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Abstract The laminar flame speed is one of the most fundamental properties of a fuel/air mixture. It
determines the fuel burning rate in combustion engines and is an important target used to validate chemical
models. Due to its importance, accurate measurement of the laminar flame speed receives great attention
and different experimental methods have been developed. This review first introduces the laminar flame
speed as well as its significance and dependence on different factors. Then, different experimental methods
for the laminar flame speed measurement are described. Since the outwardly propagating spherical flame
method is currently the most popular method for laminar flame speed measurement, its challenges and
recent advances are reviewed. Both the constant pressure method and constant volume method using

propagating spherical flames are discussed.

Keywords Laminar flame speed; Propagating spherical flame; Constant pressure method; Constant
volume method.
doi: 10.16262/j.cnki.1005-0841.2018.04.002

1 Introduction

Longman Contemporary Dictionary [ 1] defines the combustion as “chemical activity which uses oxygen
to produce light and heat”. Combustion is currently the major method of energy production and
conversion. The fossil fuels and biofuels used in combustion consist of the primary source of energy
supply. Although strict policies are implemented to control the pollution generated by combustion, energy
conversion through combustion of fossil fuels will remain to be dominant in energy supply in the near
future [2].

Usually the combustion process is accompanied by flames. Depending on how the fuel and oxidizer are
prepared, there are two types of flames, namely, the premixed flame and non-premixed flame. In the
premixed flame, the reactants are mixed before chemical reactions occur. One important characteristic of
the premixed flame is that it can be regarded as a wave propagation at a specific speed. For each fuel/
oxidizer mixture at given pressure and temperature, the laminar premixed flame has a unique propagation
rate, characterized by the so-called laminar flame speed (LFS) or laminar burning velocity (LBV). This

review focuses on the laminar flame speed and its measurement.
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2 Laminar flame speed

2.1 Definition and significance of the laminar flame speed

The laminar flame speed (LFS), S, is a fundamental property of a combustible mixture. It is defined
as the speed at which a planar, unstretched, adiabatic, premixed flame propagates relative to the unburned
mixture [ 3]. The schematic of the one-dimensional premixed flame propagation is shown in Fig. 1. In the
coordinate attached to the flame front, the flow speed of the unburned mixture is equal to S{. The

products leave the reaction zone at the speed of S;, which is much larger than S! due to thermal

expansion.
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Figure 1 Schematic of one-dimensional premixed planar flame propagation.

LFS is a unique property of a combustible mixture. Many premixed flame phenomena, such as
extinction, flash back, and blow off can be characterized by LES [4]. In internal combustion engines, LFS
affects the fuel burning rate and the engine performance [ 5]. In fundamental combustion research, the
LFS is an important target which is used to validate chemical mechanisms and to develop surrogate fuel
models (e. g. [6—8]). Recently, accurate measurement of LFSs at high pressures and temperatures has
become extremely important for the development and validation of chemical mechanisms of gasoline,
diesel, and jet surrogate fuels. Furthermore, the LFS is used in certain turbulent premixed combustion
modeling within the flamelet regime [9].
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Figure 2 The maximum LFS measured for the methane/air mixture at T, =298 K and P=1 atm. Figure adapted from Ref.

[10].

Despite the simple definition of LFS, accurately measuring LFS is challenging. Fig. 2 shows the
reported maximum LFS measured for methane/air at normal temperature and pressure (NTP, 298 K and 1

atm) over the years. Although the data scatter becomes weaker after the introduction of aerodynamic
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stretch effect [4] in the early 1980s, the relative difference between the reported data is still significant.
Since accurate measurement of LFS is extremely important for constraining the uncertainty of chemical
models, substantial attention (e. g., [11—227]) has been devoted to improving the accuracy of LFS
measurement,
2.2 Dependent factors affecting the laminar flame speed

Different factors including the adiabatic flame temperature, thermal conductivity, molecular structure,
pressure and initial temperature affect the LFS [4]. Simple analysis yields the following correlation for
LES [4]:

SO~ PP JA/Cp v exp(—E./2Tw) s (D

where P is the pressure, n the overall reaction order, A the thermal conductivity, Cp the specific heat

capacity, E, the activation energy and T, the adiabatic flame temperature.
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Figure 3 Calculated adiabatic flame temperature, T,,, and LFS, S!, of methane/air (a) and hydrogen/air (b) at T, =298 K
and P=1 atm. The GRI-Mech 3. 0 [23] and the mechanism developed by Li et al. [24] are used respectively for methane/air
and hydrogen/air.

