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flame speeds using propagating spherical flames
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The effects of flow compression and flame stretch on the accurate determination of
laminar flame speeds at normal and elevated pressures using propagating spherical
flames at constant pressure or constant volume are studied theoretically and numerically.
The results show that both the compression-induced flow motion and flame stretch have
significant impacts on the accuracy of flame speed determination. For the constant
pressure method, a new method to obtain a compression-corrected flame speed (CCFS)
for nearly constant pressure spherical bomb experiments is presented. Likewise, for the
constant volume method, a technique to obtain a stretch-corrected flame speed (SCFS)
at elevated pressures and temperatures is developed. The validity of theoretical results
for both constant pressure and constant volume methods is demonstrated by numerical
simulations using detailed chemistry for hydrogen/air, methane/air, and propane/air
mixtures. It is shown that the present CCFS and SCFS methods not only improve the
accuracy of the flame speed measurements significantly but also extend the parameter
range of experimental conditions. The results can be used directly in experimental
measurements of laminar flame speeds.

Keywords: laminar flame speed; spherical flame; compression effect; flame stretch rate

1. Introduction

The laminar flame speed is defined as the speed relative to the unburned gas, with which
a planar, one-dimensional flame front travels along the normal to its surface [1]. It is one
of the most important parameters of a combustible mixture. On a practical level, it affects
the fuel burning rate in internal combustion (IC) engines and the engine’s performance and
emissions [2]. On a more fundamental level, it is an important target for the validation of
kinetic mechanisms [3]. Accurate determination of flame speeds at high pressures and tem-
peratures is extremely important for the development and validation of kinetic mechanisms
for gasoline and diesel surrogate fuels and alternative fuels [3–5].

In the last 50 years, substantial attention has been given to the development of new
techniques and the improvement of existing methodologies for experimental and theoreti-
cal determination of the laminar flame speed. Various experimental approaches, reviewed in
[1, 6], have been developed to measure the flame speed utilising different flame config-
urations, including the outwardly propagating spherical flame [2, 4, 6–23], counterflow
or stagnation flame [24–27], Bunsen flame [17], and burner stabilised flat flame [28, 29].
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344 Z. Chen et al.

Owing to the lack of uniformity of the flame speed over the flame surface in the Bunsen
flame and the wall effects in the flat flame, the propagating spherical flame and the stationary
counterflow flame are among the most successful systems for flame speed measurements
[6, 10]. However, owing to the Reynolds number limit, the counterflow flame method is
difficult to apply at high pressures (e.g. above 10 atm) [10]. Consequently, tracking the
evolution of an outwardly propagating spherical flame in a confined bomb is the most fa-
vorable method for measuring the flame speed, especially at pressure above 10 atmosphere
[2, 4, 10, 13].

Historically, spherical bombs for laminar flame speed measurements have been very
large, limiting them of course to low pressure (below 10 atmosphere) study. For one of the
two common spherical flame methods (both of which are described below), the constant
pressure method, they are large so that pressure rise in the chamber is not significant during
the portion of the flame propagation of interest; for the constant volume method, they are
large so that curvature and stretch effects can be neglected. However, there are several
important merits to smaller combustion bombs. First of all, for both constant pressure
and volume methods, a smaller chamber allows for higher pressure measurements while
maintaining the same level of operational safety. Second, a smaller chamber requires less
material to construct and so it is cheaper than a larger one. It is much easier to prepare
homogeneous pre-mixture in a smaller chamber, especially for gaseous large hydrocarbon
fuels vaporised from liquid phase, and to heat up a smaller chamber for experiments
measuring laminar flame speed at high temperature. Finally, a smaller chamber used for
the constant volume method can actually allow measurements that would be impossible
using a larger chamber. For example, the effects of radiation and hydrodynamic instabilities
become more important at large flame radii. In smaller combustion chambers, these effects
would be minimised during the portion of the propagation that produces pressure rises large
enough to be detected by the pressure transducer. The theoretical models developed in this
study account for the effects of compression and stretch, which have previously set lower
limits on the size of spherical explosion bombs. As such, proposed methods enable the use
of smaller chambers allowing all of the methods described above.

In the propagating spherical flame method, a quiescent homogeneous combustible
mixture in a closed chamber is centrally ignited by an electrical spark or a laser beam which
results in an outwardly propagating spherical flame [6, 17]. The flame front history and/or
the pressure rise history are/is recorded during the experiment and related to the laminar
flame speed through theoretical models [6, 17] which are described in the next section.
Depending on the bomb design and the pressure change, there are two different methods
for flame speed measurement by using the expanding spherical flames. The so-called
constant pressure method [4, 5, 8–16] uses Schlieren or shadow photograph to view the
flame front propagation history of an expanding spherical flame in a large confined chamber
or a pressure release dual-chamber. There are two main advantages of this method. First, the
propagating flame surface is observed such that any cellular instability that might develop
over the flame surface during its propagation can be revealed. Second, since the effect of
pressure and temperature rise on flame speed is minimal during the early stages, there exists
a stage where the flame speed is purely a function of stretch, allowing for extrapolation
to zero stretch and determination of stretch behaviour. Recently a great deal of effort has
been devoted to obtaining accurate flame speeds utilising this method. For example, Burke
et al. [30] demonstrated that the effect of flow field deviation due to constant-pressure
nonspherical chambers can significantly affect the accuracy of flame speed measurements;
Chen et al. [31] found that the incoming flow induced by the radiative cooling of the high
temperature products inside a spherical flame will slow the flame propagation, thus greatly
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Combustion Theory and Modelling 345

decreasing the accuracy of flame speed measurements for highly radiative mixtures; Kelley
and Law [32] suggested that nonlinear extrapolation between stretched flame speed and
stretch rate should be used for mixtures with Lewis numbers appreciably different from
unity; Chen et al. [33] showed that the ignition energy has a significant impact on the flame
trajectories and that the flame speed reverse phenomenon owing to unsteady flame transition
greatly narrows the experimental data range that is valid for flame speed extrapolation. All
the models on the constant pressure method utilised in previous studies are based on the
assumption of zero burned gas velocity. However, the validity of this assumption has not
been confirmed, particularly when small combustion chambers are used to achieve higher
pressures while ensuring operational safety.

