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The present work investigates the accuracy of laminar flame speeds measured from outwardly propagat-
ing spherical flames. We focus on methane/air mixtures at normal temperature and pressure, for which
there is a variety of data sets reported in the literature. It is observed that there are large discrepancies in
laminar flame speed measurement, which makes these experimental data unhelpful for restraining the
uncertainty of chemical models. Different sources of uncertainty/inaccuracy (including mixture prepara-
tion, ignition, buoyancy, instability, confinement, radiation, nonlinear stretch behavior, and extrapola-
tion) are discussed and their contributions to large discrepancies in laminar flame speed measurement
are assessed with the help of 1-D simulation. It is found that the uncertainty in equivalence ratio can
bring large inconsistency in laminar flame speed measurement, especially for off-stoichiometric mixtures
and experiments using pressure gauge with normal or low accuracy. For fuel-rich methane/air mixtures,
the large deviations in laminar flame speed measurement could be partly caused by nonlinear stretch
behavior and extrapolation. The change of the influence of different sources of uncertainty with initial
pressure, initial temperature, and fuel carbon number is also discussed. Furthermore, it is shown that
the discrepancy in raw experimental data can be possibly hidden after extrapolation is conducted.
Therefore, the data used for extrapolation as well as extracted results should be reported and compared
with simulation or other experiments. The recommendations on the laminar flame speeds measurement
using the propagating spherical flames are also provided.

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

The laminar flame speed, S0
u, is defined as the speed at which a

planar, unstretched, adiabatic, premixed flame propagates relative
to the unburned gas [1]. It is an important parameter of a
combustible mixture since it determines the fuel burning rate
and flame stabilization in practical combustors. On a more funda-
mental level, S0

u is an important target for validating chemical
mechanisms and for developing surrogate fuel models (e.g., [2–
7]). Various experimental approaches have been developed to
measure S0

u using different flame configurations such as Bunsen
flame, flat-burner flame, counterflow/stagnation flame, and out-
wardly propagating spherical flame (OPF) [1,5]. The advantages
and limitations of these approaches have been recently reviewed
by Egolfopoulos et al. [5]. Currently, due to the simple flame con-
figuration and well-defined stretch rate, the OPF method is
popularly used to measure S0

u, especially at high pressures.
Accurate measurement of laminar flame speed is extremely
important since the sensitivity of S0

u to chemical kinetics is relative-
ly low [5]. It is very difficult to constrain the uncertainty of chemical
models using low-quality (with large-uncertainty) experimental
data of S0

u [5,8]. Recently, substantial attention has been devoted
to improving the accuracy of laminar flame speed measurement
using the OPF method ([5] and references therein). For example, a
collaborative study has been initiated to investigate the potential
error sources and to reduce the uncertainty associated with S0

u

measurement [9]. For large molecular weight fuels or liquid fuels,
the uncertainty associated with S0

u measurement using the OPF
method can be large due to the effects of molecular transport
(differential diffusion of reactants) [10] and/or fuel heating and
vaporization [5,9]. For small molecular weight gaseous fuels (such
as methane and propane, not including hydrogen), the uncertainty
in S0

u measurements is usually considered to be small, at least for
conditions at normal temperature and pressure (NTP, Tu = 298 K,
P = 1 atm). A new experimental setup for S0

u measurement is usually
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validated against experimental data for CH4/air at NTP reported in
the literature.

However, as will be shown in this study (see Figs. 1 and 3), the
discrepancies in S0

u measured for CH4/air at NTP using the OPF
method still remain substantial – often exceeding typical quoted
uncertainties in the measurements. These persistent discrepancies
among experimental data themselves make it difficult to interpret
comparisons between experimental data and model predictions in
kinetic mechanism validation [8]. In order to reduce the discrepan-
cies in S0

u measurements, the possible sources of uncertainty
should be investigated. Besides, information on the uncertainty
in S0

u measured in experiments is also important for kinetic model
validation and optimization [11,12].

The objectives of the present work are (1) to identify the dis-
crepancies in S0

u measured for CH4/air at NTP using the same OPF
method by different groups; and (2) to investigate possible sources
of uncertainty/inaccuracy in S0

u measurements. Specifically, a vari-
ety of experimental data sets for CH4/air reported in the literature
[13–26] is collected to show the differences in S0

u measurement
using the OPF method. Moreover, effects of mixture preparation
[5,9,27,28], ignition [29–32], buoyancy [33,34], instability [35–
37], confinement [38–41], radiation [9,10,41–44], nonlinear stretch
behavior [22,45–49], and extrapolation [50,51] on the discrepan-
cies in S0

u measurement are examined based on 1-D simulation of
propagating planar and spherical flames. It should be noted that
Egolfopoulos et al. [5] have recently reviewed possible sources of
uncertainty in S0

u measurement using the OPF method. However,
in that study the contributions of individual source of uncertainty
have not been assessed/quantified specifically for CH4/air.

The paper is organized as follows: in Section 2, the OPF method
and numerical method are briefly described; then, in Section 3, dis-
crepancies in S0

u measured by different groups for CH4/air at NTP

are presented; possible sources of uncertainty in S0
u measurement

using the OPF method are discussed in Section 4, after which addi-
tional notes and recommendations are respectively presented in
Sections 5 and 6; and finally, the conclusions are summarized in
Section 7.

2. Methodologies

Depending on the combustion chamber design and pressure
rise, there are two different methods for S0

u measurement using
OPF: the constant-pressure method (e.g., [13–26]) and the con-
stant-volume method (e.g., [52–54]). Only the constant-pressure
OPF method is considered here and hereafter it is simply called
OPF method. In this method, a confined chamber or a pressure-
release dual-chamber is used in experiments. The flame front
history of OPF, Rf = Rf(t), is recorded by high-speed schlieren or
shadowgraphy. Usually, the burned gas inside the spherical flame
is assumed to be static and thus the stretched flame speed relative
to burned gas is Sb = dRf/dt. The unstretched laminar flame speed,
S0

b , together with the Markstein length, Lb, both relative to burned
gas, can be obtained from extrapolation based on the following lin-
ear model:

Sb ¼ S0
b � LbK ð1Þ

where K = (2/Rf)(dRf/dt) is the stretch rate for OPF. Knowing S0
b , S0

u

can be determined through S0
u ¼ rS0

b , where r = qb/qu is the density
ratio between burned gas (at equilibrium condition) and unburned
gas.