Specifically, the adiabatic flame temperature influences the reaction rate and thus the LFS as shown in
Eq. (1). Fig. 3(a) shows the adiabatic flame temperature and LLFS of the methane/air mixture at T, =
298 K and P=1 atm. It is seen that the two curves have the same shape and both peak at the near-
stoichiometric position. Fig. 3(b) shows the results for hydrogen/air mixtures. There is a shift in the
peak of the LFS (around $=1. 75) from that of the adiabatic flame temperature (around $=1, 07). This is
due to the large thermal conductivity of hydrogen which affects the LFS according to Eq. (1). Equation
(1) indicates that the LFS is proportional to the square root of the Lewis number (Le), which is the ratio
between thermal diffusivity (a) and mass diffusivity (D) of the deficient reactant. Since Le of a hydrogen/
air mixture changes from 0. 33 to 2. 3 for fuel-lean to fuel-rich conditions, the effect of Le is to reduce the
LFS on the fuel-lean side and to increase it on the fuel-rich side [4].

Fig. 4 shows the effect of pressure on LFS for methane/air and hydrogen/air mixtures. According to
Eq. (1), the LFS decreases with the pressure since the overall reaction order is usually in the range of
1<<n<<2 [4]. The LFS increases monotonically with the initial temperature, which is shown in Fig. 5 for
a stoichiometric methane/air mixture. This is mainly because the adiabatic flame temperature increases
with the initial temperature. According to Ref. [25], the LFS of normal alkanes of C;—C,, is mainly
affected by the chemistry for H,/CO and C,—C,. Therefore, the carbon number is expected to have little
influence on the LFS. This is demonstrated by Fig. 6, which shows that for all of the alkanes except

methane, the LFS does not change strongly with carbon number.
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Figure 4 Calculated LFS of methane/air (left) and hydrogen/air (right) at different initial pressures. Figure adapted from
Ref. [4].
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Figure 5 Calculated LFS as a function of initial temperature for stoichiometric methane/air at P=1 atm. The GRI-Mech 3.0

[23] is used for simulation.
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Figure 6 Change of LFS with carbon number for the stoichiometric normal-alkane/air mixture at T, =400 K and P=1 atm

calculated by PREMIX [26].
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2.3 Methods for laminar flame speed measurement

Due to the importance of LFS, great attention has been paid to its accurate measurement. Different
experimental approaches have been developed to measure LFS using different flame configurations,
including the Bunsen flame [ 27 ], the counter flow or stagnation flame [ 28—31], the burner stabilized flat
flame [ 32, 33], and the outwardly propagating spherical flame [5, 27, 34—50].
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Figure 7 Schematic of the Bunsen flame configuration (a) and flame structure (b). Figure (a) from [51] and Figure (b)
adapted from [52].

Bunsen flames were used to measure the LFS in 1866 [537]. The schematic of the Bunsen flame
experiment is shown in Fig. 7(a). This method is popularly used due to its simplicity. In a Bunsen flame,
the volumetric flow rate at the burner exit and the flame shape can be directly measured. According to Fig.
7(b), the LFS can be determined as S! =V sin a, in which V, is the inlet flow speed and « is the cone
angle.

Several assumptions are made to measure the LFS from Bunsen flames, including constant flame speed
along the flame surface, negligible stretch effects, and infinite thin flame front. However, Bunsen flames
can be affected by instability, negative stretch rate and strong curvature effect around flame tip [ 54, 55].
Bunsen flames were continuously adapted to measure the LFS [56—58] and usually the stretch effects
were neglected [59]. Its accuracy is lower than that of the counter flow flame method and the propagating

spherical flame method introduced below.
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Figure 8 The counter flow flame: (a) twin flames; (b) schematic of flame and flow. (a) is from [59] and figure (b) from

[52].

Counter flow flames or stagnation flames were introduced in 1957 [60]. Wu and Law [29] used this
method to measure the LFS with stretch correction. The twin flames and schematic of flame and flow are
shown in Fig. 8. Due to the symmetrical geometry of the counter flow flame, there is no downstream

conductive heat loss. As a result, the flame is only affected by stretch rate due to non-uniform external
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flow. In counter flow flames, there are three zones: the hydrodynamic zone, preheat zone and reaction
zone. In the hydrodynamic zone, the flow decelerates after leaving the burner nozzle exit and before
entering the preheat zone. Then the flame accelerates due to thermal expansion in the preheat and reaction
zones. It decelerates again near the stagnation plane. To obtain the flame speed, two parameters both in
the hydrodynamic zone are measured. The first one is the maximum axial velocity gradient which is used to
calculate the stretch rate; and the second one is the minimum reference flame speed. It is noted that the
minimum reference flame speed is not the same as the LFS. Finally, linear or nonlinear extrapolation can
be performed to obtain the unstretched LFS. It is noted that there are extrapolation errors especially for
large hydrocarbon fuels in fuel rich conditions [61]. The uncertainty of the method is around £=5%. The
most restricting factor of using this method is the narrow pressure range of 0. 1—>5 atm [59]. It’s difficult

to use this method for pressure above 5 atm, under which the flat flame is difficult to be maintained.
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Figure 9 Left: schematic of the heat flux burner. Right: perforation pattern from the top. Figure from Ref. [62].