The other experimental technique, the so-called constant volume method [2, 5, 17–
23] employs a fast-response pressure transducer to measure the chamber pressure history
during the propagation of an expanding spherical flame in a closed thick-walled spherical
vessel. Conversion of the reactants to hot products across the flame front results in a rapid
pressure rise and a corresponding temperature rise in unburned and burned gas. Therefore,
this method has the advantage that the flame speed for a given mixture over a wide range of
temperatures and pressures can be obtained from a single test [2]. The spherical constant-
volume vessel technique for determining laminar flame speed was initially developed and
utilised in [17–19]. Recently, several improved theoretical models to relate the experimen-
tally measured pressure history to the instantaneous flame speeds have been developed.
Saeed and Stone [20] developed a multiple burned gas zone model to allow for a more
realistic temperature distribution within the burned gas than the initially employed uniform
temperature assumption. Metghalchi and coworkers [22] considered a variable-temperature
central burned gas core surrounded by a preheat zone, an uniform-temperature unburned
gas shell, and a thermal boundary layer at the wall in their model, and they accounted for
different sources of heat loss. Huzayyin et al. [23] revealed that using different models to
relate the pressure history to the same flame speed for the same experimental data results in
discrepancies of up to 15% in the calculated flame speed. The result indicates the importance
of accurate models and the need to improve them further. In all of the models, it is assumed
that the stretch effect on flame speed is negligible. However, in practical measurements
for hydrogen and high-molecular-weight hydrocarbon fuels, the effect of flame stretch for
the experimental conditions is not always of a negligible magnitude [25]. Therefore, the
inclusion of flame stretch is necessary for a more comprehensive and more accurate model.

It is also found that discrepancies exist among flame speed data obtained from
measurements of spherical flames and counterflow flames [5]. The reason for this
discrepancy has yet to be qualitatively explained. One possible source is the interpretation
of the experimental data, particularly for data at conditions lie outside of the parameter
range over which the assumptions in the models are justified. Although both constant
pressure and constant volume methods are popularly utilised in measuring flame speed
in a broad range of pressures, due to the complexity of flame stretch, flow compression,
flame structure, chamber geometry, and thermal radiation, the accuracy and the validity of
the employed models for flame speed measurement over a certain parameter range in both
methods still remain unclear. For example, in the constant pressure method, the stretched
flame speed is first obtained from the flame front history, Rf = Rf (t), and then is linearly
extrapolated to zero stretch rate to obtain the unstretched flame speed. Flame speeds are
commonly extrapolated over ranges of flame radius data, [RfL, RfU] [4, 5, 8–16]. The lower
bound, RfL, is often chosen to reduce the effects of initial spark ignition, flame curvature,
and unsteadiness on the flame propagating speed, and to make stretch rate small such that
the linear relationship between stretched flame speed and stretch rate is satisfied [33, 34].
The upper bound, RfU, is frequently chosen to ensure that the pressure change is ‘small’
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346 Z. Chen et al.

Figure 1. Experimental results on flame propagating speed of H2/air flame (ϕ = 3) as functions of
stretch rate and flame radius.

[4, 5, 8–16]. Historically, the choice of data range has been somewhat arbitrary: different
researchers made different choices without giving quantitative justification. The range
should be large enough to ensure accurate extrapolation, since the uncertainty in the
extrapolation decreases with the increase of stretch rate range.

Figure 1 shows the flame propagating speed as a function of stretch rate or flame radius
for hydrogen/air (equivalence ratio ϕ = 3.0) propagating spherical flames from experiments
in a constant-pressure cylinder chamber (the details on experimental setup and procedures
could be found in references [4, 15, 30]). It is apparent that different unstretched flame
speeds would be obtained from linear extrapolation of the experimental data based on
different flame radii ranges. To the authors’ knowledge, there is no quantitative study on
how the flame radii range, [RfL, RfU], affects the measured flame speed and how to choose
the proper RfU in the literature. Moreover, in all the previous studies [4, 5, 8–16], the choices
of the RfU were solely based on the pressure dependence of the flame speed. However, the
effect of nonzero burned gas velocity generated by pressure wave compression, which
renders the assumption of ‘zero burned gas velocity’ invalid, has not been discussed. Figure
1 shows that the propagating speed measured from experiments will decrease when the
flame radius is larger that 2.2 cm owing to the nonzero burned gas velocity which slows
down the flame propagation. As will be shown in this study, this compression-induced
nonzero burned gas velocity can significantly affect the accuracy of the measured flame
speed. This paper focuses on the compression effect for the constant pressure method in
spherical chambers addressing two main concerns. First, how much does flow compression
affect the accuracy of flame speed measurement for a small pressure increase? Second, how
does one correct for the compression effect in the flame speed measurements? Since the
pressure increase during flame propagation depends cubically on the ratio of flame radius,
Rf , and chamber size, R0, smaller upper, RfU, should be specified for a smaller chamber
and thus the flame radii range, [RfL, RfU], might be too narrow for data processing. In this
case, correction for the compression effect allows for a wider range that can be used for
extrapolation, resulting in a more accurate unstretched flame speed.
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Similarly, in the constant volume method, the stretch effect on the laminar flame speed
might be too large to be neglected for mixtures with Lewis numbers greatly deviating from
unity and thus the stretch correction for obtaining accurate unstretched laminar flame speed
is indispensable [25]. As shown in Figure 1, when the flame size is small, the stretch rate
is more than 1000 s−1. For rich hydrogen/air flame of equivalence ratio 3.0, the burned
Markstein length is about 0.08 cm, thus decrease of flame propagating speed caused by
stretch effect is more than 80 cm/s. However, in all previous studies [2, 19–23], the effect of
flame stretch was neglected. Similarly for the stretch effect as the compression effect, this
paper focuses on the stretch effect for the constant volume method addressing two concerns.
First, how much does the stretch affect the accuracy of flame speed measurement? Second,
how does one correct for the stretch effect in the flame speed measurements?

