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Abstract

A flamelet approach is adopted in a study of the factors affecting the volumetric heat release source
turbulent combustion. This term is expressed as the product of an instability enhanced burning rate factor,Pbi, and
the mean volumetric heat release rate in an unstretched laminar flamelet of the mixture. Included in the ex
for Pbi are a pdf of the flame stretch rate and a flame stretch factor. Fractal considerations link the turbulent
velocity normalised by the effective rms turbulent velocity toPbi. Evaluation of this last parameter focuses
problems of (i) the pdfs of the flame stretch rate, (ii) the effects of flame stretch rate on the burning rate,
effects of any flamelet instability on the burning rate, (iv) flamelet extinctions under positive and negative
stretch rates, and (v) the effects of the unsteadiness of flame stretch rates. The Markstein number influe
the rate of burning and the possibility of flamelet instabilities developing which, through their ensuing wrin
increase the burning rate. The flame stretch factor is extended to embrace potential Darrieus–Landau
diffusive flamelet instabilities. A major limitation is the insufficient understanding of the effects of negative s
rates that might cause flame extinction. The influences of positive and negative Markstein numbers are co
separately. For the former, a computed theoretical relationship for turbulent burning velocity, normalised
effective rms velocity, is developed which, although close to that measured experimentally, tends to be so
lower at the higher values of the Karlovitz stretch factor. This might be attributed to reduced flame extinct
reduced effective Markstein numbers when the increasingly nonsteady conditions reduce the ability of th
to respond to changes in flame stretch rates. As the pressure increases, Markstein numbers decrease. F
Markstein numbers the predicted values ofPbi and turbulent burning velocity are significantly increased ab
the values for positive Markstein numbers. This is confirmed experimentally and these values are close
predicted theoretically. The increased values are due to the greater stretch rate required for flame extin
increased burning rate at positive values of flame stretch rate, and, in some instances, the developmen
instabilities. At lower values of turbulence than those covered by these computations, burning velocities
enhanced by flame instabilities, as they are with laminar flames, particularly at negative Markstein numbe
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Laminar flames can become unstable and ce
lar, with an increase in their burning velocity. Seve
analyses[1–4] also suggest that the burning velo
ity of turbulent flames might be similarly enhance
This would appear to be particularly important at hi
pressures, at which Kobayashi and co-workers[5–7]
have reported higher burning velocities than mi
otherwise have been expected, and attributed the
flame instabilities. Such enhancement would dep
on the range of unstable wavelengths of the wrink
flame and the decrease in Markstein numbers, wh
often become negative, with increased pressure.
other factor is that mixtures with negative Markste
numbers appear to require higher stretch rates
flame extinction[8].

The paper reports a study of these and other
fects. A burning rate factor within the energy sour
term in the set of CFD equations allows for them a
also enables turbulent burning velocities to be fou
Comparisons of such velocities with measured val
reveal underlying influences on burning rates at h
pressure and aid in the formulation of realistic sou
terms in CFD models.

The formulation of chemical and heat relea
source terms is central to the mathematical model
of turbulent combustion[9,10]. The eddy breakup
model [11] avoided chemistry and depended on
upon turbulent parameters. Since then, detailed ch
ical reactions have been coupled increasingly w
the turbulent flow field. Laminar flamelet modellin
has been combined with Reynolds average Nav
Stokes (RANS), Reynolds stress, modelling[12], and
also [13] with conditional moment closure (CMC
procedures[14]. The joint probability density func
tion (JPDF) methodology[15] has progressed as hav
more recently, large eddy simulations (LES)[16], to
which flamelet source terms also are applicable.
variety of approaches has been thoroughly review
by Bray et al.[17] and Veynante and Vervisch[18].

Direct numerical simulations (DNS) have show
the flamelet approach to be rather more robust t
was originally envisaged by the Klimov–Williams cr
terion that the flame thickness,δ�, should be less tha
the Kolmogorov length scale[19,20]. In the thin re-
action zone regime[10] the Kolmogorov scale vor
tices can be readily accommodated withinδ�, as a
consequence of their short lifetime and high cur
ture. However, the vortices, enlarged by the increa
viscosity at the higher temperature, are too large
penetrate the much smaller thickness of the fu
consuming inner layer. For these reasons, flamele
sumptions are valid up to high values of the Karlov
stretch factor and this approach is therefore adopt

The mean volumetric heat release rate,q̄t , can
be expressed in terms of that in stretched la
nar flamelets,q�(c, s), as a function of the reactio
progress variable,c, and the dimensionless flam
stretch rate,s, by [21]

(1)q̄t =
sq+∫

sq−

1∫
0

q�(c, s)p(c, s)dc ds,

wherep(c, s) is a joint pdf of c and s. The stretch
rate integral limits,sq+ andsq−, are flame extinction
stretch rates under positive and negative flame str
rates. The former andq�(c, s) can be obtained from
mathematical models of the specific laminar flam
using detailed chemical kinetics.

Direct numerical simulations with detailed chem
istry [21,22] suggest that the volumetric heat relea
rate at a stretch rate,s, can be related to that at ze
stretch rate,q�0(c), by [21]

(2)q�(c, s) = f (s)q�0(c).

Heref (s) is a flame stretch factor, derived from th
chemical kinetics, that depends on boths and Mark-
stein numbers of the mixture andq�0(c) is the vol-
umetric heat release rate in an unstretched lam
flame.

If the influences ofc and s are statistically inde
pendent,p(c, s) may be expressed by the product
the two separate pdfs,p(c)p(s), and

(3)q̄t = Pb

1∫
0

q�0(c)p(c)dc.

This conveniently groups flame stretch rate effects
gether in a burning rate factor,Pb:

(4)Pb =
sq+∫

sq−

f (s)p(s)ds.

The integral term on the right of Eq.(3) is the mean
volumetric heat release rate in unstretched lam
flamelets.

A similar expression toPb arises in the flame sur
face density approach[23]. The source term is th
mass burning rate,Ioρuu�Σ , where Io is a factor
similar to Pb that expresses the influence of flam
stretch [24], ρu is the density of the reactants,u�

the unstretched laminar burning velocity, andΣ the
flame surface density. The source term, in the fo
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Nomenclature

A numerical constant
C1 numerical constant, see Eq.(B.2a)
C2 numerical constant, see Eq.(B.2b)
Cs see Eq.(B.4)
c reaction progress variable
D fractal dimension
Da Damköhler number,u�l/u

′δ�
F fractal factor for turbulent flame wrin-

kling
f multiplying factor for theoretical unsta-

ble wavenumber,ns

f frequency of imposed flame oscillations
f (s) flame stretch factor that expresses effect

of flame stretch rate onq�0(c)

f+(s) f (s) for positive values of Masr
f−(s) f (s) for negative values of Masr
f+i (s) f+(s), but in the presence of flame in-

stabilities
f−i (s) f−(s), but in the presence of flame in-

stabilities
Io function that expresses effect of flame

stretch rate in flame surface density ex-
pression

K turbulent Karlovitz stretch factor,
(u′/λ)(δ�/u�)

