4.6. For (20% H2+80% CH4)–
air flames (Fig. 4.6(a)), only one flamelet is located below the middle part of
the perforated plate. Several flames with irregular shape are distributed near
the tube wall. The irregular shape of these flames can be attributed to the
influence of the tube wall. In the mixtures with higher H2 contents, several
flamelets appear around the middle part of the perforated plate. The shapes
of the flamelets in the middle part of the perforated plate are nearly identical,
while the shapes of the flamelets near the tube wall slightly differ from those
located in the middle part of the perforated plate. Furthermore, the flame pat-
terns in the mixtures with higher H2 contents tend to form a planar, polygonal
array of flames, even though the spatial flow variations introduced by the mesh
are of a random character. However, some flamelets below the middle part of
the perforated plate are “missing” from the overall polygonal pattern, since the
stability of the flames is sensitive to flow fluctuations.

Figure 4.7 displays the Abel-inverted CH∗ chemiluminescence images of se-
lected flamelets stabilized around the middle part of the perforated plate in the
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(a) φ=0.39, 20% H2 (b) φ=0.309, 40% H2

(c) φ=0.235, 60% H2 (d) φ=0.16, 80% H2

Figure 4.6: Stable flame patterns for different H2 contents in the fuel gases
bundled with corrugated mesh.
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(a) φ=0.39 (b) φ=0.309 (c) φ=0.235 (d) φ=0.16

Figure 4.7: Abel-inverted CH∗ chemiluminescence distributions of the ball-
like lean limit flames with different H2 contents in the fuel gases. (a): 20%
H2, (b): 40% H2, (c): 60% H2 and (d): 80% H2.

mixtures with different H2 contents, in side view. It shows that the lean limit
flames with 20%, 40% and 60% H2 contents have oblate spheroidal, closed
shapes with a non-uniform flame front: natural chemiluminescence is stronger
at more curved flame front segments. The width of the lean limit flame decreases
considerably with the increase of H2 content from 20% to 40%, and remains
nearly the same with a further increase of H2 content from 40% to 60%. It
should be noted that the size (half width = 2.1 mm) of the ball-like flames in
the 40% H2-containing mixture is larger than that (half width = 1.8 mm) in a
tube with an inner diameter of 13.5 mm [45]. As for the lean limit flame with
80% H2 content, it has a nearly spherical shape, and the intensity of the flame
front becomes relatively uniform.

To gain more insights into the characteristics of these limit flames with dif-
ferent H2 contents and contrast them with the ball-like flame in a narrow tube
having an inner diameter of 13.5 mm [45], detailed numerical simulations were
conducted. The numerical approach and simulation results are discussed in the
following two sections.

4.4 Numerical approach

The laminar flames under consideration are mathematically described by the
conservation equations of mass, momentum, energy, and species in a cylindrical
coordinate system. The governing equations have been presented in chapter 2.
The flow is treated as a mixture of perfect gases under the assumption of an ideal
gas equation of state. The set of governing equations is solved by the body-fitted,
multi-block, adaptive mesh refinement, finite-volume framework that has been
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originally developed by Groth and co-researchers [45, 47, 48]. Thermodynamic
properties, transport properties and species net production/destruction rates are
all computed by the open-source library CANTERA [49].

The pattern of the stable lean limit flames that form below the perforated
plate closely resembles a planar, polygonal array of laminar flames, as shown
in the above section. The numerical simulation of a set of lean limit flames is
simplified by considering a single flame in a cylindrical domain with a diameter
which equals the characteristic distance between the centers of adjacent flame
elements in such array. The computational domain is a two-dimensional cylin-
drical channel with a height of 3 cm (see Fig. 4.8) and the radius is determined
by averaging the distance between the centers of adjacent, stable, ball-like lean
limit flames recorded in the experiments and taking half of the mean distance.
The determined radii are specified in Table 4.2. The left boundary of the domain
corresponds the axis of symmetry of the flame. The right boundary is treated as a
symmetry one, which can also be seen as a slip and adiabatic wall (zero-gradient
conditions for temperature and species mass fractions). The upper boundary is
assumed to be iso-thermal with a temperature of 300 K and accounts for the
diffusion of fuel/air mixture across the boundary, whereas the lower boundary
is modelled as a free outflow.

The diffusion velocity is computed using the mixture-averaged transport
model. The skeletal mechanism for CH4 of Smooke et al. [50] is employed
in the present simulations, which consists of 16 species and 25 elementary re-
actions. These transport and chemical models obtained good qualitative results
in the simulation of ball-like lean limit flames in our previous research [40, 45].
Gravity and radiative heat loss are taken into consideration. Thermal radiation
is modelled via the optically-thin Planck model. The Planck mean absorption co-
efficient of the mixture is evaluated from the major radiating species CO2, H2O
and CO. The individual coefficients are calculated using a statistical narrow-
band model and the dataset of Soufiani and Taine [51]. The conditions for the
simulated cases are summarized in Table 4.2. Note that in order to assess the
tube diameter and boundary condition effects on the prediction of the lean limit
flames, two extra cases (D, E) for the lean limit flames inside a 13.5 mm diam-
eter tube with different right boundary conditions are included. The numerical
solutions are obtained with up to three levels of mesh refinement, achieving a
minimum cell size of 54 µm for all the cases. These levels of resolution are found
to be sufficient to get grid-independent solutions. Local time-stepping along
with the low-Mach number preconditioner described by Weiss and Smith [76]
and the explicit multi-stage optimally-smoothing time marching scheme of van
Leer et al. [77] were used to obtain the time-invariant solutions. For each case,
a solution was first obtained at a higher equivalence ratio and this solution
was then utilized as the initial condition for a new computation with a slight
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Figure 4.8: Schematic of the computational domain and boundary condi-
tions.

decrease in equivalence ratio. The procedure was repeated until a solution for
the limit equivalence ratio was achieved. In each computation, the L2-norm of
the residuals for density and momentum was driven below 1×10−6.

Table 4.2: Summary of conditions for the simulated cases. R0 is the radius
of the domain, RBC is the right boundary condition, SYM is the Symmetry,
and NIW is the non-slip, isothermal wall.

Case Fuel Vin (cm/s) φ R0 (mm) RBC
A 40% H2 + 60% CH4 0.72 0.316 8 SYM
B 60% H2 + 40% CH4 0.73 0.25 7.5 SYM
C 80% H2 + 20% CH4 0.73 0.18 7 SYM
D 40% H2 + 60% CH4 0.72 0.315 6.75 SYM
E 40% H2 + 60% CH4 0.72 0.315 6.75 NIW
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4.5 Numerical lean limit flames and discussion

The experimentally-observed, stable, ball-like, lean limit flames that formed
below the perforated plate are modelled by simulating single lean limit flames
in domains with an adiabatic slip wall (symmetry) boundary to represent the
symmetry between adjacent ball-like fronts. The radii of the domains for the
40%, 60% and 80% H2-content in the fuel are 8 mm, 7.5 mm and 7 mm,
respectively. In addition, for comparison, two ball-like lean flames (Cases D and
E) in a tube with an inner diameter of 13.5 mm are simulated with adiabatic slip
wall (symmetry) and no-slip iso-thermal wall boundary conditions, respectively.
Figure 4.9 displays the simulated distributions of chemical heat release rate and
streamlines for the computed ball-like lean limit flames at the various conditions.
It is seen that the predicted lean limit flames (a-d) in the domains with the
adiabatic slip wall have ellipsoidal shapes, qualitatively similar to the lean limit
flames recorded in the experiments. However, the predicted lean limit flame
(e) in the domain with the no-slip isothermal wall displays a shape closer to a
spherical one. Figure 4.9 also shows that, by adding more H2 to the fuel, the
size of the lean limit flame decreases, which is consistent with the experimental
observations (Fig. 4.7). For all the predicted lean limit flames, the flame size and
the lean flammability limit are, nevertheless, slightly larger than those measured
in the experiments. Also, the experimental lean limit flamelet in the mixture
with 80% H2 is more spherical and has a more uniform front than the simulated
one. These discrepancies could be attributed to uncertainties in the chemical
kinetic and transport models, as the prediction of the lean limit flames is very
sensitive to the transport and chemistry models [45]. Besides, the simplified
approach to represent the interaction between adjacent flame elements in the
array of ball-like flames is just an approximation.

Figure 4.9 further shows that all the simulated lean limit flames are located
inside a recirculation zone which is induced by the buoyancy force acting on the
hot gases as the flame burning velocity becomes small. This result suggests that
such a recirculation zone is also an attribute of lean limit flamelets of H2–CH4–
air mixtures stabilized below the perforated plate in the experiments. The recir-
culation zone is probably a key factor which makes the formation of the ball-like
flames at normal gravity possible. If the recirculation is not too strong, it forms a
region with low speed, which minimizes the role of convection. However, if the
recirculation velocity is strong, it may distort ball-like flames making them non-
spherical and non-uniform. As shown in Table 4.3, the maximum upward veloc-
ity (Vup) that is induced by buoyancy along the centerline is significantly larger
for the flames that are part of the array, compared to that of the single flames
in the tube with a diameter of 13.5 mm. Therefore, the ellipsoidal shape of the
lean limit flames attained in the present experiments using a larger tube can be
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(a) Case A (b) Case B (c) Case C (d) Case D (e) Case E

Figure 4.9: Distributions of chemical heat release rate (W/m3) and flow
streamlines for the lean limit flames in the mixtures with different H2 con-
tents and with different domain radii and right boundary conditions.

explained by the stronger impact of buoyancy, as compared to its counterpart in
the narrow tube. Besides, for the predicted lean limit flames that are part of the
array, the heat released from the flame front is almost completely removed by
heat convection through the tube outlet. The stability of the multiple ball-like
lean limit flamelets at normal-gravity conditions is determined by convective
heat loss. This differs from micro-gravity flame balls which are stabilized by
radiative heat loss.

Table 4.3: Maximum upward velocity (Vup) along the centerline induced
by buoyancy for the simulated cases. RBC is the right boundary condition,
SYM is the Symmetry, and NIW is the non-slip, iso-thermal wall.

Case Fuel φ RBC Vup cm/s
A 40% H2 + 60% CH4 0.316 SYM 9.30
B 60% H2 + 40% CH4 0.25 SYM 8.95
C 80% H2 + 20% CH4 0.18 SYM 8.95
D 40% H2 + 60% CH4 0.315 SYM 9.14
E 40% H2 + 60% CH4 0.315 NIW 6.00

For micro-gravity flame balls, fuel transport is exclusively governed by diffu-
sion, while for the 2D ball-like lean limit flames, fuel transport is controlled by
both diffusion and convection. In order to qualitatively assess the relative roles
of diffusive and convective transport in the present 2D lean limit flames, the con-
vective and diffusive fluxes of CH4 and H2 are determined and further compared
with the ones in one-dimensional (1D) micro-gravity flame balls and planar
flames. The convective and diffusive fluxes of CH4 and H2 for the near-limit 1D
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planar flame (φ = 0.46) and 1D micro-gravity flame ball (φ = 0.275) with 40%
H2 content are plotted in Fig. 4.10 as a function of normalized temperature,
c, for reference. The normalized temperature is defined as, c = (T -Tu)/(Tb-
Tu), where Tu and Tb are the unburned mixture temperature and maximum
flame temperature, respectively. It can be seen in Fig. 4.10 that for near-limit
1D planar flames, the convective flux of CH4 decreases almost linearly in the
preheat zone with the increase of c, while that of H2 decreases much faster in
the initial stage due to its high diffusivity. The diffusive fluxes of CH4 and H2
in the 1D planar flame are comparable in the reaction zone, while the diffusive
flux of H2 is much larger than that of CH4 in the 1D micro-gravity flame ball.

