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ABSTRACT

A widely held belief in the combustion community is that
the chemical and hydrodynamic structure of a stretched
laminar premixed flame can be preserved in a turbulent
fiow field over a range of conditions collectively ke ~wn as
the flamelet regime, and the homogeneous charge spark-
ignition engine combustion falis within the domain of this
regime. The major assumption in the laminar flamelet
concept as applied to the turbulent premixed flames is
that the flame front behaves as a constant-property pas-
sive scalar surface, and an increase in the wrinkled flame
surtace area with increasing turbulence intensity is the
dominant mechanism for the observed flame velocity en-
hancement. The two approaches that have been recently
* used for estimating a measure of the wrinkled flame sur-
face area in spark-ignition engines and other premixed
flames are the flame surtace density concept and fractal
geometry. A crilical assessment of the experimental frac-
tal parameters reported in literature indicated that these
are not capable of correctly predicting the turbulent burn-
ing velocity using the availabie fractal area closure model.
A simitar conclusion has been reached after examining
the surface density data from flames of different geome-
tries including spark-ignition engine flame fronts. The as-
sumption made in fractal and surface density approaches
that the turbulent flame front is a passive scalar surface
can not be justified, and the applicability of the flamelet
approach may be limited to a much smaller range of con-
ditions than presently believed.

INTRODUCTION AND BACKGROURND

The structure and velocity of flame fronts in homoge-
neous charge spark-ignition engines have been the sub-
jects of several experimental and theoretical research ef-
forts. This continuing interest is mainly due to the fact
that the answer may have significant impacts in areas of
practical importance. The combustion process in spark-
ignition engines takes place in a turbulent environment,
For the disc shaped combustion chamber the turbulence
is mostly generated by the high shear flows during the

induction process and modified during the compression.
It is well established that the turbulence intensity as well
as the mean flow increases almost in a linear fashion with
increasing engine sneed [1].

The turbulence decays rapidly towards the end ot the in-
duction process and the characteristic dissipation time for
the turbulent kinetic energy is smaller than the engine
time scales {1]. The turbulence during the induction ex-
hibits a strong anisotropy, and the turbulence intensity as
well as the mean velocily shows significant spatial vari-
ations. For disc shaped chambers, the turbulence when
averaged over several cycles, displays a homogeneous
and more isotropic structure towards the end of the corn-
pression stroke for both swirling and non-swirling flows
[1-3}.

The combustion engine community is widely subscribed
to the belief that the turbulent flame in practical homo-
geneous charge Sl engines is a wrinkled laminar flame.
There seems to be strong experimental evidence for ex-
istence of this type of flame structure. In an experiment
using molecular Rayleigh scattering, it was concluded that
the turbulent flame front is made up of wrinkled faminar
flames and it may include occasional istands of unburned
mixture {4). Similar observations were reported by Keck
[5] and Abraham et al. [6]. '

Turbulent premixed flame propagation was first investi-
gated by Damkdhler [7] who pointed to two limiting cases
based on the magnitude of the scale of turbulence as
compared to the tlame front thickness. For low-intensity,
large-scale turbulence, Damkdhler propesed that $7/5;,
the ratio of the turbulent burning velocity (S7) to the lam-
inar burning velocity (5.}, is proportional to A, /4., the
ratio of the wrinkled fiame surface area (A4,) to the flow
cross section area (4,). For high-intensity, small-scale
turbulence, combustion takes place in a distributed man-
ner rather than a front propagation. The identification of
the turbutent premixed combustion regimes (i.e., two lim-
iting cases of Damkéhler and the regime(s) in between
the two) in general, and the limits of the wrinkled flame
regime in particular have been an integral part of the tur-
bulent premixed flame propagation issue [8-13}.




The wrinkled flame regime mainly covers the conditions
where the chemistry is fast in turbulent premixed combus-
tion. Fast chemistry criterion is based on a Damkohier
number. Da. which is defined as a ratio of the turbulent
time, 7. to the laminar flame time, ~¢. i.e..