The objective of the present study is to answer the questions posed above. For the
constant pressure method, the effects of flow compression and different flame radii ranges
on the accuracy of flame speed measurements will be investigated, and by including the
compression effect, the compression-corrected flame speed (CCFS) will be presented. For
the constant volume method, the stretch effect on the measured flame speed will be studied
and a method to obtain a stretch-corrected flame speed (SCFS) at elevated pressures and
temperatures will be presented. For both methods, the validity of theoretical models and the
improvement in the accuracy of measured flame speed will be demonstrated by numerical
simulations of hydrogen/air, methane/air, and propane/air flames using detailed chemistry.
In this study, detailed numerical simulations instead of experimental measurement have
been utilised because: 1), the compression induced flow field (which is difficult to measure
in experiments) could be readily obtained from simulation and thus be compared with theo-
retical model; and 2), other effects such as radiative loss (which always exist in experiments)
could be excluded in simulation in order to isolate the effects of interest in this study.

The paper is organised as follows: in section 2, theoretical models of flame speed
measurement are introduced, and the CCFS and SCFS are presented for the constant
pressure and constant volume methods, respectively. Then, in section 3 the validity of
theoretical models and the improvement in the accuracy of measured flame speed are
demonstrated by numerical simulations using detailed chemistry. Finally, the conclusions
are given in section 4.

2. Theoretical models of flame speed measurement

The theoretical models of flame speed measurements utilising the constant pressure and
constant volume methods are briefly presented in the following two subsections. The
compression and stretch effects are studied analytically, and the CCFS and SCFS are
proposed.

2.1. The constant pressure method and the compression effect on flame speed

In the constant pressure method (the details of this method could be found in Refs. [8, 11,
16, 34]), the flame speed is obtained from the flame front history, Rf = Rf (t), recorded
by using the Schlieren or shadow photograph. There are different methods found in the
literature for relating the stretch rate and the stretched flame speeds such that the unstretched
laminar flame speed and Markstein length can be extracted as described in [4, 5, 8–16]. In
the present study, we will use the definition of Clavin [35]

Su = S0
u − LuK (1)
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348 Z. Chen et al.

where S0
u and Su are respectively the unstretched and stretched flame speed with respect to

the unburned mixture, Lu the unburned Markstein Length, and K the flame stretch rate.
For outwardly propagating spherical flames, the flame stretch rate is K = 2R−1

f (dRf /dt).
According to the kinetic balance with respect to the burned mixture and mass conservation,
the stretched flame speed is give by [36]

Su = a
dRf

dt
− aUb (2)

where a = ρb/ρu is the density ratio between the burned and unburned mixtures and Ub the
flow velocity of burned gas behind the flame front (positive in the outward direction). In all
the previous studies utilising the constant pressure method [4, 5, 8–16], data reduction was
performed only for ‘small’ pressure change and the burned gas is assumed to be quiescent
(Ub ≈ 0). As a result, the moving velocity of the experimentally visualised flame front is
the burned flame speed

Su ≈ a(dRf /dt) (3)

Therefore, according to Equation (1), the unstretched laminar flame speed, S0
u, and

Markstein Length, Lu, can be obtained from the linear extrapolation based on the plot of
Su − K , where Su and K are both calculated from flame front history Rf = Rf (t).

However, as will be shown in section 3, neglecting the compression-induced flow
velocity Ub even at a small pressure increase might significantly decrease the accuracy of
the measured flame speed. By considering pressure increase, the following relationship is
found for expanding flames in a closed spherical chamber [17–19]

Su = a
dRf

dt
+ a

Rf

3γP

dP

dt
(4)

where γ is the ratio of heat capacities, and P is the pressure which is nearly uniform in the
closed chamber [17]. By comparing Equations (2) and (4), the flow velocity of the burned
gas behind the flame front is

Ub = − Rf

3γP

dP

dt
(5)

The pressure and its rate of change in Equation (5) can be either measured directly in
experiments or calculated from the flame front history by the Schlieren images [18]

Rf

R0
=

[
1 − Pe − P

Pe − P0

(
P0

P

)1/γ
]1/3

(6)

where P0 and Pe are the initial and final chamber pressures, respectively, and R0 is the radius
of a spherical chamber (which is the equivalent radius, R0 = (3V /4π )1/3, for a nonspherical
chamber of volume V ).
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With the increase of the pressure, the unburned gas temperature, Tu, will also increase
so that the density ratio, a, is not a constant but a function of Tu

a(Tu) = Tu/Tad = (1 + �T/Tu)−1 (7)

where �T is the temperature increase caused by chemical heat release and it can be
calculated from thermodynamic quantities. Assuming the unburned gas is compressed
isentropically, Tu can be calculated from the pressure, which could be obtained from the
flame front history according to Equation (6), Tu = T0(P/P0)(1−1/γ ). Then Tu and thus
a = a(Tu) can also be calculated from the flame front history. Note that when the flame
radius is less than half of chamber radius, the change of the flame speed due to pressure and
temperature increase alone is less than 1% which is negligible compared to the changed
caused by compression-induced flow.

Therefore, the compression-induced flow velocity, Ub, can be evaluated from the flame
front history by using Equations (5) and (6). As a result, flame speed extrapolated by using
Equation (2) instead of (3) is more accurate due to the inclusion of the compression effect.
The unstretched flame speed, S0

u, obtained by linear extrapolation of Su given by Equations
(2), (5) and (6), is called the compression-corrected flame speed (CCFS). As will be shown
in section 3, the accuracy of the measured flame speed is greatly improved by using CCFS.