For 2D lean limit flames in the domain with R0 = 8 mm (case A), the
distributions of the convective and diffusive fluxes of CH4 and H2 along the
centerline of the flame as a function of normalized temperature are displayed in
Fig. 4.11 (a, c). The convective and diffusive fluxes for the lean limit flame with
R0 = 6.75 mm and no-slip iso-thermal wall (case E) are also plotted in Fig. 4.11
(b, d) for comparison. It is seen in Fig. 4.11(a, b) that the convective fluxes
of both CH4 and H2 decrease significantly in the initial stage of the increase in
temperature in the leading edge for both types of simulated 2D lean limit flames,
indicating that the role of convection for fuel transport near the reaction zone in
the leading edge of both 2D lean limit flames is less important, as compared to
the 1D planar flame. It should be noted that the convective flux for the lean limit
flame of case E is negligible when c > 0.5, while that for the lean limit flame of
case A still affects fuel transport. This reveals that the fuel transport caused by
convection in the leading edge of case E plays an even less important role than
that of case A. The diffusive flux of H2 in the leading edge for both lean limit
flames dominates over that of CH4. However, the profiles of diffusive flux for
case E more closely resemble the profiles of diffusive flux in the micro-gravity
flame ball than that for case A. This once more implies that the leading edge for
case E is less affected by convection than that for case A.

Figure 4.11(c, d) shows that the trailing edge for case A is strongly affected
by the recirculation zone, while that for case E is only slightly affected by con-
vection in the low temperature region. Similar to the diffusive flux in the leading
edge, the diffusive flux in the trailing edge for case E is larger than that for case
A, and the diffusive flux profiles for case E resemble more the diffusive flux
profiles of the micro-gravity flame ball. To sum up, the single ball-like lean limit
flame in the domain with no-slip isothermal wall (narrow tube) is less influenced
by convection than that in the domain with symmetry boundary condition (or
adiabatic slip wall), representing the multiple lean limit flames obtained in the
present experiments with a larger tube. This reflects that the ball-like lean limit
flame in a narrow tube is closer to the 1D micro-gravity flame ball due to the
weaker influence of the recirculation zone.
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4.6 Conclusions

Near-limit behavior of low-Lewis-number flames burning below a perforated
plate in a down-flowing mixture is experimentally and numerically studied. The
combustion regimes for the flames with different H2 contents in the fuel gas as a
function of equivalence ratio are experimentally identified. Planar flames, cell-
like flames, distorted cap-like flames, and chaotically moving ball-like flames are
observed in the experiments with decreasing equivalence ratio for fuel mixtures
with more than 20% H2. To our knowledge, this is the first observation of
multiple, stable, closed, ball-like lean limit flames at normal gravity conditions.
It is found that the ball-like lean limit flames can be stabilized by adding small
perturbations into the flow field using a randomly corrugated wire mesh. The
CH∗ chemiluminescence distributions of the stable flamelets are recorded in
the experiments. These measurements reveal that, at lean flammability limits,
the flamelets have an oblate spheroidal shape with a non-uniform flame front:
chemiluminescence is stronger at more curved flame front segments. As the H2
content in the fuel gas is increased, the size of the flamelets decreases. At 80%
of H2 in the fuel gas, the near-limit flamelets become nearly spherical, and the
luminosity of the flame front becomes more uniform.

The combustion characteristics of the multiple ball-like lean limit flamelets
in a downward mixture flow are further investigated by simulating single flamelets
representative of the array of multiple ones at normal gravity conditions. One
case corresponding to a narrow tube, with a no-slip and isothermal wall, is also
simulated for comparison. It is found that the stronger deviation of the shape of
the multiple lean limit flames from the spherical one, compared to the case of
a single limit flame in a narrow tube, is caused by stronger buoyancy effect in
the former case. The lean limit flamelets are always found inside a recirculation
zone, which could be a key factor that makes the formation of ball-like flames
at normal gravity possible. The multiple ball-like lean limit flamelets at normal-
gravity conditions are stabilized by convective heat loss, while micro-gravity
flame balls are stabilized by radiative heat loss.
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Chapter 5
Effect of pressure on the lean limit flames
of H2-CH4-air mixture in tubes

This chapter is based on: Zhen Zhou, Yuriy Shoshin, Francisco E. Hernández-
Pérez, Jeroen A. van Oijen & Laurentius P.H. de Goey (2017): Effect of pressure
on the lean limit flames of H2-CH4-Air mixture in tubes. Combustion and Flame,
183, 113-125.

5.1 Introduction

To our knowledge, not much research has been published about the lean limit
flames with low Lewis number at elevated pressures, despite the fact that com-
bustion in practical devices (e.g., gas turbines and engines) usually occurs at
elevated pressures. Furthermore, H2 is considered as fuel for power generation
utilizing heavy duty gas turbines [78]. Therefore, it is of interest to understand
the influence of pressure on the lean flammability limit and low Lewis number
lean limit flame behaviour.

The aim of this chapter is to experimentally and numerically investigate lean
limit flames with low Lewis number at elevated pressures and normal gravity. In
order to keep the consistency with the previous study at normal pressure [45], a
40% H2 and 60% CH4 fuel composition (specified on a molar basis) is selected.
Lean limit flames at elevated pressures are experimentally and numerically ex-
amined as a function of the inlet equivalence ratio, φ. The lean limit flames
are analysed in detail using the numerical solutions. In the following sections,
the experimental setup and numerical approach are presented, and the experi-
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mental and numerical results are discussed. Finally, the concluding remarks are
given.

5.2 Experimental setup

An experimental setup similar to the one used in chapter 2 is employed in this
study. In order to extend this setup to elevated pressures, it is redesigned to fit in
the high-pressure cell which was used in [79]. A schematic of the experimental
setup is shown in Fig. 5.1. A laminar flame is stabilized inside a cylindrical silica
tube. Three gas lines are used to supply the hydrogen-methane, air and cooling
air, controlled by mass flow controllers with an uncertainty of less than 1%. A
buffer is mounted to damp small flow fluctuation before the mixture is supplied
to the burner. Also, a perforated plate with a thickness of 2 mm and holes of
0.5 mm diameter uniformly spaced with 0.5 mm pitch is mounted at the top
of the tube to generate a uniform inlet flow profile. The unburned mixture at
a sufficiently large equivalence ratio is ignited by a spark plug that is installed
under the burner. Then the equivalence ratio is reduced step-wise to the lean
flammability limit. The temperature of the tube wall is kept nearly constant by
supplying cooling air through a co-axial slit situated above the tube. Three K-
type thermo-couples are mounted into small holes with a depth of around 0.6
mm in the tube wall in order to accurately measure the temperature of the inner
tube wall. The measured tube wall temperatures in all the experiments are in
the range of 300-320 K for the three locations. A pressure sensor is installed to
measure the pressure inside the cell, which is further connected to a pressure
regulator.

CH∗ chemiluminescence of the flames is recorded by an AVT-PIKE F-032b
CCD-camera equipped with an interference filter (430 nm and bandwidth 10
nm). The chemiluminescence images show a line-of-sight integrated emission
intensity. The in-plane radial emission intensity distribution is recovered by Abel
inversion for the cylindrically symmetric flames. In order to investigate the tube
diameter effect on the formation of lean limit flames, two different fused silica
tubes are employed in the experiments, having the following geometrical speci-
fications: (a) 30 mm height, 13.5 mm inner diameter, 1 mm wall thickness and
(b) 30 mm height, 7 mm inner diameter, 1 mm wall thickness. The experimental
conditions are summarized in Table 5.1, which also includes the experimental
condition for ball-like flame at normal pressure [45] for reference. The inlet
velocities in the experiments at all tested pressures are chosen near the blow off
limit for the lean limit flames. Equivalence ratio is decreased until the lean limit
is reached.
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Figure 5.1: Schematic of high pressure flame ball setup.

Table 5.1: Summary of conditions for present experiments. The experimen-
tal condition for ball-like flame at normal pressure [45] is also included for
reference. P is the initial pressure, Di is the tube inner diameter and Vin is
the inlet velocity.

Condition P (bar) Di (mm) Vin (cm/s)
I 1 13.5 7.2
II 2 13.5 8.0
III 2 7 5.0
IV 3 7 5.8
V 4 7 6.0
VI 5 7 6.2
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5.3 Numerical approach

Detailed numerical simulations of the flames are performed with the body-fitted,
multi-block, adaptive mesh refinement, finite-volume framework that has been
originally developed by Groth and co-researchers [45, 47, 48]. In the present
research work, the conservation equations of mass, momentum, energy and
species are solved in a cylindrical coordinate system. The full equations can be
found in chapter 2. The flow is treated as a mixture of perfect gases under the
assumption of an ideal gas equation of state. Thermodynamic properties, trans-
port properties and species net production/destruction rate are all computed by
the open-source library CANTERA [49].

In the simulations, the computational domain is a cylindrical channel with
a radius of 3.5 mm and a height of 30 mm, as shown in Fig. 5.2. Because the
flames in this study are axisymmetric, only half two-dimensional (2D) equivalent
flames are simulated. The left boundary of the domain aligns with the axis of
symmetry. The upper boundary is assumed to be isothermal with a temperature
of 300 K which accounts for the diffusion of fuel/air mixture across the upper
boundary. The fuel/air mixture is supplied uniformly from the upper bound-
ary. The right boundary is treated as a no-slip and isothermal boundary with a
temperature of 300 K according to the experimental measured tube wall tem-
perature (less than 320 K) in the experiments. The lower boundary is modelled
as a free outflow.