AS,

T .
Da = e = 25 {1
T oru'

where .\ is the turbulence integral length scale. v is the
turbulent velocity fluctuation. and 4; is the laminar flame
front thickness. The wrinkled flame regime exists where
Da > 1 and the Karlovitz number, Ka, is less than about
unity. Karlovitz number is defined as the ratio of the iam-
inar flame time. -= to the Kolmogorov time scale. i
I\d:l:(i)-:'—\ [
n 7
where 7 is the Kolmogorov fength scale. The turbutent
Reynolds number is defined as the ratio of turbulent dif-
fusivity to laminar diffusivity. i.e.

u'\

RE_\ = = - :3,‘

where v is the kinematic viscosity.

On a plot of Damkohler number, £q.1, versus turbulent
Reynolds number, it is possible io identify the approxi-
mate region of wrnkled flames. Such a plot is shown
in Figure 1 [6]. Also shown in Figure 1 is the estimaled
range of engine combustion conditions. In the reaction
sheet regime it is assumed that the propagating flame
fronts are wrinkied and convoluted by the turbulence.

The attempts to quantify the effects of turbulence on pre-
mixed turbulent burning velocity, in the reaction sheet
regime. have encountered several challenges, both the-
oretically and experimentally. Substantial progress has
been made in the development of numerical codes to sim-
ulate the 3D unsteady flow structures in St engines. How-
ever, progress has been slower in simulating the com-
bustion process due to a lack of a robust and computa-
tionally effective prediction model for turbulent premixed
flame propagation [14]. The concept of laminar flamelets
provides a usetul tool to describe the turbulent premixed
flames using simple but reasonable assumptions to over-
come some of the challenges posed by the problem [15].
This concept assumes that the combustion within a turbu-
lent flame is confined to asymptotically thin moving lam-
inar flamelets which are embedded in the turbulent flow
[15,18]. Since the instantaneous behaviour of these thin
layers is the same as those of laminar flames, the turbu-
lent burning velocity can be approximated by the prod-
uct of the flamelets' surface area and the laminar bumn-
ing velocity corrected for the efect of stretch and flame
curvature [17]. Most recent experimental and numerical
work also implies that the wrinkled flame regime (where
the flamelet approach can be used) is much wider than
previously thought [18-21].

[
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Figure 1. Approximate regimes of turbulent premixed combus-
tion 1n Damkohler vs turbulent Reynolds number space. The
reclangle is an estimate of the regimes applicable to spark ig-
nilion engine combustion. Adapted from Ret.6.

The simulation efforts of spark-ignition engines include a
number of approaches and most of them are based on the
flamelet concept. The flamelet concept is implemented
in simulations either through a fractal closure modsl, see
e.g. {22], or through the flame surface density formulation
[22-26].

The present work briefly reviews the fractal and flame
surface density approaches, and critically assesses the
experimental fractal and flame surface density data from
premixed flames of different geometries and St engines
tlame fronts reported in literature. The implications of this
assessment are discussed.

FRACTAL DESCRIPTION OF FLAMELETS
FRACTAL CLOSURE FOR TURBULENT FLAMES

One way of measuring the area of a three dimensional
surface Is to ceunt the number of cubic boxes, Nizg), of
size = required to cover the whole surface. The area then
is of order N ()<, If the surface is a classical one, 1Le., can
be described by Euclidean geometry, N (¢) approaches to




a constant value independent of <. For a fractal surtace,
which exhibits self-simitanity over a wide range of scales,
the measured area estimates will increase with increas-
g resolution (i.e. decreasing value of ) according to
the power law [27]. The variation of the area with the
resolution - for a fractal surface, on a log-log scale, ex-
hibits a straight fine with the slope (2 — D), where D is
the fractal dimension of the surface. Therefore, the area
Aisi1s given by

Al x o3 i)

The range of scales over which the power laws of the type
£q.4 holds is bounded by cutoffs on both ends imposed
by physical fimits.

