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Abstract 

The outwardly propagating spherical flame (OPF) method is popularly used to measure the laminar flame 
speed (LFS). Recently, great efforts have been devoted to improving the accuracy of the LFS measurement 
from OPF. In the OPF method, several assumptions are made. For examples, the burned gas is assumed to 

be static and in chemical equilibrium. However, these assumptions may not be satisfied under certain con- 
ditions. Here we consider low-pressure and super-adiabatic propagating spherical flames, for which chem- 
ical non-equilibrium exists and the burned gas may not be static. The objective is to assess the chemical 
non-equilibrium effects on the accuracy of LFS measurement from the OPF method. Numerical simu- 
lations considering detailed chemistry and transport are conducted. Stoichiometric methane/air flames at 
sub-atmospheric pressures and methane/oxygen flames at different equivalence ratios are considered. At low 

pressures, broad heat release zone is observed and the burned gas cannot quickly reach the adiabatic flame 
temperature, indicating the existence of chemical non-equilibrium of burned gas. Positive flow in the burned 

gas is identified and it is shown to become stronger at lower initial pressure. Consequently, the LFS measure- 
ment from OPF at low pressures is not accurate if the burned gas is assumed to be static and at chemical 
equilibrium. For super-adiabatic spherical flames, the burned gas speed is found to be negative due to the lo- 
cal temperature overshoot at the flame front. Such negative speed of burned gas can also reduce the accuracy 
of LFS measurement. It is recommended that the direct method measuring both flame propagation speed 
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and flow speed of unburned gas should be used to determ  

super-adiabatic flame temperature. 
© 2018 The Combustion Institute. Published by Elsevier 
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. Introduction 

The laminar flame speed (LFS), S u 
0 , is de-

ned as the speed at which a planar, unstretched,
diabatic, premixed flame propagates relative to
he unburned gases [1] . LFS is a fundamental
hysicochemical property of a combustible mix-
ure. The fundamental application of LFS varies
rom development of chemical kinetics and surro-
ate fuel models [2] to turbulent combustion mod-
lling [3] . Currently, the outwardly propagating
pherical flame (OPF) method is popularly used to
easure LFS due to its well-defined stretch rate and

ts capability in measuring LFS at elevated pres-
ures [4,5] . However, there are several factors af-
ecting spherical flame propagation, which result
n large discrepancies in LFS measured from the

PF method [5] . Efforts still need to be devoted
o improving the accuracy of LFS measurement.
therwise, LFS data with large uncertainty can-
ot be used to restrain the uncertainty of chem-

cal models [5] . This study focuses on the chemi-
al non-equilibrium of burned gas in low-pressure
nd super-adiabatic propagating spherical flames.
he chemical non-equilibrium effects on the uncer-

ainty of LFS measurement from the OPF method
re quantified here. 

Usually the OPF method is used to measure
FS at normal and elevated pressures. Recently, it
as also been used at sub-atmospheric pressures

6–9] . However, at lower pressures, the flame be-
omes thicker and thus the burned gas inside
he propagating spherical flame might not reach
hemical equilibrium if the ratio between flame
adius and flame thickness is not large enough
10] . As shown in the present study, such chemical
on-equilibrium can induce non-static flow in the
urned gas and thereby affects the accuracy of LFS
easurement. Therefore, the first objective of this
ork is to investigate the chemical non-equilibrium
ffects at low-pressure propagating spherical flames
nd to quantify its influence on LFS determination.

Besides the low-pressure flames, chemical non-
quilibrium also occurs in flames with super-
diabatic flame temperature (SAFT) phenomenon.
AFT appears in rich hydrocarbon premixed
ames, in which the maximum temperature can
reatly exceed the adiabatic flame temperature. The
ature of SAFT has been explored by several
roups through numerical simulation of premixed
lanar flames [11–14] . Liu et al. [14] studied the
ine the LFS at low pressures or for mixtures with

Inc. All rights reserved. 