The heat flux method was proposed by Botha and Spalding [ 63] and was further developed by de Goey et
al. [64]. The schematic of heat flux burner is shown in Fig. 9. The method was originally developed
based on the fact that the heat loss to the burner depends on free stream velocity; and the LFS can be
determined by linear extrapolation to zero heat loss. To simplify the procedure the stability was retained by
spherical and cylindrical porous burners in which flow divergence replaced heat loss to maintain stability
[65]. The challenge raised from using porous burners is to maintain the 1D symmetry of the flame, which
requires a micro-gravity environment. In order to diminish the heat loss effects, de Goey et al. [64]
proposed the updated version of the heat flux method. The idea is to provide additional heat to the
unburned mixture to compensate the heat loss from the flame to the burner surface. Alekseev et al. [66]
reviewed the uncertainties of the heat flux method. According to [ 66 ], asymmetric heat flux, the flow
uniformity on edges, unburned gas temperature, pressure and the calibration of the mass flow controllers
are the main sources of uncertainty in the heat flux method. It is noted that the LFS measurements by the
heat flux method were mainly conducted at atmospheric pressure and only a few experiments were
conducted at 200 mbar [67] and 5 atm [ 33]. Similar to the counter flow flame method, the heat flux
method is difficult to be used for pressure above 5 atm.

The advantages and disadvantages of these methods mentioned above are summarized in Table 1. Those
for the propagating spherical flame method which will be discussed in the next section are also presented in
Table 1 for comparison. It is seen that only the propagating spherical flame method can be used to

determine the LFS at elevated pressures and temperatures close to engine conditions.
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Table 1 The advantages and disadvantages of different methods used to measure the LFS

Method Advantages Disadvantages
The Bunsen flame It has simple and flexible experimental Wall quenching effects exist in experiments.
setup. Curvature and strain effects are usually not corrected.

It does not work at elevated pressures.

The counter flow The heat loss can be diminished. There is multi-dimensional effect.

flame Stretch effects can be corrected. It does not work at elevated pressures.

The heat flux The flame 1is unstretched and nearly A reference plane should be chosen: ambiguity of
method adiabatic. interpretation for the flame strain sensitivity.

Aerodynamic straining has a stabilizing It does now work at elevated pressures.

effect for cellular instabilities.

The propagating The flame is one-dimensional. Extrapolation to zero stretch rate is required.
spherical flame Stretch effects can be corrected. For weakly burning flames, the flame can be distorted due
It can be used for a broad range of to buoyancy effects.

pressures and temperatures.

3 Propagating spherical flame method for LFS measurement

The propagating spherical flame method was introduced by Stevens as the soap bubble method in 1926
[68]. In this method, a spherical flame propagates outwardly after central spark ignition in the quiescent
homogeneous combustible mixture [ 27, 35]. Either the pressure history or the flame front history is
recorded, based on which the LFS is determined. The advantages and disadvantages of this method to
measure LFS are compared with other methods in Table 1. As can be seen in the table, the propagating

spherical flame method is the only method to measure the LFS at a wide range of pressures and

temperatures.
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Figure 10  Schematic of the spherical chamber configuration with pressure transducer (left) and the cylindrical chamber

configuration with optical access (right) to determine the LFS using the propagating spherical flame method. Figure adapted
from [69].

The schematic of experimental facility by which the flame front history and pressure history are recorded
are shown in Fig. 10. At the early stages of flame propagation, the flame stretch effects are strong while
the pressure rise is negligible. Later the pressure rise rate increases greatly while the curvature/stretch
effects become negligible [ 21]. Depending on the chamber design as well as the pressure rise, there are
two different methods for LFS measurement by using propagating spherical flames: the constant pressure
method (CPM) and the constant volume method (CVM). Fig. 11 schematically describes and compares
these two methods. As indicated by the dashed ellipses in Fig, 11, flames with small radii (e. g. , I<<R, <<
2 cm) are used in CPM so that the pressure rise is negligible. In CVM, data corresponding to relatively
large flame radii are used since discernible pressure rise is required. In the following, the CPM and CVM

are discussed separately.
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Figure 11 Schematic for the constant pressure method (CPM) and constant volume method (CVM) using propagating
spherical flames. Figure adapted from [70].

3.1 Constant pressure method (CPM)

The propagating spherical flame experiment with optical access in a spherical chamber was first
conducted by Ellis [71], who used the glass spherical chamber to study the confinement effect on flame
propagation. In the constant pressure method (CPM), Schlieren or shadow photograph is used to record
the flame front propagation history. In CPM, the following assumptions are made to determine the LFS
[597: 1) the pressure remains to be constant during the flame propagation; 2) the unburned gas is
compressed isentropically; 3) the burned gas is stagnant and under the thermodynamic equilibrium
condition; 4) the flame is spherical and there is no thermo-diffusive or hydrodynamic instability; 5) the
ignition energy is small and it does not influence the flame trajectory.