When Eq. (1) is used, numerical differentiation needs to be con-
ducted to get Sb and K. This can be avoided by integrating Eq. (1)
which yields the following expression:
Sbt ¼ S0
bt � 2Lb lnðRf Þ þ const ð2Þ

Besides the linear model, the following nonlinear model was
proposed by Kelley and Law [45] in the extraction of S0

b and Lb:

Sb

S0
b

 !
ln

Sb

S0
b

 !
¼ �2Lb

Rf
ð3Þ

This model is based on the quasi-steady, adiabatic form of the rela-
tion first derived by Ronney and Sivashinsky [55]. The accuracy and
performance of the nonlinear model were discussed in [22,45–47].

This paper summarizes the experimental data for CH4/air at NTP
from previous studies [13–26] which measured S0

u using the OPF
method. The details on initial temperature and pressure, equiva-
lence ratio range, extrapolation model, and chamber geometry
are summarized in Table 1 (Most of data sets in the table were
reported in the last ten years).

In order to isolate and assess the contribution of individual
source of uncertainty, 1-D simulation of propagating planar and
spherical flames is conducted. Detailed chemistry for methane
oxidation, GRI-Mech. 3.0 [56], is used in simulation. The
unstretched, adiabatic, freely-propagating planar flame is simulat-
ed using CHEMKIN-PREMIX code [57] to get S0

u and r. The number
of grid points is kept to be above 700 so that the calculated laminar
flame speed and density ratio is grid-independent. OPF is simulat-
ed using A-SURF [31,41], which solves the conservation equations
of one-dimensional, multi-component, reactive flow in a spherical
coordinate using the finite volume method. The CHEMKIN pack-
ages [58] are incorporated into A-SURF to calculate the tem-
perature- and component-dependent thermodynamic and
transport properties. Detailed chemistry is efficiently handled in
A-SURF with the help of algorithms introduced in [59,60]. A-
SURF has been successfully used in previous studies on ignition
and flame propagation (e.g., [61–64]). The details on governing
equations, numerical schemes, and code validation can be found
in [31,41]. To adequately resolve the moving flame front, a multi-
level, dynamically adaptive mesh with finest mesh size of 8 lm
is used. Unless otherwise stated, a large chamber radius of
RW = 100 cm is used (to ensure the confinement effect is negligible)
and adiabatic condition is considered (to eliminate the radiation
effect).
3. Discrepancies in Su
0 measured for CH4/air at NTP

The laminar flame speeds of CH4/air at NTP measured by differ-
ent groups [13–26] (see Table 1) are plotted in Fig. 1. The predic-
tion from GRI-Mech. 3.0 [56] is also shown for comparison. All
the experimental results (symbols in Fig. 1) were measured using
the OPF method. Lower scatter is observed for stoichiometric
mixture, and higher scatter is observed for off-stoichiometric mix-
tures. Even for near-stoichiometric mixture of / = 0.9, high scatter
is observed. It is noticed that S0

u measured near the lean flamma-
bility limit by Wang et al. [23] is much lower than prediction from
GRI-Mech. 3.0. This is not caused by buoyancy effect since Wang
et al. [23] conducted experiments at 10�3–10�2 g reduced gravity.
It is the radiation and compression effects that make reported S0

u

much lower than its correct value [41].
The Markstein lengths of CH4/air at NTP measured using the

OPF method are shown in Fig. 2. Compared to S0
u, the discrepancies

in Lb are shown to be much larger. The relative difference can even
be above 300% under fuel-rich conditions. This is due to the facts
that Lb measurement is very sensitive to extrapolation and that
the uncertainty in Lb is about one-order larger than that in S0

u

[46]. Significant effort needs to be devoted to improving the
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Fig. 2. Markstein length relative to burned gas for CH4/air at NTP measured from
OPF.
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Fig. 1. Laminar flame speed of CH4/air at NTP. The symbols denote experimental
results measured from OPF [13–26] (see details listed in Table 1). The line denotes
numerical results predicted by GRI-Mech. 3.0 [56] using CHEMKIN-PREMIX code
[57].

Table 1
Previous experimental studies [13–26] on laminar flame speed measurement of CH4/air at NTP using the OPF method.

No. Tu (K) P / Extrapolation model Data used in
extrapolationa

Chamberb Notes 1st Author, year, Ref.

1 293–299 1 atm 0.55–1.4 Eq. (2) Rf < 3.5 cm Spherical, Rw = 30 cm N1 Taylor, 1991 [13]
2 298 ± 3 1 atm 0.6–1.35 Eq. (1) Rf < 3 cm Quasi-spherical, Rw = 13 cm N1, N4 Aung, 1995 [14]
3 298 1 atm 0.6–1.3 Eq. (1) 0.5 6 Rf 6 3 cm Spherical, Rw = 18 cm N1, N4 Hassan, 1998 [15]
4 300–302 0.1 MPa 0.6–1.2 Eq. (1) Rf > 0.6 cm Spherical, Rw = 19 cm N1 Gu, 2000 [16]
5 298 1 atm 0.6–1.3 Eq. (2) 0.5 6 Rf 6 2 cm Cylindrical, Rw = 4.128 cm, L = 12.7 cm N2, N5 Rozenchan, 2002 [17]
6 298 1 atm 0.67–1.35 Eq. (2) 1.0 6 Rf 6 2.5 cm Cylindrical, Rw = 5 cm, L = 15.24 cm N3, N5 Qin, 2005 [18]
7 298 0.1 MPa 0.7–1.2 Eq. (1) 0.5 6 Rf 6 3 cm Spherical, Rw = 12.5 cm N2 Halter, 2005 [19]
8 303 0.1 MPa 0.6–1.3 Eq. (1) 0.5 6 Rf 6 2.5 cm Cylindrical, Rw = 9 cm, L = 21.6 cm N3 Hu, 2009 [20]
9 300 ± 3 0.1 MPa 0.55–1.3 Eq. (1) 0.7 6 Rf 6 3 cm Cylindrical, Rw = 16 cm, L = 30 cm N1, N6 Tahtouh, 2009 [21]