K� laminar Karlovitz stretch factor,
α(δ�/u�)

Kq�+ laminar Karlovitz stretch factor for
flame extinction by positive stretch,
αq+(δ�/u�)

Kq�− laminar Karlovitz stretch factor for
flame extinction by negative stretch,
αq−(δ�/u�)

l integral length scale of turbulence
ls cell wavelength at inner cutoff
Le Lewis number
Masr Markstein number for strain rate, based

on reaction zone surface
(nl)cl wavenumber at Pecl
ns largest unstable wavenumber
Pb burning rate factor
Pbi Pb, but allowing for flamelet instabilities
Pecl critical Peclet number
p(s) pdf of normalised flame stretch rate

q�(c, s) volumetric heat release rate in laminar
flamelet

q�0(c) volumetric heat release rate in an un-
stretched laminar flame

q̄t mean turbulent volumetric heat release
rate

Rl turbulent Reynolds number based on in-
tegral length scale of turbulence

Rλ turbulent Reynolds number based on
Taylor length scale of turbulence

r spherical flame radius
s normalised flame stretch rate
S flame speed factor
scl critical value of s, below which a

flamelet becomes unstable
sq+ positive stretch rate for flame extinction
sq− negative stretch rate for flame extinction
t time
U ut/u

′
k

u′ rms turbulent velocity
u′
k

effective rms turbulent velocity acting on
flame front

u� unstretched laminar burning velocity
un stretched laminar burning velocity based

on the rate of disappearance of unburned
gas

uni stretched burning velocity after enhance-
ment ofun due to instabilities

unr stretched laminar burning velocity based
on the rate of formation of burned gas

unri stretched burning velocity after enhance-
ment ofunr due to instabilities

ut turbulent burning velocity
α flame stretch rate, s−1

αq+ positive flame stretch rate for laminar
flame extinction, s−1

αq− negative flame stretch rate for laminar
flame extinction, s−1

φ equivalence ratio
δ� laminar flame thickness given byν/u�

η Stokes parameter
λ Taylor length scale of turbulence
ρu/ρb ratio of unburned/burned gas density
ν kinematic viscosity
τη Kolmogorov time scale
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of Eq. (3), has been embedded in the equation set
both premixed[12] and nonpremixed[13] combus-
tion, with a second order Reynolds stress model
second order closure of the reaction progress varia
First and second moments defined the pdfs of ap
priately assumed form[12,13,25].

Earlier work[26] assumedp(s) to be simply the
pdf of strain rate,f (s) to be unity andsq− to be in-
finity. The present study employs a recently deriv
expressions forp(s), with the flame reference surfac
at the start of the reaction zone, and accounts for
contributions of both strain rate and flame curvatu
A linear variation off (s) with s is assumed, alon
with laminar flame values forsq+ and finite values
for sq−. An allowance is introduced for any enhanc
burning rate through flamelet wrinkling arising fro
flamelet instabilities, with a burning rate factor ind
cated byPbi.

Insofar as these influences affectPb, they also,
when combined with fractal wrinkling[27], provide
an expression for the turbulent burning velocity,ut ,
based on the mass rate of formation of burned g
given by

(5)
ut

u′
k

= U =
(

u�

u′
k

+ F

)
P 0.5

b for u�/u
′
k � 1.0.

Hereu′
k

is the effective rms turbulent velocity in th
premixture, that wrinkles the flame front. In the ea
stages of an explosion this is less than the usual
turbulent velocity,u′ [28]. F is a factor dependen
upon the Kolmogorov and turbulent dissipation co
stants and lies in the range 2.3± 0.15.

Evaluation ofPb enables values ofU to be found
from Eq. (5) and compared with those obtained e
perimentally. This evaluation highlights many of t
problems of modelling turbulent combustion and
quires a knowledge of:

(i) pdfs of the flame stretch rate,p(s),
(ii) effects of flame stretch rate on the burning ra

f (s),
(iii) how any flamelet instability affects the burnin

rate,
(iv) flamelet extinction under positive and negati

flame stretch rates,sq+ andsq−, and
(v) effects due to the unsteadiness of flame stre

rates.

Several of these influences become more imp
tant at high pressure. Asu′

k
/u� tends to zero, com

bustion becomes more laminar-like and the pres
analysis is unsuited to the transitional regime,u′

k
/u�

� 1. The procedure adopted is, first, to discuss
quantify each of the five influences and then expr
Pbi in terms of the relevant dimensionless grou
Dimensionless turbulent burning velocities are fou
from Pbi and compared with experimental value
This approach leads to a better understanding of b
turbulent burning velocities and CFD source terms

2. The pdf of stretch rates, p(s)

The stretch rate,α s−1, is multiplied by the Kol-
mogorov time,τη, to give a dimensionless stretc
rate,s. Becauseτη = λ/(u′√15), whereλ is the Tay-
lor microscale,

(6)s = α
λ

u′√15
.

This scale is related to the integral length scale of
bulence,l, by λ/l = A/Rλ, whereA is a numerical
constant, taken to be 16. This givesλ/l = (A/Rl)

1/2

and

(7)τη = 4(l/u′)(15Rl)
−1/2.

The Karlovitz stretch factorK , (u′/λ)(δ�/u�), ex-
presses a ratio of chemical to turbulent lifetim
More precisely,u′/λ is the rms strain rate on a ra
domly orientated surface[29]. From the definitions o
τη andK ,

(8)τη = (δ�/u�)
/(

K
√

15
)

and

(9)s = α(δ�/u�)
/(

K
√

15
)
.

With δ� = ν/u�, whereν is the kinematic viscosity
from Eqs.(7) and (8)

(10)K = 0.25(u′/u�)
2R−0.5

l
.

In [30] p(s) is computed in terms ofK , Rl , and
Masr, the Markstein number for strain rate, and v
ues are presented graphically. An analytical algeb
expression forp(s), obtained from the integration o
Eq. (30a) in[30], is presented inAppendix A. At
moderate to high values ofK and turbulent Reynold
number,Rl , p(s) is indeed fairly close to the nea
Gaussian form for strain rate derived in[29]. There
is, however, an increased spread inp(s) at low values
of both of these parameters. Low values of Masr also
have an important effect.

3. Evaluation of f (s)

Numerical simulations with detailed chemical k
netics of stable CH4–air and C3H8–air laminar flames
over a wide range of equivalence ratios,φ, in [21] led
to two empirical expressions forf (s), depending on
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Fig. 1. Typical plots off+i (s), f−i (s), andp(s).

the sign of Masr:

(11a)f+(s) = 1− 0.8(1− unr/u�)

for positive values of boths and Masr, and

(11b)f−(s) = 1− 0.8(1− un/u�)

for positive values ofs and negative values of Masr.
Here unr is the burning velocity for the rate o

formation of burned gas andun is that for rate of
disappearance of unburned gas. The expression
analogous to those for the relationship among Ma
stein number, burning velocity, and flame stretch ra
Although only positive stretch rates could be sim
lated, the appropriate expression forf (s) is applied to
laminar flamelets in turbulent combustion through
the spectrum ofs, irrespective of the sign ofs. This is
justified by both computational[31] and experimen
tal [32] studies which have shown the relationship
hold along the entire wrinkled flamelet surface, ir
spective of the sign ofs.