ow-pressure; Super-adiabatic temperature 

SAFT phenomena in different fuel-rich mixtures.
They showed that the super-equilibrium concen-
trations of H 2 O and hydrocarbon induces SAFT.
Zamashchikov et al. [13] found that the degree of 
SAFT strongly depends on the equivalence ratio.
They attributed the local temperature overshoot to
the diffusion of H 2 from the reaction zone to the
preheated zone. Unlike the conclusion of Ref. [13] ,
Liu and Gülder [15] proposed that the deficiency of 
H radical at the end of major heat release zone is re-
sponsible for SAFT. In direct injection gasoline en-
gines, local high equivalence ratio occurs frequently
and thereby the SAFT phenomenon is expected to
appear. In spherical flame experiments measuring
the LFS of such kind of mixture, the SAFT phe-
nomenon also occurs and it might affect the accu-
racy of LFS measurement. To our knowledge, there
is no study on SAFT phenomenon in outwardly
propagating spherical flames. Therefore, the second
objective of this work is to study the chemical non-
equilibrium effects in outwardly propagating spher-
ical flames with SAFT. 

Based on the objectives discussed above, out-
wardly propagating spherical flames at low pres-
sures or with SAFT phenomenon are investigated
numerically and experimentally. The chemical non-
equilibrium effects on the accuracy of LFS mea-
surement from the OPF method are quantified and
interpreted. Methane is considered in this study.
Nevertheless, the same conclusions can be drawn
for other fuels. Syngas/air and n-heptane/air flames
at low pressures are considered and the results are
shown in the Supplementary Documents due to pa-
per length limit. 

2. Numerical and experimental methods and flame 
speed formulations 

In simulation, both planar and spherical pre-
mixed flames are considered here. CHEMKIN-
PREMIX code [16] is used to simulate the adi-
abatic, planar, premixed flame. The outwardly
propagating spherical flames are simulated us-
ing the in-house code A-SURF [17–19] . The
CHEMKIN package [20] is incorporated into A-
SURF to calculate reaction rates and thermal and
transport properties. For methane/air flames, we
use GRI-Mech 3.0 [21] which was shown to work
at sub-atmospheric pressures [22] . The mixture-
averaged model is used to evaluate the mass
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Fig. 1. Distributions of burned gas temperature (a) 
and normalized heat release rate (b) of 1D premixed 
planar flames in stoichiometric methane/air mixture at 
T u = 298 K and different pressures. 
diffusivities for different species; and a correc-
tion term for diffusion velocity is included to en-
sure compatibility of species and mass conserva-
tion equations. Adaptive mesh refinement with the
smallest mesh size of 16 μm is used. Grid conver-
gence is achieved to ensure numerical accuracy. A-
SURF has been successfully used in previous stud-
ies (e.g., [23–27] ). The details on numerical schemes
and code validation of A-SURF can be found in
[17–19] . A-SURF is also used to simulate the tran-
sient planar flame propagation in an unconfined
space, from which the reference unstretched LFS,
S 

0 
u,ref , is obtained as: 

S 

0 
u,re f = 

d x f 

dt 
− U u (1)

where U u is the flow velocity of the unburned gas
and x f is the flame front position (defined as the
position with maximum heat release rate). 

Experiments for propagating spherical flames
are conducted using the Generation-3 constant-
pressure dual-chamber spherical flame apparatus
at Tsinghua University [28] . Detailed specification
of the experimental apparatus, procedure and data
analysis were reported previously [28] . A large
chamber with inner diameter of 12.5 cm allows
large useful extrapolation ranges used in data pro-
cessing [28] . The flame radius history, R f ( t ), is im-
aged using Schlieren photography and recorded
with a high-speed digital motion camera (Photron
Fastcam SA-Z) at 10,000 frames per second. The
details on data processing are presented in [28] . 

For OPF, the flame propagation speed is
equal to the time derivation of flame radius, i.e.,
S = dR f / dt . The stretched flame speed relative to
unburned gas is S u = S - U u , in which U u is the flow
speed of unburned gas at the flame front. In experi-
ments, U u can be measured through high-speed PIV
[10,29,30] . Consequently, the LFS is determined
through linear or nonlinear extrapolation between
S u and stretch rate, K , which is K = 2 S / R f for OPF.
Since both S and U u are directly measured in ex-
periments, this is called as the Direct Method (DM)
[31] . 

