Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

VOLUME 157 . ISSUE 12 . DECEMBER 2010

i 8

Combustion
and Flame

THE JOURNAL OF THE COMBUSTION INSTITUTE

Available online at www sclancedirec.com

*.% ScienceDirect

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Combustion and Flame 157 (2010) 2267-2276

”Combustion
and Flame

Contents lists available at ScienceDirect

Combustion and Flame

journal homepage: www.elsevier.com/locate/combustflame @ e

Effects of radiation and compression on propagating spherical flames
of methane/air mixtures near the lean flammability limit

Zheng Chen*

State Key Laboratory for Turbulence and Complex Systems, Department of Mechanics and Aerospace Engineering, College of Engineering, Peking University, Beijing 100871, China

ARTICLE INFO ABSTRACT

Article history:

Received 25 March 2010

Received in revised form 18 May 2010
Accepted 8 July 2010

Available online 3 August 2010

Large discrepancies between the laminar flame speeds and Markstein lengths measured in experiments
and those predicted by simulations for ultra-lean methane/air mixtures bring a great concern for kinetic
mechanism validation. In order to quantitatively explain these discrepancies, a computational study is
performed for propagating spherical flames of lean methane/air mixtures in different spherical chambers
using different radiation models. The emphasis is focused on the effects of radiation and compression. It
is found that the spherical flame propagation speed is greatly reduced by the coupling between thermal
effect (change of flame temperature or unburned gas temperature) and flow effect (inward flow of burned
gas) induced by radiation and/or compression. As a result, for methane/air mixtures near the lean flam-
mability limit, the radiation and compression cause large amounts of under-prediction of the laminar
flame speeds and Markstein lengths extracted from propagating spherical flames. Since radiation and
compression both exist in the experiments on ultra-lean methane/air mixtures reported in the literature,
the measured laminar flame speeds and Markstein lengths are much lower than results from simulation
and thus cannot be used for kinetic mechanism validation.
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1. Introduction

The laminar flame speed and Markstein length are two funda-
mental parameters of a combustible mixture [1,2]. Their accurate
determination is extremely important for validating chemical ki-
netic mechanisms [3] and for modeling turbulent premixed com-
bustion within the laminar flamelet regime [4]. Therefore, in the
last 50 years, substantial attention has been given to the determi-
nation of the laminar flame speed and Markstein length and vari-
ous experimental approaches have been developed to measure
these two parameters [5,6].

The most common approaches for measuring the laminar flame
speed and Markstein length are the counterflow flame method
[7,8] and the propagating spherical flame method [9-26]. Recently,
Davis and coworkers [27,28] investigated the counterflow flames
and found that the stretch rate measured at the position of local
minimum flow velocity (or maximum velocity gradient) is not an
accurate indicator of the stretch exerted on the flame. Therefore,
it is difficult to accurately determine the Markstein length using
the counterflow flame method [27,28]. Moreover, because of the
Reynolds number limit, it is difficult to use the counterflow flame
method to measure the laminar flame speed at high pressures [15].
Consequently, due to its simple flame configuration and well-
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defined flame stretch rate at normal and high pressures, the prop-
agating spherical flame method is currently the most favorable
method for measuring the laminar flame speed and Markstein
length [9-26].

In the propagating spherical flame method, a quiescent
homogeneous combustible mixture in a closed chamber is cen-
trally ignited by an electrical spark which results in an outwardly
propagating spherical flame [9-26]. The stretched flame speed
and stretch rate are calculated from the flame front history,
Rg=R{t), which is recorded by schlieren or shadow photography.
The unstretched laminar flame speed and Markstein length are
then obtained from the linear extrapolation between the stretched
flame speed and stretch rate. Recently, a great deal of effort has
been devoted to obtaining accurate laminar flame speed and
Markstein length from propagating spherical flames. For example,
Bradley et al. [12] studied the effects of ignition and different
isotherms on the spherical flame propagation speed; Qiao et al. [20]
designed a short-drop free-fall laboratory facility that provides
low gravity conditions (1072 g) so that the effects of buoyancy
can be minimized; Chen et al. [23] showed that the flame speed
reverse phenomenon greatly narrows the experimental data range
valid for flame speed extrapolation; Burke et al. [24] demonstrated
that the flow field deviation due to non-spherical chambers can
reduce the accuracy of flame speed measurements.