10 300 0.1 MPa 0.6–1.3 Eq. (3) 0.8 6 Rf 6 2.7 cm Cylindrical, Rw = 16 cm, L = 30 cm N2 Halter, 2010 [22]
11 298 ± 2 1 atm 0.51–0.6 Eq. (1) Rf > 1.1–1.5 cm Cubic, L = 8 cm N1, N7 Wang, 2010 [23]
12 293–296 1 atm 0.7–1.3 Eq. (2) 0.7 6 Rf 6 4.5 cm Cylindrical, Rw = 15.25 cm, L = 35.6 cm N1 Lowry, 2011 [24]
13 298 0.1 MPa 0.6–1.3 Eqs. (1), (3) 0.65 6 Rf 6 1.9 cm Spherical, Rw = 8.5 cm N2 Varea, 2012 [25]
14 298–300 1 atm 0.6–1.3 Eq. (3) Rf > 0.25 cm Spherical, Rw = 5 cm N2, N8 Beeckmann, 2014 [26]

Notes:
N1: The laminar flame speed data were from table in this paper.
N2: The laminar flame speed data were extracted from graph in this paper.
N3: The laminar flame speed data were supplied by the first author of this paper.
N4: Different form of model Eq. (1). See Ref. [14] for details.
N5: Pressure-release dual-chamber; only the size of the inner cylinder is described.
N6: A new method based on analytical solution of Eq. (1) was proposed for data processing. See Ref. [21] for details.
N7: Experiments were conducted at micro-gravity condition (free-fall facility experiencing 1.2 s of 10�3–10�2 g reduced gravity).
N8: Experiments were performed with technical air (O2:N2 = 20.5:79.5 vol.) and the data were scaled to real air conditions with O2:N2 = 20.94:79.06.

a The flame radius range usually changes with equivalence ratio and it could be narrower than (but within) the one listed in the table.
b Rw is the inner radius for the spherical or cylindrical chamber and L is the length of cylindrical or cubic chamber.
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accuracy of Lb measurement in the future. The present work only
focuses on S0

u measurement using the OPF method.

To quantify the discrepancies in S0
u measured from OPF, Fig. 3

shows the deviation of S0
u measured by different groups [13–

22,24–26] from that predicted by simulation, S0
u;PREMIX, based on

GRI-Mech. 3.0 [56]. The near-lean-flammability limit data of
Wang et al. [23] are not included in Fig. 3 since they are greatly
affected by radiation and compression effects [41]. For stoichiomet-
ric mixture, the difference among normalized values of S0

u=S0
u;PREMIX

is the smallest but still reaches 7.6%. For very lean and rich cases,
the maximum difference is notably greater: it is 40.6% and 26.4%
for / = 0.6 and / = 1.3, respectively. Even for / = 0.9, the maximum
difference reaches around 20%. In terms of absolute value, Fig. 3(b)
indicates that the differences among S0

u measured by different
groups are above 5 cm/s for the majority of equivalence ratios
and can reach 8 cm/s for / = 0.7. Therefore, the variety of data sets
in Fig. 3 demonstrates that even for CH4/air at NTP, there are large
discrepancies in S0

u measured using the OPF method. In the recent
review paper of Egolfopoulos et al. [5], it was stated that ‘‘the result-
ing uncertainty in S0

u measurements in spherical flames is about 5%.
In extreme cases. . . the uncertainty can be significantly greater.’’
and ‘‘differences (in S0

u) of the order of 3�5 cm/s persist for low
molecular weight fuels such as C1-C4 hydrocarbons’’. The present
results show that the discrepancies in S0

u measurement using the
OPF method exceed what appear to be commonly expected.
Efforts still need to be devoted to improving the accuracy of S0

u

measured using the OPF method.
Sensitivity of S0

u to the rate of kth elementary reaction, SK, is shown

in Fig. 4(a). The sensitivity is defined as SK ¼ @ lnðS0
uÞ=@ lnðAkÞ, in

which Ak is the A-factor of the rate of kth elementary reaction [57].
As mentioned in [5], low sensitivity of S0

u to chemical kinetics is
observed. Moreover, the most sensitive elementary reaction R38
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Fig. 3. Deviation of Su
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(H + O2 = O + OH) is well studied and it has very low uncertainty. In
kinetics validation, not only the sensitivity but also the uncertainty
in elementary reaction rate is important. Following Santner et al.
[27], the sensitivity-weighted uncertainty momentum is used here
and it is defined as dK = SK � (fK � 1). In this expression, fK is the
uncertainty factor of kth elementary reaction as described by
Sheen et al. [65] (fK = 1.2 for R35, R36, R38, and R99; fK = 2.0 for
R119; fK = 4.0 for R52). As the rate coefficient uncertainty diminishes
(i.e. fK ? 1), the sensitivity-weighted uncertainty moment vanishes
(i.e. dK ? 0) [27]. Figure 4(b) shows that dK of sensitive reactions is
within 20%. One exception is R52 (CH3 + H + M = CH4 + M), for which
dK is above 40% at / > 1.1. This is because a very large uncertainty
factor of fK = 4.0 [65] is used for R52. According to more recent uncer-
tainty quantification, the uncertainty factor for R52 is less than 2.0
[66] and thereby dK of R52 is at most one-third of the value shown
in Fig. 4(b). It is observed that the magnitudes of dK of the most
important elementary reactions, R38 (H + O2 = O + OH) and R99
(CO + OH = H + CO2), are much smaller than the discrepancies in S0

u

measurement shown in Fig. 3(a). This also holds for other elemen-
tary reactions except R52. Therefore, as also mentioned in [5], S0

u data
with large discrepancies are unhelpful for restraining the uncertain-
ty of chemical models and thereby high-quality experimental data
of S0

u are needed.