From the expressions forunr/u� and un/u� in
terms ofs and Masr given in [30] and also as Eqs
(B.2a) and (B.2b)in Appendix B, then

f+(s) = 1− 0.8s MasrC1K
√

15

(12a)with C1 = 0.925

and

f−(s) = 1− 0.8s(ρu/ρb − 1)MasrC2K
√

15

(12b)with C2 = 1.225.

Typical plots off+(s), f−(s) andp(s) are shown
in Fig. 1. The vertical dashed lines indicate valu
of the flame extinction stretch rates. For a fla
stretch rate equal to the rms strain rate,u′/λ, be-
causeτη = λ/(u′√15), then in this particular cas
s = (15)−1/2 = 0.258. From Eqs.(12a) and (12b)the
gradients of the two lines, df+(s)/ds and df−(s)/ds

are proportional to−MasrK .
4. Influence of flamelet instability on f (s)

The approach adopted is to modifyf (s), to
take account of the increased flamelet area ari
from Darrieus–Landau thermo-diffusive instabiliti
in flamelets. A sufficiently high stretch rate stabilis
a laminar flame, but when it falls below a critic
value,scl, the flame becomes unstable and wrinkles
The method of determiningscl from observations o
explosion flames is described inAppendix B.

In the unstable stretch regimescl � s � sq−, the
expression forf+(s) in Eq. (11a)becomes

f+i (s) = 1− 0.8(1− unri/u�)

(13a)for positive values of Masr,

f−i (s) = 1− 0.8(1− uni/u�)

(13b)for negative values of Masr .

Here the additional subscript “i” indicates a stretche
burning velocity enhanced by the wrinkling from th
instabilities. The ratio of the enhanced area to
original flame area quantifies the ratios,unri/unr and
uni/un. The area ratio is found from the inner,ls ,
and outer,l, wavelength cutoffs and the fractal dime
sion,D. Consequently[26],

unri/unr = (l/ ls )
D−2

(14a)for positive values of Masr

and

uni/un = (l/ ls )
D−2

(14b)for negative values of Masr .

Laminar spherical flame instabilities have been a
lysed in this way[33,34]. For turbulent flames a valu
of 7/3 has been assigned toD [5,26] and this gave
rise to Eq.(5). This value ofD has been employe
also in large-scale, initially laminar, explosions[35–
37] to give the ratio of burning velocities.

The outer cutoff wavelength,l, is assumed to b
the integral length scale. When normalised byδ�, this
gives

(15)(l/δ�) = 0.5R0.75
l K−0.5.

Instability only occurs whenl/ ls > 1. Experimen-
tal studies of cellular flames in spherical explosio
[38] have shown how flame instability at the long
wavelengths creates a cascade of progressively
creasing unstable wavelengths. This terminates w
the localised stretch rate at the inner cutoff is su
ciently high for localised thermo-diffusion to stabilis
the flame. There would appear to be some univer
ity of structure at the inner cutoff, irrespective of t
outer cutoff and this concept is employed to evalu
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ls/δ�. Evaluation ofls/δ� under different conditions
is described inAppendix B. With Eq. (15) this en-
ablesl/ ls in Eq. (14) to be found and ultimately
burning rate factor that allows for instabilities,Pbi.

An instability band of stretch rates is introduc
into Eq.(4) for Pb, to givePbi. For positive values o
Masr the stable and unstable contributions tof+i (s)

are derived inAppendix Band given as Eq.(B.10a).
This yields

Pbi =
sq+∫

sq−

f+(s)p(s)ds +
scl∫

sq−

0.8
(
(l/ ls )

1/3 − 1
)

(16a)× (
1− s MasrC1K

√
15

)
p(s)ds,

with f+(s) given by Eq.(12a). A similar approach for
negative values of Masr gives Eq.(B.10b)and

Pbi =
sq+∫

sq−

f−(s)p(s)ds +
scl∫

sq−

0.8
(
(l/ ls )

1/3 − 1
)

(16b)
× (

1− s(ρu/ρb − 1)MasrC2K
√

15
)
p(s)ds,

with f−(s) given by Eq.(12b).
The first integrals on the right of Eqs.(16a)

and (16b)arePb, while the second integrals represe
the additional influence of the instabilities. Equ
tions (15) and (B.7)show the ratio(l/ ls ), and hence
Pbi andU , to be enhanced by highRl , low K , and
small values of Pecl (and hence Masr). This is in line
with previous analyses of the Darrieus–Landau in
bility [1–4]. Instabilities also arise with laminar an
transitional flames whenu′

k
/u� � 1. The analytical

approaches are somewhat different for these co
tions.

5. Flame extinction stretch rates

Values of positive stretch rates,αq+ s−1, for lam-
inar flame extinction have been obtained from b
mathematical models of stretched laminar flames
experiments, almost exclusively at atmospheric p
sure. From Eq.(9),

(17)sq+ = αq+(δ�/u�)
/(

K
√

15
)
.

A corresponding laminar Karlovitz stretch factor f
flame extinction can be defined by

(18)Kq�+ = αq+(δ�/u�)

and hence

(19)sq+ = Kq�+
/(

K
√

15
)
.

This last relationship indicates how an increase inK

decreases the value ofsq+ in Fig. 1.
Table 1
Premixed flame characteristics associated with meas
positive quench values for C3H8–air flames at 100 kPa an
300 K (αq+ andu� from [8], Masr from [21])

φ u�

(m/s)
ν × 105

(m2/s)
Masr Le αq+

(s−1)
Kq�+

0.7 0.234 1.745 6.17 1.823 350 0.112
0.8 0.312 1.738 6.03 1.790 850 0.152
0.9 0.376 1.732 6.12 1.806 1280 0.157
1.0 0.424 1.725 5.91 1.264 1640 0.157
1.1 0.438 1.718 5.26 0.974 1840 0.165
1.2 0.410 1.712 3.60 0.965 1890 0.192
1.3 0.319 1.706 1.29 0.957 1800 0.302
1.4 0.180 1.700 −0.08 0.949 1560 0.819
1.5 0.106 1.693 −0.53 0.941 1175 1.770
1.6 0.083 1.687 −1.07 0.934 740 1.812

Table 2
Premixed flame characteristics associated with meas
positive quench values for CH4–air flames at 100 kPa an
300 K (αq+ andu� from [8], Masr from [22])

φ u�

(m/s)
ν × 105

(m2/s)
Masr Le αq+

(s−1)
Kq�+

0.55 0.089 1.564 1.71 1.0098 140 0.276
0.60 0.128 1.565 1.96 1.0100 300 0.287
0.70 0.210 1.567 2.68 1.0103 770 0.274
0.80 0.285 1.569 3.09 1.0106 1250 0.241
0.84 0.310 1.570 3.36 1.0107 1520 0.248
0.90 0.345 1.571 3.52 1.0109 1650 0.218
1.00 0.378 1.573 3.85 1.0461 1680 0.185
1.10 0.383 1.575 4.14 1.0838 1230 0.132
1.20 0.320 1.577 4.26 1.0842 760 0.117
1.30 0.160 1.576 3.96 1.0846 470 0.289
1.40 0.135 1.577 3.94 1.0849 240 0.208