2.2. The constant volume method and the stretch effect on flame speed

The constant volume method also uses a spherical vessel with central ignition. However, it
calculates the flame speed based on the pressure history P = P (t) recorded after the flame
has grown to a sufficiently large size such that the pressure variation is evident. The details
of theoretical analysis on this method can be found in references [2, 17–19, 21]. Based on
the following assumptions: the flame is thin, smooth, and spherical; the pressure is spatially
uniform; the constituents of the burned and unburned gases behave as ideal gases; the
dissociation products are in equilibrium; the unburned gas is compressed isentropically;
and buoyancy effects are negligible, the following expressions for flame speed, Su, could
be obtained [17–19]

Su = R3
0

3R2
f

(
P0

P

)1/γ
dx

dt
(8)

Rf

R0
=

[
1 − (1 − x)

(
P0

P

)1/γ
]1/3

(9)

where x is the ratio between the burned and total masses. For simplicity, the commonly
employed assumption of a linear relationship between mass fraction of burned gas and
pressure rise is employed [17–19]

x = P − P0

Pe − P0
(10)

The validity of this assumption is confirmed by detailed numerical simulation in section
3 (Figure 7). Substituting Equation (10) into (8) and (9), the relationship in Equation (6) is
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350 Z. Chen et al.

readily obtained and the flame speed is given by

Su = R0

3

(
R0

Rf

)2 1

(Pe − P0)

(
P0

P

)1/γu dP

dt
(11)

Therefore, from the pressure history P = P (t), the flame position Rf could be obtained
according to Equation (6) and the stretched flame speed Su could be evaluated by using
Equation (11).

In all previous experimental studies [2, 5, 17–23], the flame speed, Su, obtained from
the constant volume method is actually the stretched flame speed, not the unstretched flame
speed, S0

u. As mentioned before, the stretch effect on flame speed might be significant for
mixtures with Lewis numbers greatly deviating from unity (see Figure 1). In the present
section, the effects of flame stretch on the measured flame speed will be analysed, and a
method that includes a stretch correction in the determination of flame speed measurements
will be introduced.

The stretch effect on flame speed is given by Equation (1). Note that to zeroth order, we
have Su ≈ S0

u. So Equation (1) can be written as

S0
u − Su

S0
u

≈ LuK

Su

(12)

With the definition of stretch rate and the flame radius in term of pressure given by
Equation (6), the following expression for flame stretch rate can be derived

K = 2

3

(
R0

Rf

)3 (
1 + Pe − P

γP

)
1

Pe − P0

(
P0

P

)1/γ dP

dt
(13)

By using Equations (6), (11–13), the relative difference of flame speed caused by the
stretch effect can be obtained as

S0
u − Su

S0
u

≈ 2Lu

Rf

(
γ − 1

γ
+ Pe

γP

)
(14)

According to the above equation, the error in the measured flame speed caused by
neglecting the stretch effect can be evaluated. It is apparent from Equation (14) seen that the
error is proportional to the Markstein length and the inverse of flame radius. Furthermore,
when the flame size is small, the pressure increase is small and thus Pe/P is large, so
the stretch effect is further magnified by the term inside the brackets in Equation (14).
Therefore, for small spherical flames in mixtures with Lewis numbers greatly deviating
from unity, the stretch effect on the flame speed is significant so a stretch correction is
necessary. Figure 2 shows the error caused by neglecting the stretch effect according to
Equation (14) for a typical run with Pe/P0 = 8.27, γ = 1.4, Lu = 0.3 mm (close to the
Markstein length of rich hydrogen/air and lean propane/air flames, as will be shown in
section 3) and chamber size R0 = 6 cm. It is observed that the stretch effect on flame
speed is greater than 10% when the pressure increase is below 20% (P/P0 < 1.2 or Rf /R0

< 0.54). Therefore, the stretch correction is necessary for accurate determination of the
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Combustion Theory and Modelling 351

Figure 2. The stretch effect on the flame speed according to Equation (14) with Pe/P0 = 8.27, γ =
1.4, Lu = 0.3 mm,R0 = 6 cm.

laminar flame speed. Note that the ratio of specific heats, γ , is assumed to be constant
(γ=1.4) in SCFS. Numerical simulations show that the change of γ (less than 3%) with
the temperature, pressure and composition during the flame propagation is negligible.

In order to obtain a more accurate flame speed, stretch-corrected flame speed
(SCFS), S0

u, is proposed here. The SCFS is obtained by applying a stretch correc-
tion according to Equation (1), in which the stretched flame speed, Su, is calculated
from the measured pressure history according to Equations (11) and (6), and the stretch rate,
K , is calculated according to Equation (13). Note that in Equation (1), the calculation of
SCFS requires a value for the Markstein length, Lu. The Markstein length, which is usually
measured either from propagating spherical flames using the constant pressure method dis-
cussed in above [11–16] or from counterflow flame experiments [26, 27], can be obtained
from linear extrapolation of stretched flame speed, Su, and flame stretch rate, K , calculated
from the pressure history (according to Equations (6), (11), and (13)) over spans of data
where the pressure and temperature increase is small for the constant volume method. Since
the temperature and pressure of the unburned gas will increase during the flame propagation,
the flame speed is affected not only by the stretch rate but also by the increases of the tem-
perature and pressure of the unburned gas. This was also shown by theoretical analysis by
Sivashinshky [37, 38] and Bechtold and Matalon [39]. Therefore, the Markstein length can
not be obtained accurately from the linear extrapolation of Su and K calculated from pres-
sure history when the pressure increase is large (above 5%) for the constant volume method.
However, there exists a portion of the flame propagation where the pressure rise is detectable
experimentally, but the flame speed is nearly insensible to the changes in temperature and
pressure and is almost purely a function of stretch rate. As will be shown by the numerical
simulations in the next section, the Markstein length corresponding to mixtures at the initial
pressure can be accurately obtained from the pressure history during this period and can be
utilised in the SCFS method to improve the accuracy of the flame speed measurement.
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3. Numerical validation of models

In this section, the validity of the theoretical results presented in section 2 is demon-
strated by numerical simulations of outwardly propagating spherical flames of hydrogen/air,
methane/air, and propane/air mixtures in a closed spherical chamber using detailed chem-
istry. Specifically, the flow compression and flame stretch effects will be studied, and the
improvement in the accuracy of flame speed determination using the CCFS and SCFS
methods will be shown for the constant pressure and volume methods, respectively.