4. Possible sources of uncertainty

In the following, we shall investigate possible sources of uncer-
tainty in S0

u measured for CH4/air at NTP using the OPF method.
These sources include mixture preparation [5,9,27,28], ignition
[29–32], buoyancy [33,34], instability [35–37], confinement [38–
41], radiation [9,10,41–44], nonlinear stretch behavior [22,45–
49], and extrapolation [50,51]. The references cited above provide
information or details about the effects of each source on S0

u mea-
sured using the OPF method. Simulation is conducted since it has
the advantage that different sources of uncertainty can be isolated
and examined individually. Unless otherwise stated, the results in
figures presented in this section are from or based on simulation.
4.1. Mixture preparation

The laminar flame speed depends on experimental conditions
for initial temperature, Tu, pressure, P, and equivalence ratio, /.
The small difference in Tu, P, and/or / during initial mixture prepa-
ration might induce discrepancies in S0

u measurement. Table 1
shows that the initial temperature and pressure are not exactly
the same as those at NTP (Tu = 298 K, P = 1 atm). The influence of
small perturbation of Tu or P on S0

u is demonstrated in Fig. 5(a). It

is observed that the relative change in S0
u is around ±2% when Tu

is perturbed by ±3 K from Tu = 298 K and it is ±2.5–4% for
DTu = ± 5 K. The influence of Tu slightly increases away from /
= 1.0. Table 1 shows that some groups conducted experiments at
P = 0.1 MPa instead of P = 1 atm. This slight change in pressure
brings about 0.6% relative increase in S0

u according to Fig. 5(a).
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Compared to Tu and P, the uncertainty in / brings much larger
change in S0

u under fuel-lean and fuel-rich conditions. Figure 5(b)
indicates when the equivalence ratio is changed by ±0.01 in abso-
lute value or ±1% relatively, the relative change in S0

u can reach ±4–
7% for / = 0.6 and / = 1.4. For near-stoichiometric mixtures with
0.8 6 / 6 1.2, the relative change in S0

u becomes smaller (within
±3%).

Beeckmann et al. [9] mentioned that in OPF experiments con-
ducted by different groups, the uncertainty in / is less than 0.01
in absolute value or 0.8% in relative value. Egolfopoulos et al. [5]
mentioned that the uncertainty in / for CH4/air increases away
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from / = 1.0 and it is around 0.005 and 0.035 for / = 0.7 and /
= 1.4, respectively. Partial pressure method is usually used to pre-
pare the mixture in OPF experiments. The uncertainty in mixture
composition depends on the accuracy of pressure gauge used in
experiments. For alkane (CnH2n+2) and air mixture prepared for
the objective equivalence ratio of /0 and at the pressure of P, the
real equivalence ratio is

/¼/0þ
DPFuel

P
� /0

1:5nþ0:5
DPO2

P

� �
½/0þð1:5nþ0:5Þð1þ rÞ� ð4Þ

where DPFuel and DPO2 are the uncertainties in partial pressure of
fuel and oxygen, respectively, and r is the nitrogen/oxygen molar
ratio in air (e.g. r = 0.79/0.21). When a high accuracy digital pressure
gauge with ±0.05% full-scale (15 psi) accuracy is used, the uncer-
tainty in / for CH4/air at P = 1 atm is 0.65–1.15% (Fig. 6). This bring
about 6% discrepancy in S0

u for / = 0.6 and / = 1.4 according to
Fig. 5(b). For pressure gauge with normal accuracy of ±0.25% (which
might be commonly used in OPF experiments), the uncertainty in /

increases roughly by a factor of five and so does the deviation in S0
u.

Therefore, for off-stoichiometric mixtures with / = 0.6 and / = 1.4,
significant discrepancy in S0

u might be caused by uncertainty in /.
This also happens to near-stoichiometric mixtures with / = 0.8
and / = 1.2 when pressure gauge with normal or low accuracy is
used in experiments.

It is noted that according to Eq. (4), the uncertainty in / is near-
ly proportional to carbon number n. Therefore, when the OPF
method is used for large hydrocarbon fuels, the uncertainty in S0

u

caused by mixture composition is significant. This might help to
explain the large discrepancy in S0

u of iC8H18/air measured by two
groups using the same OPF method [67].

The laminar flame speed also depends on the ratio between oxy-
gen and nitrogen. According to Fig. 5(c), S0

u is reduced by 6–11% when
the oxygen volumetric fraction is changed from 21% to 20.5%.
Therefore, the difference in air composition or oxygen/nitrogen ratio
can also bring large discrepancy in S0

u measurement using the OPF
method. For fair comparison, proper re-scaling should be conducted
for S0

u measured at different oxygen/nitrogen ratios [26].
4.2. Ignition

In the OPF method, a proper flame radius range, [RfL, RfU], is cho-
sen during data processing. Usually, the lower radius bound, RfL, is
chosen to reduce the influence of ignition and nonlinear stretch
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behavior; and the upper bound, RfU, is chosen to reduce the influ-
ences of buoyancy, flame instability, confinement, and radiation.

Theory [31,68–71], simulation [29,31,72], and experiments
[31,45] all shows that OPF is affected by ignition energy when
the flame radius is small. Based on their simulation of stoichiomet-
ric CH4/air flames, Bradley et al. [29] suggested that RfL = 6 mm is
appropriate to eliminate the ignition effect. This suggestion was
taken by many other researchers using the OPF method. For CH4/
air mixtures, the Markstein length increases with equivalence ratio
(see Fig. 2) and so does the ignition effect [31]. Figure 7 shows that
the flame speed trajectory become nearly independent of the igni-
tion energy at Rf P 4 mm for / = 0.8 and at Rf P 8 mm for / = 1.4. It
should be mentioned that large ignition energies (more than five
times of the minimum ignition energy, MIE) are used in simulation
to exaggerate the ignition effect. In OPF experiments, low ignition
energy close to the MIE is usually chosen to reduce the ignition
effect. Therefore, for CH4/air mixtures at NTP, RfL = 6 mm can be
chosen such that the ignition effect on S0

u measurement using the
OPF method is negligible.

It should be emphasized that for mixtures with large Lewis
number (e.g., rich H2/air) [31] or at sub-atmospheric condition,
the ignition effect becomes stronger. Therefore, a larger value of
RfL above 6 mm should be chosen so that the ignition effect can
be eliminated. It is noted that experimental data for spherical
flames with small radii (e.g. Rf < 5 mm) are helpful for understand-
ing flame propagation properties in meso-scale with high stretch
rate though they cannot be used to extrapolate the laminar flame
speed. For example, Nakahara et al. [73,74] studied the meso-scale
propagating spherical flames for different fuels and found that the
stretched flame speed changes non-monotonically with flame
radius (or stretch rate).