As originally suggested by Damkohier {7]. the ratio of the
turbulent to larminar flame velocity should be proportional
to the ratio of the instantaneous flame surface area of the
turbulent flame, 4, . to the flow cross section area. A,
e,

S _ A

S A

~

{95

=

Then. the fractal geometry yields the following relation-
ship [28] _ '
s R
T4 ( ;> (6
Y NEF

where <, is the outer cutoff, =, is the inner cutoff, and 4
is a constant of order one.

Applying fractal geometry concepts to the description of
the wrinkied flame front surfaces has been shown to pro-
vide reasonable estimates of the turbulent flame velocity
for the assumed values of the cutoff scales and the frac-
tal dimension [28,29]. Gouldin et al. {30} and Gouldin
and Miles [31) have proposed closure models based on
a fractal representation of flamelets in turbulent premixed
flames. 1t is assumed that the flamelet surface density
may be represented by a *ractal surface of dimension D
for a range of length scales between the inner cutoff
and the outer cutoff =,. Refinernents to the closure model
(30] and the flame speed model {28] are presented in [32].
ftis argued that the prefactor A in £q.6 is a variable with a
taminar limit of 1 and an intense turbulence limit of 2, but
may not be bounded between 1 and 2. Also, in the pres-
ence of large scale doubling back of the wrinkled surface,
the fractal area expression in Eq.6 may require modifica-
tion by adding a second variabie, a multiplying factor to
account for doubling back. The success and the appli-
cability of these models are dependent on the availability
of reliable fractal dimension, and inner and outer cutoff
information.

The inner cutoff represents the smallest scale for the in-
teraction of turbulent eddies with the premixed flame front.
When the eddies are smaller than the inner cutoff, the
flame crosses an eddy before the eddy evolves signif-
icantly, so the tlowfield is effectively stationary from the
viewpoint of flame propagation [33). Direct numerical sim-
ulation of turbulent premixed flames [18] and the exper-
imental work on interaction of vortices with flame fronts

[15,34] contirm the existence of a physical lower cutoff
scaie. The outer cutoff, in a very general sense, can be
defined as the size of the experiment. In turbulent flows,
it has been proposed that the outer cutoft is comparable
to the integral length scale of turbulence.

FRACTAL CHARACTERISTICS OF FLAME FRONTS

The most widely used method to estimate the fractal di-
mension and cutofts of the turbulent flame fronts is flame
tomography. The flame fronts are usually visualized by
seeding the reactant flow with subricron oil droplets and
illuminating the droplets with a sheet of laser radiation. _
The oil droplets evaporate rapidly at the flame | ‘ont, caus-
ing a sharp decrease in Mie scattered radiation. which
indicates the transition from unburned to burned gases
{35]. Alternately, planar laser induced fluorescence of a
combustion produced species can be used to mark the in-
stantaneous flame front location. One of the popular and
relatively easy to implement methods is the planar laser
induced fluorescence of OH [36]. Mantzaras et al. {37.38]
and Yoshiyama et al. [39] used sub-micron TiO, seed-
ing particles to mark the shape and location of the tlame
front in optically s~~=ssed spark ignition engine combus-
tion chambers, r-.,ing on rapid expansion in the burned
Jases 10 disperse the particles and cause a decrease in
scattered radiation.