An alternative method is first to obtain S b 
0 from

extrapolation between S b (the subscript b stands for
speed relative to the burned gas) and K , and then to
get LFS through S u 

0 = σ eq S b 
0 . Here σ eq is the den-

sity ratio between the burned gas at chemical equi-
librium and the unburned gas (i.e., σ eq = ρb 

eq / ρu ).
This method is based on the assumptions of static
burned gas (i.e., U b = 0 and thereby S b = S - U b = S )
and chemical equilibrium of burned gas. It is called
the Indirect Method (IM) since only S is measured
and LFS is obtained indirectly [31] . 

Currently the DM is used only by Renou and
coworkers [10] , who are able to measure the un-
burned gas flow speed in OPF through high-speed
PIV. All other groups use the IM. According to
the discussion in the Introduction, chemical non-
equilibrium in burned gas due to low pressure or
SAFT might break the assumptions used in the IM, 
which affects the accuracy of LFS measured from 

the IM. This will be studied in the following two 

sections. 
It is noted that there are several factors affecting 

the uncertainty in LFS measured from the IM [5] . 
In this study, we focus on the influence of chemi- 
cal non-equilibrium due to low pressure or SAFT. 
Therefore, other factors such as ignition, confine- 
ment, radiation and flame instability (reviewed in 

[5] ) are not considered here. 

3. Flames at sub-atmospheric pressures 

We first consider spherical flame propagation at 
sub-atmospheric pressures. Figure 1 shows the dis- 
tributions of burned gas temperature and normal- 
ized heat release rate of premixed planar flames 
in stoichiometric methane/air at different initial 
pressures. At P = 5 atm, the reaction zone is very 
thin (less than 2 mm) and the burned gas quickly 
reaches the adiabatic flame temperature, indicat- 
ing that chemical equilibrium is quickly reached 

in burned gas. However, at sub-atmospheric pres- 
sure of P = 0.5 and 0.2 atm, the heat release zone 
becomes much wider and the adiabatic flame tem- 
perature is not immediately reached in burned gas. 
Therefore, at low pressures, the burned gas close to 

the flame front cannot reach chemical equilibrium. 
Even for atmospheric pressure, it takes about 3 cm 

for the burned gas to reach the equilibrium temper- 
ature. 
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To assess how the chemical non-equilibrium
ffects spherical flame propagation, we conduct
imulations for stoichiometric methane/air at
 u = 298 K and different pressures. The distribu-

ions of temperature and flow speed of burned gas
re shown in Fig. 2 for flame radius around R f = 1
nd 2 cm. Similar to results shown in Fig. 1 (a),
he adiabatic flame temperature is not immedi-
tely reached in burned gas. At P = 0.5 atm, the
diabatic flame temperature of T ad = 2212 K is
ever reached for R f = 2 cm. Even at P = 1 atm,
he distance to reach the equilibrium temperature
s above 0.5 cm. Consequently, positive speed in
urned gas is observed in Fig. 2 (b) for both P = 0.5
nd 1 atm. The burned gas speed is above 10 cm/s
or P = 0.5 atm. Therefore, the assumption of 
tatic burned gas use in the IM does not hold for
ropagating spherical flames at sub-atmospheric
ressures. 

For the IM, the density ratio at equilibrium,
eq = ρb 

eq / ρu , is used to obtain the S u 
0 from S b 

0 .
owever, the density ratio cannot reach the equilib-

ium value if the burned gas is not in chemical equi-
ibrium. Figure 3 compares the normalized density
atio for different pressures. Significant deviation
f the density ratio from its equilibrium value is ob-
erved. The deviation increases greatly with the de-
rease of pressure or flame radius. For P = 0.2 atm,
/ σ eq is around 1.1 for 1 ≤ R f ≤ 2 cm; and thereby
bout 10% under-prediction of S u 

0 is caused by us-
ng σ eq . Therefore, the use of equilibrium density
ratio in the IM can result in large uncertainty in
LFS measurement at low pressures. 