However, discrepancies among the laminar flame speeds and
Markstein lengths measured by different researchers for the same
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Fig. 1. (a) Laminar flame speed and (b) Markstein length relative to the burned gas
for methane/air mixtures at atmospheric pressure and room temperature (symbols:
results extracted from outwardly propagating spherical flames; line: results from
simulation of adiabatic propagating planar flames).

fuel are still appearing in the literature [29,30] and become a great
concern for kinetic mechanism validation. Figure 1 shows the mea-
sured laminar flame speeds, S°, and the Markstein lengths relative
to the burned gas, L, for the simplest hydrocarbon fuel, methane.
Except for the laminar flame speed calculated by PREMIX (solid
line) [31], all the experimental results (symbols) were measured
using the propagating spherical flame method [10,14,16-
18,21,22,25,26,32]. For near-stoichiometric and rich CHg/air mix-
tures (¢ > 0.8), relatively small discrepancies are shown to exist
among the measured laminar flame speeds; unlike the laminar
flame speeds, Fig. 1b shows that there are very large discrepancies
for the Markstein lengths measured by different researchers and
the relative difference can even be larger than 300% for ¢ > 1.1.
For CHy/air mixtures near the lean flammability limit (¢ < 0.65),
Fig. 1 shows that there are huge discrepancies among S° and L,
measured by different researchers and/or predicted from simula-
tion. According to Ronney and Wachman [32], the buoyancy
strongly affects the spherical flame propagation in normal-gravity
experiments when S is below 15 cm/s. Therefore, micro-gravity
experiments should be conducted for methane/air mixtures near
the lean flammability limit (¢ < 0.65). In Fig. 1, only results re-
ported by Ronney and Wachman [32] and Wang et al. [26] were
obtained from micro-gravity experiments. Though good agreement
is achieved for the laminar flame speeds measured in micro-grav-
ity experiments [26,32], the measured data are much lower than
numerical prediction, as shown in the enlarged inset in Fig. 1a. Fur-

thermore, Fig. 1b shows that the negative Markstein lengths re-
ported by Wang et al. [26] were unreasonably lower than those
measured by other researchers and predicted by simulation (It is
noted that in Ref. [32], the stretched flame speed at Rr=7 cm was
considered to be the laminar flame speed. Linear extrapolation to
zero stretch rate was not conducted and thus the Markstein length
was not obtained by Ronney and Wachman [32].)

The reason for these discrepancies has yet to be quantitatively
explained. The difference between experimental and numerical re-
sults mentioned above could be caused by the inaccuracy of the
experimental measurements, the inaccuracy of the theoretical
models employed in the data processing, or/and the invalidity of
the kinetic mechanism. In this study, numerical simulation is con-
ducted to help understand the deficiencies of the models used to
interpret the experimental measurement. For lean CHy/air mix-
tures, there are two possible sources affecting the accuracy of the
measured Sﬁ and L. The first one is radiation, which always exits
in experiments and is important for spherical flames of near-limit
mixtures [33,34]. The second one is compression, which is caused
by pressure increase during the flame propagation and is impor-
tant for spherical flame experiments conducted in a small chamber
[35]. The objective of this study is to assess the effects of radiation
and compression on the flame propagation speed and the extracted
laminar flame speed and Markstein length. The effects of radiation
and compression were not accounted for in the interpretation of
experimental measurements. In this study, they are found to be
the causes for the discrepancies between measured and calculated
Sﬂ and L, of CHy/air mixtures near the lean flammability limit.

The paper is organized as follows: in Section 2, numerical meth-
ods and specifications are presented; then, in Section 3, the radiation
and compression effects on the flame propagation speed and linear
extrapolation are assessed and the radiation re-absorption effects
are discussed; finally, the conclusions are summarized in Section 4.

2. Numerical methods and specifications

In order to study the effects of radiation and compression on
spherical flame propagation, a time-accurate and space-adaptive
numerical solver for Adaptive Simulation of Unsteady Reactive
Flow, A-SURF (1D), is used to carry out high-fidelity numerical sim-
ulation of outwardly propagating spherical flames. A-SURF has
been successfully used and validated in a series of studies on
spherical flame initiation and propagation [23,24,30,35,36].

The unsteady Navier-Stokes equations and the energy and spe-
cies conservation equations for a multi-species reactive mixture in
a one-dimensional spherical coordinate are solved in A-SURF [23]:
ou 1 0FU) 1 0F,(U)

ot 'r2 ar rz or
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Here p is the density, u the flow velocity in the radial direction,
and E the total energy per unit mass. Instead of solving the conti-
nuity equation, the species conservation equations for all n species
are solved in A-SURF. The quantities, Yy, V), and @y, are the mass
fraction, diffusion velocity and production rate of species k, respec-
tively. The production rate of species k, wy, due to chemical reac-
tion is specified via collection of elementary reactions using a
CHEMKIN compatible database [37]. The mixture-averaged for-
mula [31] is employed to calculate diffusion velocity, in which
the thermal diffusion of H and H, is considered. Moreover, a cor-
rection velocity is included to ensure the mass conservation [31].

In the momentum equation, P is the hydrostatic pressure, and
the viscous stresses, 7; and 7,, in the one-dimensional spherical

coordinate are
_2pdu 2 9(r*u) _2uu 2u 9(r*u)

U= T3 a0 BT 32 o 3)
where p is the dynamic viscosity of the mixture.