For turbulent premixed flames, Gouldin [28) used a fractal
dimension of 2.37 in his formulation, whereas Gilder [29]
used 7/3, as inferred by Kerstein [33). The fractal dimen-
sion, D, of premixed turbulent flames has been measured
by several investigators [37-42] and a correlation giving
fractal dimension as a function of nondimensional turbu-
lent velocity fiuctuation, u'/S; (ratio of turbulent velocity
fluctuation to the laminar burning velocity), has been pro-
posed [41]. This correlation and the experimental data
presented in the cited literature assert that the fractal di-
mension [ approaches the fractal dimension of nonreact-

ing turbulent flows 2.37 as u'/S, increases. Most recent

studies [35.43,44], on the other hand, have been unable
to confirm the results of the previous work. The maximum
fractal dimension measured (average of several flame im-
ages) was 2.21 for u’/S; =15in a Bunsen flame [44] and
2.23 for u'/5; =8.6 in a V-flame [43].

A comparison of all available experimental data on fractal
dimension of turbulent premixed flame fronts has been
made in Fig.2. The difference between previous mea-
surements and data coming from present authors’ group
is significant for «'/S; > 1. The data of [37,38,41,42)
show a fractal dimension about 2.33-2.37 when /8 >
3, whereas Gilder et al. [44] indicate a value about 2.2 for
nondimensional turbulence intensities between 0.9 and
15.

DISCUSSION OF THE FRACTAL RESULTS

The difference observed in Fig.2 between the experimen-
tal data sets of fractal dimension is significant for nondi-
mensional turbulence intensities larger than unity. How
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Figure 2. Comparison of the experimenta!l fractal dimension
gata from different studies [44]. For clarty typical error bars are
shiown for highest turbulence intensity pomnts only. The honzon-
tai error bar of the data point of [37. 38} indicates the range
of «” 57 n the engine combustion chamber during the experi-
ment. Note the axis break and the scale change on x-axis.

can this discrepancy between the data of [35.43.44] and
the results of the other investigators [37.38.41,42] be ex-
plained? This issue has been addressed in [{44]. and it
has been shown that the culprit for the difference seen
in Fig.2 is due to the fractal image analysis method. It
has also been demonstrated with examples that the cor-
rect fractal dimension of turbulent premixed Hame fronts
is about 2.2 and it is not sensitive to turbulence intensity.

Experimental observations on turbulent premixed flames
have shown that S7 /S, increases with increasing turbu-
lence. So the term (z, /2,)P72 s expected to increase
with increasing u’/S, in accordance with Egs. 5 and
6. Figure 3, taken from Ref.44, shows the variation of
fractal area, A(z,.5,)P~2, as function of (u'/S; -2 Re}
assuming A =1, Also shown.in Fig.3 is the estimated tur-
bulent burning velocities from reactant flow rates and the
cone area of the averaged flame images at < ¢ >=0.05.
The fractal area shows no evidence of dependence on
the approach flow turbulence. The straight dashed lIine
indicates the model proposed in [29]

SriSy =1+0.63(x' /S ) "*Rel (7)

which agrees with the estimated S+ /5 from the reactant
flow velocity and the flame cone area.

Itwas proposed that scales smaller than the laminar flame
thickness affect the turbulent flame propagation {45], and
it was reported that a proper fractal maodelling of turbulent
burning velocities should consider both tractal and ncn-
fractal {area increase due to scales smaller than the inner
cutoff) contributions [46]. Smallwood et al. {35], however,
has shown that the inclusion of area increase due to wrin-
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Figure 3. Turbulent burning velocity as determined by fractal
and nonfractal methods {44}, For the nonlractal method. the
ratio of the area ot an equivalent laminar cone (4; = Q- Sr.
where Q is the volume flow rate of the premixed réactams) to the
area marked by the < ¢ >=0.05 was used. Area marked by the
<« >=0.05 denotes the lower bound of the flame brush. The
straight dashed line is the prediction of £q.7. d s the dhameter
i the burner, and OH and M:e represent the imaging methods.

kling scales smailer than the inner cutoff has little effect
on the fractal prediction of the turbulent burming veloaity.

