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Stereoscopic particle image velocimetry and planar laser induced fluorescence measurements of
hydroxyl radical are simultaneously applied to measure, respectively, local turbulence intensities
and flame front position in premixed ethylene-air flames stabilized on a bluff body. Three different
equivalence ratios, 0.55, 0.63, and 0.7, and three different Reynolds numbers, 14 000, 17 000, and
21 000, are considered. Laser measurements were made for five different flame configurations
within the ranges above and in the corresponding cold flows. By comparing the measurements of the
cold and the corresponding hot flows, the effect of heat release on the turbulence and its interaction
with the flame front is studied. All the flames are in the thin reaction zone regime. Typical flow
features forming behind the bluff body are observed in the cold flows, whereas in the reacting flows
the mean velocities and thus the shape, size, and characteristics of the recirculating eddy behind the
bluff body are strongly influenced by the heat release. The strong acceleration across the mean flame
and the radial outward shift of the stagnation plane of the recirculating eddy yield negative radial
velocities which are absent in the corresponding cold flow cases. The spatial intermittency of the
flame front leads to an increase in the turbulent kinetic energy. Although a decrease in the mean and
rms values of the strain rate tensor eij components is observed for the reacting case as one would
expect, the local flow acceleration across the flame front leads to a substantial increase in the
skewness and the kurtosis of the probability density functions �PDFs� of eij components. The
turbulence-scalar interaction is studied by analyzing the orientation of the flame front normal with
the eigenvectors of eij. The PDFs of this orientation clearly show that the normals have an increased
tendency to align with the extensive strain rate, which implies that the scalar gradients are destroyed
by the turbulence as the scalar isosurfaces are pulled apart. This result questions the validity of
passive scalar turbulence physics commonly used for premixed flame modeling. However, the
influence of Lewis number on this alignment behavior is not clear at this time. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2896285�

I. INTRODUCTION

The modeling of turbulent premixed flames requires sca-
lar gradient information in one form or another. For example,
the flame surface density is closely related to the local scalar
gradient. In other approaches such as flamelets,1 conditional
moment closure,2 and joint probability density function3

�PDF� the required scalar gradient information comes via
either the mean or the conditionally averaged scalar dissipa-
tion rate. The instantaneous scalar dissipation rate is defined
as Nc����c ·�c�=���c /�xi�,

2 where c is a reaction progress
variable and � is its diffusivity. In the mixing controlled
limit, the mean4 as well as the instantaneous5 reaction rate
have direct dependence on the scalar dissipation rate. Thus,
one can clearly see the central role played by the scalar dis-
sipation rate in turbulent flame calculations.

An exact transport equation for the scalar dissipation rate
proposed recently6 identifies the influences of chemical reac-
tion, dilatation, and the interaction of turbulence with chemi-
cal reaction and scalar mixing on the evolution of Nc. This
equation, in the usual nomenclature, is written as
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where the molecular diffusivity � has a weak dependence on
temperature. The fluid density is denoted by � and the strain
rate is eij �0.5��ui /�xj +�uj /�xi� with ui as the velocity in the
spatial direction xi. The left hand side of Eq. �1� represents
the temporal and convective changes of Nc. The first term on
the right hand side is the diffusive flux. The second term is
the dissipation of the scalar gradient due to the molecular
dissipation. The third term is the turbulence-scalar interac-
tion. The fourth term originates from chemical and diffusive
processes undergone by c. This term appears because of di-
latation across the flame front. Since c is a reactive scalar,
the fifth term is the usual production of Nc because of chemi-
cal reaction.

Here, the interest is on the turbulence-scalar interaction
term represented by ���c /�xi�eij��c /�xj��. This term signifies
the production or dissipation of scalar gradients by the action
of turbulence. The production of scalar gradients will result
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when the gradient vector preferentially aligns with the most
compressive principal strain rate as has been observed in a
number of earlier studies.7–14 However, the generality of the
above alignment when the flow involves additional physics
such as strong rotation has been questioned recently.15 The
presence of passive chemical reactions does not alter the
above alignment.16,17 It has been shown recently18 that the
scalar gradient vector has an increased tendency to align with
the most extensive principal strain rate when the chemical
reactions are nonpassive. This preferential alignment was ob-
served at almost all locations inside the flame brush when the
Damköhler number is large. For small values of Damköhler
number, the alignment with the extensive strain rate was ob-
served in the regions of intense heat release.19 The
Damköhler number Da is defined as the ratio of large scale
turbulence time, � /u�, to the characteristic flame time,
�L

o /sL
o. The rms of turbulence velocity fluctuations and its

integral length scale are denoted by u� and �, respectively.
The thermal thickness of an unstrained laminar flame and its
propagation speed are denoted by �L

o and sL
o, respectively.