In the energy conservation equation, the total energy, E, is
defined through

n T
E=-P+ pu2/2 + ph7 h= Z(Ykhk)7 he = hk_o -‘r/ Cp_k(T)dT7
k=1 To

(4)

where T is the temperature, h, the enthalpy of species k, hyo the
species enthalpy of formation at the reference temperature Tp,
and Cp the specific heat of species k at constant pressure. The heat
flux is

aT - ]
q= AE—PZ(hkkaU (5)
k=1

where / is the thermal conductivity of the gas mixture. The radia-
tive source term, ¢,, in the energy conservation equation is evalu-
ated according to different radiation models discussed later.

Details on the numerical schemes and code validation of
A-SURF can be found in Ref. [23] and hence are only briefly
described below. The finite volume method is used to discretize
the conservation governing equations in the spherical coordinate.
The second-order accurate, Strang splitting fractional-step proce-
dure [38] is utilized to separate the time evolution of the stiff reac-
tion term from that of the convection and diffusion terms. In the
first fractional step, the non-reactive flow is solved. The Runge-
Kutta, MUSCL-Hancock, and central difference schemes, all of
second-order accuracy, are employed for the calculation of the
temporal integration, convective flux, and diffusive flux, respec-
tively. The chemistry is solved in the second fractional step using
the VODE solver [39]. The detailed methane/air reaction mecha-
nism, GRI-MECH 3.0 [40], is used in this study. The chemical
reaction rates as well as thermodynamic and transport properties
are evaluated using the CHEMKIN and TRANSPORT packages
[31,37] interfaced with A-SURF.

In order to assess the radiation effects, we employ three differ-
ent radiation models in the simulation. The first one is the adia-
batic model (denoted by °‘ADI'’) in which radiation is not
considered. The second one is the optically thin model (denoted
by ‘OTM’) in which only the radiation emission from CO,, H,O0,
CO, and CHy4 is considered [41]. The optically thin model basically
assumes that radiation can pass through the medium without sig-
nificant absorption. However, it is well known that CO, is not only
a radiation emitter but also a strong absorber. Therefore, more
accurate radiation model should be considered. To account for
the radiative transport including both emission and re-absorption,
the third radiation model, statistical narrow band model (denoted
by ‘SNB’), is also used in this study. The fitted statistical narrow-
band correlated-k (FSNB-CK) method [42] is employed to calculate

the radiative transport in the third radiation model. The details on
the numerical algorithm and model accuracy of FSNB-CK can be
found in Ref. [42] and thus are not repeated here. In order to inves-
tigate the compression effects, simulations of propagating flames
in two spherical chambers of different radii, R,, =4.96 cm (small
one, denoted by ‘S’) and R,, =100 cm (large one, denoted by ‘L),
are conducted. In the micro-gravity experiments conducted by
Wang et al. [26], the chamber volume is V=8 x 8 x 8 cm® and its
equivalent radius is Ry=(3V/4n)'® =4.96 cm. Therefore, simula-
tion results for R, =4.96 cm can be compared directly with the
experimental data reported in Ref. [26]. For R,, = 100 cm, the rela-
tive pressure increase (which is proportional to the ratio between
the volume of burned gas and that of the chamber) is below 0.15%0
and thus the compression effects are negligible when the flame ra-
dius is less than 5 cm [35].

In simulation, the expanding spherical flame is initiated by a hot
pocket (1-2.5 mm in radius) of burned product surrounded by
fresh mixture at room temperature (T, = 298 K). The size of the
hot pocket is chosen so that the effects of ignition can be mini-
mized [12,23]. The initial wall temperature is 298 K. The initial
pressure and flow velocity at every grid are 1atm and O cm/s,
respectively. To accurately and efficiently resolve the propagating
spherical flame, a multi-level, dynamically adaptive mesh is used
in A-SURF and the flame front is always fully covered by the finest
grids of 16 um in width. The grid refining and coarsening proce-
dures introduced by Sun and Takayama [43] are employed in
A-SURF. For R,, =4.96 cm, six grid levels (from level O to level 5)
are utilized (thus the largest mesh size is 16 x 2° =512 um) and
the total number of grid points is around 200. For R,, =100 cm,
nine grid levels (from level O to level 8) are utilized (thus the larg-
est grid size is 16 x 22 =4096 pm) and the total number of grid
points is about 360. For both cases, R,, =4.96 cm and R,, = 100 cm,
the number of the finest grid covering the moving flame front is
around 100. When a uniform grid of 16 pm is used in the simula-
tion, the mesh number for R,, =4.96 cm and R,, =100 cm is 3100
and 62,500, respectively. Therefore, a speed-up of 3100/
200=15.5 and 62,500/360 = 173.6 is achieved with the help of
adaptive mesh. Figure 2 shows the grid level distribution for
Ry, =4.96 cm. The flame front position is Rg=0.9 cm. It is seen that
the flame front is always fully covered by the finest grids at level
L =5. Furthermore, Fig. 2 shows that the inner (r=0) and outer
(r =R,,) boundaries are also covered by finest grids, with the help
of which the boundary conditions (shown in Fig. 2) can be satisfied
in the simulation. Since the finite volume method is used, at r=0
only the convective and diffusive fluxes need to be calculated
and the singularity problem is avoided. At r = R, the wall is consid-
ered to be adiabatic and the wall effect on radiation transportation
is not considered in this study. Grid convergence is tested to ensure
the numerical accuracy: the relative change of the flame propaga-
tion speed is found to be within 0.5% when the size of the finest
grid is halved (i.e. 8 pm in width).