Several turbulent flame propajation formulations, includ-
ing those based on fractal concepts, are founded on the
fundamental assumption that 57-/5; is proportional to the
ratio of the wrinkled flame surface area, A4, ., to the flow
Cross section area, A,, i.e.. S;/5, = A, id, {7]. 1 the
tractal geometry approach, i.e.

Ay /Ay = Az, tzP2 Y

s yielding a true measure of the wrinkled surface area
of the flame front, then S /5. = Ay 4, may not be a
reasonable assumption for the turbulent premixed flames
in the flamelet regime. Experimental fractal parameters,
L.e. fractal dimension, and inner and outer cutoffs, re-
ported in literature are not capable of correctly predicting
the observed turbutent premixed burning velocity. This
implies that the other mechanism(s) have nontrivial con-
tributions to the flame propagation in addition to the ftame
surface area increase by turbulence. Under such circum-
stances, it would not be possible to describe the flame
front propagation in spark-ignition engine combustion by
fractal approaches, and the assumption that the turbulent
Hlame front is a passive scalar surface can not be justi-
fied. One caveat is that the fractal area expression could
be viewed as incomplete in reference to the discussion
regarding the prefactor A in £q.6, and the need for an
additional multiplier to include the effect of doubling back
of the wrinkled surfaces. Then, more research is needed
to resolve the form of the closure model for the fractal
area expression.




FLAME SURFACE DENSITY
FLAME SURFACE DENSITY CONCEPT

Within the laminar flamelets regime, the complex chem-
ical kinetics mechanism ig represented in terms of the
laminar flame propagation speed. 5; The wrinkkng of
the flame front surface by turbulence is described by the
mean flame-surface area per unit volume which is known
as flame surface density, Y'iri. The mean rate of conver-
sion of reactants into products per unit volume. « - >,
2an be expressed as

LW >z = ;.’,521,1§:(I'; (i

where p. is *he density of reactants. 57 is the unstretched
laminar burning velocity, /.. is a factor accounting for the
stretch effects, and ¥ s the flame surface density. The
facter 1. is dependent on the distribution of curvature and
strain rates over the fiamelet surface. Curvature and
strain rodify the flamelet structure and result in flame
stretch. &, which can be quantified as

N o aA )
S = (__> {1t
o

Adr /L

where 4 is the area of an element of the flame surface
and - is the tme. If 5 1s small enough, then a linzar
analysis shows that {47]

Spo= 88~ M8 S i1

Here 1/, is the Markstein number and 67 is the laminar
flame thickness {unstretched). The ratio [, = S.:5¢ 15 a
matter of much debate in the current turbutent premixed
combustion fiterature {see, e.g. [48)), and the magnitude
ot I, inferred from measuremenis and numerical simy-
lations varies significantly. Some of the approaches as-
sume that for flames with Lewis numbers close 1o unity.
S: remains close to the laminar flame velocity §¢ [52),
and /, does not deviate significantly from unity.

Simple algebraic closure models have been propose 1
flame surface density, £, [49.50]. The Bray-Moss-Liuoy
model [49,50] for ¥ is based zn the spatial distribution
of flame crossings along a ~ontour of the mean progress
variable < ¢ >, which 1s § in the reactants and ! in the
products, anc is given by

v g<e>(l-<n

2 i12
o, L /

v

in which g is a constant of the order unity; o, 1S a mean
direction cosine; and L, is a characteristic length related
to flame wrinkling.

An alternative formulation for modeling the spatial varia-
tion of the flame surface density, based on the gradient
of the pregress variable across the flame front {51}, is

L=<l >=<|Velblc—cs) > {13)

where Ve is the spatal flame front gradient, dtc — ;)
is the instantaneous flame front position, and 3’ is the
instantaneous flame surface density.