The preferential alignment with the most extensive prin-
cipal strain rate results in the dissipation of scalar gradient by
the turbulence, which is contrary to the classical picture
where the production of the scalar gradient by the turbulence
results because of its alignment with the most compressive
principal strain rate. This change in the behavior observed
via direct numerical simulation �DNS� has profound impli-
cation on turbulent combustion model development.20 The
DNS studies18–20 used turbulent flames having high and low
Da. The high Da flame also had Ka�1, while the low Da
flame had Ka�1, where Ka is the Karlovitz number which is
defined as the ratio of characteristic flame time to the Kol-
mogorov time. This dimensionless number represents the
competition between chemical and fluid dynamic processes
of small scales and it is defined as

Ka =
�2

�2 =
tc

t�

, �2�

where ��� /sL
o is the Zeldovich thickness and � is the Kol-

mogorov length scale. The Zeldovich and thermal thick-
nesses are approximately related6 to each other via �L

o /�
=2�1+	�0.7, where 	 is the heat release parameter defined
later. The characteristic chemical time scale is tc and the
Kolmogorov time scale is t�. Now, it is apparent that the
DNS flames18,19 had the characteristic flame scales to be ei-
ther smaller, in Da�1 and Ka�1 case, or larger, in the
Da�1 and Ka�1 case, than all the relevant turbulent scales.
Here, the interest is to understand the turbulence-scalar inter-
action in premixed flames with Da�1 and Ka�1. These
flames are called intermediate Da flames and according to
Peters,21 they are classified to be in the thin reaction zone
regime of turbulent combustion. It is likely that the flames in
practical devices will have the attributes of the intermediate
Da regime; the flame scales are smaller than the typical large
scales of turbulence and the flame scales are larger than the
relevant small scales of turbulence. Directly simulating tur-
bulent flames with this attribute are computationally de-

manding, and hence we resort to laboratory experiments
here. The specific objectives for this study are the following:

�1� To conduct laboratory experiments of turbulent pre-
mixed flames with the above attributes and to apply so-
phisticated laser diagnostic techniques to carefully mea-
sure all three components of the velocity field, flame
front location, its curvature, and fluid dynamic strain
rates, if possible, eij.

�2� To elucidate the effect of heat release on various mean
turbulence quantities such as integral length scale, rms
velocity, PDFs of eij components, etc.

�3� To investigate turbulence-scalar interaction by studying
the alignment of flame normal with the principal strain
rates.

The mean quantities can be used to compare and validate the
numerical simulation results and the combustion submodels.
Here, our prime aim is to study the turbulence-scalar inter-
action in premixed flames with Da�1 and Ka�1.

In the next section, the experimental setup and method-
ology used to achieve the above objectives are described.
The results are presented and discussed in Sec. III and the
conclusions are summarized in the final section.

II. EXPERIMENTAL METHODS

In this section, the burner used in the experiments, the
conditions of turbulent premixed flames studied, the mea-
surement techniques and the data reduction methods em-
ployed are described briefly. A more complete description
can be found elsewhere.22 The measurements reported here
are obtained by simultaneously employing stereoscopic par-
ticle image velocimetry �SPIV�, which provides all three
components of the velocity field in a plane intersecting the
flame and time-sequenced OH-planar laser induced fluores-
cence �OH-PLIF� which allowed the flame front to be
tracked. The justification for the use of OH-PLIF is given
later.

A. Burner and flame characteristics

The 10 kW burner used in this study has a simple con-
struction as illustrated in Fig. 1 and it has been employed in
earlier studies.23–25 This burner is similar to that used by
Heitor et al.26 but the flow and flame conditions investigated
here are different. The burner was made up of a circular duct,
300 mm long with an inner diameter of 35 mm. An inverted
conical bluff-body having a diameter of 25 mm and giving a
blockage ratio of 50% is used, as shown in Fig. 1, to stabilize
the turbulent flame. This figure also shows the coordinate
system used to present the results in Sec. III. The premixed
ethylene-air mixture of a given equivalence ratio 
 enters
the plenum chamber at the bottom and flows upward through
the flow conditioners and exits through the annular gap sur-
rounding the central bluff body. The two loudspeakers,
mounted diametrically opposite to each other, are an integral
part of the plenum chamber and they are installed to allow
acoustic forcing to be imposed on the flow. However, the
speakers were inactive for this study. A complete description
of the burner and its characterization can be found in Ref. 25.
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The flow and flame conditions investigated in this study
are tabulated in Table I. Two sets of experiments were con-
ducted. In one set the reactant mixtures were not ignited and
thus the flow is cold. In the second set of experiments the
mixtures having the same flow conditions as in the cold flow
cases were ignited. The effect of heat release on the turbu-
lence quantities can be studied by comparing the results from
these two sets of experiments. The turbulent flame, referred
to as FA listed in Table I, has an equivalence ratio of 

=0.55 and three different values of Reynolds number Re
based on the bulk mean velocity Ub at the exit of the burner,
the hydraulic diameter of the annular exit and the kinematic
viscosity of the cold �Tu=288 K� reactant mixture. These
three values are Re=14 000, 17 000, and 21 000 as given in
Table I. The flames denoted as FB1 and FC1 had the same
Re number as FA1 but different equivalence ratios: 