3. Results and discussion

Propagating spherical flames of lean CHg/air mixtures in two
spherical chambers, R,, =4.96 cm (S) and R, = 100 cm (L), are sim-
ulated using three radiation models, ADI, OTM, and SNB. In the
results presented below, the chamber size and radiation model
are indicated by different abbreviations listed in Table 1. By com-
paring the results from L-OTM/S-ADI with and those from L-ADI,
the radiation/compression effects can be assessed (the effects of
radiation re-absorption are investigated only in the last sub-sec-
tion via comparison among results from L-ADI, L-OTM, and
L-SNB). Nine different CH,/air mixtures are studied and the equiv-
alence ratios, ¢ =0.5, 0.52, 0.536, 0.55, 0.564, 0.585, 0.6, 0.65, and
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bl Ri/Rw < 1.5/4.96 ~ 0.3 [35]). One possible reason could be that the
Table 1

The corresponding chamber size and radiation model for different abbreviations.

Chamber size, R, (cm)

Radiation model

S-ADI 4.96 Adiabatic model

S-0TM 4.96 Optically thin model

L-ADI 100 Adiabatic model

L-OTM 100 Optically thin model

L-SNB 100 Statistical narrow band model

0.7, are chosen so that some of the numerical results can be com-
pared with the experimental data reported in Ref. [26].

3.1. Radiation and compression effects on flame propagation speed

From the flame front history, Rf= R(t), defined as the position of
maximum heat release rate in the simulation, the flame propaga-
tion speed, S, can be calculated via numerical differentiation, i.e.
S =dR¢/dt. Figure 3 shows the flame propagation speeds of lean
CHgy/air mixtures near the flammability limit. In Fig. 3a, S is shown
to monotonically increase with Ry when both radiation and com-
pression are excluded (L-ADI). When radiation is considered
(L-OTM), S still monotonically increases with R. However, due to
the radiation effects, it is lower than that without radiative loss
(L-ADI). The difference between the flame propagation speeds for
adiabatic and radiative cases is shown to increase with the flame
radius. When the smaller chamber is considered (S-OTM), S is
shown to first increase and then decrease with Ry This is due to
the fact that, with the increase of flame radius, the pressure in-
creases and the flame propagation speed will be affected by the
compression effect [35]. It is seen that the difference between
the flame propagation speeds from S-OTM and L-OTM increases
quickly with the flame radius. Therefore, both radiation and com-
pression reduce the flame propagation speed and the larger the
flame radius, the stronger the radiation and compression effects.

The experimental results reported in Ref. [26] are also pre-
sented in Fig. 3 for comparison. It is seen that S measured in the
micro-gravity experiments [26] monotonically decreases with Ry
which is in the opposite trend to those predicted by simulations
for L-ADI and L-OTM. Since a chamber with equivalent radius of
Ry, =(3V/4m)'”® =4.96 cm was used in the experiments [26], the
compression effects, as demonstrated by simulation results for
S-OTM, slow down the flame propagation when the flame radius
is large. Therefore, it is reasonable that the measured S decreases
with Ry for large flame radius (Rs> 1.5 cm). However, it is not clear
why the measured S decreases with Ry when the flame radius is
small (Rr< 1.5 cm), for which the compression effects are almost
negligible (the relative pressure increase is below 3% when

spark ignition still affects the flame propagation even when the
flame radius is between 1.0 and 1.5 cm [23].

The flame propagation speed as a function of stretch rate,
K=(2/Ry)dRy/dt = 2SRy, is shown in Fig. 3b. Simulation results show
that S decreases monotonically with K only for L-ADI, while S
changes non-monotonically with K for L-OTM (due to the radiation
effects), S-ADI (due to the compression effects), and S-OTM (due to
the compression and radiation effects). However, the measured S
increases linearly with K [26]. Consequently, as shown by Fig. 3b,
there is huge difference among the extracted flame propagation
speeds at zero stretch rate from simulations and experiments. In
fact, because of the compression effects (S-ADI and S-OTM), the
linear extrapolation between S and K cannot be conducted to get
SatK=0.