Tables 1 and 2present the experimental values
u� andαq+ from Law et al.[8] for a wide range of
φ for propane–air and methane–air mixtures. Fr
these are derived, usingδ� = ν/u�, the values of
Kq�+ in the final column. These measurements w
with symmetric (“unburned to unburned”), stead
state, counterflow flames, under atmospheric co
tions. Computed values of Masr from [21] and[22],
respectively, also are listed. There is significantly l
spread inKq�+ for mixtures with positive Masr than
in αq+ and this use of the flame extinction Karlovi
stretch factor gives a useful degree of general
tion [39]. The asymmetric (“burned to unburned
counterflow configuration is perhaps more repres
tative of turbulent flamelet conditions and exhibits
less sharply defined stretch rate at flame extinct
Allowance for this effect (see Eq. (43) in[39]) is made
by the last term in

sq+ = αq+
K

√
15

(
δ�

u�

)
− 0.014K

K
√

15
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Fig. 2. Pbi versusK for four different positive values of Masr andKq�+ at Rl = 1000. Solid curves:sq− based on Eq.(22).
Dashed curves: Masr = 0 andf+(s) = 1.0, sq− = −2.5sq+.
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(20)= Kq�+
K

√
15

− 0.014√
15

.

However, because there can be no significant co
bution to combustion from “negative burning veloc
ties” [30] for positive values of Masr, flame extinction
must effectively occur ifunr � 0 in Eq.(B.2a). Hence
sq+ was taken as the smaller of the two values, so

sq+ = min

((
Kq�+
K

√
15

− 0.014√
15

)
,

(21)

(
1

Masr0.925K
√

15
, Masr > 0

))
.

There are few data related to flame extinction
negative stretch rates,αq−. There was no indication
of flame extinction in either computations of spheri
implosions over a range of negative stretch rates[22]
or experimental measurements of burning veloc
with negative stretch rates up to almost 6000 s−1 on a
slot burner[40]. Nor is there any indication of flam
extinction in the negatively stretched, inwardly pro
agating, flame with a positive value of Masr in [41].
On the other hand, extinction by negative stretch
cusps of large curvature is observed in cellular flam
[27,38].

In this uncertain situation, the procedure adop
was to definesq− by proscribing negative burnin
velocities and applying the condition for flame extin
tion un � 0 in Eq.(B.2b). Hence,

(22)sq− = [
(ρu/ρb − 1)MasrC2K

√
15

]−1
,

with the values ofC2 given in Eq.(B.2b). For the
special condition of Masr = 0, which would unreal-
istically imply sq− to be infinite,sq− was taken to be
−2.5sq+.

6. Evaluation of Pbi and U for positive values
of Masr

The applications of Eqs.(16a) and (16b)are dis-
cussed separately. The former, for positive val
Masr, is considered first, forRl = 1000. Shown by
the full line curves inFigs. 2a–2dare computed val
ues ofPbi for Masr = 0, 1, 3, 6, and 9, respectivel
plotted againstK , for values ofKq�+ = 0.1, 0.2, 0.3,
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ity.
Fig. 3.Pbi versusK for four CH4–air mixtures and four values ofRl . Solid curves: no instability. Dashed curves: with instabil
es,
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and 0.4.Tables 1 and 2suggest thatKq�+ is unlikely
to exceed 0.3 for positive values of Masr. There is no
influence of any flamelet instability in these regim
as l is always less thanls . With no flamelet quench
ing Kq�+ = ∞ andsq+ = ∞. If, in addition, there is
no other influence of flame stretch rate, Masr = 0, it
follows from Eq.(12a)thatf+(s) = 1.0. When these
two sets of conditions are combined, thenPb = 1.0
for all values ofK .

The dashed curves are for flamelet extinct
alone at the four different values ofKq�+, with no
other influence of flame stretch: namely, Masr = 0
and f+(s) = 1.0. The lower the value ofKql+/K ,
and hencesq+ (see Eq.(20)), the lower the value
of Pb. This follows from the narrowing of the lim
its of integration of Eq.(16a). Reference toFig. 2a
and comparisons with the full line curves show th
the principal reason for the decrease inPbi with K

is flame quenching, rather than changes inf+(s).
At higher values of Masr the decrease inf+(s) with
increasing values ofs becomes more important. Be
cause, as shown inFig. 1, p(s) is skewed to positive
values ofs wheref+(s) is smaller, the full line curves
fall increasingly below the dashed curves as Msr
increases. Furthermore, the values ofsq+ are deter-
mined by the condition ofunr = 0 rather than by
Kq�+ at the higher values of Masr, see Eq.(21). There
is a tendency forPbi to be independent ofKq�+ with
increasing Masr, as can be seen inFigs. 2c and 2d.
Ultimately Pbi becomes independent ofKq�+.

Shown inFig. 3 are plots ofPbi, evaluated from
Eq. (16a), againstK for four methane–air mixtures
φ = 0.6, 0.84, 1.1, and 1.4, with the appropria
values of sq+, Masr, and ρu/ρb. Similar plots for
three propane–air mixtures,φ = 0.7, 1.0, and 1.2, are
shown inFig. 4. Property values are given inTables 1
and 2. Becausep(s) also depends uponRl , this is
specified with values of 100, 1000, 10,000, 100,0
In both sets of figures, only at the last two values ofRl

are instability enhancements significant andPbi be-
comes greater than unity. For these values ofRl two
curves are shown: the upper, broken curves are t
in which allowance is made for instability. Otherwi
the value ofRl has little effect.

Corresponding values ofU , found with Pbi sub-
stituted in Eq.(5) and withF = 2.3, also are plotted
in Fig. 5 for the four CH4–air mixtures, and inFig. 6
for the three C3H8–air mixtures. Here it was assume
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d
Fig. 4. Pbi versusK for three C3H8–air mixtures with Masr > 0 and four values ofRl . Solid curves: no instability. Dashe
curves: with instability.
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,

u′
k

= u′ and u′/u� was found from Eq.(10). Also
shown by the full line curve is the relationship forU

given in [39], in the form presented in[27], with K

defined by Eq.(10) and the value of Lewis numbe
Le, appropriate to the mixture:

(23)U = 1.01(K Le)−0.3 for 0.02� K Le � 1.0.

This equation represents an extensive correla
of 1650 measurements ofut , principally close to
atmospheric pressure and with positive values
Masr [39]. This expression is compared with oth
expressions forU in [10] and[27]. In the former,U
is expressed as a function of the Damköhler nu
ber, Da.