=0.63 and 0.70, respectively. These three flames have Le

1.0, where Le is the Lewis number defined as the ratio of
thermal diffusivity to mass diffusivity. The heat release pa-
rameter is defined as 	��Tb−Tu� /Tu, where T is the absolute

temperature and the subscripts b and u, respectively, denote
burnt and unburnt mixtures of a planar laminar flame. The
planar laminar flame speed sL

o and the burnt side temperature
were obtained from the literature,27,28 and thermal thickness
was calculated using the Zeldovich thickness as noted in the
Introduction section. The values of Damköhler and Karlovitz
numbers averaged over the imaging plane are denoted by Da
and Ka in Table I and more details on these two parameters
will be given later in Sec. III. At this stage, it is to be noted
that Da�1 and Ka�1, and thus these flames are expected to
be in the thickened flame regime or thin reaction zone re-
gime of turbulent combustion. This point will also become
more apparent in Sec. III.

B. Laser diagnostics

Diagnostics used in this study were centered around the
application of planar LIF measurements of OH in conjunc-
tion with stereoscopic PIV measurements to identify the
flame front contour and velocity fields. For the results re-
ported here, a high spatial resolution and good signal to noise
ratio were essential to obtain the necessary gradient
information.29–31 There is continuing debate on the useful-
ness of OH as a flame front marker in turbulent combustion,
owing to its persistence after its production which can lead to
misinterpretations concerning the reaction zone location.32

Other species such as CH,33,34 CH2O,35 the product of CH2O
and OH LIF images,36,37 etc., have been used in the past as
flame front markers to study turbulent flames. However, all
of these methods offer inferior signal to noise ratios and thus
reduced data fidelity. We have performed extensive valida-
tion studies on the flame reported here, using simultaneous
CH2O and OH PLIF imaging, reaction rate, and thermom-
etry imaging.22–24 These studies demonstrated that the isoc-
ontour of maximum OH gradient is an accurate marker for
the flame front position over the conditions studied here. The
real advantage, however, is the superior signal to noise ratio
obtained with the latter, permitting gradient information to be
extracted with confidence and simultaneous application of
PIV with high fidelity in burnt, unburnt, and reacting regions
simultaneously.

1. OH-PLIF

Figure 2 shows a schematic of the diagnostic set-up em-
ployed for the combined OH-PLIF and SPIV measurements.
The diagnostic system for OH-PLIF consisted of one
Nd:YAG laser �Continuum Surelite II� pumping a tunable
dye laser �Sirah Cobra-Stretch� and a high-resolution ICCD
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Loudspeaker

(inactive)

Flowstraightener

Air + C H
2 4

Air + C H
2 4

10 mm

35 mm

25 mm

Loudspeaker

(inactive)

Bluff body

x, v
x

y, v
y

FIG. 1. Schematic of bluff body burner used in this study.

TABLE I. Flow and flame conditions investigated.

Flames 
 Ub�m s−1� Re 	 �L
o��m� sL

o�m s−1� Da Ka

FA0 0.55 8.1 14 000 4.83 512 0.20 1.69 5.93

FA1 0.55 9.9 17 000 4.83 512 0.20 1.37 7.58

FA2 0.55 12.7 21 000 4.83 512 0.20 1.00 13.76

FB1 0.63 9.9 17 000 5.34 385 0.28 2.44 4.13

FC1 0.70 9.9 17 000 5.58 307 0.36 4.01 2.40
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camera �Nanostar, Lavision�, which was used to image the
OH-PLIF signal. The camera intensifier was synchronized to
the laser source and was gated to open for 350 ns for the
PLIF measurements. It was fitted with a UV-transmitting
f /4.5 camera lens �Nikkor� equipped with UG 11 and WG
305 filters �Comar�. For spectral identification of the OH
transitions, a LIF excitation scan was performed prior to the
PLIF measurements. For OH-LIF, the frequency-doubled
output from the dye laser was tuned near 283 nm to excite
the Q1�6� line in the A 2�+-X 2
�1,0� band. Pulse energies
of 8 mJ were available from the dye laser, but the beam was
spatially filtered yielding a measured irradiance of
�1.3 MW /cm2 cm−1 in the measurement region. The laser
output had a linewidth of 0.12 cm−1 was expanded into a
sheet of 50 mm high and 100 �m thick, using a cylindrical
planoconvex lens with a focal length of f =−25 mm and
spherical lens with focal length of f = +500 mm. A region of
5 cm wide and 4 cm high was imaged. The spatial intensity
profile of the laser sheet was measured on a pulse-to-pulse
basis simultaneously with the PLIF signal. As shown in Fig.
2, part of the focused light sheet was directed into a dye cell,
which was filled with an aqueous solution of a fluorescent
dye. The dye cell was positioned in such a way that the PLIF
signal as well as the fluorescent dye were in focus on the
ICCD chip. The dye fluorescence was imaged onto a strip of
approximately 100 pixels in width to one side of the ICCD
chip to provide an instantaneous beam power profile mea-
surement.