4.3. Buoyancy

Experiments for OPF are usually conducted at normal gravity.
For slow-burning mixtures (near the flammability limits or high-
ly-diluted), the spherical flame propagation in normal gravidity is
strongly affected by buoyancy and thereby experiments in
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microgravity become essential for S0
u measurement using the OPF

method [33,34]. A short-drop free-fall microgravity facility was
developed by Qiao et al. [34,75,76] to measure S0

u for these
mixtures. According to Ronney and Wachman [33], the burning
velocities are identical at one-g and zero-g when S0

u > 15 cm=s.
Simulation results in Fig. 1 for CH4/air at NTP indicate that
S0

u > 15 cm=s when 0.7 6 / 6 1.4. Therefore, the contribution of

buoyancy to the discrepancies in S0
u is negligible for CH4/air with

0.7 6 / 6 1.4. For / = 0.6, this effect to the discrepancies in S0
u is

not quantified. Nevertheless, for this equivalence ratio of / = 0.6,
significant discrepancy in S0

u is probably mainly caused by uncer-
tainty in the equivalence ratio (discussed in Section 4.1) rather
than buoyancy.

4.4. Instability

Compared to the constant-volume OPF method, the constant-
pressure OPF method has the advantage that the propagating flame
surface is observed such that instability that might develop over
the flame surface during its propagation can be revealed. In OPF
experiments, the flame propagation speed can be enhanced by
thermal-diffusive and hydrodynamic instabilities. Therefore, the
upper bound, RfU, should be properly chosen to make the flame
propagation speed devoid of instability effect [36].

Thermo-diffusive flame front cellular instability develops for
mixtures with negative Markstein length or sub-unity Lewis number
(e.g., [37]). For CH4/air at NTP, Fig. 2 shows that the Markstein length
is positive. Therefore, S0

u measured for CH4/air at NTP using the OPF
method is almost unaffected by thermal-diffusive instability.
Hydrodynamic instability usually develops as the ratio between
flame thickness and flame radius decreases (e.g. at high pressure)
[37]. For CH4/air at NTP and flame radius below 3 cm, the hydrody-
namic instability does not occur in OPF [17]. Therefore, there is
negligible contribution of flame instability to the discrepancies in
S0

u measured for CH4/air at NTP using the OPF method.

4.5. Confinement

In previous studies on S0
u measurement using the OPF method

[13–26], the burned gas was assumed to be static (i.e. ub = 0; and
ub is the flow speed of burned gas close to the flame front). For
OPF in a confined chamber, a negative flow velocity of burned
gas can be induced as the flame size increases [38–41].
Therefore, the assumption of zero burned gas velocity fails at rela-
tive large value of Rf /RW (RW is the inner radius of a spherical
chamber or equivalent radius, RW = (3V/4p)1/3, for a non-spherical
chamber of volume V), leading to reduction in S0

u from its correct
value [38].

The normalized inward flow velocity of burned gas for OPFs of
CH4/air in confined spherical chambers with different radii is
shown in Fig. 8. In simulation, ub is the minimum flow speed and
it is very close (the relative difference is within 0.5%) to the flow
speed at the position where 99.9% of the total heat release occurs.
It is observed that jub=S0

bj < 1% for Rf/RW < 25%, above which jub=S0
bj

increases significantly. Since |ub| increases as the stretch rate
(which is inversely proportional to Rf) decreases, the confinement
effect is magnified after linear extrapolation to zero stretch rate
to get S0

b and S0
u. Consequently, Fig. 9 shows that the relative

reduction in S0
u caused by confinement effect is still around 2–3%

even when spherical flames with Rf/RW < 25% is used in linear
extrapolation. According to Table 1, in most of previous studies
[13–16,19–22,24,25], the upper bound, RfU, chosen in data
processing is less than 25% of the (equivalent) chamber radius,
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and thereby the confinement-induced reduction in S0
u is within 3%.

Nevertheless, for some studies using relatively smaller chamber
[17,18,23,26], the confinement-induced reduction in S0

u might be
larger than 3% and flow correction [38,39] needs to be used to
reduce the influence of confinement.
4.6. Radiation

While radiation effect was always neglected in previous experi-
ments [13–26], spherical flame propagation is inherently affected
by radiation. It has been found that radiation has two effects on
spherical flame propagation [41]: (1) a radiation-induced thermal
effect by which flame temperature and thus spherical flame
propagation speed is reduced; and (2) a radiation-induced flow
effect by which flame propagation speed is reduced due to the
inward flow of burned gas generated by radiation cooling.
Therefore, radiation can lead to reduction of S0

u from its correct
value [9,10,41–44]. Recently, Yu et al. [44] have quantified the
radiation-induced reduction in S0

u measured from the OPF method.

The normalized S0
u from OPF with radiation (see [44] for details)

is plotted in Fig. 10 as a function of equivalence ratio for CH4/air at
NTP. Since the linear behavior between Sb and K maintains for both
adiabatic and radiative cases when the flame radius is not too large
[44], the results in Fig. 10 are based on laminar flame speeds
extracted from linear extrapolation according to Eq. (1). It is noted
that the simulation results depend on radiation model and here the
SNB (statistical narrow band) model [42] is used. The radiation-in-
duced reduction in S0

u is shown to be within 3% for 0.7 6 / 6 1.3,
and it becomes around 5% and 4% for / = 0.6 and / = 1.4, respec-
tively. For near lean flammability mixture with 0.5 < / < 0.6, the
radiation-induced reduction in S0

u is above 6%. Therefore, the con-

tribution of radiation to the discrepancies in S0
u (measured for

CH4/air at NTP using the OPF method) strongly depends on the
equivalence ratio. Besides, Fig. 10 indicates that the influence of
radiation slightly depends on the flame radius range used in data
processing: the radiation-induced reduction in S0

u decreases when
OPFs with smaller radii are considered in linear extrapolation.
This is reasonable since the radiation-induced flow effect increases
with flame radius [44].

It is noted that Jayachandran et al. [10] showed that the error
associated with radiation-induced flow effect can be avoided
through direct flow and flame front speed measurements with high-
speed PIV [25,77,78]. Nevertheless, in such measurements the effect
of heat loss through particle radiation and conduction and the
uncertainty in flow speed measurement may also affect the accura-
cy of laminar flame speed measured from the OPF method.
4.7. Nonlinearity

In the OPF method, both linear model (Eq. (1) or Eq. (2)) and
nonlinear model (Eq. (3)) can be used in extrapolation of
unstretched laminar flame speed. It has been found that for mix-
tures with Lewis number appreciably different from unity (large
absolute value of Markstein length), nonlinear stretch behavior
occurs [22,45–49] and the nonlinear model in Eq. (3) helps to get
more accurate extrapolation results than the linear model. (For
mixtures with small Lewis number or negative Markstein length,
e.g. lean H2/air, recent studies [48,49] have demonstrated that S0

u

might be under-predicted by more than 50% using the linear mod-
el. Fortunately, as shown in Fig. 2, the Markstein length of CH4/air
at NTP is positive.)