Figure 4 depicts the change of flame propaga-
tion speed with the stretch rate for P = 0.2 and
1 atm. At P = 1 atm, the linear trend between
flame propagation speed, S , and stretch rate, K ,
is consistent throughout the flame radius range of 
1 ≤ R f ≤ 5 cm. However, at P = 0.2 atm, the S - K
slope changes with flame radius range: solid line
II (which is linear fitting for 1 ≤ R f ≤ 2 cm) has
smaller slope than solid line III (which is linear
fitting for 3 ≤ R f ≤ 5 cm). Consequently, the low
pressure LFS determined from the IM using σ eq

depends on the flame radius range used in extrapo-
lation. This is demonstrated in Fig. 5 , which shows
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the change of normalized LFS with flame radius
range used in extrapolation for different pressures.
For P = 5 atm, accurate LFS is obtained and it
is nearly independent of flame radius range used
in extrapolation. However, the LFS is under pre-
dicted by 10.4%, 4.4% and 1.6% respectively for
P = 0.2, 0.5 and 1 atm when the flame radius range
of 1 ≤ R f ≤ 2 cm is used. Such under prediction de-
creases as the flame radius increases. This is because
the density ratio converges to its value at large flame
radius as shown in Fig. 3 . However, due to the limit
of combustion vessel size and pressure rise, usually
the flame radius range of 1 ≤ R f ≤ 2 cm is used in
data processing. 

To validate the simulation results, experiments
for stoichiometric methane/air at P = 0.5 atm are
conducted. Figure 6 compares the results from
simulation and experiments. The relative difference 
between experiments and simulations is within 4% 

and thereby is acceptable. The experimental results 
have the same trend as simulation results. There- 
fore, this confirms the influence of non-equilibrium 

density ratio and positive burned gas velocity in 

IM. Unfortunately, we cannot get experimental 
results at lower pressure of P = 0.2 atm. This is 
because at such low pressure the critical flame 
radius for successful ignition become very large, 
which greatly restricts the flame radius range that 
is uninfluenced by ignition [17,32] . 

The above results indicates that at low pres- 
sures, the IM cannot yield accurate LFS since the 
assumptions of zero burned gas speed and equi- 
librium density ratio are not satisfied. However, 
since such assumptions are not required in the DM, 
more accurate LFS can be obtained from the DM 

than that from the IM. This is demonstrated by 
Fig. 7 . The relative discrepancy in S u 

0 obtained 

from the DM is shown to be within 2%. There- 
fore, the DM instead of IM should be used for low- 
pressure propagating spherical flames. 

Figure 8 shows the normalized LFS extracted 

from IM and DM as a function of pressure. At sub- 
atmospheric pressures, the accuracy of the DM is 
much higher than that of the IM. At elevated pres- 
sures above 1 atm, the accuracy of the IM is slightly 
higher than that of the DM. Nevertheless, the accu- 
racy of the DM is nearly independent of pressure 
and the relative under prediction in LFS is always 
within 2%. 

In a brief summary, the above results indicates 
that at low pressures, the burned gas inside the 
propagating spherical flame might not be able 
to reach chemical equilibrium. Chemical non- 
equilibrium can induce non-static flow in the 
burned gas and make the density ratio to deviate 
from its equilibrium value. Consequently, the 
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ccuracy of LFS measurement at low pressures is
reatly reduced in the IM and the DM should be
sed. 

. Flames with super-adiabatic flame temperature 

In this section we consider LFS measure-
ent from propagating spherical flames with

uper-adiabatic flame temperature (SAFT).
ethane/oxygen mixtures at T u = 300 K and
 = 1 atm and different equivalence ratios are
onsidered. 

According to Stelzner et al. [11] , the super-
diabatic flames for methane/oxygen can be divided
nto two different regimes based on the equiva-
ence ratio. In the first regime with 1 < φ < 2, the

aximum super-adiabatic temperature occurs at
= 1.5. In this regime, the crucial factor for SAFT
henomenon is the maximum concentration of H
adical and the combustion is very similar to the
quilibrium condition. Figure 9 shows the normal-
zed temperature profile for different equivalence
atios calculated by PREMIX. The temperature
rofiles for φ = 1.5 and 2.0 are in consistent with
hose in Ref. [11] . The relative overshoot of the lo-
al temperature for φ = 1.5 and 2.0 are respectively
% and 2.5%. With further increase in the equiva-
ence ratio, the consumption rate of H radical de-
reases and H radical overshoot occurs. The key
actor for the second regime of φ > 2 is the low con-
umption rate of H 2 O in the super-adiabatic region
11] . Figure 9 shows that in the second regime, fur-
her increase in the equivalence ratio yields larger
elative overshoot of the local temperature. The rel-
tive overshoot of the local temperature reaches
% and 13% respectively for φ = 2.5 and 3.0. Be-
ides, for φ = 2.5 and 3.0, the low consumption rate
f H 2 O results in a broad super-adiabatic region
hich is in chemical non-equilibrium. The readers
are referred to [11] for more details on how H 2 O
consumption rate influences the flame thickness in
flames with SAFT. 