2. Stereoscopic PIV

Stereoscopic PIV was performed to characterize the ve-
locity fields of both unburnt and burnt gases above the
burner. The second harmonic from a pulsed double-cavity
Nd:YAG laser �Big Sky Laser Technologies Inc., Ultra 1,
35 mJ/pulse� was used to create a light sheet of 480 �m

thickness �full width at half maximum �FWHM��. The PIV
lasers and PIV cameras were triggered from a PIV synchro-
nizer �ILA, Germany� which in turn was triggered from a
waveform generator �TGA 1242, TTi, UK�. Two PIV cam-
eras �Sensicam, PCO imaging, Germany, 1280
�1024 pixels, double frame mode� were arranged at 90°
with the lenses arranged according to the Scheimpflug crite-
rion. Each camera was fitted with a narrow bandpass inter-
ference filter �centered at 532 nm with 10 nm FWHM; maxi-
mum transmission=90%� to reject flame emission. The
separation between the PIV laser pulses was 15 �s. This
time spacing corresponds to a particle displacement between
0 and 8 pixels. SiO2 particles with a primary diameter of
12 nm �Aerosil R 812, Degussa, Germany� were seeded into
the reactive mixture with a fluidized bed followed by a cy-
clone and a choke to select only the smallest particles with a
diameter less than 1 �m and to dissociate large agglomer-
ates. The PIV laser sheets were overlapped with the OH-
PLIF sheets in a counterpropagating configuration, as shown
in Fig. 2. A sequence of image collection was started with an
OH-PLIF image �t=0 �s�. A delay of 500 ns was set be-
tween the OH-PLIF image and the first PIV image �t
=0.5 �s� to avoid potential interferences between the laser
pulses and cameras. At the given bulk velocities and with the
spatial resolution of the optical setup, the delay of 500 ns
employed between the pulses rendered these measurements
virtually instantaneous on flow timescales.

The DAVIS 7.1 processing software �Lavision, Germany�
was used for velocity calculations. After subtracting the
minimum intensity level in each double frame image, the
data were cross correlated at successively smaller interroga-
tion regions leading to a discrete window offset.38 After each
path the peak ratio of the highest to the second highest peak
from the cross correlation �peak ratio: 1.8� and the change of
velocity with respect to the standard deviation were used to
remove invalid vectors and to interpolate between them. The
final cross correlation employed an interrogation region of
8�8 pixels, which corresponds to 274�274 �m. Finally,
the two velocity fields extracted from the two individual
cameras were combined to yield a three-component velocity
field. On average more than 98% valid vectors were obtained
in the particle seeded field of view. A 3�3 Gaussian smooth-
ing operation was carried out in the cases when derivatives
were calculated. One of several advantages of using stereo-
scopic PIV is that regions of strong three-dimensional �3D�-
flow character can be directly identified.

C. Data reduction technique

1. Mapping of scalar and velocity fields

The PLIF image and PIV image were first aligned and
superimposed on a pixel-by-pixel basis. This alignment is
essential to the success of these imaging techniques because
of the small spatial scales of reacting layers in the flame. The
mapping procedure was performed in several stages. First,
both laser sheets were aligned to pass through the exactly
same measurement plane. Then, a target image �cross pat-
tern� was positioned in the measurement plane at the exact
position of the laser sheets and in the view of all three cam-
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FIG. 2. Laser and optical setup for combined OH-PLIF and SPIV measure-
ments employed in this study.
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eras. The coordinates of 90 reference points on the target
image were captured by both PIV cameras, dewarped in the
PIV software �LAVISION�, and both images superimposed
�image A�. The PLIF image �image B� taken of the same
target was mirrored and the corresponding coordinates of the
90 reference points were identified. The coordinates of image
B were then mapped onto image A, using a transformation
matrix relating the two sets of coordinates to each other. The
precision of this procedure is in the subpixel range.39 These
operations reduced the OH-pixel resolution by 6% from
86 to 92 �m. The vector field was finally enlarged by a fac-
tor of 3 in a bicubic interpolation scheme to match the matrix
size of the OH field.

2. Extraction of flame front

Information on flame front position are derived from
OH-PLIF images as follows. First a background image, mea-
sured in the absence of the flame, was subtracted from the
fluorescence images. These images were then corrected for
laser sheet inhomogeneities using the instantaneous laser
power profile recorded with each image. As part of this pro-
cedure any stretch, rotation, and vertical shifts between the
instantaneous power profile image and the OH image were
corrected for. An anisotropic nonlinear diffusion filter was
applied40 to reduce the level of noise and to enhance gradi-
ents in the images. The images were resized to 50% of their
original size after filtering which yields a signal to noise ratio
gain of around 4. The flame contours, identified by the maxi-
mum gradient in the OH field, were then located using a
Canny edge detection algorithm.41 The images were then bi-
narized into unburnt and burnt regions along the maximum
gradient. This procedure was found to yield the flame con-
tour more consistently than using the commonly employed
constant threshold algorithm. Furthermore, detailed analyses
of laminar flame results obtained using PREMIX code42

showed that the location of the maximum gradient of OH
coincided with the location of the maximum in the product
of OH and CH2O concentrations. This implies that the con-

tour of the maximum OH gradient is located inside the in-
tense heat releasing regions, which are marked by the prod-
uct of OH and CH2O concentration, and it marks the flame
front precisely. In the latter approach, the images are bina-
rized into unburnt and burnt regions with the interface be-
tween these regions taken to be the flame front location. The
drawback of this method is that the signal to noise ratio of
the images can vary widely both due to beam profile inho-
mogeneities and to variations in OH concentration �see Fig.
3�. In the present configuration it was observed that this led
to uncertainties of up to 10 pixels, which was too large for a
meaningful statistical analysis of the alignment of the prin-
cipal strain rates and the flame normal.