Figure 11 compares the results extrapolated using linear and
nonlinear models. It is observed that under fuel-lean and stoichio-
metric conditions, the nonlinear stretch behavior has little influ-
ence (within 2%) on S0

u. However, for fuel-rich cases with / = 1.3
and / = 1.4, the relative difference between results extrapolated
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using linear and nonlinear models is above 5% and can even reach
15%. (It is noted that the relative difference also depends on the
flame radius range used in extrapolation [22,46].) Therefore, there
is small (within 2%) contribution of nonlinearity between Sb and K

to the discrepancies in S0
u measured for CH4/air with / 6 1.0 and

this contribution becomes larger at higher equivalence ratio.
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Fig. 12. Extracted laminar flame speeds from different radius ranges, [RfL, RfU], for
CH4/air flames at NTP. The data utilized for extraction are experimental results from
Taylor [13] for methane/air mixtures.
4.8. Extrapolation

Since sphere flame propagation at small and large radii is affect-
ed differently by those factors discussed above, the choice of flame
radius range used for extrapolation, [RfL, RfU], is another influential
component which affects S0

u measured using the OPF method
[50,51].

It has been found that for mixtures with large Markstein length
(large Lewis number), the extracted laminar flame speed strongly
depend on the model and flame radius range used in extrapolation.
However, for mixtures with small Markstein length (Lewis number
close to unity), the effects of extrapolation model and flame radius
range are negligible [50]. This is confirmed by results in Fig. 12,
which plots the extrapolated S0

b using experimental data for CH4/
air from Taylor [13]. It is noted that the Markstein length for /
= 1.4 is much larger than that for / = 1.0 (Fig. 2). Therefore,
Fig. 12 shows that for / = 1.0, neither the extrapolation model
nor the flame radius range has obvious influence on the extracted
results. However, for / = 1.4, the extracted S0

b strongly depends on
flame radius range and extrapolation model: the relative difference
in S0

b extracted from different flame radius ranges can be above 20%
when the linear model is used. Compared to linear model, the use
of nonlinear model is shown to yield extracted S0

b that is more
consistent and less sensitive to flame radius. Therefore, when the
linear model is used, the choice of flame radius range used in
extrapolation has small contribution to the discrepancies in S0

u

measured for CH4/air with / 6 1.0 but its contribution becomes
larger at higher equivalence ratio.

Table 2 summarizes the contributions of different factors to the
uncertainty of measured S0

u for CH4/air at NTP using the OPF method.
4.9. Other possible sources

It is noted that it is hard to give a complete list of all sources of
uncertainty and that some sources can be missing. As suggested by
one of the anonymous reviewers, there are two other sources that
might contribute to the uncertainty of S0
u measurement using the

OPF method.
The spherical flame front can be defined or identified at differ-

ent iso-contours when different techniques such as schlieren or
shadowgraphy are used to record the flame propagation. For
CH4/air at NTP, our simulation results indicate that S0

u is not affect-
ed by the isotherm chosen in data processing. The same conclusion
was also drawn in the work of Bradley et al. [29] (see Fig. 5 in that
paper). It is noted that unlike S0

u, the value of Markstein length
strongly depends on the isotherm chosen in data processing.

The spatial and temporal resolution of the high-speed camera
used in OPF experiments might also affect the accuracy of S0

u mea-
surement. The spatial resolution of the camera is usually within
0.1 mm/pixel and the flame front is usually obtained from the
images recorded by high-speed camera using an automated detec-
tion program for ease of processing and reduction of human bias.
Therefore, the error due to spatial resolution of the camera is neg-
ligible. For CH4/air flame at NTP, the propagation speed is less than
250 cm/s and enough data can be recorded even at a low camera
frame rate of 2500 frames/s. Consequently, there is little influence
of camera speed (frame rate) on S0

u measured for CH4/air at NTP
using the OPF method. For fast propagating spherical flames (e.g.,
H2/air or syngas/air flames or flames at elevated temperature),
camera operating at high frame rate should be used so that enough
data points are recorded and available for data processing.

It is noted that for some equivalence ratios, these effects (listed
in Sections 4.1-4.9) might appear insufficient to explain the large
discrepancies in S0

u measurement shown in Figs. 1 and 3. There
might exist other sources of uncertainty/inaccuracy which deserve
further study. Besides, the present work only examine the



Table 2
Different factors affecting the uncertainty of laminar flame speed measured using the OPF method.

No. Factors Contributions to the uncertainty of Su
0 measured for CH4/air at NTP using the OPF method Notesa References

1a Initial P and Tu Negligible contribution from P; around 2% for DTu = ±3 K; around 2.5–4% for DTu = ±5 K P0, T0,
N0

[5,9,27,28]

1b Composition
(uncertainty in /)

About 6% for / = 0.6 and / = 1.4 when pressure gauge with high accuracy of ±0.05% is used; significant
discrepancy (above 10%) might be caused when pressure gauge with normal or low accuracy of ±0.25% is used

P+, T0,
N+

[5,9,27,28]

2 Ignition Negligible contribution when RfL P 6 mm P�,
T�, N+

[29–32]

3 Buoyancy Negligible contribution for 0.7 6 / 6 1.4 P+, T�,
N0

[33,34]

4 Instability Negligible contribution. P+, T0,
N0

[35–37]

5 Confinement Within 2–3% for Rf/RW < 25%; relatively large contribution when RW is less than 8 cm P0, T0,
N0

[38–41]

6 Radiation Within 3% for 0.7 6 / 6 1.3; around 5% for / = 0.6 and / = 1.4; above 6% for near lean flammability mixture
(0.5 < / < 0.6)

P+, T�,
N0

[9,10,41–
44]

7 Nonlinear stretch
behavior

Within 2% for / 6 1.0; large contribution at high / (it can be above 10% for / = 1.4) P�, T0,
N+

[22,45–
49]