In order to explain why the flame propagation speed is reduced
by the radiation and compression effects, the evolution of temper-
ature and flow velocity is plotted in Fig. 4 for spherical CHy/air
(@ = 0.585) flames. For L-ADI without radiation and compression,
the temperature of burned and unburned mixtures is nearly con-
stant and the flow velocity of the burned gas just behind the flame
front is zero (U, = 0). When radiation is considered (L-OTM), the
flame temperature is reduced by about 20-30 K, resulting in a low-
er flame propagation speed. Meanwhile, due to radiation cooling,
the burned gas temperature decreases during the flame propaga-
tion and the burned gas moves toward the center (U, < 0). There-
fore, there are two effects affecting S: (1) the thermal effect by
which the flame temperature and thus S are reduced due to the
radiative heat loss; and (2) the flow effect by which S is reduced
by the incoming flow of burned gas (U, < 0) caused by the radiation
cooling.

When compression is considered (S-ADI), the temperature of
unburned gas increases during the flame propagation. Therefore,
the flame becomes stronger and should propagate faster. However,
due to the pressure rise, the burned gas moves toward the center
(Up<0) and thus the flame propagation will be slowed down.
Therefore, there are also two effects affecting S: (1) the thermal ef-
fect by which the unburned gas temperature and thus S increase
due to compression; and (2) the flow effect by which S is reduced
by the incoming flow of burned gas (U, < 0) caused by compres-
sion. Simulation results show that the flow effect is stronger than
the thermal effect. Therefore, similar to the radiation effects, the
compression effects also reduce the spherical flame propagation
speed. When both radiation and compression are considered
(S-OTM), the temperature of unburned mixture is smaller than that
for S-ADI while the temperature of burned gas is larger than that
for L-OTM. This is because temperature decreases due to radiation
while it increases due to compression. Since both radiation and
compression cause inward flow of burned gas, the magnitude
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Fig. 3. Flame propagation speed as a function of: (a) flame radius and (b) stretch rate. The lines in figure (b) stand for linear extrapolations and the extracted results at zero

stretch rate are presented.

of burned gas velocity for S-OTM is shown to be larger than those
for S-ADI and L-OTM.

Figure 5 shows U, as a function of Ry U, is chosen as the flow
velocity at the position where 99.9% of the total heat release occurs
and it is very close (the relative difference is within 0.5%) to the
minimum flow velocity shown in Fig. 4b. The magnitude of the
radiation induced inward flow is seen to increase with the flame
radius (Fig. 5a). This explains why the difference between the
flame propagation speeds for adiabatic and radiative cases in-
creases with the flame radius (comparing results for L-OTM and
L-ADI in Fig. 3a). Figure 5b shows that the compression induced in-
ward flow increases exponentially with the flame radius. This ex-
plains why the difference between the flame propagation speeds
from S-OTM and L-OTM increases quickly with the flame radius
(comparing results for S-OTM and L-OTM in Fig. 3a). It is seen that
the compression induced velocity is two to three times larger than
the radiation induced velocity. Therefore, the flow effect on S due
to compression is much stronger than that due to radiation.

Summarizing, both radiation losses and compression reduce the
flame propagation speed. With the increase of the flame radius, the
radiation and compression effects are found to become stronger.
Moreover, it is demonstrated that the reduction of the flame prop-
agation speed is due to the coupling between the thermal and flow
effects caused by radiation or compression.

3.2. Radiation and compression effects on the linear extrapolation

In the propagating spherical flame method, the unstretched
laminar flame speed and Markstein length can be extracted from
the linear extrapolation based on the following correlation [1]

Sy =S — LK (6)

where Sy, S0, and Ly, are, respectively, the stretched flame speed, un-
stretched flame speed, and Markstein Length, all relative to the
burned mixture. It is noted that the Markstein length (L,) is for
the stretched flame speed relative to the burned mixture (S,), which
is not equal to the consumption speed or the displacement speed
defined in Ref. [46]. Knowing SJ, the unstretched laminar flame
speed relative to the unburned mixture, S?, can be deduced through
mass conservation: S° = ¢S}, where ¢ is the density ratio between
the burned and unburned mixtures.

According to the kinetic balance with respect to the burned
mixture, the stretched flame speed is

Sy =S-U, (7)

In all the previous experiments utilizing the spherical flame
method to measure Sg and L, (Fig. 1 and references therein), the
burned gas was assumed to be quiescent (U, ~0) and thus the
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Fig. 4. Evolution of the distributions of: (a) temperature and (b) flow velocity for spherical methane/air (¢ = 0.585) flames.

velocity of the experimentally visualized flame front was consid-
ered to be the burned flame speed, i.e. S, ~ S = dRs/dt. However,
as shown in Figs. 4b and 5, the burned gas velocity is not zero when
radiation or compression is considered. As a result, inaccurate S?
and L, will be obtained by assuming S, ~ S when radiation and/
or compression effects are not negligible (for example, for lean
CHy/air flames propagating in a small chamber of R, =4.86 cm
[26]). This will be demonstrated in the following.