Gouldin et al. {30] have proposed a closure model for
& in terms of fractal parameters for turbulent premixed

flames:

L=div, o0 wexil- <oty (14}

where .1 is a model constant, < ¢ > 1s th. Tean progress
variable, and d; is the turbulent fiame brush thickness. _

in equations above, the mean rate of reaction, < 4 >,
and the flame surface density, ¥, both vary with position;
they are mean local variabies. An overall reaction rate
can be defined by space-averaging £q.9 over a volume,
V', that occupies the reaction zone [52):

—— [ . P e
Rl TSR T/ <w »iridd =5, 570 (15;
where S+ is defined as:
— i < A, > .
Y=o Nirpdl = =D 16
E / r) i (16}

in which < A, > is the total flame surface area within
volumme, V. From EqQ.16, < A, > is equal to the volume
integral of the tlame surface density. Then. in view of
Egs.5 and 1€, the turbulent flame velocity, Sy. in terms
of < 4, »is:

<

Sr=§

l,—

& A, e,

It should be noted that the volume |~ encloses the turbu-
ient flame brush.

in flamelet models, the flame surface density is obtained
either using an algebraic closure, £qs.12-14. or by way of
a modelled transport equation, “nown as the Y -equation.
The Y-equation was first formulated tor a wrbulent diffu-
sion flame under the name coherent flame model by Mar-
ble and Broadwell [53). In a turbulent flow field, the av-
eraged I-equation contains terms representing transport
by mean flow, transport by turbulence and flame propa-
gation, and production and destruction by flame stretch
of the flame surface. Modelling assumptions are needed
for transport due to flame propagation, the turbuient diffu-
sion velocity, and turbulent flame stretch. Unfortunately,
these terms are not experimentally accessibie. Further
discussion on the L-equation and its numerical solution

schemes can be found in [51,54,55). '

To determine Y. for a three-dimensional flowfield from two-
dimensional images, knowledge of the orientation of the
normal to the flame front relative to the image plane is re-
quired. To ascertain the orientation, images from orthog-
onal planes may be used to determine the mean crossing
angle along the line of intersection of the planes.
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Figure 4. Flame images obtained by planar laser-induced tlu-
orescence [36]: Rows (A) and (B) Bunsen-type bumer. Rows
(C) and (D). Horizontal ¢ross-section in engine. Rows (E) and
{F): Verica! cross-section in engine. The flame images were
obtained using laser-induced fluorescence of biacetyl in the en-
gine and of OH radicals in the Bunsen flame Nondimensional
lurbulence intensites of the Bunsen and engine flames vary
from 0.25 to 2.

SURFACE DENSITY OF FLAME FRONTS

The most comman experimental technique of measurning
the flame surface density is the use of the thin faser sheet
tomography to mark the reaction boundary (or flame front
location) between the unburned reactants and the prod-
ucts. The instantaneous flame fronts can be visualized ei-
ther by laser induced fluorescence of OH or CH, or by Mie
scatiering from oil droplets that dissappear at the Hlame
front. Obviously these methods give two-dimensional in-
formation whereas almost all turbulent flames are localiy
three-dimensional. It is also possible to deduce the flame
surface density information using flame crossing times
from Rayleigh scattering experiments.

Most of the experimental data on flame surface density
are limited to low turbulence intensities, e.g. [36,56-58].
In most of studies, the three-dimensional information has
been extracted from the two-dimensional data by mak-
ing centain assumptions. In [36), images from orthogonal
planes have heen used to determine the mean orienta-
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Figure 5. Mean length of flame front per unit area. ¥.,.,, onenta-
ticn angle, < # >, and flame suriace density, &, as a function
of mean progress variable < ¢ > measured on central axis
of the Bunsen flames, and in the vertical plane of the engine.
along the line of intersection with the horizontal plane. Lines
are smoothed lits to the data points [36].

tion angle. and thus the directional cosine, along the line
of intersection of the planes in a spark ignition engine,
Several studies concluded that in a wide range of flame
geornetries, the mean flamelet direction cosine is about
0.65-0.75 [36,59.60]. Bingham et al. [61) extended this
technigue 1o crossed-plane tomography, for direct deter-
mination of the instantanaous flamelet surface normals by
using data frorn tomographic images recorded simultane-
ously from two orthogonal laser ilumination planes, which
could be used to determine the flame surface density.