8 Extrapolation (flame
radius range)

Within 3–5% for / 6 1.0; large contribution at high / (it can be above 20% for / = 1.4) when the linear model is
used

P�, T0,
N+

[50,51]

a P0, T0, and N0 respectively indicate that the effect/contribution is nearly (not exactly) independent of initial pressure, initial temperature, and fuel carbon number (e.g.
CnH2n+2 for alkane); P+, T+, and N+ respectively indicate that the effect/contribution becomes larger at higher initial pressure, higher initial temperature, and higher fuel
carbon number; and P�, T�, and N� respectively indicate that the effect/contribution becomes larger at lower initial pressure, lower initial temperature, and lower fuel
carbon number.
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individual contributions of several different sources of uncertainty.
There is certainly an interdependence of the source of uncertainty
which can be very complicated. As a shortcoming of the present
work, the interdependence is not discussed and it should also
deserve further study.
5. Additional notes

5.1. Different initial temperatures, pressures, and fuels

In the previous section we only consider CH4/air at NTP.
Currently the OPF method is popularly used to measure S0

u for dif-
ferent fuels at different initial temperatures and pressures. In this
subsection we describe how the influence of different sources of
uncertainty changes with initial pressure, initial temperature,
and fuel carbon number.

At higher initial pressure, the flame thickness and Markstein
length both become smaller. Therefore, the influence of ignition,
nonlinear stretch behavior, and extrapolation decreases with the
increase of the initial pressure. This indicates that at sub-atmo-
spheric pressure conditions, caution should be paid to ignition
and extrapolation which could cause great uncertainty of S0

u mea-
surements. Since the flame propagates slower and the density
becomes larger at high initial pressure, the influence of buoyancy
and that of radiation both increase with the initial pressure. At
higher pressure, the flame becomes thinner and hydrodynamic
instability develops at smaller flame radius. Therefore, the influ-
ence of instability becomes stronger at higher initial pressure.
Furthermore, at higher pressure, the leakage of premixed gas in
the closed combustion chamber becomes more severe and thus
the influence of mixture preparation becomes stronger.

At higher initial temperature, the mixture is more easily to be
ignited and the flame propagates faster. Therefore, the influence
of ignition, buoyancy, and radiation decreases with the increase
of the initial temperature. Since flame instability and normalized
compression-induced inward flow depends weakly on the initial
temperature, the influence of instability and confinement remains
nearly unchanged with the initial temperature. The change of
Markstein length with the initial temperature is also small and
so is the influence of nonlinear stretch behavior and extrapolation.
For fuels with larger carbon number, the uncertainty in S0
u

caused by mixture composition is much more significant. It is
because the uncertainty in / is nearly proportional to carbon num-
ber n, as indicated by Eq. (4). Besides, for liquid fuels, the heating
and vaporization of fuels also bring uncertainty in the mixture
composition. With the increase of fuel carbon number, fuel mass
diffusivity decreases; and thus the effective Lewis number and
Markstein length both increase for fuel-lean mixtures.
Consequently, the influence of ignition, nonlinear stretch behavior,
and extrapolation becomes stronger for fuels with larger carbon
number [10]. The influence of buoyancy and radiation strongly
depends on the flame propagation speed, which does not strongly
depend on fuel carbon number. Therefore, the influence of buoyan-
cy and radiation does not change greatly with fuel carbon number.

The change of influence of different sources of uncertainty with
initial pressure, initial temperature, and fuel carbon number is also
summarized in Table 2.
5.2. Direct comparison to eliminate extrapolation error

For mixtures with Lewis number appreciably different from
unity, the extracted laminar flame speed strongly depends on the
model and flame radius range used in extrapolation; while differ-
ent extrapolations might be conducted by different researchers.
Therefore, extrapolation might lead to great discrepancy in S0

u mea-
surement using the OPF method [10,48–51]. Recently,
Jayachandran et al. [10,51] and Varea et al. [49] have suggested
to directly compare the measured quantities instead of extrapolat-
ed ones with 1-D simulation results predicted by kinetics so that
the uncertainty associated with extrapolation can be eliminated.

Figures 13 and 14 shows the comparison among experiential
data reported in the literature and present simulation results for
1-D propagating spherical CH4/air flames at NTP with / = 0.8,
1.0,and 1.2. It is observed in Fig. 13 that the discrepancy in Sb at
a given flame radius (e.g. Rf = 1 or 2 cm) measured by different
research groups can be much larger than the discrepancy in S0

b

(or S0
u) obtained from linear extrapolation. This indicates that

extrapolation might help to hide the discrepancy in raw
experimental data. Therefore, on one hand, extrapolation might
bring great uncertainty in S0

u measurement; on the other hand,
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circle) are for / = 0.7835 and / = 1.2257 instead of / = 0.8 and / = 1.2. It should be
also mentioned that the experimental data of Huang et al. [30] (pink cross) are for
natural gas instead of pure methane. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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large discrepancy in raw experimental data for Sb cannot be iden-
tified after extrapolation. In order to remove the complication
caused by extrapolation, not only the extracted results of S0

u, but
also the data used for extrapolation (Sb versus K or Rf) should be
compared during the validation of a chemical mechanism or an
experimental equipment designed for S0

u measurement using the
OPF method. This point was first proposed by Jayachandran et al.
[10,51]. The same suggestion was also made by Varea et al. [49].
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It is noticed that in experimental studies using the OPF method to
measure S0

u, the stretched flame speed as a function of flame radius or
stretch rate is seldom reported. Therefore, it is suggested that not
only the extracted results (S0

b or S0
u) but also the data used for

extrapolation (Sb versus K or Rf) should be reported in future studies.
6. Recommendations

The present study shows that there are large discrepancies in S0
u

measured for CH4/air at NTP using the OPF method and that these
data cannot be used to restrain the uncertainty of chemical models
for methane. However, this does not mean that the laminar flame
speed data or the OPF method is useless: they are still useful for
conditions at which the uncertainty of chemical model is larger
than that of S0

u measurements.
Wang et al. [79] showed that in terms of laminar flame speed

predication, the uncertainty of chemical models increase greatly
with pressure. At high pressures, the uncertainty in S0

u measured
from experiments could be lower than that of chemical models.
Since OPF method has the advantage of providing S0

u at high pres-
sures, data from high-pressure OPF experiments can be used to
restrain the uncertainty of chemical models. For examples, Burke
et al. [6] measured the laminar flame speeds of hydrogen at high
pressures (up to 25 atm) using the OPF method and these data
were popularly used in the improvement of hydrogen mechanism
[8]; Ju and coworkers [27,80–82] examined the chemical mechan-
isms of several hydrocarbon fuels based on S0

u measured at high
pressures using the OPF method. Besides, the laminar flame speeds
at elevated temperatures are also useful for mechanism develop-
ment. For example, the hydrogen mechanism was improved using
the laminar flame speeds at elevated temperatures in the very
recent study [83]. Therefore, it is recommended to use the OPF
method to measure the laminar flame speeds at high pressures/
temperatures and for fuels whose mechanisms are not well devel-
oped. Under such conditions, the uncertainty in laminar flame
speed measurements can be lower than that of chemical models;
and thereby data from OPF experiments can be used to restrain
the uncertainty of chemical models.