3.2.1. Radiation effects

Figure 6 shows the effects of radiation on the linear extrapola-
tion of S and L, for a lean methane/air mixture (¢ = 0.536). Linear
extrapolation is conducted based on simulation results with flame
radius in the range of 1.5 < Rf< 2.5 cm. Flames with larger flame
radius (Rf > 1.5 cm) are used so that the effects of ignition and
finite flame thickness [12,23] can be minimized. Without radiative
loss (L-ADI), S, is shown to change linearly with K and the ex-
tracted results are S‘; =35.1 cm/s and L, = 0.88 mm. When radiative
loss is included (L-OTM), different values of S) and L, can be
extracted, depending on whether the radiation induced velocity
is considered. Without considering U, (S, ~ S for L-OTM), Fig. 6
shows that the extracted S and L, are 14% and 50% lower, respec-
tively. This is caused by the coupling between the thermal and flow
effects induced by radiation. When U, is considered (S, =S — U, for

L-OTM), the extracted Sg and L, are shown to be 8% and 6% lower,
respectively. This is caused by the thermal effect only. Therefore,
the laminar flame speed and Markstein length extracted from the
linear extrapolation are both reduced by the thermal and flow
effects induced by radiation.

The laminar flame speed and Markstein length of CHy/air mix-
tures (0.5 < ¢ < 0.6) extracted from different linear extrapolations
are shown in Fig. 7. The thermal and flow effects are indicated in
Fig. 7. It is seen that the thermal effect on the extracted S) and L,
decreases with the equivalence ratio. This is because the relative
reduction of the flame temperature by radiative loss decreases
with ¢. The flow effect on the extracted SJ and L, is also shown
to decrease with ¢. This is due to the fact that the stretch rate at
the same flame radius increases with ¢ (thus the flow effect on
linear extrapolation becomes weaker for larger ¢). The results
shown in Fig. 7 indicate that the radiation effects cause 7%
(for ¢ =0.6) to 25% (for ¢ =0.5) under-prediction of SJ, and 38%
(for ¢ =0.6) to 62% (for ¢ =0.5) under-prediction of L, The
measured laminar flame speeds and Markstein lengths of CHy/air
mixtures near the lean flammability limit are strongly affected
by radiation. Therefore, the laminar flame speed and Markstein
length measured in the micro-gravity experiments [26,32] are
shown to be much lower than those predicted by numerical
simulation (see Figs. 1 and 7).
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The results shown in Figs. 6 and 7 are from linear extrapolations
using flames with radius in the range of 1.5 < Rf < 2.5 cm. How-
ever, as shown in Fig. 5a, the absolute value of U, changes with
Ry. Therefore, the extracted results, So and L, will be affected by
the flame radius range employed in the linear extrapolation. This
is demonstrated by Fig. 8, which presents SS and L, from linear
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extrapolations using different flame radius ranges. A case number,
n, is introduced here to specify the flame radius range used in the
linear extrapolation. For case number n, the corresponding flame
radius range is 0.5n < Ry < (0.5n + 1.0) cm. Therefore, for a larger
case number n, flames with larger flame radii are considered in
the linear extrapolation. For the adiabatic case (L-ADI), there is
obvious change in the extracted 53 and L, from case n=1:
0.5 <Rf<1.5cm to case n=2: 1.0 < Rf < 2.0 cm. This is because
the flame propagation is affected by ignition and unsteadiness
when the flame radius is small [23]. For n > 2, the extracted S?,
and L, are shown to be independent of the flame radius range.
However, when radiation is included (L-OTM), the extracted 52
and L, are shown to decrease with the flame radius range if U, is
not considered (S, =~ S). This is because |Up| increases with Ry for
L-OTM (Fig. 5a) and the linear extrapolation is more strongly
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affected by the flow effect induced by radiation for flames with lar-
ger flame radii. When U, is considered (S,=S — U, for L-OTM),
Fig. 8 shows that the extracted S° and L, are also independent of
the flame radius range for n > 2. Therefore, if the flow effect in-
duced by radiation is not considered (L-OTM, S, ~ S, U, <0), the
measured laminar flame speeds and Markstein lengths will
strongly depend on the flame radius range used in the linear
extrapolation.