An arbitrary single shot OH-PLIF image for flame FC1
is shown in Fig. 3. The flame front contour is also superim-
posed as a black line and follows along the line of maximum
gradient of the OH concentration. An important point to note
is that the OH intensity at the location of the flame front
shows a large variation along the flame contour. Some ex-
treme cases having high and low OH concentrations at the
flame front are also visible in Fig. 3. Also, it is to be noted
that the size of the imaging plane in the reacting case is
reduced by about 6% to increase the effective resolution.

3. Flame curvature and its normal

For the calculation of flame curvature and its normal, the
pixels marking the flame front were sorted to a connected
pixel line with coordinates x and y. A local coordinate s was
introduced whose magnitude increased along the connected
pixel line by the distance between adjacent pixel locations.
In order to analytically describe the flame contour,43 two
third order polynomials fx�s� and fy�s� were fitted along the
flame as a function of s using 7 pixels on either side of the
center pixel. The analytical expression thus obtained was
then used to calculate the curvature k for each pixel along the
sorted line of the flame front pixels using the following
formula:44

0.7 max.

OH-radical number
density [a.u.]

0

x [mm]

y
[m

m
]

40

30

20

10

0

0-10-20-30

bluff bodyburner plate

flame normal

flame front

FIG. 3. �Color online� Illustration of flame normals rep-
resented by black vectors. The flame front corresponds
to the line of maximum gradient in the OH-radical con-
centration and subdivides the OH-field into burnt and
unburnt regions. The image is shown for the flame FC1.
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k = �dfx

ds

d2fy

ds2 −
d2fx

ds2

dfy

ds
	��dfx

ds
�2

+ �dfy

ds
�2	−1.5

. �3�

The same analytical expressions were also used to deter-
mine the flame normal; nx=dfx /ds and ny =dfy /ds. A typical
OH-PLIF image is depicted in Fig. 3. For the window high-
lighted in gray, the flame normals are plotted for each pixel
of the flame front. As can be seen from this figure, the nor-
mals obtained, both for locations with high and low curva-
tures are accurate. The flame curvature as well as its normal
was calculated for all flame front elements appearing in each
OH-PLIF image.

4. Two dimensional „2D… measurements of 3D flow

It is not possible to completely characterize the flow as
2D measurements �PLIF and SPIV� are employed to gain
information on a 3D flow. However, as it was discussed in
Sec. II A, the flame is axis symmetric on an average. For
vz�2 ms−1 convection of large scale structures into and out
of the measurement plane were observed. This can cause an
“artificial” flame front displacement leading to a bias in the
evaluated strain probability density plots. Thus, the statistical
analyses of velocity and flame front information were not
carried out for regions where the out-of-plane velocity com-
ponent vz is larger than 2 ms−1. The velocity fields obtained
as above are differentiated using Richardson extrapolation
scheme, since this scheme combines high accuracy with rea-
sonable precision.45 These velocity gradients allows us to
form a 2�2 strain tensor matrix. The eigenvalues and eigen-
vectors of this matrix at every pixel give the principal strain
rates and their directions, respectively. It is to be noted that
there are only two principal strain rates; one is compressive
and the other one is extensive.

D. Resolution and accuracy

We estimate the uncertainty of our velocity data to be
very similar to the uncertainties reported by Mullin and
Dahm,46,29 as their experimental setup and conditions closely
resemble those employed here. The uncertainty they report is
6.5% for the in-plane velocity components vx and vy and
10.5% for the out-of-plane velocity component vz. Mullin
and Dahm obtained those uncertainty estimates by illuminat-
ing an identical measurement plane with a dual-color stereo-
scopic system. We follow this approach since we are con-
vinced that this is the most objective way to assess the
uncertainty of velocity data obtained from PIV measure-
ments. Subjecting the velocity data from PIV to a Gaussian
smoothing �3�3,�=1� reduces the uncertainty of the fil-
tered velocity data to about one-third �2.2%�. The uncertainty
in the subsequent calculation of the principal strain increases
since the calculation of the strain field is based on the veloc-
ity gradients. A thorough error propagation analysis revealed
that the uncertainty of the eigenvalues of the strain tensor
peaks at a level of 14%. The same analysis also reveals that
80% of the eigenvectors have an uncertainty of 6% or less in
their orientation. The uncertainty of the orientation of these
eigenvectors peaks at 1.3%, as can be inferred from Fig. 4.