As shown in Fig. 11, in the early stages of a flame propagation the pressure rise is negligible, and
thereby zero burned gas velocity is usually assumed (i.e. , U,=0). Consequently, the propagating speed
of the experimentally visualized flame front is equal to the flame speed with respect to the burned mixture:

S,,Z%—U,,Z%, (2)
where R, is the flame radius; U, is the burned gas velocity; and S, is the laminar flame speed with respect
to the burned gases. However, the propagation velocity measured at the early stages of flame propagation
is affected by the positive stretch effect. For an outwardly propagating spherical flame, the flame stretch is
[27]:

K 1ldA_ 2 R,

A dr R, dt

where A = 4xR7 is the area of the flame front. In the 1980s, the concept of stretch effect was well

(3

recognized [ 59]. The stretch effect modifies the flame speed by preferential diffusion of heat and deficient

reactant, which is quantified by the Lewis number (Le). Therefore, for accurate determination of the

LFS, it is necessary to eliminate the stretch effect by extrapolation of the flame speed to zero stretch.
Usually the following linear model is used to obtain the unstretched flame speed:

S, = 27LI;K7 (4
where S) and L, are respectively unstretched LFS and Markstein length with respect to the burned gas.
Numerical differentiation is required to calculate S, and K. It can be avoided by integrating Eq. (4) into:

R, = S)t — 2L, In(R,) + cte. (5
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Kelley and Law [72] found strong nonlinearity between the propagation speed and flame stretch. They
suggested to use the following nonlinear model to determine S; :

S\’ S, —2L,K
STul)
Chen [ 18] suggested the following linear relationship between S, and curvature:
S, = S, —kL,S}, (7)

where #=2/R, is the curvature. Chen [ 18] showed that while Eq. (6) is the most accurate model for
mixtures with small Lewis number, for mixtures with large Lewis number Eq. (7) is more accurate.
When the Lewis number is close to unity, Eq. (4) can be used. In the formulation introduced above, the
flame thickness is neglected in LFS determination. Recently, Liang et al. [ 73] proposed to consider the
flame thickness using the following correlation:
S, | 20 S, | 20 —2(L,—9¢

SR ols )~ )

where ¢ is the flame thickness. It is noted that for the limiting case of 26/R,—0, Eq. (8) degenerates into

Eq. (6). It was shown in [ 73] that Eq. (8) is more accurate to determine the LFS than other formulations
for lean hydrogen/air and rich n-heptane/air mixtures. Other formulations were also proposed by different

research groups to determine the unstretched LFS [74, 75]. These extrapolation equations are summarized
in Table 2.

Table 2 Extrapolation equations to obtain unstretched LFS

Reference Formulation
[29] S/, = S;ﬂ - L/;K
Sy \2 S\ —2L,K
[72] (s5)m(5) -5
b b b
(18] S, = Sy —kL,S)
S, 2L, | ALy | 16L] Lo
14 == - -
[74] S,?[ t TR TR T (R/‘)] 1
S, 2L, C
; 2 =1 -
7o st R TR
Sy 20\, (S 20\_ —2(L,—d
78] (s 7k )(s k) &

Once S; is determined, the unstretched LFS with respect to unburned gas, S can be obtained by
applying mass conservation:
sy = oSs (9)
Ou
where p, and p, are the density of unburned and burned gas, respectively.

Recently a new method was proposed and used by Renou and coworkers [13, 76, 77]. The LFS is
directly measured by recording the flame propagation speed (S=dR,/d¢) and the unburned gas velocity
near the preheat zone of the flame front,

St =S—-U, (10)
where U, is the unburned gas velocity near the flame front and it is measured through the particle image
velocimetry (PIV) method. This method has the advantage over the conventional method since the density
ratio and the assumption of zero burned gas velocity are not required.

There are two main advantages of the CPM method. First, the flame surface is observed and recorded
during the whole period of propagation. Therefore, instability in the flame can be observed and analyzed.
Second, the pressure and temperature rise is negligible during early stages of the flame propagation and
thereby the flame is only affected by stretch, which allows the extrapolation to zero stretch and
determination of stretch effect [21]. However, because of the requirement of optical access, the upper-
pressure limit of CPM is usually lower than that of CVM. Dual chambers have been used to develop the
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pressure-release type high-pressure combustion facilities [ 34, 38] and pressures up to 60 atm have been
reached for the CPM. Compared to CVM, the main drawback of CPM is its relatively low-temperature
ranges [ 69 ]. It is difficult to conduct spherical flame experiments by CPM at temperature and pressure
close to engine-relevant conditions [ 69]. However, the CPM is popularly used to measure the LFS. It is
used by many groups such as Halter and coworkers [ 44, 78—81], Pitsch and coworkers [12, 82—84 ],
Law and coworkers [ 38, 72, 85, 86 ] and Renou and coworkers [ 13, 14, 76, 77].