On the other hand, some strategies can be taken to reduce the
uncertainties in S0

u measurements using the OPF method. Since
the influence of ignition, nonlinear stretch behavior, and extrapola-
tion becomes stronger for mixtures with large absolute value of
Markstein length (i.e., the effective/global Lewis number is appre-
ciably different from unity), the uncertainty induced by these fac-
tors can be reduced by set the mixture Lewis number close to unity
(through replacing some of nitrogen by helium to increase the mix-
ture Lewis number or by carbon dioxide to reduce the mixture
Lewis number), for which the absolute value of Markstein length/
number approaches zero [48]. However, if the same kinetics cannot
be investigated for a mixture with Lewis number closer to unity, it
is necessary to minimize the ignition and nonlinear stretch effects
on the extraction of laminar flame speed. With regard to minimiz-
ing ignition/transient effects, it would be most desirable to perform
multiple experiments for the same mixture conditions at different
ignition energies. The flame radius, at which the flame speed vs.
flame radius trajectories from different experiments converge onto
the same low-dimensional manifold, would indicate the flame
radius for which the flame enters the quasi-steady regime. This
flame radius can then be used as the lower limit for extrapolation,
RfL. With regard to minimizing errors to the extrapolation models
at small flame radii, for supra-unity Lewis number mixtures it
would be most desirable to use linear extrapolation of the
stretched flame speed based on flame curvature (i.e. Sb = Sb

0(1–
2Lb/Rf)) which yields extracted flame properties that are the most
accurate and least sensitive to flame radius range [50,46,48]; while
for very low Lewis number mixtures, the linear and nonlinear
extrapolation modes do not work [48,49] and the experimental
data of Sb versus K or Rf should be reported and compared with
simulation. Since the influence of buoyancy and radiation becomes
stronger for mixtures with smaller propagation speeds, the uncer-
tainty induced by these two factors can be reduced by properly
adjusting the oxygen/nitrogen ratio so that the flame propagates
fast enough. It is noted that spherical flame should not propagate
too fast, which is constrained by the temporal resolution of the
high-speed camera. In order to reduce the uncertainty caused by
confinement effect, a large chamber can be used. However, com-
pared to a smaller one, a lager chamber has the disadvantages in
operational safety and cost, especially at high pressures. In order
to avoid the flame instability, helium is popularly added into the
mixture. Perhaps the most difficult part is to reduce the uncertain-
ty in the mixture composition (i.e., the equivalence ratio). Pressure
gauge (or mass flow meter) with high accuracy should be used
when the partial pressure method (or mass flow based method)
is used to prepare the mixture. Besides, great caution should be
paid to heating and vaporization of liquid fuels.
7. Conclusions

The accuracy of S0
u measured for CH4/air at NTP using the OPF

method is investigated. Experimental data reported in the
literature [13–26] are collected to show the discrepancies in S0

u

measurement. Different sources of uncertainty/inaccuracy in S0
u

measurement using the OPF method are reviewed and their contri-
butions are assessed with the help of 1-D simulation. The main
conclusions are:

1. Variety of data sets reported in the literature demonstrates that
even for CH4/air at NTP, there are large discrepancies in S0

u

measured using the OPF method: the maximum difference is
above 20% for / 6 0.9 and / P 1.2. The sensitivity-weighted
uncertainty momentum of S0

u is smaller than the discrepancies

in S0
u measurement. Therefore, S0

u data with such large discrep-
ancies cannot be used to restrain the uncertainty of chemical
models. Significant efforts still need to be devoted to improving
the accuracy of S0

u measurement.

2. The contributions of different factors to the uncertainty of S0
u

measured using the OPF method for CH4/air at NTP are summa-
rized in Table 2. The small difference in initial pressure and
temperature, ignition, instability, and confinement have negli-
gible contribution when proper flame radius or chamber size
is used in extrapolation. Buoyancy and radiation have small
contribution (within 3%) for 0.7 6 / 6 1.3 and their contribu-
tions increase greatly when the lean or rich flammability limit
is approached. The model (linear or nonlinear model) and flame
radius range used in extrapolation have small contribution
(within 5%) for / 6 1.0 and their contributions becomes very
large (above 10%) for very rich mixtures (e.g. / = 1.4).
Therefore, for fuel-rich CH4/air mixtures at NTP, the large dis-
crepancies in S0

u measurement could be partly caused by nonlin-
earity and extrapolation. Compared to other factors, the
uncertainty in / contributes most to the discrepancies in S0

u

measurement, at least for off-stoichiometric mixtures with /
< 0.8 or / > 1.2 and for experiments using pressure gauge with
normal accuracy of ±0.25% (this becomes even worse for larger
hydrocarbon fuels).

3. For mixtures with Lewis number appreciably different from uni-
ty, extrapolation can bring great uncertainty in S0

u measurement.
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Meanwhile, large discrepancy in raw experimental data can be
possibly hidden after extrapolation is conducted. Therefore,
not only the extracted results of S0

u, but also the data used for
extrapolation (Sb versus K or Rf) should be reported and com-
pared with simulation or other experiments.

4. The change of influence of different sources of uncertainty with
initial pressure, initial temperature, and fuel carbon number is
discussed and also summarized in Table 2. Moreover, in
Section 6 we recommend to use the OPF method to measure
the laminar flame speeds at high pressures/temperatures and
for fuels whose mechanisms are not well developed and pro-
vide some strategies to reduce the uncertainties in S0

u measure-
ments using the OPF method.
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