Figs. 7–9 show values ofU computed from
Eqs.(16a) and (5)for all those mixtures inTables 1
and 2with positive values of Masr. They are plotted
againstK , K Le, andK Masr, respectively, forRl =
1000 and 0.02� K � 3.0. The figures demonstra
progressively improving correlations that correspo
with improving allowances for thermo-diffusive e
fects. This is not surprising, as one of the thrusts
the paper is the importance of the influence of Ma
stein number. The quite good correlation withK Masr
is possibly enhanced by what may be perceived fr
Tables 1 and 2as a degree of correlation betwe
Masr andKq�+. Earlier experimental studies of tu
bulent flame quenching had shown the importanc
thermo-diffusive effects andK Le was used to defin
turbulent quenching limits in[42]. The experimen
tal values are close to those subsequently obta
from direct simulations of flame–vortex interactio
that yielded the quenched fraction of the flame s
face [43]. Each equivalence ratio inTables 1 and 2,
for which Masr is positive, is represented by a sym
bol.

The best-fit relationships for each of these cur
are shown inFigs. 7–9, in the formU = Bxb, where
B andb are constants, andx is, in turn,K , K Le, and
K Masr. Linear regression gave best-fit relationshi

(24)U = 0.81K−0.42 for 0.05� K � 3,

(25)U = 0.86(K Le)−0.43 for 0.05� K Le� 5.5,

(26)
U = 1.41(K Masr)

−0.43 for 0.05� K Masr � 19.

The values of standard deviations from the respec
expressions inK , K Le, andK Masr are 0.228, 0.182
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Fig. 5.U versusK for four CH4–air mixtures and four values ofRl , with instability. Solid curve is Eq.(23).
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and 0.095. Also shown inFig. 9 for comparison are
the values ofU obtained from Eq.(23), with the value
of Le corresponding to CH4–air atφ = 1.1.

7. Effects of unsteady flame stretch rates

Most values of Markstein numbers and alm
all those ofαq+ have been found with steady-sta
stretched flames. However, stretch rates are unst
in both laminar explosions and turbulent flames a
questions arise as to the wider applicability of stea
state parameters. In their numerical study of strai
(there was no curvature) laminar counterflow dif
sion flames Egolfopoulos and Campbell[44] imposed
oscillatory changes to the flow and strain rate. T
response of the flame was quasi-steady at low
quencies, but amplitudes of the induced oscillatio
were reduced and phase-shifted at higher frequen
They defined a Stokes parameter,η,

(27)η = (π f/α)1/2,

in which f is the frequency of the imposed oscill
tions. In Eq.(27) the original strain rate has been r
placed by the flame stretch rate,α. Amplitudes of the
induced oscillations in temperature rapidly decrea
asη was increased above unity. At still higher valu
of η the flame no longer responded to the oscillatio
of the external field.

The effective value ofη in laminar spherical ex
plosions at constant pressure is close to unity
computed values of burning velocity based on Ma
stein lengths obtained from propagating spher
flames are in fair agreement with those measure
steady-state symmetric counterflow flames[22]. As a
rough guide as to whether flamelets might locally
tinguish in turbulent flames, f in Eq.(27) is taken to
beu′/λ, which is the reciprocal time associated w
a coherent eddy of the Taylor length scale. The stre
rate is taken to be that for steady-state flame ext
tion, αq+. With Eq. (18) and the definition ofK ,
Eq. (27)gives

(28)η = (πK/Kq�+)1/2.

From Eqs.(19) and (28),

(29)η = (0.258π/sq+)1/2.
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Fig. 6.U versusK for three C3H8–air mixtures and four values ofRl , with instability. Solid curve is Eq.(23).

Fig. 7. Correlation ofU with K . Rl = 1000 for all mixtures with Masr > 0 listed inTables 1 and 2.
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Fig. 8. Correlation ofU with K Le. Rl = 1000 for all mixtures with Masr > 0 listed inTables 1 and 2.

Fig. 9. Correlation ofU with K Masr. Rl=1000 for all mixtures with Masr > 0 listed inTables 1 and 2.
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For the response of the flame to be quasi-steady
η � 1, then,K � 0.32Kq�+, from Eq.(28), or sq+ �
0.81, from Eq.(29).

The first condition is only fulfilled for the posi
tive values of Masr in Tables 1 and 2at small values
of K , less than about 0.1. This suggests that m
turbulent flames might not be extinguishing at stre
rates greater than their steady-state flame extinc
stretch rates. The optical diagnostic studies of Don
et al.[45] of high Reynolds number, nonpremixed,
flames confirm that flamelets do not locally extingu
at high turbulent frequencies, during brief excursio
of stretch rate to well in excess ofαq+.

The resulting apparent increase in the value
αq+ implies corresponding apparent increases
Kq�+ and sq+. The consequent increase in the
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o
Fig. 10.Pbi versusK for three C3H8–air mixtures, with Masr < 0 and four values ofRl indicated by symbols. Solid curves: n
instability. Upper dashed curves: with instability. Lower dotted curves: Masr = 0, f−(s) = 1.0.
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tegration limits of Eq.(16a) would increasePbi
and U . From Eq. (28) this effect should increas
roughly as

√
K . Indeed, the experimental correlatio

of Eq. (23) does give progressively higher values
U than those computed asK increases, as can be se
from Figs. 5, 6, and 9. The effect of nonsteady stretc
rates is not confined toKq�+. The apparent value
of Masr also can be changed. Chen and Im[31] ob-
served an apparent decrease in the Markstein num
in their numerical simulations as the ratio of che
ical to turbulent time increased. The present stu
cannot separate the effects of unsteadiness onsr
and Kq�+, but apparent values of Masr and Kq�+
can be selected such that the computed values oU

are the same as those of experiment. For exam
for the C3H8–air mixture,φ = 1.2, with Masr = 3.6
and Kq�+ = 0.192 in Table 1, the computed value
of U at K = 1.0 is equal to that given by Eq.(23),
with Masr = 2.0 andKq�+ = 0.3. ChangingKq�+
alone cannot give this equality, since the value
p(s) at sq+ is too small. The reduction of Masr and
increase ofKq�+ are both necessary to increase
value ofU .
8. Evaluation of Pbi and U for negative values
of Masr

Shown by the upper broken line curves inFig. 10
are values ofPbi, evaluated from Eq.(16b) for four
different values ofRl and the values ofsq+, Masr,
and ρu/ρb corresponding to the three propane–
mixtures with negative values of Masr in Table 1. Val-
ues ofPbi are plotted againstK for Masr = −0.08,
−0.53, and−1.07 and the corresponding values
Kq�+ = 0.819, 1.770, and 1.812, respectively. Valu
of Pecl are obtained from Eq.(B.5) and of scl from
Eq. (B.3). The lower dotted curves are for flame
quenching at the respective value ofKq�+ but with
Masr = 0, so that from Eq.(12b), f−(s) = 1.0: there
are no flame stretch rate effects other than extinct
Comparisons of these lower values ofPbi for the dot-
ted curves inFig. 10with the dashed curves inFig. 2
for positive values of Masr show the former to gen
erate significantly higher values ofPbi, which decline
only slightly with increasingK . This is a consequenc
of the markedly higher values ofKq�+ for the nega-
tive values of Masr.
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Fig. 11.U versusK for three C3H8–air mixtures, with Masr < 0 and four values ofRl with instability. Solid curve is Eq.(23).
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Equation(B.10b)andFig. 1 show thatf−i (s) in-
creases withs for negative values of Masr. Because
p(s) is skewed to positive values ofs for Rl � 100
[30] wheref−i (s) is larger, the values ofPbi become
larger than those of the lower dotted curves and
shown by the upper broken line curves inFig. 10.
For these topmost curves, which include instability
fects, the maximum values ofPbi become even highe
as Masr becomes more negative. The extent to wh
the increase is due to instabilities can be gauged f
the solid line curves inFig. 10. These give values o
Pb when no allowance is made for instability effec
Such effects are only significant at the highest val
of Rl and at low values ofK . For positive values o
Masr and no instability effectsPb � 1.0. With these
effects the burning rate factor exceeds unity.