Two different diffusion models are utilized in order to assess the transport ef-
fect on the prediction of lean limit flames. The diffusion velocities are computed
with the mixture-averaged (MAV) and multi-component with Soret diffusion
(MCS) transport models in the simulations, which are given by

MAV :Ui =−
Dim
Xi
∇Xi (5.1)

MCS :Ui =−
1

XiW

M∑
j6=i

WjDi,j∇Xj−
Di
T

ρYi

1

T
∇T (5.2)

where Dim is the mixture-averaged diffusion coefficient of species i, Xi is the
molar fraction of species i, Wj is the molar mass of species j, W is the mean
molar mass of the mixtures, Di,j is the binary multicomponent diffusion co-
efficients for species i and j, ρ is the density, and DiT is the thermal diffusion
coefficient of species i. The GRI 3.0 chemical mechanism [80], without inclusion
of NOx sub-mechanism, consisting of 36 species with 219 reactions is employed
in this study. A skeletal mechanism [50] for CH4 which consists of 16 species
and 25 elementary reactions is also employed in four of the cases for comparison
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Figure 5.2: Schematic of the computational domain and boundary condi-
tions.

with the GRI 3.0 chemical mechanism. Gravity and radiative heat loss are taken
into consideration. Thermal radiation is modelled via the optically-thin Planck
model. The Planck mean absorption coefficient of the mixture is evaluated from
the major radiating species CO2, H2O and CO. The individual coefficients are
calculated using a statistical narrow-band model and the dataset of Soufiani
and Taine [51]. The solutions are obtained with up to three levels of mesh
refinement, achieving a minimum resolution of 44 µm for various pressures.
These levels of resolution are sufficient to get grid-independent solutions for
all tested pressures due to the rapid increase of flame thickness for the near
lean limit flames. The thermal thicknesses of the ball-like flames at different
pressures in 7 mm diameter tube are about 2 mm. In this case, there are about
45 grid points within the flame thickness. The simulated cases are listed in
Table 5.2. It shows that, for a fixed equivalence ratio, pressure has no influ-
ence on the adiabatic flame temperature. Mixture-averaged transport model
and GRI 3.0 chemical mechanism are employed in the simulation for qualitative
prediction of experimentally measured flames near lean flammability limit, due
to the extremely expensive computation time using multi-component transport
model with Soret diffusion and GRI 3.0 chemical mechanism. The influence
of transport model and chemistry on the predicted lean limit flames will be
examined in section 5.4.5.
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Table 5.2: Summary of the simulated cases with a tube inner diameter of 7
mm using mixture-Averaged transport Model and GRI 3.0 Mechanism [80].
Tad is the adiabatic flame temperature.

Case P (bar) Vin (cm/s) φ Tad (K)
A 2 5.0 0.45 1405
B 2 5.0 0.40 1302
C 2 5.0 0.38 1260
D 2 5.0 0.37 1239
E 3 5.8 0.45 1405
F 3 5.8 0.40 1302
G 3 5.8 0.37 1239
H 3 5.8 0.35 1196
I 4 6.0 0.40 1302
J 4 6.0 0.37 1239
K 4 6.0 0.35 1196
L 4 6.0 0.345 1185
M 5 6.2 0.40 1302
N 5 6.2 0.37 1239
O 5 6.2 0.35 1196
P 5 6.2 0.348 1191

5.4 Results and discussion

5.4.1 Effect of tube diameter on the formation of lean limit
flames

Since a ball-like lean limit flame was observed in a tube with an inner diameter
of 13.5 mm at normal pressure in Ref. [45], the experiments in the present study
are initially conducted with this tube at 2 bar. Figure 5.3 shows the CH∗ chemi-
luminescence distributions of the flames stabilized inside the 13.5 mm diameter
tube at 2 bar with different equivalence ratios. The CH∗ chemiluminescence
distributions of the flames inside this tube at 1 bar with different equivalence
ratios are also plotted in Fig. 5.3 for reference. Cell-like flames are observed
for equivalence ratios far away from the lean limit at 2 bar. However, as shown
in Fig. 5.4(a), the flame takes a disc-like shape with a relatively bright edge
at an equivalence ratio of 0.33. With a further slight decrease of equivalence
ratio to φ = 0.325, the middle part of the flame becomes weaker and then
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Figure 5.3: The Abel inverted CH∗ chemiluminescence images of the flames
studied in the experiments with the tube diameter of 13.5 mm at 2 bar (top)
and 1 bar (bottom).

the flame breaks into two flamelets which move chaotically. Later these ball-like
flamelets are extinguished by the convective flow. This phenomenon is somehow
similar to the near lean limit flame behaviour reported in [39]. It could be due
to the combined effects of the hydrodynamic instability and thermal-diffusive
instability. The hydrodynamic instability increases with the increase of pressure
and the thermal-diffusive instability increases with the decrease of equivalence
ratio, which leads to amplification of small perturbations. The size of the drifting
ball-like flamelet (Fig. 5.4(d)) at 2 bar is significantly smaller than that at 1 bar.
Therefore, in order to obtain a stable ball-like flame at 2 bar, a tube with an
inner diameter of 7 mm is selected for the experiments at elevated pressures
after trying various tubes with different tube diameters. The remainder of this
paper focuses on flames inside a tube with an inner diameter of 7 mm.

For a more rigorous analysis on the selection of tube diameter at 2 bar, the
cut-off wavelengths for hydrodynamic instability and thermal-diffusive instabil-
ity are estimated through classical dispersion relations [6, 81]. The estimated
cut-off wavelengths for hydrodynamic instability and thermal-diffusive instabil-
ity are approximately 20δf and 8δf, respectively. δf is the flame thickness, which
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Figure 5.4: Transient images of the flames studied in a tube with a diameter
of 13.5 mm at 2 bar after a decrease of φ from 0.33 to 0.325.

can be evaluated using the following equation:

δf =
λ

ρVCp
(5.3)

where λ is the heat conductivity, V is the flame propagation speed, and Cp is the
specific heat at constant pressure. However, the flame propagation speed for the
cases in the present study cannot be estimated, because the lean limit flames are
located inside a recirculation zone. Therefore, the thermal thicknesses for the
ball-like lean flames along the flame centerline at 1 bar and 2 bar are calculated
based on the numerical gradients of temperature, yielding 3.51 and 1.95 mm,
respectively. Although the estimated cut-off wavelengths for hydrodynamic in-
stability and thermal-diffusive instability are larger than the corresponding tube
diameter, the ratio of thermal flame thicknesses at 1 bar and 2 bar is very close
to the corresponding ratio of tube diameters. This implies that the ball-like lean
limit flames form when the ratio of flame thickness and tube diameter is closer
to a certain value.

5.4.2 Flame shapes at different pressures

Figure 5.5 shows the Abel inverted CH∗ chemiluminescence distributions of the
flames in the 7 mm diameter tube with different equivalence ratios at all four
tested pressures. It is seen that a more spherical ball-like flame is obtained
inside the tube at 2 bar as the lean limit is approached, as compared to 1 bar
in Ref. [45]. However, with the increase of pressure, for the lean limit flames, a
change from ball-like flames to cap-like flames is observed. This phenomenon is
similar to the findings in Ref. [39], being that a change from ball-like lean limit
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flame to cap-like lean limit flame occurs with the increase of tube diameter. This
indicates that the change of combustion regime in tubes could depend on a key
factor that can be impacted by both tube diameter and pressure.

Numerical simulations are performed on these lean limit flames at all tested
pressures with the mixture-averaged transport model and the GRI-Mech 3.0
chemical mechanism. Figure 5.6 displays the distributions of chemical heat
release and streamlines at all tested pressures for different equivalence ratios. It
can be seen that qualitatively the numerical predictions are able to predict the
transition from cell-like flame to ball-like flame at 2 bar and to cap-like flames at
the higher pressures with the decrease of equivalence ratio. Figure 5.6 further
shows that a recirculation zone occurs in the hot core region for the flames near
the lean flammability limit, due to the buoyancy force acting on the hot gases in
the flame region. Furthermore, the size and the intensity of recirculation rapidly
increase with the increase of pressure, which leads to a less curved trailing edge
of the lean limit flames at higher pressures. At the same time, the increase in
buoyancy effect also leads to a higher propagation speed for lean limit flames
at higher pressures, because the propagation speed for the lean limit flames in
tubes is determined by buoyancy [39]. Therefore, the increase in inlet velocity
near the blow-off limit in the experiments with the increase of pressure can be
explained by the increase in buoyancy at higher pressures. Furthermore, with
higher inlet velocity, the heat loss caused by heat conduction to the tube wall
decreases, as shown in Table 5.3. Consequently, the lean limit flame spreads out
in the tube with a rise of pressure. To sum up, nearly spherical ball-like lean
limit flames tend to form at conditions with less impact of buoyancy. This can
be achieved by reducing the tube diameter at elevated pressures.

To further compare the flame shapes from the experiments with those from
the 2D numerical predictions, the half-height and half-width of the flames are
plotted in Fig. 5.7 as a function of equivalence ratio. The peaks of CH∗ chemi-
luminescence for the left and right parts and the upper and bottom parts of
all the flames in the experimental images and the peaks of heat release for the
numerical simulations are used to determine the characteristic flame lengths. At
2 bar, the height and the width of the flames for both experiments and numer-
ical simulations converge to nearly the same value with decreasing equivalence
ratio. The leanest flame in the experiments is at φ = 0.31. However, the
numerical solution of the leanest flame is obtained at φ = 0.37. Notably, the
discrepancies between the lean flammability limits obtained by the experiments
and the numerical simulations, and the characteristic lengths extracted from
the experiments and the numerical simulations diminish with the increase of
pressure. The reason for the discrepancy between experimental lean limit and
numerical lean limit may be due to the combined effects of heat loss, transport
and chemistry. The influence of transport and chemistry on the lean flammability
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(a) φ=0.45 (b) φ=0.40 (c) φ=0.38 (d) φ=0.37

(e) φ=0.45 (f) φ=0.40 (g) φ=0.37 (h) φ=0.35

(i) φ=0.40 (j) φ=0.37 (k) φ=0.35 (l) φ=0.345
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(m) φ=0.40 (n) φ=0.37 (o) φ=0.35 (p) φ=0.348

Figure 5.6: Distributions of chemical heat release (W/m3) and flow stream-
lines of the flames studied in the simulations with mixture-averaged trans-
port and GRI-mech 3.0, corresponding to the various pressures in the exper-
iments. (a-d): 2 bar; (e-h): 3 bar; (i-l): 4 bar; (m-p): 5 bar. Distributions
a-l are on previous page.

limit will be discussed in section 5.4.5.
It is also of interest to compare the measured ball-like flame size at 2 bar with

the 1D micro-gravity flame ball radius. It should be noted that, for 1D micro-
gravity flame balls, the heat loss is caused by radiation. However, for the ball-like
lean limit flame in the tube, the heat loss is dominated by convection and heat
conduction to the tube wall rather than radiative heat loss, as shown in Table 5.3.
The different main heat loss mechanism could lead to different flame size and
lean limit between the 1D micro-gravity flame balls and 2D ball-like flames.
Therefore, for comparison, the 1D micro-gravity flame balls with various values
of radiative heat loss are simulated using the in-house code CHEM1D [52] using
the same chemistry and transport models. The radiative heat loss is varied by an
arbitrary increase of the calculated Planck mean absorption coefficient by factors
1.8 and 2.6. A multi-component transport model with the inclusion of Soret
diffusion, GRI-mech 3.0 chemical mechanism and an optically thin radiative
model are employed in the 1D simulation. The measured ball-like flame size and
1D micro-gravity flame ball radius with different radiative heat losses are plotted
in Fig. 5.8. It is seen that, with the increase of radiative heat loss, the radii of
1D micro-gravity flame balls decrease and the lean limit equivalence ratio of 1D
micro-gravity flame ball increases. The 1D micro-gravity flame ball radii and
lean flammability limit with the 2.6 times enhanced Planck mean absorption co-
efficient are in agreement with the half-width and lean flammability limit of the
measured ball-like flame. This result implies that the combustion mechanisms of
the ball-like flames in the present work and the micro-gravity flame balls could
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Figure 5.7: Half-heights and half-widths from the 2D numerical predictions
and experiments as a function of equivalence ratio at all tested pressures.
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Figure 5.8: The radius of 1D micro-gravity flame ball with different heat
losses and the characteristic lengths of the flames obtained from the exper-
iments as a function of equivalence ratio at 2 bar.

be similar, while discrepancies for sizes and lean limits between the two types of
flames can be explained by the difference in the value of heat loss. Additionally,
Table 5.3 also shows that conductive heat loss becomes less important while the
influence of radiative heat loss increases at higher pressures. Furthermore, the
leakage of fuel increases at higher pressures.