III. RESULTS AND DISCUSSION

The flow velocities and the flame front location mea-
sured using SPIV and OH-PLIF techniques as noted in the
previous sections are analyzed in detail to study the
turbulence-scalar interaction. Before presenting the results
on the flame orientation with the principal strain rates, the
effect of heat release on the fluid dynamic quantities is dis-
cussed.

A. Effects of heat release on turbulence

1. Mean flow quantities

Figure 5 shows the spatial variation of U��Vx
2+Vy

2,
Vz, and the root mean square �rms� of velocity fluctuations in
the flame FA1 and the corresponding cold flow case. The
mean velocities in x, y, and z directions are denoted by Vx,
Vy, and Vz, respectively. The cold flow results are shown in
Figs. 5�a�–5�d� and the flame results are shown in Figs.
5�e�–5�h�. The flame measurements were only performed
from y=10 and above to increase the effective resolution and
to capture the details of the strongly turbulent part of the
premixed flame. The mean velocities U and Vz depicted in
Figs. 5�a�, 5�b�, 5�e�, and 5�f� clearly show that the recircu-
lation zone behind the bluff body is drastically influenced by
heat release effects. The counter-rotating eddies are dilated
and their shapes, orientations, and characteristics are strongly
influenced by the heat release. This observation is consistent
with an earlier investigation using laser-Doppler anemometry
in a similar burner.26 The negative Vz disappears and there is
a strong reduction in the shear �Vz /�x in the presence of a
flame. The dilation of the eddies has also been observed for
bluff body stabilized turbulent nonpremixed flames.47

A close inspection of Figs. 5�a� and 5�e� reveals that the
orientation of the mean velocity vectors has changed in the
reacting case because of the strong acceleration across the
flame brush and the outward shift of the stagnation plane
existing between the jetlike and the recirculation regions.
Because of these changes, the mean velocity in the x direc-
tion, Vx, becomes negative which leads to the change in the
direction of the velocity vector observed in Fig. 5�e�. Figures
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6�a�–6�c� show the variation of Vx, Vy, and q along x for the
cases shown in Fig. 5. The profiles are shown at four differ-
ent y locations �y=10, 20, 30, and 40 mm� for nonreacting
and reacting conditions. The presence of negative Vx and
other points discussed above are clear in Figs. 6�a� and 6�b�,
where the cross stream variation of Vx and Vy is shown. A
close study of Figs. 5�a�, 5�e�, and 6�b� reveals that the thick-

ness of the jetlike region is increased in the reacting case due
to dilatation and the turbulence generation behind the flame.
The increased thickness can also imply an increase in the
entrainment rate of the ambient air, as observed by Heitor
et al.26 The entrainment can possibly dilute the reactant mix-
ture in the downstream via large scale mixing. It is not pos-
sible to assess this effect within the scope of the current
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diagnostics setup. Furthermore, the conclusions to be drawn
on the small scale quantities are less likely to be influenced
by the dilution effect.

The combined rms of velocity fluctuations, q��vx
2+vy

2,
is shown in Figs. 5�c� and 5�g� for the nonreacting and re-
acting cases, respectively. Fluctuations of the velocity com-
ponents in x and y directions are denoted, respectively, by vx

and vy. It is to be noted that there is no turbulence generating
device in the burner, and the fluctuations in the velocity field
are generated by the gradient production mechanism. The
nonreacting flow result is as expected from classical fluid
dynamic theory: The two shear layers, where the fluctuations
are generated via gradient production mechanism, enclose a
region of relatively low level of turbulence. This feature of
the flow is clearly represented by the presence of a double
peak in Fig. 6�c� for y=10 mm. This figure also shows the
variation of q along x for four different y locations. The
double peak in the cold flow slowly disappears because of

turbulent diffusion and thus the peak value of q also de-
creases with y. The value of q at the centerline, which is
inside the recirculation region, increases. All of these fea-
tures are clearly observable in Fig. 6�c�. It is obvious that the
double shear layer structure disappeared in the reacting case
and q inside the jetlike region is generally increased as in
Fig. 5�g�, which is clearly visible in Fig. 6�c�. If one consid-
ers the jetlike region as the flame brush, which is debatable,
then the effects of intermittency of the flame front location
can explain the observed increase in q. However, inside the
recirculation zone the turbulence is suppressed due to heat
release effects as suggested by the results in Figs. 5�c�, 5�d�,
5�g�, 5�h�, and 6�c�. A similar behavior is observed for other
cases considered in this study.

2. Length and time scales of turbulence

Turbulence involves a spectrum of length and time
scales. The heat release effects are expected to influence
these scales, but the degree of influence will depend on the
relative magnitude of turbulence and flame scales. If the tur-
bulence scales are smaller than the flame scales, this corre-
sponds to Da�1 and Ka�1 in terms of Damköhler and
Karlovitz numbers, then the effect of heat release may not be
felt by the turbulence. In the other limit of Da�1 and Ka
�1, the effect of heat release will be felt by the whole spec-
trum of turbulence scales. Thus, one can naturally expect that
the heat release may not affect certain size of scales if Da
�1 and Ka�1. Here, it will be shown that the heat release
affects all scales of turbulence.