3.2.2. Compression effects

Similar to Fig. 6, Fig. 9 shows the compression effects on the
linear extrapolation. When the compression is included and U, is
not considered (S, ~ S for S-ADI), the extracted S) and L, are shown
to be, respectively, 18% and 172% lower than those without
compression (52 =35.1 cm/s and L, = 0.88 mm). This is caused by
the coupling between the thermal and flow effects induced by
compression. When Uy, is considered (S, =S — Uy, for S-ADI), the ex-
tracted S) and L, are shown to be 3% and 35% higher, respectively.
This is caused by the thermal effect by which the unburned gas
temperature increases due to compression. Therefore, the laminar
flame speed and Markstein length from linear extrapolation are
both increased/decreased by the thermal/flow effect. Since the flow
effect dominates over the thermal effect, both S and L, are reduced
due to compression.

The laminar flame speed and Markstein length from different
linear extrapolations are shown in Fig. 10. It is seen that the ther-
mal effect on the extracted 52 and L, decreases with the equiva-
lence ratio. This is because the relative change of the laminar
flame speed due to unburned gas temperature rise decreases with
@. Unlike the thermal effect, the flow effect on the extracted S° and
Ly, is shown to increase with ¢. This is because, at the same flame
radius, the pressure changing rate, dP/dt, and thus the compression
induced velocity, |Up|, increase with ¢ for lean CHg4/air mixtures
(see Fig. 5b). The results shown in Fig. 10 indicate that the com-
pression effects cause 15% (for ¢ =0.5) to 20% (for ¢ =0.6) un-
der-prediction of 53. and 117% (for ¢ =0.5) to 241% (for ¢ = 0.6)
under-prediction of L, Therefore, the measured laminar flame
speed and Markstein length of CH,/air mixtures near the lean flam-
mability limit are also greatly affected by compression.

Our previous study [35] showed that the pressure rise and thus
the compression effects are proportional to the cube of the normal-
ized flame radius, (R/Ry)>. Therefore, for a given flame radius range
(forexample 1.5 < Ry< 2.5 cm), the compression effects strongly de-
pend on the chamber size, R,,. Figure 11 shows the effects of chamber
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Fig. 10. Effects of compression on the laminar flame speed and Marksein length of
methane/air mixtures near the lean flammability limit.

size on the extracted 52 and Lj. It is seen that the thermal and flow
effects induced by compression both decrease with the chamber
size. WhenR,, > 20 cm, Sﬁ and L, extracted from the linear extrap-
olation almost do not change with R,,. Therefore, the compression
effects can be neglected for R,, > 20 cm. For R, =10 cm, Fig. 11
shows that S? is 1-6.75/6.90 = 2% under-predicted while L, is
1-0.69/0.87 = 20% under-predicted due to compression effects.
The much larger difference for L, than that for S?, is because the for-
mer is much more sensitive to the linear extrapolation and more
difficult to be accurately extracted than the latter [30]. Therefore,
in order to exclude the compression effects and thus to obtain
accurate laminar flame speed and Markstein length, a chamber with
radius not less than 10 cm should be employed in experiments. For
the micro-gravity experiments conducted by Wang et al. [26], the
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Markstein length of methane/air mixture with ¢ = 0.536. The flame radius range
used for linear extrapolation is 1.5 < Rf< 2.5 cm.
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equivalent chamber radius is 4.96 cm. Therefore, the laminar
flame speed and Markstein length measured in Ref. [26] are much
lower than those predicted by numerical simulation (see Figs. 1
and 10).

3.3. Effects of radiation re-absorption

In the Section 3.1, the optically thin model (OTM) is used and
only radiative emission is considered. However, for mixtures near
the flammability limit, the radiation re-absorption is important
[42,44]. In the following, the effects of radiation re-absorption on
lean CHy/air flames are investigated via comparison among results
from L-ADI, L-OTM, and L-SNB.

Figure 12 shows the distributions of temperature, flow velocity,
and volumetric radiative loss rate of a propagating spherical meth-
ane/air (¢ = 0.536) flame at Ry= 2.5 cm. It is seen that when radiation
re-absorption is considered (L-SNB), the volumetric radiative loss
rate is reduced by around 20%. Consequently, the flame temperature
predicted by L-SNB is shown to be slightly higher than that by S-
OTM, and the burned gas velocity (|Up|) predicted by L-SNB is slighter
lower than that by S-OTM. Therefore, the thermal and flow effects in-
duced by radiation are both reduced when radiation re-absorption is
considered. This is further demonstrated by Fig. 13 which shows S,
as a function of Ry or K for the same methane/air mixture
(¢ =0.536). Figure 13a shows that at the same flame radius Ry, the
flame speed (S or S, =S-U,) from L-SNB is larger than that from
L-OTM due to radiation re-absorption. Therefore, the radiation
effects on flame propagation speed are reduced when radiation re-
absorption is considered. Moreover, the linear extrapolation results
in Fig. 13b show that Sg and L, from L-SNB are closer to those from
L-ADI than L-OTM. Therefore, the radiation effects on the linear
extrapolation are also reduced when radiation re-absorption is
considered.