Table 5.3: Energy in fuel stream (Qfu), integrated heat release (Qchem),
conductive heat loss to the tube wall from upwind maximum heat release
to downwind maximum heat release (Qcond) and radiative heat loss (Qrad)
for the 2D predicted lean limit flames at pressures between 2 bar and 5 bar.

P (bar) φ Qfu (W) Qchem (W) Qcond (W) Qrad (W)
2 0.370 4.21 1.13 0.155 0.023
3 0.350 7.74 1.62 0.095 0.043
4 0.345 10.55 1.96 0.062 0.064
5 0.348 13.70 2.17 0.051 0.080
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5.4.3 Flame structure at different pressures

In Fig. 5.9, the numerically predicted distributions of the normalized heat re-
lease, the normalized temperature and the scaled mass fraction of species along
the centerline for different equivalence ratios at all tested pressures are pre-
sented. The mole fraction of species is scaled by the maximum mole fraction of
H2O. It can be seen in Fig. 5.9 that the mole fractions of H2 and CH4 first drop to
zero and then increase from inlet to outlet for all the tested cases. This is because
the unburned mixture leaks from the upstream side to the downstream side
following the streamlines near the tube wall. It further shows that the leakage
of the unburned mixture increases with the decrease of equivalence ratio due to
the reduction in flame size. This leads to an enhancement of the heat release of
the trailing edge with the decrease of equivalence ratio at all tested pressures.
Meanwhile, the peak values of the heat release at the centerline come closer to
each other with the decrease of equivalence ratio. In addition, for the lean limit
flames, the heat release of the trailing edge relative to the heat release of the
leading edge at the centerline decreases with the increase of pressure. This is
because less fuel diffuses to the centerline due to the increase of the flame width
with increasing pressure.

As the micro-gravity flame balls are exclusively controlled by diffusion, it
is interesting to show the convective and diffusive fluxes of CH4 and H2 for
the 2D lean limit flames at different pressures to assess the contribution of
diffusive transport in normal gravity ball-like flame combustion mechanism. As
a first step, for the comparison with the 2D lean limit flames, the convective
and diffusive fluxes of CH4 and H2 for two 1D flat flames (φ = 0.55) at 2
bar and 5 bar and two 1D micro-gravity flame balls near the lean limit (φ =
0.31) at 2 bar and 5 bar are computed. The results are plotted in Fig. 5.10 as
a function of normalized temperature, c = (T -Tu)/(Tb-Tu), where Tu and Tb
are the unburned mixture temperature and maximum flame temperature. For
flat flames, a convection-dominated preheat zone and a diffusion-dominated
reaction zone are observed. The convective flux of CH4 decreases linearly with
the increase of temperature in the preheat zone while the diffusive flux of CH4
increases linearly. However, the convective flux of H2 decreases significantly in
the initial stage of the increase in temperature while the diffusive flux of H2
increases greatly. This is due to the high diffusivity of H2. Additionally, the
diffusive fluxes of CH4 and H2 are both large in the reaction zone for the 1D flat
flame. Furthermore, both convective and diffusive fluxes increase with increas-
ing pressure. However, the micro-gravity flame balls are completely controlled
by diffusion since convection is absent, as shown in Fig. 5.10(c, d). Furthermore,
the diffusive flux of H2 dominates that of CH4 and the diffusive fluxes increase
significantly with the increase of pressure.
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Figure 5.9: Normalized heat release, normalized temperature and scaled
mole fraction of species along the centerline of predicted flames for different
equivalence ratios at all tested pressures.
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Chapter 5. Ball-like and cap-like flames at elevated pressures

Now turning to normal gravity ball-like flames, Figure 5.11 displays the dis-
tributions of the convective and diffusive fluxes of CH4 and H2 for the leading
edges at the centerline of the tube as a function of normalized temperature
for different equivalence ratios at 2 bar and for the limit flames at different
pressures. It is seen that the convective fluxes of both CH4 and H2 decrease
significantly in the initial stage of the increase in temperature for all the cases
and more so at lower equivalence ratios. This reflects that the fuel transport
caused by the convection for the leading edges plays a less important role ap-
proaching the lean limit, as compared with that in the 1D flat lean limit flame.
Furthermore, unlike the diffusive fluxes of CH4 and H2 in the 1D flat flame,
the diffusive flux of H2 for the leading edges dominates that of CH4, which is
similar to the distributions of the 1D micro-gravity flame ball (Fig. 5.10). This
further indicates that convective transport for the leading edges is less important
than that for the 1D flat lean limit flame. The transport in the major part of the
preheat zone (c > 0.25) for all the lean limit flames at different pressures is
dominated by diffusion. Besides, both convective and diffusive fluxes increase
with increasing pressure for all simulated cases.

Figure 5.12 displays the distributions of the convective and diffusive fluxes
of CH4 and H2 for the trailing edges at the centerline of the tube as a function of
normalized temperature for different equivalence ratios at 2 bar and for the lean
limit flames at different pressures. It is observed that the diffusive fluxes of CH4
and H2 increase with the decrease of equivalence ratio, as for the leading edge.
The increase is because more unburned mixture leaks from the upstream side
to the downstream side with the decrease of equivalence ratio. Due to higher
diffusivity of H2, the diffusive flux of H2 dominates that of CH4 similar as found
for the leading edge and for 1D flame balls. At 2 bar, the convective fluxes of
CH4 and H2 are negative, reflecting that CH4 and H2 are transported out of the
trailing edge by convection. Therefore, the trailing edges at 2 bar are dominated
by diffusion. With the increase of pressure, the convective fluxes of CH4 and
H2 change from negative values to positive values for the lean limit flames,
indicating that the trailing edges of the lean limit flames are more affected by
the convective flow at higher pressures. This is due to the enhancement of the
recirculation zone intensity at higher pressures. It can also be seen in Fig. 5.11
and 5.12 that the diffusion flux curves for ball-like lean limit flames at 2 bar and
3 bar closely resemble the one found for 1D micro-gravity flame balls (Fig. 5.10).
However, for above-limit flames at 2 bar and cap-like lean limit flames at 4 bar
and 5 bar, the diffusive flux profiles deviate more significant from the one found
for 1D flame balls.
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5.4. Results and discussion

Figure 5.13: Maximum (φlocal - φinlet)/φinlet with different equivalence ra-
tio at all tested pressures.

5.4.4 Effect of preferential diffusion on lean limit flames

For flames with low Lewis number, the local equivalence ratio can be signifi-
cantly changed by the coupling effects of preferential diffusion and flame stretch
or flame curvature. In this part, the local equivalence ratio is calculated based
on the definition in Ref. [82], which is given by

φlocal =
0.5(XH2 +XH2O)+XCO2 +XCO +2XCH4

0.5(XCO +XH2O)+XO2 +XCO2
(5.4)

where Xi is the mole fraction of the major species which are considered in the
calculation. The maximum of the quantity, (φlocal - φinlet)/φinlet, are presented
in Fig. 5.13 for different inlet equivalence ratios for all tested pressures. It shows
that the maximum increment of the equivalence ratio in the flame increases with
the decrease of equivalence ratio. This can be explained by the increase in flame
curvature as equivalence ratio decreases. Furthermore, at 2 bar, the maximum
change increases slightly more rapidly as the equivalence ratio approaches the
lean limit, as compared with at higher pressures which can be attributed to the
larger curvature of near-limit flames at 2 bar compared to the flames at higher
pressures.

The quantity (φlocal - φinlet)/φinlet, along the centerline of the leanest flames,
is plotted in Fig. 5.14 as a function of normalized temperature, c, for all tested
pressures. As shown in Fig. 5.14, for the leading edges of the flames, the local
equivalence ratio first decreases slightly relative to inlet equivalence ratio and
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C/Hinlet)/(C/Hinlet) at the centerline of the tube as a function of normalized
temperature (c) for the lean limit flames at all tested pressures.

then increases in the flame front. This is because H2 diffuses faster to the
reaction zone than O2. For the trailing edges of the flames, the local equiv-
alence ratio increases almost monotonously with the increase of temperature.
No remarkable difference is observed for the (φlocal - φinlet)/φinlet at different
pressures except that the (φlocal - φinlet)/φinlet at 2 bar is slightly lower than that
at higher pressures.
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5.4.5 Effect of transport model and reaction mechanism on
lean limit flames

To examine the influence of transport and chemistry on the predicted lean limit
flames, four additional cases (Q, R, S and T) are simulated with an equivalence
ratio of 0.37 at 2 bar and 5 bar, as shown in Table 5.4 with inclusion of two
reference cases (D, N). Distributions of chemical heat release rate simulated with
different transport models and chemical mechanisms are displayed in Fig. 5.15.
It can be seen that, at 2 bar, the predicted flame of case R has a larger size than
that of case Q. Furthermore, the predicted flame of case D has a slightly smaller
size than that of case Q. This indicates that, at 2 bar, the multi-component trans-
port model with Soret diffusion is able to predict much leaner flame than the
mixture-averaged transport model. The difference between experimental and
numerical lean limits is expected to be reduced when the more accurate multi-
component transport model with Soret diffusion is employed in the simulation.

At 5 bar, the leanest flame predicted with the skeletal chemical mechanism
is obtained at φ = 0.37 using the mixture-averaged transport model, while for
the GRI-3.0 mechanism it is at φ = 0.346 using the same transport model. The
latter value is in agreement with the lean limit in the experiment. However, the
predicted flame of case T still has a larger size than that of case S. This implies
that the leanest flame predicted with the multi-component transport model with
Soret diffusion and GRI-3.0 mechanism can reach much leaner equivalence ratio
than in experiment. The lean limit flames at elevated pressures are very sensitive
to the transport and chemistry model. Caution has to be taken for the choice of
transport model and chemical mechanism at elevated pressures.

Table 5.4: Summary of four additional simulated cases for flames in a 7
mm diameter tube with a skeletal mechanism for CH4 [50] using different
transport models. MAV is the mixture-Averaged Model and MCS is the
multi-Component Model with Soret diffusion. Two reference cases (D, N)
are also included.