A time-accurate and space-adaptive numerical algorithm for the Adaptive Simulation
of Unsteady Reacting Flow, A-SURF (1D), has been developed to carry out high-fidelity
numerical simulations of the outwardly propagating spherical flame in a closed chamber
under a broad range of pressures. A-SURF (1D) has been successfully used in our previous
studies of radiation absorption effect and ignition effect on outwardly propagating spherical
flames [33, 40]. The details on the governing equations and numerical methods of A-SURF
are presented in the supplemental materials of Ref. [33]. For the propagating spherical flame
in a closed chamber, due to the pressure change and the pressure induced compression
wave, the unsteady compressible Navier-Stokes Equations for multi-component reactive
flow are solved. The finite volume method is employed for discretising the conservation
governing equations in the spherical coordinate. The second-order-accurate Strang splitting
fractional-step procedure [41] is utilised to separate the time evolution of the stiff reaction
term from that of the convection and diffusion terms. In the first fractional step, the
nonreactive flow is solved. The Runge–Kutta, central difference, and MUSCL-Hancock
[42] schemes, all of second-order accuracy, are employed for the calculation of the temporal
integration, diffusive flux, and convective flux, respectively. The chemistry is solved in the
second fractional step by using the VODE solver [43]. Detailed chemistry is included in
the simulation and the thermodynamic and transport properties are evaluated using the
CHEMKIN and TRANSPORT packages [44, 45].

The reaction zone is usually very thin and the flame thickness is strongly affected by
pressure. In order to maintain adequate numerical resolution of the moving flame front
without the need to use hundreds of thousands of grid points, a multi-level, dynamically
adaptive mesh refinement algorithm has been developed. Local mesh addition and removal
are based on the first- and second-order gradients of the temperature, velocity and major
species distributions. Seven to ten grid levels are utilised in this study and the moving
reaction zone is always fully covered by the finest meshes of 32 µm to 4 µm in width.
Simulations using smaller finest meshes have also been conducted and confirmed the
adequacy of the above grid size for achieving accurate solutions.

Moreover, the unstretched laminar flame speed of the adiabatic planar flame, SL, is
calculated using the steady one-dimensional laminar premixed flame code, PREMIX, due
to Kee et al. [44]. It is found that the maximum relative differences between the adiabatic
planar (unstretched) flame speed obtained from PREMIX and A-SURF over the entire test
range is less than 2% (the mixture-averaged diffusion including thermal diffusion is utilised
in both PREMIX and A-SURF), which demonstrates the robustness and accuracy of the
present computation methods [33]. Therefore, A-SURF can accurately model outwardly
propagating spherical flames and thus can be employed to validate the theoretical models
for flame speed measurements utilising expanding flames.

In all the simulations, the spherical chamber radius is set to be R0 = 6 cm. All the results
in the following parts are presented in terms of flame radii normalised by the chamber size
(Rf /R0). Therefore, the same conclusions still hold for the cases using other chamber sizes
(normalised results from simulations with R0 = 12 cm show qualitatively similar results as
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those with R0 = 6 cm). The flame is initiated by a small hot pocket (∼1 mm in radius) of
burned products surrounded by fresh mixture at the room temperature and pressure (T0 =
298 K , P0 = 1 atm). At the inner and outer boundaries at r = 0 and r = R0, respectively,
zero-gradient conditions are enforced. The size of the hot pocket is small enough and it does
not affect the flame speed because for both methods, only the data for flame radii larger
that 6 mm are utilised to calculate the flame speed in this study. The current simulations as
well as those by Bradley et al. [34] have confirmed that the ignition effect on flame speed
is negligible once the flame radius is larger than 6 mm for the conditions studied. In order
to focus on the compression and stretch effects, the effects of radiation (for most mixtures
such as H2/air, CH4/air, and C3H8/air not close to flammability limits and without CO2

dilution, the radiation effect could be neglected) [8, 40, 46], buoyancy, and heat loss to the
chamber wall [22] on flame speed are not considered here.

To validate the robustness of the theoretical models, simulations utilising detailed
chemistry for different fuels (H2, CH4 and C3H8) have been carried out and will be shown
in the following two subsections. To simulate the H2/air flames, the recent mechanism of
9 species and 25 reactions developed by Li et al. [47] is employed. For CH4/air, the GRI-
MECH 3.0 mechanism [48] is used. To save computation time, the NOx sub-mechanism
is not included and the resulting mechanism contains 36 species and 219 reactions. For
C3H8/air, San Diego Mechanism 20050615 [49] which consists of 40 species and 175
reactions is utilised.

3.1. Results for the constant pressure method

For the constant pressure method, similar to the Schlieren imaging in the experiments, the
flame front history, Rf = Rf (t), from the numerical simulation is used to calculate the flame
speed. In the simulation, the position of flame front is defined as the position of maximum
heat release (It was pointed out that the level of contours chosen to track the flame front
might affect the flame front propagating speed [34]. However, this second-order effect is
important only for very lean or rich pre-mixtures which have much thicker reaction zones
[8]). The chamber pressure can be either obtained from simulation or calculated from flame
front history by solving Equation (6). The difference between the pressures obtained from
those two methods is negligible. The compression-induced flow velocity, Ub, is defined as
the flow velocity at the position where 99.9% of the chemical heat is released.