Table 3 summarizes different groups using CPM to measure the LFS,

Table 3 The CPM experiments conducted by different groups to measure LFS

Group

Vessel type and size

Halter and coworkers [78, 79, 81
Halter et al. [44]

Brequigny et al. [80]

Pitsch and coworkers [ 12, 82—84 ]
Bradley and coworkers [41, 87

Faeth and coworkers [ 36, 40, 88, 89
Qiao et al. [90]

Law and coworkers [ 38, 72, 85, 86
Ju and coworkers [34, 91]

Kim et al. [92]

Renou and coworkers[ 13, 14, 76, 77
Kuznetsov et al. [93]

Farrel et al. [94]

Daly et al. [95]

Peters and coworkers [96, 97 ]
Takizawa et al. [45, 98]

Fluixa et al. [99]

Pizzuti et al. [100]

Hinton et al. [101]

cylindrical, R, =16 cm, L=30 cm
spherical, Ry =12.5cm

spherical, Ry =20 cm

spherical, Ry =5 cm

spherical, Ry =19 cm

spherical, Ry =18 cm

spherical, Ry =18 cm in microgravity
cylindrical, Ry =4.12cm, L=12.7 cm
cylindrical, Ry =5 cm, L=15. 24 cm
spherical, Ry =10 cm

spherical, Ry =38.5 cm

spherical, Ry =12.5cm

spherical, Ry =38. 25 cm

spherical, Ry =12.5 cm

spherical, Ry =5 cm

spherical, Ry =9 cm

cylindrical, Ry =15. 25 cm and L=30.5 cm
cylindrical, Rw =7.5cm and L=15 cm

spherical, Ry =8 cm

40

w
o
I

101

PREMIX
Taylor 1991

Aung et al. 1995
Hassan et al. 1998
Gu et al. 2000
Rozenchan et al. 2002
Qin and Ju 2005
Halter et al. 2005

Hu et al. 2009
Tahtouh et al. 2009
Halter et al. 2010
Lowry et al. 2011
Wang et al. 2010
Varea et al. 2012 (linear)
Varea et al. 2012 (nonlinear)

Tmoow>OvAxOd+ DO

Beeckmann et al. 2014
1 1

0.6 0.8 1 1.2 14

0

Figure 12 LFS measured by CPM for the methane/air mixture at T, =298 K and P=1 atm. Symbols and lines respectively
denote the experimental and numerical results obtained by PREMIX. Figure adapted from [16].

The LFS of methane/air at NTP measured by different groups using the CPM are shown in Fig. 12.
Lower relative difference is observed for the stoichiometric mixture while the scatter increases for lean and
rich mixtures. Although CPM has been well characterized, there are still considerable uncertainties in LFS

data measured using this method. To quantify the deviation of LFS measured by CPM in different
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Figure 13 Deviation of S{ measured by different groups from that predicted by simulation for the methane/air mixture at T,
=298 K and P = 1 atm., S{ premix based on GRI-Mech. 3.0. Figure adapted from [16].

experiments, Fig. 13 shows the relative difference between the measured LFS by CPM and the one
predicted from PREMIX [ 26 ] when the GRI-Mech 3. 0 [ 23] is used. For the stoichiometric mixture the
relative difference between different experiments is 7. 6% but it increases significantly and reaches 40. 6 %
and 26. 4% respectively for lean and rich mixtures.

Chen [16] reviewed different sources of uncertainty in LFS measurement using the CPM. The possible
sources of uncertainty in CPM are mixture preparation [ 59, 102, 1037, ignition [ 20, 42, 92, 104, 1057,
buoyancy [90, 106], confinement [15, 19, 21, 91], radiation [19, 61, 105, 107—109], extrapolation
[13] and stretch [21].

For mixture preparation, while negligible uncertainty is anticipated from initial pressure variation, the
uncertainty in LFS is around 2% for initial temperature variance of =3 K and it reaches 2. 5%—4% for
initial temperature variance of +5 K for methane/air at NTP [ 16 ]. The uncertainty in equivalence ratio
strongly depends on the accuracy of the pressure gauge (usually the mixture is prepared using the partial
pressure method). For methane/air at NTP and in lean and rich cases of $=0.6 and 1. 4, the uncertainty
of LFS measurement is around 6% when pressure gauges with an accuracy of £0.05% are used; while it
reaches 10% when the normal pressure gauges with the accuracy of #0.25% are used [16]. The ignition
effect is negligible for LFS measurements when flame radii greater than 6 mm are used in data processing.
However, the ignition effect becomes stronger for lower initial pressure [ 20, 42, 92, 104]. The buoyancy
effect is negligible for mixtures with S, >>15 em/s [106 ]; and it cannot be neglected for highly diluted
mixtures for which micro-gravity experiments are needed [90]. As the optical access is provided in CPM,
any instability developed in the flame {ront can be identified. The radiation effect increases greatly as LFS
decreases [110]. For methane/air at NTP and with the equivalence ratio in the range of 0. 7—1. 3, the
radiation-induced uncertainty in LFS measurement is within 3%. It reaches 5% for very lean or rich cases
of $=0.6 or 1. 4. For near lean flammability mixtures (0. 5< $<C0. 6), the radiation-induced uncertainty is
above 6 %.