Experimental data obtained in Bunsen flames and firing
homogencus charge spark ignition engines at low turbu-
lence intensities, i.e., u'/S; less than 2, did not show
any significant variation of the flame surface density with
turbulence intensity {36,64]. Typical flame front images
obtained in a Bunsen-type burner and in a sparlk-ignition
engine are shown in Fig.4. The engine used for obtain-
ing the flame front images and the imaging method are
described in [36). Brieily, the combustion chamber of this
spark-ignition engine provides optical access through four
fused silica side windows and an extended piston with a
fused silica top. The spark is located in the center of
the chamber by extended electrodes. The engine has a
bore and streke of 86 and 82 mm, respectively, resulting
in a displacement volume of 476 cm?®, and the compres-
sion ratio is 7.7. The T profiles reported in [36], including
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Figure 6. Maximum flame suriace density versus nondimen-
swenai turbulence mtensity [62.68). Flame surace densities of

engne flame- are from [36} and |63},

individual data points. for ore Bunsen flame and one an-
gine condition are shown on Fig.5 as a function of mean
progress varnable <« ~ The mean two-dimensional
flame surtace density. ¥,. . and the mean onientation an-
gle, << 6 > where casi%; - .. that produced the ¥ pro-
files are also given in Fig.s.

Results from direct numencal simulation efforts {54] also
did not show any dependence of the tlame surface density
or turbulent rms vetocity. Recently. our research group
has reponied flame surface density measurements in tur-
bulent premixad Bunsen flames covering the turbulence
intensity range of v'.5; from 0.9 to 15 [62]. An axisym-
metric Bunsen-type burner with nazzle diameters of i1.2
mm and 22.4 mm produced the turbulent premixed cont-
cal flames studied in [62).

Y.ae: had tle variation over the range of v 5, (0.9 to
15.0) invesiigated in [62], as can be seen in Fig. 6. The
data in Fig.6 also mclude two sets of results from spark-
ignition engine measurements reported in [36] and {63].
Clearly. there is no relationship between flame surface
density and turbulence intensity. It has been shown that
1€ \iincreases with increasing ' -S; at low turbulence
intansities [58]. However, this is likely due to the contri-
bution from the integral length scale, which also vaned in
the reported experiments. In fact, there is some indica-
tion that the flame surface density may have an inverse
relationship with the integral length scale {36.64), when
normalized by the laminar flame thickness.

DISCUSSION OF SURFACE DENSITY RESULTS

In view of £q.17, if we ignore the flame streteh and cur-
vature effects for the sake of discussion, the turbulent
burning vetocity is affected by the volume-averaged flame
surface density, ¥, and the volume of the flame brush. i,
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Figure 7. Vanation of the turbulent flame brush thickness with
nondimenswonal turbutence mtensty, 'S, [62.68].

oy
Sy S e (i)
1 i -'lu
However. as shown in Fig.6, experimenial and numeri-
cal results indicate that over a large range ol turbulence
intensities, fame surface density is not sensitive to the
turbulence intensity (28 54 56 621,

In Bunsen flames, the volume 1’ enclosing the turbulent
flame brush can be estmated. to a first approximation,
to be proportional to the thickness of the L, bulent flame
brush at the tip of the flame along the burner centerline,
ie..