The corresponding values ofU , found by substi-
tuting values ofPbi from Fig. 10 into Eq. (5) with
F = 2.3 are plotted inFig. 11. The high values o
Pbi give rise to exceptionally high values ofU , sig-
nificantly greater than those given by Eq.(23), which
are shown by the full line curves. Comparisons
Fig. 11 with Figs. 5 and 6show values ofU at
a given value ofK to be significantly higher fo
the negative values of Masr. The elevation increase
as Masr becomes more negative and predominan
arises from the greater values ofKq�+ andf−i (s) at
positive values ofs. Furthermore, at the more neg
tive values of Masr, the high values ofU persist to
higher values ofK , in contrast to the decline inU
with K at positive values of Masr. Another conse-
quence of the high values ofKq�+ is that the effect
of nonsteady flame stretch rates on flame extinc
is reduced. WithKq�+ = 1.77 (atφ = 1.5) the con-
dition η � 1 in Eq. (28) gives K � 0.57, as com-
pared with values of about 0.1 for the positive valu
of Masr.

At even more negative values of Masr the flames
become more unstable, with values of Pecl, as low as
200 or less[38]. The instability contribution toPbi
and U becomes appreciable, as shown for the
mer inFig. 12. The values of the solid line curves a
evaluated with Pecl obtained from Eq.(B.5), while
the values of the broken line curves are for the low
value of Pecl = 200, but with the same values of Masr
as inFig. 10. This low value of Pecl significantly in-
creases the instability andPbi, again particularly a
highRl and lowK .
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Fig. 12.Pbi versusK for three C3H8–air mixtures, with Masr < 0 and four values ofRl . Solid curves: Pecl from Eq. (B.5).
Dashed curve: Pe= 200.
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There are less experimental turbulent burning
locity data available for negative values of Masr to
check the predicted values ofU . An increase in pres
sure decreases Masr for CH4–air mixtures and value
eventually become negative[46]. Kobayashi and co
workers have measuredut for such mixtures with
φ = 0.9, at different pressures on a high-press
burner [6,7]. Values ofut /u� were expressed as
function of bothu′/u� and pressure ratio. Their da
are expressed inFig. 13by the symbols, in terms ofU
versusK at the different pressures and values of Masr.
Values ofRl were taken from[7]. Some of the exper
imental data are in the regimeu′

k
/u� � 1, with small

values ofRl , where the present analysis is inapplic
ble. In Fig. 13 this inapplicable regime correspon
approximately toK � 0.05.

The full line curves show computed values cor
sponding to the experimental conditions, with diffe
ent values ofu′/u� andRl , and are terminated at th
limit, K = 0.05. An exception is made at 0.1 MP
Masr = 3.52, where they are extended beyond it. V
ues of Masr up to a pressure of 1.0 MPa were obtain
from [46], but thereafter had to be estimated. No d
were known forKq�+ at high pressures and the
values also had to be estimated. However, the lo
dotted curves inFig. 10suggest that values ofPbi and
U are not too sensitive toKq�+ at the more negativ
values of Masr.

Agreement between the computed and experim
tal points inFig. 13 is satisfactory, although at pre
sures of 2 and 3 MPa the values of Masr had to be
estimated. As Masr becomes more negative, so Pcl
becomes small and it is increasingly difficult to a
sign an accurate value to it[38]. The experimenta
values ofRl do not exceed 2500 and the computatio
suggest that there are no elevations due to flamele
stabilities. Elevations on this count appear to be c
fined to the narrow regime ofK � 0.05,u′/u� � 1, in
which the present analysis is inapplicable.

Cambray and Joulin[1,47] have analysed the e
fect of the Darrieus–Landau instability on flame fro
wrinkling in this regime and shown that asu′/u� ap-
proaches zero, there is a sharp increase inut with u′.
For conditions close to those at 0.1 MPa and for
lowest experimental value ofK in Fig. 13with a pos-
itive value of Masr, their data suggest a value ofU

indicated by the triangle symbol on the figure. T
is fairly close to the measured value. For the hig
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Fig. 13. Comparison of present computations ofU for CH4–air mixtures at five different pressures,φ = 0.9 (solid curves) with
experimental data (symbols)[6,7].
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pressure points in this lowK regime the experimen
tal values ofU are even higher. This is not surprisin
as the corresponding laminar flames exhibit burn
velocity enhancements due to instabilities that can
appreciable for negative Markstein numbers[49].

9. Conclusions

The flame stretch factor in the expression forPb
has been modified to embrace flamelet wrinkling d
to instabilities. The wavelengths of the wrinkling e
tend from an inner cutoff found from a combinatio
of instability theory and experiment to an outer cut
given by the integral length scale of the turbulence.
stabilities are generated below a critical value of
flame stretch rate, derived from experimental val
of the critical Peclet number in laminar explosions

A partial validation of the computed values ofPbi
for positive values of Masr has been provided by com
paring values ofU from Eq. (5) with experimental
values. There is reasonable agreement between
two, but allowance for nonsteady effects appear
be necessary at the higher values ofK . Enhancemen
of U due to instabilities is insignificant, except at hi
values ofRl and low values ofK .
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When Masr is negative, bothPbi andU can be-
come appreciably higher than when Masr is positive,
for otherwise comparable conditions. Again, resu
from the computational approach are in satisfact
agreement with experiment. The higher values oU

persist to higher values ofK with negative values o
Masr than with positive values. These strikingly hig
values arise from the combined effects of higher v
ues ofKq�+ and off−i (s) at positive values ofs, as
Masr becomes more negative. Because of the ap
ently large effect of large values ofKq�+ there is an
urgent need for experimental and computational d
on flame stretch extinction at high pressures. It is a
important to resolve whether large values ofKq�+ are
linked to negative values of Masr. In addition to the
effects of the very negative values of Masr, the cor-
respondingly low values of Pecl enhance the onset o
instabilities.

The mixed regime ofK � 0.05,u′/u� � 1 is out-
side the regime of the present modelling, but it is h
that flame instability effects are appreciable, parti
larly at the more negative values of Masr, and these
enhance the burning velocity. The burning velocit
of the corresponding laminar flames are enhanced
nificantly by instabilities.