In CPM, the zero burned gas velocity is assumed which is not valid for large flame radii. The negative
burned gas velocity can be induced due to the confinement effect. Therefore, the upper flame radius used
in data processing is limited by the confinement effect [21]. To diminish the confinement effect, usually
flame radii with R,;/Ry < 25% are used in the data processing of the CPM. According to [16], for R,/Rw
<25% the measured LFS by linear extrapolation is about 2% lower than its accurate value. The nonlinear
stretch behavior also induces uncertainty in CPM. While for lean and stoichiometric methane/air mixtures
the non-linear stretch behavior has a minor effect on S!, the difference between linear and nonlinear
models for rich methane/air mixtures can reach 15% [16]. The flame radius range used for extrapolation

affects the influence of all above factors in CPM. The uncertainty originated from extrapolation to zero
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stretch rate for methane/air at NTP around 4% for stoichiometric and lean premixtures, but it reaches
more than 20% for $=1.4 [16].

Table 4 adapted from [16] summarizes all of the factors affecting the accuracy of LFS measurement
for methane/air at NTP.

Table 4 Different factors affecting the uncertainty of LFS from CPM (The table is from [16])

Contributions to the uncertainty of LFS
Factors . . Notes *
measured for methane/air at NTP using the CPM

Initial P and T, Negligible contribution from P; around 2% for AT, = £ 3 K; around PO, TO, NO
2.5%—4% for AT, =45 K.

Composition (uncertainty in $)  About 6% for $ =0. 6 and $ = 1. 4 when pressure gauge with high P+, T0, N+
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.
Ignition Negligible contribution when R, =6 mm. P—, T—, N+
Buoyancy Negligible contribution for 0. 7<{¢<(1. 4. P+, T—., NO
Instability Negligible contribution. P+. T0., NO
Confinement Within 2% 3% for R,/Rw <<25%; relatively large contribution when P0, T0, NO
Ry is less than 8 cm.
Radiation Within 3% for 0. 7<<$<C1.3; around 5% for $=0.6 and $=1. 4; above P+, T—, NO
6% for near lean flammability mixtures (0. 5<C$<C0.6).
Nonlinear stretch behavior Within 2% for $<(1. 0; large contribution at high ¢ (it can be above 10% P—, T0, N+
for $=1.4).

Extrapolation ( flame radius Within 3~5% for $<{1. 0; large contribution at high ¢ (it can be above P—, T0, N+
range) 20% for $=1.4) when the linear model is used.

% PO, TO, and NO respectively indicate that the effect/contribution is nearly (not exactly) independent of initial pressure,
initial temperature, and fuel carbon number (e. g. C,Hs,:, 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.

Usually the combination of Eqs. (2) and (9) is used in CPM. However for the mixtures with two-
stage heat release, positive burned gas velocity may exist and thereby Eq. (2) cannot be used. The two-
stage heat release in nitromethane/air was studied in [111]. It was shown that the uncertainty in LFS
exceeds 10% for some equivalence ratios. For the mixtures with low pressure and super adiabatic flame
temperature, positive and negative burned gas velocities are induced and equilibrium density ratio cannot be used
[112]. For stoichiometric methane/air at ambient temperature and initial pressure of 0. 2 atm, the uncertainty of
using Eq. (2) and (9) is 10%. For methane/oxygen at NTP and $=3, the uncertainty of using these equations is
as large as 25%. Rel. [112] suggests to directly determine LFS by Eq. (10) in these mixtures.

3.2 Constant volume method (CVM)

The constant volume propagating spherical flame method (CVM) was first used in 1934 by Lewis and
von Elbe [113]. In CVM, the evolution of chamber pressure rather than flame radius is recorded. Fig. 11
shows that the pressure rise is evident only when the {lame radius is large enough. The pressure history is
used to determine S, through correlations among S¢, pressure, and pressure rise rate. This method has
the advantage that S| for a given mixture over a wide range of pressures and temperatures can be
simultaneously measured by a single test [ 35]. Moreover, it is possible to use CVM to measure S! at
engine-relevant pressures and temperatures of 50—70 atm and 600—800 K [69]. However, CVM has the
disadvantage that the possible appearance of the flame instability is not identified and thereby the accuracy
in LFS measurement may be reduced.