Case P (bar) Vin (cm/s) φ Transport Model Chemical Model
D 2 5.0 0.37 MAV GRI 3.0
N 5 6.2 0.37 MAV GRI 3.0
Q 2 5.0 0.37 MAV Skeletal
R 2 5.0 0.37 MCS Skeletal
S 5 6.2 0.37 MAV Skeletal
T 5 6.2 0.37 MCS Skeletal
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(a) Case D (b) Case Q (c) Case R

(d) Case N (e) Case S (f) Case T

Figure 5.15: Distributions of chemical heat release of the flames simulated
with different transport models and chemical mechanisms, corresponding
to φ= 0.37 at P= 2 bar and 5 bar. (a,d): mixture-averaged transport model
and GRI-mech 3.0; (b,e): mixture-averaged transport model and skeletal
mechanism; (c,f): multi-component transport model with Soret diffusion
and Skeletal Mechanism. (a-c): 2 bar; (d-f): 5 bar.
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To further quantify the influence of transport and chemistry, the consump-
tion rate of H2 and CH4 is integrated over the entire domain for the cases (D,
Q, R, N, S and T). The integrated consumption rates for the cases predicted
with multi-component transport model with Soret diffusion and skeletal chemi-
cal mechanism (R, T) and with mixture-averaged transport model and GRI-3.0
mechanism (D, N) are scaled by the corresponding cases predicted with mixture-
averaged transport model and skeletal chemical mechanism (Q, S). The results
are presented in Table 5.5. The scaled consumption rates of H2 and CH4 for 1D
flat flames with an equivalence ratio of 0.55 at 2 bar and 5 bar are included as
well. It shows that, at 2 bar, for both 2D flames and 1D flat flames the GRI-mech
3.0 predicts slightly lower consumption rates for both H2 and CH4 than the
skeletal mechanism. However, Soret diffusion increases the consumption rates
of H2 and CH4 by factors 1.38 and 1.43, respectively, for 2D flames, while the
Soret diffusion has almost no influence on the consumption rate of the 1D flat
flames. This is because, for 2D flames, the Soret diffusion effect is enhanced by
the flame curvature. With the increase of pressure from 2 bar to 5 bar, GRI-mech
3.0 predicts larger consumption rates for both H2 and CH4 than the skeletal
mechanism for the 2D flames, while for 1D flat flames the GRI-mech 3.0 pre-
dicts only slightly larger consumption rates. Furthermore, the influence of Soret
diffusion on the consumption rate of the 2D flames increases with the increase of
pressure. To sum up, the numerical prediction of lean limit flames becomes more
sensitive to the transport and chemistry models with the increase of pressure.
At low pressure, the discrepancies between experimental and numerical results
can be significantly reduced by employing multi-component transport model,
while, at high pressure, these discrepancies increase when the multi-component
transport model is utilized. A good agreement between experimental results
and numerical results based on the mixture-averaged transport model and GRI
3.0 mechanism at 5 bar just happens for this specific case by coincidence. This
actually implies that the uncertainties of the chemical mechanism at ultra lean
conditions are large at high pressures.

Table 5.5: Normalized consumption rates of H2 and CH4 at 2 bar and 5 bar.

2D 1D
Cases P (bar) Factor H2 CH4 H2 CH4
R/Q 2 Soret diffusion 1.38 1.43 1.01 1.01
D/Q 2 Chemistry 0.97 0.89 0.89 0.89
T/S 5 Soret diffusion 1.5 1.58 1.01 1.01
N/S 5 Chemistry 1.46 1.72 1.14 1.14
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5.5 Conclusions

The influence of pressure on lean limit H2-CH4-air flames in tubes are experi-
mentally and numerically investigated for a fuel with 40% H2 and 60% CH4 (on
a molar basis) premixed with air. A ball-like lean limit flame is experimentally
stabilized at earth gravity in a downward flow at 2 bar. With a further increase
of pressure, a change from ball-like lean limit flame to cap-like lean limit flame is
observed. Numerical simulations are performed with a mixture-averaged trans-
port model and GRI-Mech 3.0 to investigate the ball-like and cap-like lean limit
flames at all tested pressures. A good qualitative agreement between predicted
flames and experimental flames is observed.

Detailed analysis of the flame structure is conducted for the lean limit flames
at all tested pressures based on the predicted solutions. It is found that the lean
limit flames are located inside a recirculation zone. The size of the recirculation
zone for the lean limit flames increases with increasing pressure. For the leading
edges of the lean limit flames, a flame structure with negative displacement
speed is observed. As compared with the convective and diffusive fluxes in a
1D flat flame, fuel transport caused by the convective flux in the leading edges
of the lean limit flames is less important. For the trailing edge of the ball-like
flame at 2 bar, transport is mainly controlled by diffusion. With an increase
of pressure, fuel transport caused by the convective flux in the trailing edge
increases. Ball-like lean limit flames tend to form inside the tube at conditions
with less influence of buoyancy, which can be achieved by reducing tube diam-
eter at elevated pressures. The transition from ball-like to cap-like lean limit
flames with increasing pressure is caused by buoyancy.

Additionally, the influence of transport and chemistry on the predicted ultra
lean flames and lean flammability limit at 2 bar and 5 bar has been examined.
It shows that the discrepancy between experiments and numerical simulation is
mainly caused by the simple transport model at 2 bar. However, the prediction of
lean limit flames is sensitive to both chemistry and transport at higher pressures.
This makes the current experimental platform important not only for studying
low Lewis number lean limit flames but also as a suitable setup for the develop-
ment and validation of reaction mechanisms and transport models at ultra lean
conditions.
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Chapter 6
Effect of Soret diffusion on lean hydro-
gen/air flames at normal and elevated
pressure and temperature

This chapter is based on: Zhen Zhou, Francisco E. Hernández-Pérez, Yuriy Shoshin,
Jeroen A. van Oijen & Laurentius P.H. de Goey (2017): Effect of Soret diffusion
on lean hydrogen/air flames at normal and elevated pressure and temperature.
Combustion Theory and Modelling, 21, 879-896.

6.1 Introduction

Diffusive transport in flames is driven by various modes [69, 83]. The dominant
mode is Fick diffusion, which is caused by concentration gradients of species.
Another mode is Soret diffusion, caused by temperature gradients. Soret dif-
fusion is considered as a second-order mass diffusion mode, and is usually
neglected in reacting flow modelling. Since Soret diffusion drives light species
towards high temperature zones and heavy species away from high temperature
zones, it has to be taken into account for hydrogen/air flames when accurate
prediction of flame behaviour is needed owing to the presence of the light
and highly diffusive H2 and steep temperature gradients. In addition, for lean
stretched hydrogen/air flames, the Soret diffusion effect on flame behaviour can
also be significantly changed by preferential diffusion due to the local redistri-
bution of molecular hydrogen [84].

A number of numerical studies have been reported in the literature con-
cerning Soret diffusion and its coupling effects with preferential diffusion on
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laminar hydrogen flames. Ern and Giovangigli [85, 86] investigated the effects
of Soret diffusion on planar and counter-flow hydrogen/air flames, showing that
Soret diffusion reduces the zero-stretch laminar flame speed at the lean side and
extends the stretch-induced lean extinction limit. Bongers and de Goey [87]
studied the effects of Soret diffusion on the laminar flame speed of hydro-
gen flames, showing that a 10% error in the laminar flame speed is obtained
without inclusion of Soret diffusion. Yang et al. [84, 88] further studied the
Soret diffusion effects in hydrogen/air flames with emphasis on a mechanistic
interpretation, clarifying the roles of molecular hydrogen and atomic hydrogen
radical. Grcar et al. [89] studied the Soret diffusion impact on lean hydrogen/air
flames and indicated that flame cells computed with Soret diffusion are smaller
and sharper. All of the above studies focused on Soret diffusion effects at normal
pressure and temperature. Liang et al. [90] investigated the effects of Soret
diffusion on the laminar flame speed and Markstein length of stoichiometric
hydrogen-enriched syngas flames at normal and elevated pressures and temper-
atures. It turned out that Soret diffusion reduces the zero-stretch mass burning
rate and Markstein length at normal pressure and temperature. It was further
shown that the influence of Soret diffusion on the zero-stretch mass burning rate
increases while that on Markstein length decreases, if pressure or temperature is
increased. However, the Soret diffusion effect on the stretched mass burning rate
at elevated pressure and temperature remains unknown. For two-dimensional
(2D) freely-propagating flames, although the propagation characteristics of hy-
drogen/air flames have been widely studied at normal and elevated pressures
and temperatures (e.g. see [9, 10, 91]), the influence of Soret diffusion on
the propagation dynamics of lean hydrogen/air flames is poorly understood at
elevated pressure and temperature. Understanding the influence of Soret diffu-
sion on the propagation characteristics of lean hydrogen/air flames at normal
and elevated pressure and temperature is of interest and importance from both
fundamental and practical viewpoints and is further studied in this chapter.

To this end, a systematical numerical study is conducted in this chapter to
evaluate the effect of Soret diffusion on the propagation characteristics of lean
premixed hydrogen/air flames at the conditions summarized in Table 6.1 with
an equivalence ratio φ = 0.4. Firstly, the influence of Soret diffusion on one-
dimensional (1D) flame mass burning rate at elevated pressure and temperature
is investigated as a function of Karlovitz number (Ka). The roles of Soret diffu-
sion of H2 and H are identified at different conditions. Subsequently, a mecha-
nistic interpretation is provided about the effects of pressure and temperature on
the Soret diffusion of H2 and H for different values of Ka. Secondly, the extent
of the Soret diffusion effect on two-dimensional (2D) freely-propagating flames
is studied. Such flames are strongly curved and stretched and show cellular
instabilities. Soret diffusion changes the flame front evolution significantly and
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the effects largely depend on temperature and pressure. The global consumption
speed with and without Soret diffusion at elevated pressure and temperature is
quantified as a function of flame front length. Finally, the correlations between
local consumption speed and curvature which represent the early phase and
developed phase of flame front evolution at elevated pressure and temperature
are discussed.

Table 6.1: Summary of conditions for the studied cases with φ = 0.4. The
zero-stretch laminar flame speed (S0u), zero-stretch laminar flame thickness
(δ0T ) and zero-stretch mass burning rate (m0) at the three different condi-
tions are included.

Condition P (bar) Tu (K) S0u (cm/s) δ0T (cm) m0 (g/(cm2s))
With Soret Diffusion

I(REF) 1 300 22.9 0.061 0.0233
II(HP) 5 300 6.36 0.032 0.0320
III(HT) 1 500 109.5 0.045 0.0667

Without Soret Diffusion
I(REF) 1 300 23.6 0.060 0.0239
II(HP) 5 300 6.37 0.032 0.0320
III(HT) 1 500 115.9 0.044 0.0706

6.2 Governing equations

The flames under study are mathematically described by conservation equations
for mass, momentum, energy, and species, treating the flow as a continuous,
multicomponent, compressible, and thermally-perfect mixture of gases. A New-
tonian flow is assumed, obeying the ideal gas equation of state, with negligible
thermal radiation and gravity effects. The 2D conservation equations for the
mixture consisting of N chemical species evolving in time, t, and space, ~x, can
be written in tensor notation as

∂ρ

∂t
+
∂(ρuj)

∂xj
= 0, (6.1)

∂(ρui)

∂t
+
∂(ρuiuj+δijp)

∂xj
−
∂τij

∂xj
= 0, (6.2)
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∂(ρE)

∂t
+
∂[(ρE+p)uj]

∂xj
−
∂(τijui)

∂xj
+
∂qj

∂xj
= 0, (6.3)

∂(ρYα)

∂t
+
∂[ρYα(uj+Vj,α)]

∂xj
= ω̇α , (6.4)

with the indices i, j= 1,2 and α= 1, . . . ,N−1. Einstein summation convention
applies to the indices i and j. In the expressions above, ρ is the mixture density,
ui is the mixture velocity, p is the mixture pressure, T is the mixture temperature,
E is the total mixture energy (including chemical energy or heat of formation),
Yα is the mass fraction of species α, ω̇α is the net reaction rate of species α, τij
is the viscous stress tensor, qj is the heat flux vector (energy flux due conduction
and energy flux due to diffusion), and Vj,α is the diffusion velocity of the species
α. Additionally, δij denotes the Kronecker delta. By neglecting pressure-gradient
terms in the full multicomponent transport formulation while accounting for
Soret and Dufour effects, the heat flux vector can be expressed as

~q= ρ

N∑
α=1

hαYα~Vα−λ∇T −RT

N∑
α=1

DT
α∇Xα

MαXα
, (6.5)

and the diffusion velocity is given by

~Vα =
1

XαM

N∑
β 6=α

MβDα,β∇Xβ−
DT
α

ρYα

∇T
T
. (6.6)

In Equations 6.5 and 6.6, R is the universal gas constant, λ is the mixture ther-
mal conductivity, M is the mixture mean molar mass, and Mα, Xα, hα, and DT

α

are the molar mass, mole fraction, enthalpy, and thermal diffusion coefficient of
species α, respectively. The multicomponent diffusion coefficients are denoted
by Dα,β. The last term of the equation 6.6 accounts for the so-called Soret
diffusion.