R o
Vs e dy 119

where r is the radius of the Bunsen burner and o+ is the
maximum flame brush thickness at t=e tip of the flame.
Figure 7 shows the variation of the maximum flame brush
thickness of the Bunsen flames with nordimensional tur-
bulence intensity [62,58). There is no apparent depen-
dence of flame brush thickness on turbulence intensity.
Deschamps [65] reported turbulent flarme brush thickness
Mmeasurements in Bunsen flames. Her resuits do not
show any evidence of dependence of or on either in-
tegral length scale or the turbulence intensity. In view of
Eq.19, this implies that the volume 1" is not sensitive to
turbulence parameters, )

The observations that the flame surface density and tiie
volurne that encloses the mean reaction zone ara not sen-
sitive to the turbulence intensity have some serious im-
plications. All of the experimental observations on turbu-
lent Lremixed flames have shown that the turbulent bur-
ing velocity increases with increasing turbulence intensity.
Thus. the: flame surface density and/or the volume that
encioses the mean reaction zone, V', are expected to in-
crease with increasing v’ /S; in accordance with Eq.17,
however, neither of them show evidence of dependence
an the flow turbulence. If the surface density is a2 true




measure of the characteristics of the wrinkied flame sur-
face, then Eq.17 may not be a reasonable assumption for
the flamelet regime. and the turbulent premixed combus-
tion analysis and predictions should not be based only on
the geometry of the ilame front surface. These flame sur-
face density results show that it would not be possible to
describe the flame front propagation in spark-ignition en-
@ine combustion by the flame surface density appraoach,

and the assumption that the turbulent flame front is a pas-

~ siva scalar suriace can not be justified.

If the area increase (due to increasing turbulencej does
not explain the increase in mean burning rate. tnen it
may be proposed that the turbulent transter of species
and heat (enhanced by small scale turbulence) shiould
hiave a significant role in turbulent premixed combustion.
This obsarvation supports the analytical work of Zimont
{69! and Ronney and Yakhot [28]. Results obirned in
[39] concludes that the effect of scales smabe. an the
laminar flame front thickness on turbulent transport are
probably significant for most flames at suificiently high
turbulerce intensities.

CONCLUDING REMARKS

The two approaches that are commonly used with the
taminar flamelets assumption to estimate the increase in
the wrinkled flame surface area. namely the fractal de-
scripticn of the turbylent premixed flame surfaces and
the flame surface density concept have been raviewed
in relation to the spark ignition engine combustion, and
the formulations that tink the flame surface density and
th 2 fractal characteristics to turbulent flame velucity have
been summarized.

An svaluation and comparison of the experimental frac-
tal characteristics data of turbulent premixed flames in-
dicated. tor nondimensional turbulence intensities up to
13, the mean fractal dimension is about 2.2 and it does
not show any dependence on turbulence intensity. This
value of the fractal dimension is much lower than the val-
ues found by several other studies that showad that the
tractal dimension asymptotically reaches to 2.35 — 2.37
when the nondimensional turbulence intensity v’'; 5, ex-
ceeds 3. ‘

The fractal parameters obtained so far, reported in the
combustion literature, are not capable of correctly pre-
dicting the turbulent burning velocity. If the fractal geom-
etry approach is yielding a true measure of the wrinkled
flame surface area, then our assessment casts doubt on
the assurnption that the nondimensional turbulent burning
velocity can be estimated from the ratio of the wrinkled
flame surface area to the flow cross section, and give cre-
dence to models which assign significance to increased
transfer of species and heat (enhanced by small scale tur-
bulence), in addition to the flame surface area increase.
On the other hand, the fractal area expression currently
in use may require medification to give a belter estimate
of the flame front area.

An examination of the expenmental and numerical flame
surface density data and the volume that encioses the
mean reaction zone (flame brush volume) indicated that
these two variables are independent of the nondimen-
sional turbulence intensity. if the surface density is a true
measure of the charactenstics of the wrinkled flame sur-
tace, then £q.14 may not be valid for the flamelet regime,
and the turbulent premixed combustion analysis and pre-
dictions for spark ignition engine combustion should not
be based only on the geometry of the flame front surfazes.
The assumption made in fractal and surace density ap-
proaches that the turbulent flame front is a passive scalar
surface can not be justified.
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