In CVM, the LFS is determined based on the following assumptions [ 35]: 1) the spherical flame front is

smooth and free from instabilities; 2) both the unburned and burned gases are ideal; 3) the pressure is
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uniformly distributed in the whole combustion vessel; 4) the unburned gas is compressed isentropically;
5) there is no dissociation or pre-flame reaction in the unburned gas; 6) chemical equilibrium is reached

immediately after the flame front, and 7) the radiation and buoyancy effects are negligible.

burned gas

unburned gas

Figure 14 Schematic sketch of the spherical {lame propagating in a closed spherical vessel.

Fig. 14 schematically shows the flame propagation in a closed spherical vessel. The spherical flame with
the radius of R, is assumed to be infinitely thin and it separates the burned and unburned gas regions.
According to mass conservation, we have

m, = m, +m,, (1D
where the subscripts 0, u and b denote the initial states and states of unburned and burned gases,

respectively, and m stands for mass. From Eq. (11), we have

dm, _ dm,
i@ a 12
According to the definition of LFS, we have
% =—4xR%0,S., (13)

in which p, is the density of unburned gas. The mass of unburned gas is m, = 4x(R¥ —R})p./3 » where Ry

is the inner radius of the spherical chamber. Therefore, Eq. (13) becomes
S — dR, _RW R’ do.

! de 3Rjp, dt’

Since the unburned gas is compressed isentropically, we have

00/ pu = (Py/P)"7%, (15)
Substituting Eq. (15) into Eq. (14) yields

14

AR, Rie—Rj dP

Se = dt SP}/,[R? e (16)
The burned mass fraction (BMF) is defined as x=m,/m,. Therefore, Eq. (11) becomes
m,,:(lfx)mo’ (17)
which indicates that
%’%RS —RDp, = (1—o) T Rion. (18)
Substituting Eq. (15) into Eq. (18) yields the followmg relationship between flame radius and
pressure:
R/ N - & 1/7, 1/3
B_p-a >[Pj | (19)

Substituting Eq. (19) into Eq. (16) yields

/7, \~2/3 1/7,
s, — Bw (1—(1—1> (Pj ) (%j ‘3{ (20)

which is widely used to determine SM in CVM. In this equation, the BMF needs to be determined as a
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function of pressure measured in experiments, i.e. , x=x(P).

Both experiments and simulations can be conducted to obtain LFS using CVM. However, direct
numerical simulations of outwardly propagating spherical flames in a closed chamber with large pressure
rise were only conducted by Chen and coworkers [ 21 ] and Egolfopoulos and coworkers [ 69]. Many groups
have conducted the CVM experiments, including Metghalchi and coworkers [ 5, 49, 114—119], Stone and
coworkers [48, 120—125] and Razus and coworkers [126—129]. Before 2001, Metghalchi’s group only
used a spherical chamber to measure the pressure evolution [ 5, 1197 in the mixture. After 2001, they used
both spherical and cylindrical vessels. The cylindrical vessel with optical access was used to identify
possible instability and cellular formation in the flame front [49, 114—118]. Consequently, LFS obtained
from the CVM was not affected by flame instability. Stone and coworkers used a spherical vessel with
optical access so that both the pressure history and the flame front history were recorded in experiments
[48, 120, 1237. Similar to Metghalchi’s group, Stone’s group used the flame front image to analyze flame
instability and used the pressure history to get LFS. Razus and coworkers only measured the pressure
history and no optical access was available in their spherical chamber [126, 129]. Table 5 summarizes the
main groups used CVM experiments. Although many groups have used CVM to measure the LFS, there
exists a considerable discrepancy among the LFS reported for the same mixture at the same initial
condition. Fig. 15 shows the LFS of methane/air at NTP determined by CVM by different groups. The

scatter between the reported data is considerable for different equivalence ratios.

Table 5 The characteristics of CVM experiments performed by different groups to measure LFS

Group Vessel type and size
Manton et al. [130] spherical, Ry =7.65 cm
Rallis et al. [131] spherical, Ry =8.01 cm
Sharma et al. [132] spherical, Ry =6. 94 cm
Metghalchi and Keck [5, 119] [118] spherical, Ry =7.62 cm

Metghalchi and coworkers [49, 114—117] a) cylindrical chamber with optical access: to investigate shape of the flame
b) spherical, Ry =7. 62 cm to find LFS

Stone and coworkers [124 ] spherical, Ry =7.5 cm

Stone and coworkers [48, 101, 120—122] spherical, Ry =8 cm; with optical access

Razus and coworkers [127, 129]] spherical, Ry =5 cm
Matsugi et al. [133] spherical, Ry =7.65 cm; with optical access
Egolfopoulos and coworkers [69] a) cylindrical chamber with optical access

b) spherical, Ry =10.16 cm to find LFS

Huzayyin et al. [50] cylindrical, Ry =7.2 cm and L=15 cm
Kuznetsov et al. [93] spherical, Ry =12.5 cm; with optical access
Farrel et al. [94] spherical, Ry =8. 25 c¢cm; with optical access
Hill and Hung [47] spherical. Ry =8. 25 cm