Figure 7 shows typical two point correlation function for
the axial velocity fluctuation vy from the flame FA1. The
results are shown for both reacting and nonreacting cases for
two different locations. �y=0 in Figs. 7�a� and 7�b� corre-
spond to �−10 and 20 mm� and �−15 and 25 mm�, respec-
tively, in terms of x and y locations. For the nonreacting case
these two locations correspond to the edges of the shear lay-
ers, and for the reacting case, the first point is in the recircu-
lation region while the second point is inside the flame brush
�see Fig. 5�. The variation of correlation coefficient shown in
Fig. 7 for the cold flow is typical for PIV measurements and
agrees with previous studies.48,49 From these correlation
functions, the integral length scales for the cold flow is esti-
mated to be about 3.0 mm at �−10 and 20 mm� and 2.1 mm
at �−15 and 25 mm�. The corresponding values for the react-
ing case are 7.4 and 8.7 mm, which is close to the flame
brush thickness estimate from the results in Fig. 6. Strictly,
one needs mean temperature or a progress variable profile to
calculate the flame brush thickness. There is a two- to four-
fold increase in the local integral length scale due to heat
release effects, which is consistent with earlier
observations.48 As noted earlier, the rms of velocity fluctua-
tions generally increases in the presence of flame due to its
intermittency. Thus, the flame effect on the integral time
scale �� /u�� of the turbulence is determined by the com-
bined influences on � and u�. The analysis of the experimen-
tal data shows that the turbulence integral time scales in the
reacting cases are about two to three times the cold flow
values. If one uses the lateral correlation to obtain the inte-
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gral length or time scale then a similar observation is also
made. This might imply that the flame does not have a pref-
erential direction, in an integral sense, to impart its influence
on the fluid dynamics in the flow and burner configuration
investigated here.

The results in Fig. 7 also indicate that the Taylor scale,
which is related to the curvature of the correlation function at
�y=0, increases in the reacting cases. However, the influ-
ence of the flame on the Kolmogorov scales is slightly tricky
to understand as it involves both the kinematic viscosity �
and the turbulence quantities which are influenced by the
heat release. By differentiating the natural logarithm of the
definitions of Kolmogorov time t� and length � scales, one
obtains

�t�

t�

= 0.5
��

�
+ F and

��

�
= 0.75

��

�
+ 0.5F , �4�

where F�0.5��� /��−1.5��u� /u��, by comparing the non-
reacting and reacting cases. From the experimental results, F
is calculated to be about 2.3 �spatially averaged� and note
that F contains only the turbulence quantities including the
flame front intermittency. Using a power law expression for
the temperature dependence of the kinematic viscosity,
��� /��=1− �1+	�1.7
−20, when 	
5 �see Table I�. Thus, it
seems that the influence of the flame on the small scales of

turbulence is felt predominantly �nearly an order of magni-
tude larger� via the molecular viscosity change, which is un-
derstandable since the Kolmogorov scales are the dissipative
scales. It should, however, be cautioned here that the local
temperature is not measured in the experiments and ��� /��

20 is only an estimate. Also F is observed to have a value
as high as 18 locally in all the flames investigated here. It is
interesting to note that this value is comparable to the esti-
mate of the kinematic viscosity effects. It would be interest-
ing to study the relative roles of those two effects through the
use of simultaneous temperature measurement. Also, it is to
be noted that the velocity fluctuation in the reacting case
includes the effect of flame front intermittency and thus it is
imperative that this effect is captured in the correlation func-
tion f��y� shown in Fig. 7 and F in Eq. �4�.

3. Velocity gradients

The velocity gradients play important role on flame front
and turbulence dynamics and their mutual interactions. In the
classical analysis of turbulent premixed flames, the influence
of the velocity gradient on the flame front dynamics appears
via the stretch factor or the Karlovitz number.50 Even in
strained laminar flames, the local velocity gradients are ob-
served to play a significant role.51 Equation �1� clearly shows
the important role played by the strain rate tensor eij on the
evolution of the local mixing rate.

Figure 8 shows the PDF of the strain tensor components
for the nonreacting and reacting cases corresponding to the
flame FA1. Three out of nine components of the strain tensor
are shown in Fig. 8 because only four components, exx, eyy,
exy, and eyx, are available from the experiments, and the
strain tensor is symmetric. For the cold flow case, the local
Kolmogorov time scale is used to normalize the strain rates,
whereas planar laminar flame time is used to normalize the
strain rate in the flame case. The Kolmogorov time scale is

obtained via t�̂
��u� /u�3�1/2, where u���vx
2+vy

2+vz
2. If

one knows the local Karlovitz number Ka, then it is straight
forward to go from one normalization to the other via, for
example, exx