The effects of different radiation models, OTM and SNB, on the
unstretched laminar flame speed of lean methane/air mixtures are
shown in Fig. 14. The thermal and flow effects for OTM and SNB
are indicated in the figure. For ¢ = 0.65 (mixture far from the flam-
mability limit), the relative reduction of the laminar flame speed, S,
is 5.1% (1.9% due to thermal effect and 3.2% due to flow effect) when
only radiative emission is considered (OTM), and 4.2% (1.6% due to
thermal effect and 2.6% due to flow effect) when radiation re-
absorption is considered (SNB). However, for ¢ = 0.5 (mixture close
to the flammability limit—n; = 0.468 predicted by simulation
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flame radius range used for linear extrapolation is 1.5 < Rf< 2.5 cm.

[45]), the relative reduction of 52, is 24.9% (17.3% due to thermal
effect and 7.6% due to flow effect) for OTM and 18.4% (13.6% due
to thermal effect and 4.8% due to flow effect) for SNB. Therefore,
as expected, the effects of radiation re-absorption become more



2276 Z. Chen/Combustion and Flame 157 (2010) 2267-2276

important for CHy/air mixture closer to the lean flammability limit.
Moreover, Fig. 14 shows that, for mixtures with ¢ > 0.65, the rela-
tive difference in S° caused by radiation re-absorption is within 1%.
Therefore, the effects of radiation re-absorption can be neglected
for lean CHg4/air mixtures with ¢ > 0.65.

As shown in this section, the burned gas velocity, Uy, is very
important for the proper interpretation of results. However, it is
practically impossible to measure U,. Moreover, given the sensitiv-
ity of the results to the radiation model used (Fig. 14) and that
potentially important radiation effects (absorption at the wall)
are not taken into account in this study, it is also difficult to accu-
rately predict U, via numerical simulation. Therefore, in spherical
flame experiments measuring the laminar flame speed and Mak-
stein length, measures should be taken to minimize the radiation
and/or compression induced flow.

4. Conclusions

Numerical simulations of propagating spherical flames of meth-
ane/air mixtures near the lean flammability limit are conducted.
The effects of radiation and compression are assessed by changing
the radiation model and the spherical chamber size. The main con-
clusions are:

1. Both radiation and compression strongly affect the flame prop-
agation speed (S) and the extracted laminar flame speed (SS)
and Markstein length (L) from linear extrapolation. It is found
that the reduction of the flame propagation speed is caused by
the coupling between the thermal effect (change of flame tem-
perature or unburned gas temperature) and flow effect (inward
flow of burned gas, U, < 0) induced by radiation or compression.
The thermal and flow effects induced by radiation both reduce
the flame speed. However, the thermal/flow effect induced by
compression increases/decreases the flame speed. Since the
flow effect dominates over the thermal effect, the flame speed
is also reduced due to compression.

2. For methane/air mixtures with equivalence ratio between 0.5
and 0.6, it is shown that the radiation effects cause 7-25%
under-prediction of S°, and 38-62% under-prediction of Ly,
while the compression effects cause 15-20% under-prediction
of S2, and 117-241% under-prediction of L. In the micro-gravity
experiments for ultra-lean CHy/air mixtures [26,32], the radia-
tion and compression effects both exist but were not accounted
for in the interpretation of the experimental measurements.
Therefore, the extracted laminar flame speed and Markstein
length reported in Refs. [26,32] are much lower than results
from simulation and/or other measurements (see Fig. 1). As a
result, the micro-gravity experiment results in Refs. [26,32]
cannot not be used for kinetic mechanism validation.

3. In order to obtain accurate laminar flame speed and Markstein
length from spherical flame experiments, the effects of radiation
and compression should be minimized. The radiation effects on
the extracted laminar flame speed and Markstein length are
found to depend on the flame radius range used for linear
extrapolation. In order to minimize the radiation effects, propa-
gation speed at small flame radius should be used in data pro-
cessing. The compression effects are shown to strongly depend
on the chamber size. In order to exclude the compression effects,
a chamber with radius not less than 10 cm should be employed
for methane/air mixtures at normal temperature and pressure.

4. The thermal and flow effects induced by radiation are both
reduced when radiation re-absorption is considered. Conse-
quently, the radiation effects on the flame propagation speed
(S) and the extracted laminar flame speed (53) and Markstein
length (L) are reduced by radiation re-absorption. The effects

of radiation re-absorption are found to become more important
for CH/air mixture closer to the lean flammability limit. For
lean CHy4/air mixtures with ¢ > 0.65, the relative difference in
SY caused by radiation re-absorption is within 1% and thus the
effects of radiation re-absorption can be neglected.
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