6.3 Computational setup

1D and 2D freely-propagating flame configurations are considered in this study.
For 1D cases, the zero-stretch and stretched mass burning rates of hydrogen/air
flames are calculated at the conditions summarized in Table 6.1 with and with-
out the inclusion of Soret diffusion utilizing the in-house code CHEM1D [52,
92]. The 1D domain is from x = -0.5 to 1 cm. Species and enthalpy are used
for the boundary condition. At the unburned side, a Dirichlet type of boundary
condition is utilized, while at the burnt side Neumann type boundary conditions
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are implemented. For the calculation of 1D stretched flames, stretch rate is
introduced in the 1D governing equations to model mass loss in the other spatial
coordinates. Derivation of the 1D governing equations with stretch rate can be
found in Ref. [93]. In the simulation, constant stretch rates are applied for the
stretched flames. More details of the calculation can be found in Ref. [94] and
thus are not repeated here. Transport properties are computed using the EGLIB
library [95, 96]. The grid is adaptively refined consisting of at least 500 points
so that the flame structure is well resolved.

For 2D cases, flames are simulated at the same conditions as in the 1D cases.
The set of governing equations is solved by a body-fitted, multi-block, adap-
tive mesh refinement (AMR), finite-volume framework that has been originally
developed by Groth and co-researchers [45, 47, 48]. In the simulations, the
computational domain is a rectangular channel with 2 cm in the x-direction and
1 cm in the y-direction. The upper and lower boundaries (y-direction) are peri-
odic, while the left and right boundaries (x-direction) are a subsonic inflow and a
subsonic outflow, respectively. The inlet velocity for each case is setting to be the
corresponding laminar flame speed. The thermodynamic properties and trans-
port properties are computed using the open-source package CANTERA [49].
The solutions are obtained with up to three levels of refinement, achieving a
minimum resolution of 30 µm for conditions I (REF) - Reference and III (HT) -
Elevated Temperature, and with up to four levels of refinement with a minimum
resolution of 15 µm for condition II (HP) - Elevated Pressure. These levels of
resolution are found to be sufficient to get grid-independent solutions. The com-
putations are initialized with piecewise linear profiles of species mass fractions
and temperature by knowing the fresh and burned mixture composition and
utilizing linear interpolation in the laminar flame layer. The flame is initially
located at xf0 = 1.5 cm. The initial spatial perturbation of the flame front is
given by

xf = xf0+Asin(2πny) (6.7)

where A is the amplitude of the disturbance and n is the wave number of the
sinusoidal disturbance. In the simulations, A is set to 0.1 times the laminar
flame thickness and n is 6. The 1D zero-stretch flame thickness is defined as

δ0T =
(Tb−Tu)

|∂T/∂s|max
(6.8)

where Tb and Tu are the burnt and unburnt gas temperatures and ∂T/∂s is the
gradient of temperature. The reaction mechanism of hydrogen developed by Li
et al. [97], which includes 11 species and 21 elementary reactions, is employed
for both the 1D and 2D simulations.
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6.4 Results and discussion

6.4.1 1D flames

The mass burning rates of hydrogen/air mixtures with an equivalence ratio φ
= 0.4 as a function of Karlovitz number at the three conditions predicted with
Soret diffusion are compared with those without Soret diffusion, as shown in
Fig. 6.1. The Karlovitz number is defined as

Ka =
δ0T
S0u
K (6.9)

where K is the flame stretch rate. The mass burning rate is extracted from the
inner layer position defined at the position of maximum heat release rate. It is
observed that, for condition I (REF), Soret diffusion reduces the mass burning
rate slightly for Ka < 0.2 and enhances the mass burning rate slightly for Ka
> 0.2. At the higher pressure of condition II (HP), however, Soret diffusion
enhances the mass burning rate at all tested Ka values. The increment of the
mass burning rate caused by Soret diffusion enlarges with the increase of Ka.
On the contrary, at the higher temperature of condition III (HT), Soret diffusion
reduces the mass burning rate for all the tested values of Ka. The decrease of
mass burning rate caused by Soret diffusion diminishes with the increase of Ka.
It should be noted that the influence of Soret diffusion on the mass burning rate
for Ka = 0 at φ = 0.4 decreases with increasing of pressure, while that at φ = 1
increases with the increase of pressure [90], which indicates that the response
of Soret diffusion effects to pressure depends on equivalence ratio. However,
the response of Soret diffusion effects to temperature at φ = 0.4 is consistent
with that at φ = 1 [90]. This demonstrates that the Soret diffusion effect on
mass burning rate is not straightforward and strongly depends on the coupling
of flame stretch, equivalence ratio, pressure and temperature.

As the Soret diffusion in hydrogen/air flames significantly impacts the distri-
butions of H2 and H [84], the effects of Soret diffusion of H2, H and H2+H on
the mass burning rate are quantified and compared for the three conditions. The
results are scaled by the corresponding mass burning rate for different Ka values
predicted without Soret diffusion. In Fig. 6.2, it is demonstrated that the Soret
diffusion impact on the mass burning rate is dominated by the Soret diffusion
of both H2 and H for conditions I (REF) and III (HT) and dominated by Soret
diffusion of H2 for condition II (HP). Figure 6.2(a) shows that at condition I
(REF) Soret diffusion of H2 reduces the mass burning rate for Ka in the range
of 0 to 0.04. For Ka > 0.04, it enhances the mass burning rate. However, at all
the tested values of Ka, Soret diffusion of H reduces the mass burning rate. It is
observed in Fig. 6.2(b) that at condition II (HP) Soret diffusion of H2 enhances
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Figure 6.1: The influence of Soret diffusion on the mass burning rate of the
hydrogen/air flames (φ = 0.4) for the three conditions. Solid lines: With
Soret Diffusion; Dashed lines: Without Soret Diffusion.

the mass burning rate and Soret diffusion of H reduces the mass burning rate
only slightly at all the tested values of Ka. In Fig. 6.2(c), Soret diffusion of H2
and H at condition III (HT) shows the same trend as that in condition I (REF).
Nevertheless, at condition III (HT) the influence on mass burning rate caused
by Soret diffusion of H2 decreases, while that caused by Soret diffusion of H
increases, as compared with their respective counterparts at condition I (REF).
A mechanistic interpretation of these observations is provided in the following.

The effect of Soret diffusion on the mass burning rate of the lean hydro-
gen/air flames with the increase of Ka mainly results from the coupling effect
between preferential diffusion and Soret diffusion. Due to preferential diffusion,
Soret diffusion leads to additional changes in local equivalence ratio and affects
the chemical reaction rates. This is illustrated in Fig. 6.3 for condition I (REF).
The calculation of local equivalence ratio is based on the definition provided in
Ref. [98], which is expressed as,

φ=
0.5ZH
ZO

(6.10)

where Zα is the element mass fraction of α, with α = H and O. According to
previous studies [84, 90], the major relevant reaction affected by the Soret
diffusion of H is H+O2 = OH+O (R1) (chain branching), the rate of which
is plotted in Fig. 6.3 as well. Figure 6.3 shows that the local equivalence ratio
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Figure 6.2: The influence of Soret diffusion of different species on scaled
mass burning rate of hydrogen/air mixture at the three conditions. The
mass burning rate with Soret diffusion is scaled with the results computed
without Soret diffusion.

and reaction rate of R1 for Ka = 0 and 0.4 at condition I (REF) are affected
by Soret diffusion as a function of normalized temperature. The normalized
temperature is defined as

c=
(T −Tu)

(Tb−Tu)
(6.11)

where T is the local temperature. For Ka = 0, the local equivalence ratio is
reduced by both H2 Soret diffusion and total Soret diffusion throughout the
flame and the reaction rate of R1 is reduced slightly by total Soret diffusion.
For Ka = 0.4, the local equivalence ratio in the preheat zone is reduced, but
in the high temperature region it is enhanced by both H2 Soret diffusion and
total Soret diffusion. In this case, the reaction rate of R1 is enhanced by the
H2 Soret diffusion and total Soret diffusion due to the local enrichment at high
temperature. It should be noted that the reaction rates of R1 with total Soret
diffusion for both Ka = 0.0 and 0.4 are slightly lower than those with H2 Soret
diffusion only, due to the inclusion of H Soret diffusion.

To further illustrate the Soret diffusion effect on the mass burning rate for
different Ka values at elevated pressure and temperature, the H2 and H Soret
diffusion fluxes for three different Ka values at the three conditions as a function
of normalized temperature are presented in Fig. 6.4. The Soret diffusion fluxes
are scaled by the corresponding mass burning rates. The changes in local equiv-
alence ratio and mass fraction of H due to Soret diffusion for the corresponding
cases are plotted in Fig. 6.5. The changes are determined with respect to the
solution without Soret diffusion as a function of the normalized temperature,
c. The reaction zone and the active zone of R1 for Ka = 0.4, represented
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by two vertical dash-dotted lines at the three conditions, are superimposed in
Fig. 6.5(left) and Fig. 6.5(right) for reference, respectively. The left and right
boundaries of the reaction zone are defined at the points of maximum heat
release rate and 0.02 times maximum heat release rate. The active zone of R1 is
the region where the reaction rate of R1 is larger than 50% of its peak value [90].
Additionally, the Soret diffusion flux is non-negligible only when both ∇T/T and
concentration of these species are large. Therefore, the ∇T/T and mass fractions
of H2 and H for Ka = 0.0 and 0.4 at the three conditions are plotted in Fig. 6.6.
It is seen in Fig. 6.4 that the Soret diffusion flux of H2 is positive, and it peaks
at the upstream side of the flame for the three conditions. The peak at the
upstream side is because both ∇T/T and mass fraction of H2 at the upstream
side of the flame are larger than those at the downstream side, as shown in
Fig. 6.6. It reflects that H2 is transported by Soret diffusion from upstream side
of the flame to the downstream side. For the three conditions, the Soret diffusion
flux of H2 increases with increasing Ka at the upstream side, while it decreases
slightly at the downstream side. This is because both H2 concentration and
∇T/T increase with the increase of Ka at the upstream side due to preferential
diffusion effects (Fig. 6.6). However, both ∇T/T and H2 concentration decrease
slightly as a function of Ka at the downstream side for conditions I and III and H2
concentration decreases for condition II. Consequently, more H2 is transported
to the high temperature region of the flames by Soret diffusion of H2 with the
increase of Ka and less H2 is moved out. Indeed, as shown in Fig. 6.5, the
increase in local equivalence ratio in the high temperature region caused by
Soret diffusion of H2 increases with the increase of Ka, which leads to the rise of
the mass burning rate. This explains finally the increase of mass burning rate at
all the tested conditions as a function of Ka in Fig. 6.2.