The results in Figures 3 to 5 are from the same simulation of the outwardly propagat-
ing spherical stoichiometric CH4/air flame. Figure 3 shows the normalised compression-
induced flow velocity of the burned gas behind the flame front, aUb/S

0
L, as functions of

normalised flame radius and relative pressure increase. The results from the theoretical
relations given by Equations (5) and (6) agree well with those from simulation. Note that to
the zeroth order of accuracy, we have Su ≈ S0

L(Su is the stretched flame speed while S0
L is

the planar unstretched flame speed). Therefore, according to Equations (2) and (3), aUb/S
0
L

is approximately the relative error in evaluating the stretched flame speed, Su, caused by
neglecting the compression-induced flow, Ub. The results indicate that for normalised flame
radius Rf /R0 larger than 0.4, the error will be greater than 5%. Thus, for large flames, in
order to derive accurate flame speed from experimental measurements, the flow compres-
sion effect must be considered. As will be shown in Figure 5, this error is further amplified
during the linear extrapolation process to obtain the unstretched flame speed. Note that
when the normalised flame radius Rf /R0 is less than 0.5, the relative pressure increase is
below 18% and the increase of the temperature of unburned mixture is less than 12 K. The
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Figure 3. The compression induced flow velocity during the propagation of a spherical stoichiometric
CH4/air flame (R0 = 6 cm).

resulting change of the laminar flame speed is less than 1%, which is negligible compared
to the change caused by compression-induced flow.

The flow compression effect on the stretched flame speed is further demonstrated in
Figure 4, in which different methods are employed to calculate the stretched flame speed,
Su. The normalised stretch rate is defined as K ′ = Kδ/S0

L, with δ = 0.2 mm and SL =

Figure 4. Normalised stretched flame speed as a function of normalised stretch rate and flame radius
for a stoichiometric CH4/air flame.
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Figure 5. Accuracy of the unstretched flame speed with and without compression correction using
different flame radius ranges for a stoichiometric CH4/air flame.

37.2 cm/s being the unstretched adiabatic laminar planar flame thickness and flame speed,
respectively. Figure 4 reveals that if the effect of flow compression is not considered, i.e.
Su= a(dRf /dt), Su decreases with the increase of flame size when Rf /R0 > 0.3. This is due
to the fact the flame front propagating speed is decreased by the compression-induced flow
(note that Ub is negative as shown in Figure 3). This result is similar to the experimental
results shown in Figure 1. The rapid decrease of flame speed at large flame radii (or small
stretch rate) renders the linear extrapolation to zero stretch rate inaccurate. Therefore, in
order to obtain an accurate unstretched flame speed (S0

u) from the linear extrapolation of
Su − K according to Equation (1), the upper bound, RfU, must be chosen to make RfU/R0 <

0.3 such that the effect of the compression-induced flow is prevented. Otherwise, the flame
speed will be under-predicted. For a small combustion chamber of R0 = 6 cm, the RfUthat
satisfies RfU/R0 < 0.3 is 1.8 cm. As such, the flame radii range, [RfL, RfU], for which the
constant pressure relations are accurate, is [0.6 cm, 1.8 cm] (usually Rf is chosen to be
Rf > 0.6 cm to prevent spark ignition effects [34]). This flame radius range might be too
narrow for accurate linear extrapolation. Therefore, the compression-induced flow velocity,
Ub, could be considered to extend the upper bound, RfU. Figure 4 shows that when the
flow velocity, Ub, is considered, i.e. Su= a(dRf /dt–Ub), without including the temperature
change, Su will monotonically increase during flame propagation (increase of Rf ) until
Rf /R0 > 0.52. Therefore the upper bound, RfU, is extended more than 70% by considering
the compression-induced flow velocity, Ub. The decrease of Su for Rf /R0 > 0.52 is caused
by the change of density ratio, a, with the increase of the unburned gas temperature, Tu,
as mentioned previously, and thus the density ratio is a function of Tu instead of being
constant, i.e. a = a(Tu), which is given by Equation (7). Accordingly, Figure 4 shows
that if the change of density ratio is also considered, i.e. Su = a(Tu)·(dRf /dt − U b), Su

monotonically increases during the whole flame propagation process as is expected for a
positive Markstein length mixture and a flame with increasing Tu. It should be noted that
when the pressure increase is small ((P − P0)/P0 < 2% or Rf /R0 < 0.25), the compression
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inducted flow, Ub, is negligible and thus the stretched flame speeds calculated from all three
methods are nearly the same. However, the two CCFS methods yield linear relationships
with stretch rate, as predicted by theory, for larger spans of data.

To reveal how the choice of flame radius range affects the measured laminar flame
speed by the flow compression effect, the accuracy of the unstretched flame speed with and
without the flow compression correction using different flame radii ranges [RfL, RfU] are
shown in Figure 5. The unstretched flame speed, S0

u, is extrapolated from the plot of Su − K

according to Equation (1) and S0
L = 37.2 cm/s is the planar unstretched laminar flame speed

at the room temperature and pressure obtained from the 1-D planar flame simulation. When
the compression effect is neglected, i.e. Su = a(dRf /dt), Figure 5 shows that the flame
radius range affects greatly the extrapolated unstretched flame speed, S0

u: with the increase
of the upper bound of the flame radius, S0

u, is significantly under-predicted (by more than
20%). This large discrepancy reveals that the flow compression effect on flame speed is
magnified by the linear extrapolation to zero stretch rate. However, when the compressed
induced flow velocity, Ub, is considered and the CCFS is employed, i.e. Su = a(dRf /dt–
Ub), the discrepancies between the extrapolated unstretched flame speed, S0

u, using different
flame radii ranges are all below 5%. Therefore, a significant improvement in the accuracy of
flame speed measurements is achieved using the CCFS, which considers the compression-
induced flow. A typical data range utilised in previous experiments is [1.0 cm, 2.5 cm]. For
chambers of radius larger than 10 cm (R0 = 30 cm in [8] and [9], 13 cm in [11], 18 cm in
[12], 19 cm in [13], 25 cm in [16]), the accuracy of flame speed measurement neglecting
the compression effect is below 5% according to Figure 5. However, these experiments are
for measurements below 5 atmosphere. For measurements of flame speed at high pressures
(above 10 atmosphere), smaller chamber should be utilised for safety issues and only flame
of small size could be used because hydrodynamic instability and/or thermal diffusive
instability, making flame front wrinkled, will occur earlier at higher pressures [10]. When
a chamber of 5 cm in radius is utilised, to use the data range of [1.0 cm, 2.5 cm] will result
in error of 15%. Only when the CCFS is employed, the error becomes less than 5%.