Figure 10 shows the distributions of temper-
ature and flow speed in propagating spherical
methane/oxygen flames with φ = 3. Due to the
flame temperature overshoot, positive tempera-
ture gradient is observed for burned gas inside
the spherical flame. As the burned gas becomes
far from the flame front, its temperature gradu-
ally decreases toward the equilibrium value. Con-
sequently, similar to spherical flames with strong
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radiation effects [26,33–35] , such positive tempera-
ture gradient can induce negative flow speed in the
burned gas close to the flame front. This is observed
in Fig. 10 (b). Such negative speed of burned gas can
reduce the flame propagation speed and thereby af-
fects the LFS determination from the IM. 

Figure 11 plots the flame propagation speed,
S = dR f / dt , as a function of stretch rate for CH 4 /O 2
mixtures with φ = 2.5 and 3. For φ = 2.5, S changes
linearly with K for the flame radius range of 
1 ≤ R f ≤ 5 cm (solid line I). However, nonlinear
change between S and K is observed for φ = 3. The
linear extrapolation based on flame radius range of 
1 ≤ R f ≤ 2 cm (solid line II) and 3 ≤ R f ≤ 5 cm (solid
line III) respectively yields the unstretched flame
speed, S b 

0 , of 175 cm/s and 133 cm/s. Therefore, the
LFS obtained from the IM strongly depends on the
flame radius range used in extrapolation for flames
with strong SAFT. 

Figure 12 compares the normalized LFS ob-
tained from the IM and DM using different flame
radius ranges for methane/oxygen mixture with
φ = 3. The LFS from the IM is over predicted for
the flame radius range of 1 ≤ R f ≤ 2 cm. Such over
prediction is shown to decreases when flames with
larger radii are considered in data processing for the
IM. This strong variation of LFS obtained from
the IM can be described by the nonlinear behav-
ior of S - K shown in Fig. 11 . When the DM is
used, the LFS is only under-predicted by 2% for the
flame radius range of 1 ≤ R f ≤ 2 cm. Therefore, for
CH 4 /O 2 with φ = 3 and strong SAFT, the LFS ob-
tained from the DM is much more accurate than
the IM. Figure 13 shows that the accuracy of the
IM is close to that of the DM except the case
of φ = 3. For the IM, the deviation increases sig-
nificantly when the equivalence ratio of φ = 3 is
reached. However, the accuracy of the DM is al- 
most independent of equivalence ratios and the de- 
viation is always within 4%. Therefore, for spherical 
flames with strong SAFT (here CH 4 /O 2 with φ = 3), 
the LFS obtained from the IM is not accurate and 

the DM should be used. 

5. Conclusions 

Numerical simulations considering detailed 

chemistry and transport are conducted for spher- 
ical flame propagation at low pressures or with 

super adiabatic flame temperature. The chemical 
non-equilibrium effects on the accuracy of LFS 

measurement from the OPF method are assessed. 
The main conclusions are: 
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(1) At sub-atmospheric pressures, the burned gas
inside the propagating spherical flame cannot
immediately reach chemical equilibrium and
there exists a broad heat release zone. Such
chemical non-equilibrium can induce posi-
tive flow in the burned gas and make the den-
sity ratio higher than its equilibrium value.
Therefore at low pressures, the assumptions
of static burned gas and chemical equilib-
rium condition used in the indirect method
(IM) are not satisfied. It is recommended that
the DM should be used for LFS measure-
ment at low pressures. Besides, experiments
are also conducted which confirm the simu-
lation results. 

(2) For super-adiabatic spherical flame prop-
agation, negative flow in the burned gas
is induced by local temperature overshoot
and chemical non-equilibrium. Such nega-
tive speed of burned gas can reduce the
flame propagation speed and thereby af-
fects the LFS determination from the IM.
Strong nonlinear dependence of propagation
speed on stretch rate is observed for rich
methane/oxygen mixture with strong SAFT
phenomenon. It also shown that the accuracy
of LFS measurement can be improved by us-
ing the DM rather than IM for mixtures with
strong SAFT phenomenon. 
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