In this paragraph, the influences of pressure and temperature on the Soret
diffusion of H2 are interpreted. With the increase of pressure, the net Soret
diffusion flux of H2 increases greatly due to the increase of ∇T/T (Fig. 6.6),
as compared with that at 1 bar. However, the increase of mass burning rate
(Fig. 6.1) is larger than the increase of Soret diffusion flux of H2 due to the
increase of pressure from 1 bar to 5 bar. As a result, the Soret diffusion flux of
H2 scaled with the mass burning rate decreases with pressure (Fig. 6.4). This
effect is larger with increasing Ka. A similar effect is observed with the increase
of temperature (Fig. 6.4). Furthermore, the increase in scaled Soret diffusion
flux of H2 is weaker at conditions II (HP) and III (HT) than that at condition I
with the increase of Ka. This indicates that the increase in H2 transported to
the high temperature zone at conditions II (HP) and III (HT) is less than that at
condition I with the increase of Ka. This leads to the fact that, for condition III
(HT), the fraction of the reaction zone with enhanced local equivalence ratio is
smaller than that at condition I (REF) for a fixed Ka, as shown in Fig. 6.5 (Left).
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Therefore, the influence on mass burning rate caused by Soret diffusion of H2
is less sensitive to the increase of Ka at elevated temperature as observed in
Fig. 6.2(c). However, for condition II (HP), the reaction zone becomes thinner
with the increase of pressure. The fraction of the reaction zone with enhanced
local equivalence ratio is larger than that at condition I (REF) for a fixed in-
creased Ka. Therefore, the influence on mass burning rate caused by Soret
diffusion of H2 is more sensitive to the increase of Ka at elevated pressure, as
shown in Fig. 6.2(b).

Now the effect of Soret diffusion of H on mass burning rate at elevated
pressure and temperature as a function of Ka is explained in the following.
Although the influence of Soret diffusion of H is not sufficient to change the
local equivalence ratio, it affects the reaction rates of the relevant reactions for
the H radical. Figure 6.4 shows that the scaled Soret diffusion flux of H is
positive, indicating that Soret diffusion of H moves H radicals from the active
zone of R1 to the downstream side of the flame for all the test values of Ka.
This is why the change of the mass fraction of H is negative in Fig. 6.5 (Right)
for Ka = 0. Furthermore, Soret diffusion of H increases with the increase of Ka
due to the increase of ∇T/T and mass fraction of H (Fig. 6.6). The increments
in ∇T/T and mass fraction of H result from preferential diffusion effects. This
would imply that the mass fraction of H in the active zone of R1 is reduced by
Soret diffusion flux of H with the increase of Ka, leading to a reduction in mass
burning rate. However, it is seen in Fig. 6.5 that, for the three conditions, the
mass fraction of H in the flames increases with the inclusion of Soret diffusion
at elevated Ka. This is because the increment in mass fraction of H caused by
the enhancement of local equivalence ratio in the reaction zone is larger than
the reduction in mass fraction of H caused by Soret diffusion of H. At elevated
pressure, the scaled Soret diffusion flux of H decreases due to the reduction of
mass fraction of H in the flame (Fig. 6.4). On the contrary, the Soret diffusion
flux of H increases at elevated temperature. This is caused by the increase of
mass fraction of H in the flame (Fig. 6.4). This explains why the reduction in
mass burning rate caused by Soret diffusion of H decreases with pressure and
increases with temperature, as seen in Fig. 6.2.

To sum up, the influence of Soret diffusion on the 1D flame mass burning
rate at different conditions mainly results from the competing effects of Soret
diffusion of H2 and H. The Soret diffusion of H2 eventually increases the mass
burning rate with the increase of Ka. This is due to the enhancement of the
local equivalence ratio in the large part of the reaction zone caused by the Soret
diffusion of H2. This effect is enhanced by the increased pressure and suppressed
by the increased unburned mixture temperature, which is mainly because of the
decrease in reaction zone thickness with pressure and the increase in reaction
zone thickness with temperature. However, the Soret diffusion of H decreases
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Figure 6.6: Effects of flame stretch rate, pressure and temperature on the
temperature gradient normalized by temperature itself and the mass fac-
tions of H2 and H.

the mass burning rate with the increase of Ka. The reason is that the Soret
diffusion of H transports H radical out of the active zone of R1 at all the tested
cases. This effect is suppressed by the increased pressure and enhanced by the
increased temperature. This is because the mass fraction of H in the active zone
of R1 decreases with pressure and increases with temperature.

6.4.2 2D flames

In this subsection, the time-dependent evolution of 2D lean hydrogen/air flames
with and without Soret diffusion is analysed. Firstly, the flame front evolution
and global propagating characteristics are discussed. Secondly, the local flame
structures are analysed for the three conditions.

For a thermal-diffusive unstable planar flame, a small perturbation triggers
the formation of cellular structures, as shown in Fig. 6.7. The flame front is
defined at the position of the normalized temperature (progress variable) c =
0.3. It is seen that the initially perturbed planar flames at x= 1.5 cm evolve into
cellular flames rapidly, and the leading edges are convex towards the reactants
for all three conditions. It should be noted that, although the flame shapes
with adaptive mesh and uniform mesh are different, their dynamic behaviour
is similar. In a statistical sense, the flames are similar. For all the cases, in the
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Figure 6.7: Evolution of flame front with a separation inteval of 3.0 ms for
the three different conditions. The flame front at condition II is marked
sequentially by two colours.

early phase of flame front evolution, the initial small perturbation is amplified,
which leads to the formation of small scale cellular structures. After a certain
period of time, small flame cells merge together forming bigger flame cells. This
phenomenon is consistent with previous results [10]. However, for the flames at
condition II (HP), at some moments, the flame propagates into the combustion
product, which is also reported in a number of papers, such as in Ref. [99]. It is
caused by the strong coupling effects of hydrodynamic instability and thermal-
diffusive instability at elevated pressures. For the flames at condition III (HT),
the flame fronts with and without Soret diffusion seem to evolve into a stable
and nearly planar flame. This phenomenon is observed repeatedly for two extra
cases simulated with increased wavenumber (12) and extended domain (2 cm
× 2 cm) at condition III (HT). Thus, it is expected that the flame is stabilized by
the increased unburned mixture temperature and lower thermal expansion.

In order to further quantify the flame front (c = 0.3) evolution with and
without Soret diffusion, a Fourier analysis is performed. The evolution of ampli-
tudes of different Fourier modes of the instantaneous flame front is presented in
Fig. 6.8. The amplitude is scaled by the laminar flame thickness. It is seen
in Fig. 6.8 that, at condition I (REF), in the initial period from 0 to 5 ms,
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the initial wave number (k6) dominates the evolution of both flames with and
without Soret diffusion. The amplitude of k6 for the flame with Soret diffusion
is considerably amplified, while it is just slightly amplified for the flame without
Soret diffusion. After 5 ms, the modes of k2 and k4 which represent large flame
cells are excited for both flames with and without Soret diffusion. Moreover, the
excitation of k2 and k4 with Soret diffusion occurs earlier than that without Soret
diffusion. Figure 6.8 shows that at condition II (HP) the evolution of different
Fourier modes is more chaotic and changes significantly with time. During the
time period from 4 to 6 ms, the amplitudes of k8 and k9 with Soret diffusion
are larger than those without Soret diffusion. Interestingly, the excitation of k1
and k2 with Soret diffusion takes place earlier than that without Soret diffusion.
Figure 6.8 shows that, at condition III (HT), the amplitudes of the excited modes
show less difference between the flames with and without Soret diffusion, as
compared with the conditions I (REF) and II (HP).

The change of the global consumption speed depends on the wrinkling of
the flame front due to the coupling effects of hydrodynamic instability and
thermal-diffusive instability. The global consumption speed is computed using
the definition in Ref. [89, 100], given by

Sc
G =

−1

AL(ρYH2)

∫
Ω
ωH2dΩ (6.12)

where AL is the width of computational domain, ρYH2 is the inlet hydrogen mass
density, ωH2 is the mass consumption rate of molecular hydrogen, and dΩ is a
differential element of area. The control volume Ω is the entire domain. The
instantaneous flame front length is extracted based on the iso-line of c = 0.3.
Figure 6.9 shows a scatter plot of scaled global consumption speed versus scaled
flame length for the three conditions. The global consumption speed is scaled
with the corresponding laminar flame speed. The flame length is scaled with
the width of the computational domain. The global consumption speeds for the
initial few time steps are omitted due to the initialization with the approximation
for the species profiles. It is observed that the scaled global consumption speed
increases with the increase of the scaled flame length for the three conditions.
Furthermore, at conditions I (REF) and II (HP), the scaled global consumption
speed with Soret diffusion is higher than that without Soret diffusion. However,
at condition III (HT), the scaled global consumption speed with Soret diffusion
is lower than that without Soret diffusion. This observation is consistent with
the results from the 1D flame simulation (Fig. 6.2). Based on the analysis of the
1D flame, it is inferred that the enhancement of global consumption speed with
Soret diffusion at conditions I (REF) and II (HP) results from the strong increase
in the burning intensity in positively stretched and curved regions caused by
Soret diffusion of H2. The reduction of global consumption speed with Soret
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Red circles: with Soret diffusion; black circles: without Soret diffusion.
The global consumption speed is scaled with the corresponding laminar
flame speed. The flame length is scaled with the width of the computational
domain.

diffusion at conditions III (HT) is due to the strong negative influence on burning
intensity caused by Soret diffusion of H.

The correlation between local consumption speed and flame curvature is
also analysed with and without Soret diffusion. The local consumption speed is
computed in the same way as in Ref. [100]. It is defined as

Sc
` =

−1

Ac(ρYH2)

∫
Ωlocal

ωH2dΩlocal (6.13)

where Ac is the length of the flame front inside the control volume. The local
control volume is the area between two adjacent local normals which are uni-
formly distributed along the flame front. The local normals follow the gradient
of c. The flame front for the computation of the local consumption speed is de-
fined at a isothermal line which passed through the peak local H2 consumption
rate of the flames. The curvature, σ, is simply computed throughout the domain
by using the formula, σ= −∇· ~n, where ~n is the normal unit vector defined as,
~n = −∇T/‖T‖. The curvature of the flame front is obtained by interpolation.
Based on this definition of flame curvature, the flame curvature is positive in
the regions which are convex towards the reactants and negative at cusps. In
this analysis, two instantaneous snapshots for each case are taken namely, at
5 ms and 20 ms, which represent the early phase and developed phase of the
simulation respectively. The local consumption speed versus flame curvature at
5 ms and 20 ms are plotted in Fig. 6.10, where the local consumption speed is
scaled with the corresponding zero-stretch laminar flame speed. It is shown that
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Soret diffusion affects the positive correlation between the local consumption
speed and the flame curvature. The local consumption speed with the inclu-
sion of Soret diffusion is more sensitive to flame curvature than that without
Soret diffusion at conditions I (REF) and II (HP), reflecting a more negative
Markstein number indicative of a more thermal-diffusive unstable flame. At the
three conditions, flames predicted with Soret diffusion at 5 ms exhibit a more
pronounced reduction in burning intensity in cusps than those at 20 ms when
compared to their counterparts without Soret diffusion. This is because the
flames at 5 ms are sharper and more so when Soret diffusion is included. At
conditons I (REF) and II (HP), the maximum local consumption speed predicted
with and without Soret diffusion at 5 ms shows larger difference than that at 20
ms. The difference is even larger at condition II (HP) than that at condition I
(REF). However, at condition III (HT), Soret diffusion has only a small influence
on the maximum local consumption speed at both 5 ms and 20 ms. Additionally,
a larger amount of local extinction is observed at condition II (HP). The effect
of Soret diffusion significantly enhances thermal-diffusive instability at elevated
pressure. This is because the Markstein number decreases indicative a more
thermal-diffusive unstable flame at elevated pressure, as shown in Fig. 6.1. How-
ever, the enhancement in thermal-diffusive instability caused by Soret diffusion
is suppressed at elevated temperature, owing to the larger Markstein number at
elevated temperature.