The most marked limitations in the present a
proach lie in the inadequate data at high tempe
tures and pressures for Masr, Kq�+, Pecl, and u�

for different fuel mixtures. There also is conside
able uncertainty as to the influence of negative stre
rates on flame extinction. Much more work is need
at all pressures, on negative stretch rate andKq�+.
Here, studies of inwardly propagating flames a
burner flame tips are relevant. These might reveal
limitations of trying to combine the effects of bo
strain and flame curvature. The expressions forf (s),
Eq. (11), should be checked with other mixtures a
at higher temperatures and pressures. For all t
reasons, even within the limitations of the pres
analyses, it is difficult to predictU definitively at
high pressures. Nevertheless, the paper suggests
the relevant factors influencing it might be quan
fied.
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Appendix A

The flame stretch rate pdf ofp(s) based on the
reaction surface expressed in the integral form in[30]
can be manipulated into the algebraic form,

p(s) = − 1

2
√

π
a

(2E MasrC1 − d)

d2σs
e−G,

where

a = 2.6R0.25
l

K0.5
,

d =
(

2

15
+ (aKσs)

2

2
+ 2(sK MasrC1)2

− 4sK MasrC1√
15

)1/2/
Kσs,

E = √
15(ās − s)

(
1− √

15sK MasrC1
)

/[
15σs

(
2

15
+ (aKσs)

2

2
+ 2(sK MasrC1)2

− 4sK MasrC1√
15

)1/2
]
,

G = 15

2
(aK)2(ās − s)2/[
15(aKσs)

2 + 60(sK MasrC1)2

− 8
√

15sK MasrC1 + 4
]
.

The normalised rms strain rate isσs ands is the nor-
malised flame stretch rate. The values ofC1 are given
with Eq.(B.2a)and depend upon the sign of Masr.

Appendix B

B.1. Value of scl

The critical stretch rate,scl, below which flamelets
become unstable and wrinkle is found from the c
ical dimensionless spherical flame radius at wh
cells appear and the flame speed increases. This
critical Peclet number, Pecl, defined by this flame ra
dius, r , normalised byδ�. At higher Peclet number
where the stretch rates are below the critical va
the flame is unstable and it is shown in[30] that

(B.1)scl =
(

2

Pecl

dr

dt

)/(
u�K

√
15

)
.

In [22], the flame speed, dr/dt , is given by(un/S) ×
(ρu/ρb), whereS is a flame speed factor, of ord
unity, values of which are given as a function of
and(ρu/ρb). This can be reexpressed in terms ofunr.
The necessary expressions forunr/u� andun/u� are
given in[30] by

unr/u� ≈ 1− s MasrC1K
√

15,

(B.2a)

{
C1 = 0.925, Masr � 0,

C1 = 1.480, Masr < 0,
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and

un/u� ≈ 1− s(ρu/ρb − 1)MasrC2K
√

15,

(B.2b)

{
C2 = −0.125, Masr � 0,

C2 = 1.225, Masr < 0.

These values ofC1 andC2 are those appropriate to
flame surface located at the start of the reaction zo
From Eq. (20) in[22] and Eqs.(B.1) and (B.2a),

scl = 2Cs

Pecl KS
√

15

(
ρu

ρb

)

(B.3)×
(

1+
(

ρu

ρb

)
2CsC1 Masr

S Pecl

)−1
,

in which

(B.4)Cs = (1− ρu/ρb)(1− ρu/Sρb)−1.

Although theoretical values of Pecl can be ob-
tained for spherical flames from the linear instabil
theory of Bechtold and Matalon[48], these values
are less than those at which full cellularity appe
in experiments. Consequently, experimental value
Pecl were employed and these have been correlate
terms of Masr by [46]

(B.5)Pecl = 177Masr +2177,

although this relationship is less reliable at incre
ingly negative values of Masr.

B.2. Values of ls/δ�

The apparent time lag in the development of f
cellularity in the theory of Bechtold and Matalon r
sults in an overestimation of the larger theoretical
stable wavenumber,ns . In [33] this was reduced b
multiplying the theoretical values ofns by a constant
less than unity,f . The value of this was such th
(f ns)cl was equal to the smaller wavenumber at
measured Pecl, namely(nl)cl. This is located at the
tip of a peninsula of unstable wavenumbers which
bounded by a value ofnl that is almost constant an
one off ns that increases linearly with Pe.

The adaptation in[33] of the instability theory of
Bechtold and Matalon[48] shows that in unstabl
flames ls/δ� soon attains a constant value that d
pends upon Masr andρu/ρb, and is given by

(B.6)ls/δ� = 2π/(df ns/dPe).

This expression enabled the inner cutoffls/δ� to be
evaluated in the valid regime of Masr > 3.0. The
smallest values ofls/δ� at a given value of Pe occu
at the smallest values of Masr.

The procedures for evaluatingls/δ� are described
more fully in [49]. For Masr < 3 recourse to exper
iment was necessary. In the cascade of decrea
wavelengths observed in[38] the smallest cells ap
peared to be in dynamic equilibrium. They increas
in size as the flame kernel grew. This decreased
localised flame stretch rate and, consequently, s
cells became unstable. They restabilised by fiss
ing into smaller cells, with higher, stabilising, loc
stretch rates. Just prior to fissioning, the normali
wavelength of a localised cell,ls/δ�, was observed to
be close to that of the original flame kernel at the c
ical Peclet number, Pecl, just prior to the developmen
of cellularity. Hence,

(B.7)ls/δ� = 2π Pecl /(nl)cl,

where(nl)cl is the wavenumber at Pecl, which could
be found with sufficient accuracy from[48]. This ex-
pression was used for Masr � 3.

However, for the most unstable flames when Msr
was highly negative (say< −4), there appeared t
be a lower physicochemical limit to the value of t
wavelength of a localised cell,ls/δ�, below which
a wrinkled flame sheet could not be maintained
might be surmised that this occurs at the order
the flame thickness and the diagnostic studies in[38]
suggested that, in this case, the inner cutoff wa
ls/δ� ≈ 50.

In the unstable regimescl � s � sq−, in Eqs.(13a)
and (13b), we write

unri/u� = (unri/unr)(unr/u�)

(B.8a)for positive values of Masr,

uni/u� = (uni/un)(un/u�)

(B.8b)for negative values of Masr .

Equations(14a), (B.8a), and (13a), after some ma
nipulation, yield

f+i (s) = f+(s) + 0.8
[
(l/ ls )

1/3 − 1
]
(unr/u�)

(B.9)for scl � s � sq−.

For the remaining part of the spectrum,sq+ � s � scl,
where the flamelets are stable,f+(s) is unchanged
With Eq.(B.2a), Eq.(B.9) becomes

f+i (s) = f+(s) + 0.8
[
(l/ ls )

1/3 − 1
]

(B.10a)× [
1− s MasrC1K

√
15

]
.