Figure 6 shows the accuracy of the unstretched flame speed for stoichiometric H2/air
and C3H8/air flames, respectively. The results are similar to those of CH4/air mixtures.
All the results demonstrate that: 1), the compression-induced flow and flame radius range
have significant impacts on the accuracy of the measured flame speed; 2), the compression-
induced flow can be accurately predicted by the analytical correlation given by Equations
(5) and (6); 3), the accuracy of the flame speed measurements can be greatly improved using
the CCFS; and 4), for high-pressure experiments using small chambers, CCFS should be
utilised to obtain accurate flame speed.

3.2. Results for the constant volume method

For the constant volume method, the pressure history, P = P (t), from simulation is used
to calculate the flame speed without stretch correction according to Equations (11) and (6).
The SCFS is calculated from the pressure history using the procedure proposed in section
2.2. Before obtaining the SCFS, the validity of the theoretical relationships between flame
radius and pressure given by Equation (6) and the linear relationship between the mass
fraction of burned gas and pressure rise given by Equation (10) is demonstrated by their
agreement with numerical simulation of propagation spherical flames in a closed spherical
chamber. The results for a rich H2/air flame at the equivalence ratio of ϕ = 4 are shown in
Figure 7, which reveals that the theoretical model agrees well with the numerical simulation.
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Combustion Theory and Modelling 357

Figure 6. Accuracy of the unstretched flame speed with and without compression correction using
different flame radius ranges for (a), a stoichiometric H2/air flame; (b), a stoichiometric C3H8/air
flame.

Similar results for other fuels are also obtained, indicating the robustness of the theoretical
relationships given by Equations (6) and (10).

In order to obtain the stretch-corrected flame speed (SCFS), the Markstein length, Lu,
must be extracted from the pressure history. As mentioned before, the temperature and
pressure of unburned gas increase during the flame propagation. As a result, the Markstein
length, Lu, which depends on pressure and temperature may also change. In the following,
the Markstein length is obtained from two different methods. The first method (Lu �= const)
is to use Rf = Rf (t) results from numerical simulation to obtain the Markstein length from
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358 Z. Chen et al.

Figure 7. The change of normalised flame radius, Rf /R0, and fraction of burned gas, x, with
normalised pressure, P/P0, during the propagation of a spherical H2/air flame of ϕ = 4 in a closed
spherical bomb. The lines are from theory (Equations (6) and (10) with γ = 1.4) while the symbols
are from simulation.

the linear extrapolation of stretched flame speed, Su, and stretch rate, K , at constant pressure
and temperature calculated from the constant pressure method. This process is repeated to
obtain the Markstein length at different temperature and pressures corresponding to those
for flames at different sizes in the constant volume method. Unfortunately, in most cases, it
is impossible to calculate the Markstein length accurately using the above method because
a validated mechanism is usually not available and when applying the SCFS method to
correct experimental data in future work, the first method of calculating the Markstein
length cannot be implemented. The second method (Lu = L0

u= const) is to use the P =
P (t) history which could be obtained from experiments to obtain the Markstein length from
linear extrapolation of Su and K calculated from pressure history (according to Equations
(11), (13) and (6)). In addition, in order to remove the effect of pressure and temperature
increase, the data range used for the the Markstein length calculation is limited to those
with pressure increase less than 5%. The results show that the Markstein length obtained
by the second method agree well (less than 2% difference) with those obtained from the
first method. The Markstein lengths obtained from the two different methods above will be
used to calculate the SCFS.

The propagating spherical flames of different fuels are simulated and the results are
shown in Figures 8 and 9. For a rich H2/air flame of the equivalence ratio of ϕ = 4, the
Markstein length corresponding to mixture at the initial pressure and temperature (1 atm,
298 K), is 0.3 mm which is predicted well by both methods. Figure 8(a) shows that without
the stretch correction the flame speed from the constant volume method (using Equations
(11) and (6)) agree well with those from PREMIX (PREMIX calculations are done at
different sets of temperature and pressure according to the expected rise as the flame kernel
grows in the constant volume vessel) only at a very large pressure increase (large Rf /R0).
When the pressure increase or the relative flame radius is small, the discrepancy between
the flame speed without and with stretch correction is more than 20%. This result shows
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Figure 8. (a) Flame speed (S0
L = 171 cm/s) with and without stretch correction and (b) normalised

stretch rate (K ′ = 1850 s−1) as a function of normalised flame radius and pressure for a H2/air flame
of ϕ = 4.

clearly that a stretch correction is necessary in the constant volume experiment to obtain a
reliable flame speed for small spherical flames. Figure 8(a) shows that the SCFS agrees very
well with those from PREMIX, even at small pressure increases. Therefore, the accuracy
of the measured flame speed is greatly improved by utilising the SCFS.

The results indicate that the SCFS using the Markstein lengths from the above two
methods (Lu �= const and Lu = const) agree very well. In fact, using a constant Markstein
length from the second method only slightly over-predicts the stretch effect because the
Markstein length and stretch rate decreases with the increase of pressure. As shown in
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Figure 9. Flame speed with and without stretch correction as a function of normalised flame radius
and pressure for (a), a H2/air flame of ϕ = 1 (S0

L = 206 cm/s); (b), a H2/air flame of ϕ = 0.45 (S0
L =

38 cm/s); (c), a C3H8/air flame of φ = 0.8 (S0
L = 31 cm/s).
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Figure 8(b), the stretch rate (normalised by stretch rate at Rf /R0 = 0.1) quickly decreases
with the increase of pressure. This explains why the difference between the SCFS obtained
using the first and second methods is negligible. The success of the second method is
significant for experimental measurements of flame speed by using the constant volume
method: the SCFS can be obtained directly from the pressure history without any knowledge
of chemical kinetics and transport properties.