To sum up, the influence of Soret diffusion on 2D freely propagating flame
evolution depends significantly on the pressure and temperature. In the early
phase of flame evolution, at normal pressure and temperature, the flames com-
puted with Soret diffusion display more curved flame cells than those without
Soret diffusion. This effect is enhanced by pressure while it is suppressed by
temperature. The global consumption speed is enhanced by the Soret diffusion
at normal and elevated pressures. This is because the burning intensity in pos-
itively stretched and curved regions is strongly increased by Soret diffusion of
H2. However, the global consumption speed is reduced by the Soret diffusion at
elevated temperature. This is due to the negative influence on burning intensity
caused by Soret diffusion of H. The correlation between local consumption speed
and flame curvature indicates that a more thermal-diffusive unstable flame is
predicted with the inclusion of Soret diffusion at normal and elevated pressures.
However, this is not the case at elevated temperature.
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6.5 Conclusions

The influence of Soret diffusion on lean hydrogen/air flames at normal and
elevated pressure and temperature has been systematically investigated. Firstly,
the effect of Soret diffusion on the mass burning rate as a function of Ka is
studied by the simulation of 1D flames. It is found that, at normal pressure
and temperature, Soret diffusion first reduces the mass burning rate and then
enhances the mass burning rate with the increase of Ka. This results from the
competing effects of Soret diffusion of H and H2. Soret diffusion of H2 first
reduces and then enhances the mass burning rate with the increase of Ka. This
effect is enhanced by the increased pressure and suppressed by the increased
unburned mixture temperature. However, Soret diffusion of H decreases the
mass burning rate continuously with the increase of Ka. This effect is suppressed
by the increased pressure and enhanced by the increased temperature.

Secondly, the dynamics of 2D lean hydrogen/air flames is analysed. It is
found that, at normal pressure and temperature, in the early phase of flame evo-
lution, the flames computed with Soret diffusion display more curved flame cells
and for these flames the excitation of Fourier modes representing larger flame
cells is slightly easier than those without Soret diffusion. Pressure enhances
this effect while temperature reduces it. The influence of Soret diffusion of H2
on global consumption speed is enhanced by elevated pressure. The influence
of Soret diffusion of H on global consumption speed is enhanced by elevated
temperature. Soret diffusion affects more the flame structure and dynamics in its
early phase of evolution than in the long time phase due to the local enrichment
of H2 caused by the flame curvature effects.
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Chapter 7
Summary, conclusions, and recommen-
dations

7.1 Summary and conclusions

In this dissertation, low Lewis number lean limit flames (ball-like flame, cap-like
flame and multiple ball-like flames) at earth gravity are systematically inves-
tigated. The lean limit flames are stabilized by supplying a downward flow of
combustible mixture. Four experimental setups with different tube diameters are
developed to investigate these buoyancy-affected ultra lean flames at different
pressures. The influence of Lewis number, confinement conditions, pressure and
Soret diffusion on the lean limit flame behavior is explored. Detailed numerical
simulations of experimentally observed lean limit flames are performed. Finally,
a general picture of low Lewis number lean limit flames at earth gravity is drawn.

Single ball-like flame: the influence of Lewis number on the lean limit
flames stabilized inside a tube with a relatively small diameter of 13.5 mm is
examined. Enclosed cell-like lean limit flames are observed in CH4-air mixture,
while ball-like lean limit flames are observed in CH4-H2-air and H2-air mixtures.
The entire ball-like lean limit flames are located inside a recirculation zone,
while for a cell-like lean limit flame, only the leading edge is located inside the
recirculation zone. The size of the lean limit flame decreases significantly with
decreasing Lewis number. The chemiluminescence of the lean limit flame front
becomes more uniform with lower Lewis number. The fuel transport caused
by diffusion for the lean limit flames becomes more important with smaller
Lewis number, as compared to that caused by convection. Thus, the appearance
and the combustion mechanism of the observed ball-like flames corresponds
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even more closely to 1D micro-gravity flame balls as the mixture Lewis number
decreases. Additionally, the lean limit flame temperatures of planar flames, ball-
like flames and flame balls closely match for CH4-H2-air and H2-air mixtures,
which is unlikely (though not impossible) to be just a coincidence. In our
view, this observation indicates that the 1D planar flames, the 1D micro-gravity
flame balls and the 2D ball-like flames may share a common flammability limit
mechanism.

Cap-like flame: cap-like lean limit flames of two H2-CH4-air mixtures stabi-
lized inside a larger 30 mm diameter tube are studied. The cap-like lean limit
flame locates inside a recirculation zone and comprises a main flame front that
is convex with respect to the unburned mixture and a secondary weak flame
front below the main one. The entire main flame front has a negative flame
displacement speed, which is sustained by the heat release of the secondary
weak flame front. The maximum local stretch rate is attained at the flame tip,
which is similar to the CH4-air flames in a tube. It is also found that radiative
heat loss has a significant influence on the lean flammability limit of the cap-like
flames, while it is not the key factor causing the extinction of the cap-like flame.
The extinction of the cap-like flame could be caused by the imbalance of the
flame bottom edge burning velocity and the flow velocity.

Multiple ball-like flames: multiple ball-like flames are observed in a larger
55 mm diameter tube below a perforated plate as the lean flammability limit is
approached for mixtures with more than 20% H2 in the fuel gas. The multiple
ball-like flames have an oblate spheroidal shape with a non-uniform luminosity
of the flame front. As the H2 content in the fuel gas is increased, the size of the
ball-like flames decreases. At 80% of H2 in the fuel gas, the lean limit flames be-
come nearly spherical, and the luminosity of the flame front becomes relatively
uniform. The oblate spheroid shape of the lean limit flames, compared to the
ball-like flames in a narrow tube, is caused by stronger buoyancy effects in the
former case. Each of the multiple ball-like flames is located inside an individual
recirculation zone, which could be a key factor that makes the formation of ball-
like flames at earth gravity possible. The multiple ball-like flames become closely
resembling 1D micro-gravity flame balls, and diffusion transport becomes more
important, as mixture Lewis number decreases. All in all, the wall confinement
is not crucial for the formation of ball-like flames at terrestrial gravity.

Ball-like and cap-like flames at elevated pressures: the influence of pres-
sure up to 5 bar on the lean limit H2-CH4-air flames in tubes is investigated. A
ball-like lean limit flame is experimentally stabilized at 2 bar by reducing tube
diameter. With a further increase of pressure, a change from ball-like flame
to cap-like flame is observed, which can be attributed to the increase of the
maximum upward velocity in the recirculation zone with increasing pressure.
As compared with the convective and diffusive fluxes in a 1D flat flame, fuel
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transport caused by the convective flux in the leading edges of the lean limit
flames at different pressures is less important. For the trailing edge of the ball-
like flame at 2 bar, transport is mainly controlled by diffusion. With an increase
of pressure, fuel transport caused by the convective flux in the trailing edge
increases. It is also found that the numerical prediction of lean limit flames is
sensitive to both chemistry and transport at higher pressures.

Soret diffusion effect: the influence of Soret diffusion on lean hydrogen/air
flames at normal and elevated pressure and temperature is investigated by nu-
merical simulations. For 1D flames, at normal pressure and temperature, Soret
diffusion first reduces and then enhances the mass burning rate with the increase
of Karlovitz number (Ka). This results from the competing effects of Soret diffu-
sion of H and H2. Soret diffusion of H2 first reduces and then enhances the mass
burning rate with the increase of Ka. This effect is enhanced by the increased
pressure and suppressed by the increased unburned mixture temperature. How-
ever, Soret diffusion of H decreases the mass burning rate continuously with
the increase of Ka. This effect is suppressed by the increased pressure and
enhanced by the increased temperature. For 2D flames, at normal pressure
and temperature, in the early phase of flame evolution, the flames computed
with Soret diffusion display more curved flame cells. Pressure enhances this
effect while temperature reduces it. The numerical results demonstrate that it is
important to take Soret diffusion into consideration when hydrogen/air flames
are computed at elevated pressures. However, this is not the case at elevated
temperature.

Summary: according to the results of the present study, a general picture
of low Lewis number lean limit flames at earth gravity can be drawn. All the
low Lewis number lean limit flames in different diameter tubes at earth grav-
ity are located inside a recirculation zone, which allows formation of ball-like
and cap-like flames at earth gravity. Low Lewis number lean limit flames have
nearly spherical and uniform flame front when buoyancy-induced convection
is weak. As natural convection intensifies, with increase of the tube size or of
pressure, the lean limit flames take a cap-like shape. The fuel transport caused
by diffusion in the low Lewis number lean limit flames becomes more important,
as compared to that caused by convection. The size of the ball-like lean limit
flame decreases significantly with decreasing the Lewis number or increasing
the pressure.
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7.2 Recommendations for future work

The research presented in this dissertation contributes to improving our under-
standing of the mechanism which determines the low Lewis number flamma-
bility limit and near-limit flame behavior at normal and elevated pressures and
temperatures, and also provides experimental data and creates a platform for the
validation of chemistry and transport models at ultra lean conditions. Although
encouraging results are obtained in the present study, further research is still
required for further improvements on our understanding of low Lewis number
lean limit flames at earth gravity. The following are some recommendations:

1. For ball-like flames, current results show that the maximum flame temper-
atures for 2D experimental ball-like flames, 2D ball-like numerical flames,
1D planar flames and 1D flame balls converge to nearly the same value as
the lean flammability limit is approached. This phenomenon has not been
explained. Understanding of this phenomenon is, however, crucial for the
understanding of the flammability limit mechanism.

2. For cap-like flames, the proposed extinction mechanism needs to be fur-
ther verified. Therefore, time-dependent detailed simulation of the ex-
tinction process of the cap-like flames is needed.

3. For multiple ball-like flames, only an approximate simulation is performed
in present research. Detailed three dimensional simulations of the dynam-
ics of the multiple ball-like flames can further assist to understand the
combustion behavior of the ultra-lean low Lewis number flames.

4. Quantitative spatially resolved measurements of key species (e.g. H2,
CH4, O2, OH∗ and CH∗) in the lean limit flames should be performed
for the understanding of ultra-lean combustion chemistry.
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