Peters and coworkers [96, 97 ] spherical, Ry =5 cm; with optical access
Takizawa et al. [45, 98, 134 ] spherical, Ry =9 cm; with optical access
Fluixd et al. [99] spherical, Ry =20 cm; with optical access
Dahoe [135] cylindrical, Ry =3.5 cm and L=4.4 cm

The relative differences of normalized LFS measured by experiments for methane/air at NTP are
compared in Fig. 16. The LFS calculated by PREMIX [ 23] is used for normalization. It is observed that
the discrepancy among measured data is 18 % for the stoichiometric mixture. It is noted that due to the lack
of enough experimental data available at $=0. 6 and 1. 3, the experimental results are compared with
simulation results. Comparing Fig. 16 with Fig. 13 (a) around $ =1 shows the discrepancy between
reported LEFS by CVM is higher than that measured by CPM.
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Figure 15 Laminar flame speed of methane/air at NTP. The symbols denote experimental results measured from CVM [ 94,
118, 122, 124, 132, 136]. The line denotes numerical results predicted by GRI-Mech. 3.0 [23] using PREMIX code [ 26].
Figure adapted from [70].
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Figure 16 Deviation of S! measured by different groups [ 94, 118, 122, 124, 132, 136] from S{ premix predicted by
simulation based on GRI-Mech. 3.0 [23]. Figure adapted from [70].

Due to the similarity between CVM and CPM, some of the uncertainty sources in CPM are also
important in CVM. The possible sources of uncertainty in CVM are mixture preparation [59, 102, 103],
instability [ 38, 87, 137, radiation [19, 61, 105, 107—109] and data processing. The uncertainty due to
mixture preparation is similar for CVM and CPM which are summarized in Table 4. Since for CVM, data
processing is conducted for flames with obvious pressure rise rate, the ignition effect is negligible and the
buoyancy effect is less important compared to CPM. For CVM, the buoyancy effect is usually negligible
for S! >15 cm/s [106]. However, Takizawa et al. [ 98] found that the buoyancy effect is considerable for
R-32 and R-32/134a mixtures whose LFS is less than 5 cm/s. For these mixtures, micro-gravity
experiments need to be conducted.

In many experiments conducted by CVM, the optical access is not provided [ 126, 129, 1387.
Therefore, the possible instability during the flame propagation is not revealed. In experiments conducted
by CVM, the upper limit of the flame radius or pressure should be chosen to avoid the thermo-diffusive and
hydrodynamic instabilities which enhance the flame propagation speed [ 87 ]. While the thermo-diffusive
instability occurs for mixtures with negative Markstein length, the hydrodynamic instability occurs at high
pressures where the flame thickness is very small [137]. The radiation effect decreases as LLFS increases
[110]. Therefore, the radiation induced uncertainty for the CVM is weaker than that for the CPM.
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The most important factor affecting the accuracy of LFS measurement from CVM is data processing.
There are different correlations among pressure, temperature, burned mass fraction and flame speed,
which are used to obtain LFS. The performance of these correlations was reviewed in [ 70 ]. For
stoichiometric methane/air at NTP, choosing an inappropriate correlation results in more than 10%

uncertainty in LFS determination [ 70 ].
4 Summary and perspectives

Because of the importance of LFS, accurate determination of LFS is of great importance. The
propagating spherical flame method is reviewed due to its advantage to measure the LFS at high pressures
and evaluated temperatures. The recent advances in the constant pressure method (CPM) and constant
volume method (CVM) based on propagating spherical flames are introduced here. The advantages of
these methods together with their drawbacks are discussed.

Further studies are still needed in order to obtain accurate laminar flame speed from CPM and CVM.
The possible topics of future research are:

1. Different factors inducing non-zero burned gas velocity and non-equilibrium density ratio were studied
separately in CPM. However, the co-existence of these factors may further increase the uncertainty, which
deserves further study.

2. The radiation effects have been extensively studied for the CPM [17, 109, 139, 140]. However, the
radiation effects on the formulations used in CVM received little attention. For highly diluted mixtures
with low flame speed the radiation effect in CVM may be considerable and thereby it needs further study.

3. Though the individual effects of different factors are well understood, it is still not clear how the
coupling between different factors affects the accuracy of laminar flame speed measurement from CPM and
CVM.

4. Recently, the cool flame has received great attention due to the need for understanding low-
temperature chemistry and for developing advanced internal combustion engines [141—143]. However, it
is difficult to accurately measure the LFS of a premixed cool flame. Such experiments should be developed
since the LFS data of premixed cool flames are useful for developing low-temperature chemistry which has

large uncertainty.
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