For a stoichiometric H2/air flame of ϕ = 1, the unburned Markstein length is 0.03 mm at
the initial pressure and temperature (1 atm, 298 K). Therefore, as expected, the error caused
by neglecting the stretch effect is small (below 5% for this case), which is also confirmed
by results shown in Figure 9(a). It is seen that for the stoichiometric H2/air mixture, which
has a small unburned Markstein length, the stretch effect is negligible and the discrepancy
between the flame speed without and with stretch correction is small.

For a lean H2/air flame of ϕ = 0.45, the unburned Markstein length is negative, Lu =
−0.28 mm at the initial pressure and temperature (1 atm, 298 K). As such, the positive
flame stretch will increase the flame speed according to Equation (1). As shown in Figure
9(b), flame speed without stretch correction is much larger than the planar unstretched
flame speed predicted by PREMIX. The discrepancy between the flame speed without and
with stretch correction can reach as high as 50% for this case. Figure 9(c) shows that
after the stretch correction, the flame speed obtained from the constant volume method
agrees well with those computed from PREMIX. Therefore, the above results show that the
accuracy of the flame speed measurement can be greatly improved by utilising the SCFS.
Of course, in experiments for lean H2/air flames, cellular instability will greatly affect the
flame speed when the flame radius is larger than a critical value. Nevertheless, the results
of lean H2/air flame are presented here in order to demonstrate the validity of the analytical
relation for the stretch effect given by Equation (14), and the improvement of the flame
speed measurements accuracy by using SCFS.

For a stoichiometric CH4/air flame, similar results to those of stoichiometric H2/air
shown in Figure 9(a) are obtained. It is found that the stretch effect is negligible since the
Markstein length is small, which agrees with the prediction from Equation (14).

For a lean C3H8/air flame of ϕ = 0.8, the unburned Markstein length is 0.19 mm at the
initial pressure and temperature (1 atm, 298 K). Figure 9(c) shows that when the pressure
increase or the relative flame radius is small, the discrepancy between the flame speed with
and without the stretch correction is more than 20%. After the stretch correction, the flame
speeds from the constant volume method agree very well with those from PREMIX. Again,
the accuracy of the measured flame speed is shown to be greatly improved by utilising the
SCFS. All the results in Figure 9 show that the SCFS based on Markstein lengths obtained
from the two methods are also in a good agreement.

Therefore, all the numerical results of H2/air, CH4/air and C3H8/air mixtures show
that for mixtures of large unburned Markstein lengths, the stretch effect on flame speed
measurement in the constant volume method is significant and that the SCFS should be
calculated to improve the accuracy of the flame speed measurements. Without stretch
correction, only the data of spherical flame with normalised radius larger than 0.6 could be
utilised (Figures 8(a), 9(b) and 9(c)). After stretch correction, the SCFS agrees well with
that from PREMIX and could be utilised as unstretched laminar flame speed for spherical
flame with normalised radius larger than 0.1. So the present SCFS method not only greatly
improves the accuracy of the flame speed measurements but also extends the parameter
range of experimental conditions for which accurate measurements can be gathered. Since
the proposed methods do not need information about transport and kinetic properties of the
mixtures, these methods are can be directly implemented in experimental measurements.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
P
r
i
n
c
e
t
o
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
5
:
0
1
 
1
8
 
J
u
n
e
 
2
0
0
9



362 Z. Chen et al.

4. Conclusions

The constant pressure and constant volume methods utilising propagating spherical flames
for laminar flame speed measurements are studied theoretically and numerically. The ef-
fects of flow compression and flame stretch on the accuracy of the laminar flame speed
determination are investigated and new methods to obtain more accurate flame speeds in
a broader experimental range by correcting the flow compression and stretch effects are
presented. The principal conclusions are:

1. For the constant pressure method, it is found that the compression induced flow
can greatly affect both the instantaneous stretched and extrapolated unstretched
flame speeds. When the compression effect is neglected, the choice of flame radii
range significantly affects the extrapolated unstretched flame speed. Moreover, due
to the flow compression effect, the maximum flame radius, below which accurate
measurements can be gathered in experiment, is severely restricted. An analytical
expression is derived to evaluate the compression-induced flow velocity from the
flame front history. A compression-corrected flame speed (CCFS) method for
flame speed measurement is proposed. Numerical simulations of hydrogen/air,
methane/air, and propane/air flames using detailed chemistry demonstrate that the
present CCFS method not only increase the accuracy of the measured flame speed
but also extend the parameter range of experimental conditions. For high-pressure
experiments in which small chambers are used, CCFS should be utilised to obtain
accurate flame speed measurements.

2. For the constant volume method, an analytical expression is derived to evaluate the
stretch effect on the determination of flame speed. It is found that the stretch effect
is proportional to the Markstein length and inversely proportional to the flame
size. For mixtures with Lewis numbers greatly deviating from unity, the stretch
effect on flame speed is significant. A stretch-corrected flame speed (SCFS) model
is then proposed to obtain accurate flame speed directly from the experimental
measurement. The accuracy of the measured flame speed is greatly improved
by using the SCFS method, which is also demonstrated by detailed numerical
simulation.

The present results indicate that extrapolation of unstretched flame speeds in larger
bombs at low pressures using typical flame radius ranges yield accurate results (within
5%) without consideration of the compression effects. However, in smaller bombs, they
reveal that the extrapolation is subject to large errors (∼15%) if these effects are not
considered. Moreover, the errors become even more serious. The proposed improvements
to the theoretical models not only increase the accuracy of flame speed measurements
but also enable flame speed measurements to be gathered from small bombs, which has
significant advantages in terms of pressure range, cost, and reduction of flame wrinkling
and radiation effects, without sacrificing accuracy.
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