By similar reasoning for negative values of Masr
and invoking Eq.(B.2b),

f−i (s) = f−(s) + 0.8
[
(l/ ls )

1/3 − 1
]

(B.10b)
× [

1− s(ρu/ρb − 1)MasrC2K
√

15
]
.

Again, for the remaining part of the spectrum,sq+ �
s � scl, f−(s) is unchanged.



D. Bradley et al. / Combustion and Flame 143 (2005) 227–245 245

97

6)

27

28

F.

st.

1

g

iv.

9–

J.

oc.

t.

19–

st.

t.

st.

28

m-

st.

04

90)

5–

96

.
1–

R.

st.

m-

8)

ar,

57

d.

-
9.

33.
st.

n-
5–

R.

23

m-

62

91)

18

st.

t.

92)

7)

y,
References

[1] P. Cambray, G. Joulin, Combust. Sci. Technol.
(1994) 405–428.

[2] R.N. Paul, K.N.C. Bray, Proc. Combust. Inst. 26 (199
259–266.

[3] H. Boughanem, A. Trouvé, Proc. Combust. Inst.
(1998) 971–978.

[4] V. Bychkov, Phys. Rev. E 68 (2003) 066304.
[5] H. Kobayashi, H. Kawazoe, Proc. Combust. Inst.

(2000) 375–382.
[6] H. Kobayashi, T. Tamura, K. Maruta, T. Niioka,

Williams, Proc. Combust. Inst. 26 (1996) 389–396.
[7] H. Kobayashi, Y. Kawabata, K. Maruta, Proc. Combu

Inst. 27 (1998) 941–948.
[8] C.K. Law, D.L. Zhu, G. Yu, Proc. Combust. Inst. 2

(1986) 1419–1426.
[9] P.A. Libby, F.A. Williams (Eds.), Turbulent Reactin

Flows, Academic Press, London, 1994.
[10] N. Peters, Turbulent Combustion, Cambridge Un

Press, Cambridge, UK, 2000.
[11] D.B. Spalding, Proc. Combust. Inst. 13 (1971) 64

657.
[12] D. Bradley, P.H. Gaskell, X.J. Gu, M. Lawes, M.

Scott, Combust. Flame 115 (1998) 515–538.
[13] D. Bradley, D.R. Emerson, P.H. Gaskell, X.J. Gu, Pr

Combust. Inst. 29 (2002) 2155–2162.
[14] A.Y. Klimenko, R.W. Bilger, Prog. Energy Combus

Sci. 25 (1999) 595–687.
[15] S.B. Pope, Prog. Energy Combust. Sci. 11 (1985) 1

192.
[16] F. di Mare, W.P. Jones, K.R. Menzies, Combu

Flame 137 (2004) 278–294.
[17] K.N.C. Bray, M. Champion, P. Libby, Combus

Flame 127 (2001) 2023–2040.
[18] D. Veynante, L. Vervisch, Prog. Energy Combu

Sci. 28 (2002) 193–266.
[19] T. Poinsot, D. Veynante, S. Candel, J. Fluid Mech. 2

(1991) 561.
[20] T. Poinsot, S. Candel, A. Trouvé, Prog. Energy Co

bust. Sci. 21 (1996) 531–576.
[21] D. Bradley, P.H. Gaskell, X.J. Gu, Proc. Combu

Inst. 27 (1998) 849–856.
[22] D. Bradley, P.H. Gaskell, X.J. Gu, Combust. Flame 1

(1996) 176–198.
[23] S. Candel, T. Poinsot, Combust. Sci. Technol. 70 (19

1–15.
[24] K.N.C. Bray, Proc. R. Soc. London A 431 (1990) 31

335.
[25] D. Bradley, P.H. Gaskell, X.J. Gu, Combust. Flame
(1994) 221–248.

[26] D. Bradley, Proc. Combust. Inst. 24 (1992) 247–262
[27] D. Bradley, Combust. Theory Model. 6 (2002) 36

382.
[28] R.G. Abdel-Gayed, D. Bradley, M. Lawes, Proc.

Soc. London A 414 (1987) 389–413.
[29] P.K. Yeung, S.S. Girimaji, S.B. Pope, Combu

Flame 79 (1990) 340–365.
[30] D. Bradley, P.H. Gaskell, X.J. Gu, A. Sedaghat, Co

bust. Flame 135 (2003) 503–523.
[31] J.H. Chen, H.G. Im, Proc. Combust. Inst. 27 (199

819–826.
[32] J.O. Sinibaldi, J.F. Driscoll, C.J. Mueller, J.M. Donb

C.D. Carter, Combust. Flame 133 (2003) 323–334.
[33] D. Bradley, Philos. Trans. R. Soc. London A 3

(1999) 3567–3581.
[34] Yu.A. Gostintsev, A.G. Istratov, V.E. Fortov, Aka

Nauk 353 (1997) 55–56.
[35] Yu.A. Gostintsev, A.G. Istratov, Yu.V. Shulenin, Com

bust. Explosion Shock Waves (March 1989) 563–56
[36] D. Bradley, Combust. Sci. Technol. 158 (2000) 15–
[37] D. Bradley, T.M. Cresswell, J.S. Puttock, Combu

Flame 124 (2001) 551–559.
[38] D. Bradley, C.G.W. Sheppard, R. Woolley, D.A. Gree

halgh, R.D. Lockett, Combust. Flame 122 (2000) 19
209.

[39] D. Bradley, A.K.C. Lau, M. Lawes, Philos. Trans.
Soc. London A 338 (1992) 359–387.

[40] T. Echekki, M.G. Mungal, Proc. Combust. Inst.
(1990) 455–461.

[41] A.F. Ibarreta, J.F. Driscoll, D.A. Feikema, Proc. Co
bust. Inst. 29 (2002) 1435–1443.

[42] R.G. Abdel-Gayed, D. Bradley, Combust. Flame
(1985) 61–68.

[43] C. Meneveau, T. Poinsot, Combust. Flame 86 (19
311–332.

[44] F.N. Egolfopoulos, C.S. Campbell, J. Fluid Mech. 3
(1996) 1–29.

[45] J.M. Donbar, J.F. Driscoll, C.D. Carter, Combu
Flame 125 (2001) 1239–1257.

[46] X.J. Gu, M.Z. Haq, M. Lawes, R. Woolley, Combus
Flame 121 (2000) 41–58.

[47] P. Cambray, G. Joulin, Proc. Combust. Inst. 24 (19
61–67.

[48] J.K. Bechtold, M. Matalon, Combust. Flame 67 (198
77–90.

[49] A.S. Al-Shahrany, D. Bradley, M. Lawes, R. Woolle
Proc. Combust. Inst. 30 (2005) 225–232.


	Premixed flamelet modelling: Factors influencing the turbulent heat release rate source term and the turbulent burning velocity
	Introduction
	The pdf of stretch rates, p( s )
	Evaluation of f(s)
	Influence of flamelet instability on f(s)
	Flame extinction stretch rates
	Evaluation of Pbi and U for positive values of Masr
	Effects of unsteady flame stretch rates
	Evaluation of Pbi and U for negative values of Masr
	Conclusions
	Acknowledgment
	References