+ =e
xx
* Ka, where the superscripts � and � denote

the normalization using the planar flame scale and the Kol-
mogorov scale, respectively. The typical local values of Ka
on the flame surface are observed to vary between 3 and 12
in the flames investigated here �see Fig. 9�a��. The results in
Fig. 8 are shown in a semilogarithmic plot to emphasize the
tails of the PDFs. If there is local isotropy in small scales,
then one would expect all three PDFs to fall close to each
other, as has been observed by Mullin and Dahm.29 The
PDFs here are very different to each other and they have
different statistical measures as noted in Table II, where the
mean, the rms �, the skewness S, and the kurtosis K, for the
strain tensor components are given. For a Gaussian PDF S
=0 and K=3. The values in Table II show that the PDFs
shown in Fig. 8 for the nonreacting case are not truly Gauss-
ian. This is because of the complex nature of the flow due to
the presence of shear layers, recirculation eddy, stagnation
planes, etc. It should be noted that the PDFs in Fig. 8 are
constructed using the complete data sets without delineating
the regions of the flow with strong and weak �or no� shears.
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It is known that the shear plays an important role on the
behavior of these PDFs.29 Since the interest here is to under-
stand the influence of heat release on the behavior of the
strain rate in an averaged sense, sheared and nonsheared flow
regions were not distinguished in the analysis. However, this
result is found to be consistent with earlier observations29

after considering the presence of shear and other complexi-
ties in the flow.

Figure 8�b� shows the PDFs for a reacting case and the
strain rate is normalized using the planar laminar flame time.
The statistical characteristics for the reacting case, FA1, are
given in Table II. The mean and rms values given in the table
are normalized using the average Kolmogorov time scale,
and they are obtained via eij

+ =e
ij
* Ka using the mean Karlov-

itz number Ka given in Table I. It is clear that the mean and
rms values are reduced by an order of magnitude because of
the dilatation caused by the flame. However, the strong ac-
celeration caused by the flame imparts due influences on the
local velocity gradients, and these effects have appeared via
the higher moments of the strain rates. The increase in the
negative skewness for exx is caused by of the flow reversal,
which leads to a high negative velocity gradient, as noted in
Fig. 6�a�. The values of S and K given in Table II for the
reacting case indicate that the flame strongly influences the

velocity gradient in the x direction, which goes across the
flame brush �see Fig. 5�. This observation is consistent with
what one would expect from the physics of turbulent pre-
mixed flames. Observations similar to those discussed above
are also noted for the other flames studied. However, it
should be pointed out that the relative changes in, rather than
the absolute values of, various measures given in Table II are
of interest to this study.

The discussion presented above clearly demonstrates the
effects of dilatation on the dynamics of large and small scale
fluid motions. These influences will obviously also affect the
scalar mixing characteristics. The predominant influence is
expected to come via the interaction of turbulence and the
scalar field in the premixed flame, and this interaction pro-
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cess involves the gradients of flow and scalar fields as noted
in Eq. �1�. Our attention will focus on this interaction in the
next section.

B. Flame related quantities

1. Combustion regime

Before discussing the results on the turbulence-scalar in-
teraction process, the regime of turbulent combustion in the
present experiments is established. It is traditional practice in
experimental studies of turbulent premixed flames to quote
values of Da and Ka based on the upstream turbulence con-
dition, usually taken at the center of the burner nozzle exit or
based on a cold flow characterization of the burner. This can
be an oversimplification from the combustion modeling point
of view, since the dynamics of turbulence-flame interaction
is dictated by the local competition between the fluid dy-
namic and chemical processes.19 Furthermore, it was noted
in the previous section that the local flow quantities can sig-
nificantly change due to dilatational effects. It should be re-
marked that the values of local Da and Ka are readily avail-
able in turbulent flame computations since the evolution
equations for turbulence quantities are solved. Thus, it is
believed that providing the local values of Da and Ka, if they
can be obtained, from turbulent flame experiments would be
of immense value to model development and to further our
understanding of turbulence-flame interaction. It was shown
in the previous section that the local turbulence quantities
were measured with an uncertainty of a few percent using
stereoscopic PIV, and hence one can easily estimate the local
Da and Ka values. These values are shown in Fig. 9�a� for a
typical flame. The Damköhler number is large near the
burner and decreases as one moves downstream along the
instantaneous flame contour, whereas the Karlovitz number
shows the opposite trend. The observed behavior is due to
the change in turbulence characteristics although the entrain-
ment of ambient air can alter the stoichiometry in the down-
stream regions. If one considers this effect also, then the

spread noted in Fig. 9�b� will shift further into low Da re-
gion. The behavior noted in Fig. 9 is expected, but the im-
portant point to note is that the local flame dynamics can
change significantly as one travels downstream and thus
combustion submodels should include local Da and Ka in
order to capture the dynamics of turbulence-chemistry inter-
action correctly.

A representative value for the Damköhler number can be
obtained by averaging the Da shown in Fig. 9�a� over the 75
images acquired and also spatially. These averaged values
are given in Table I as Da and Ka for all of the five flames,
which are typical of combustion in thin reaction zone
regime.21 If one plots the local values of Da and Ka on the
combustion regime diagram then there will be a cloud of
data points, as shown in Fig. 9�b�. Five different colors are
used to denote five spatial regions along the streamwise, y,
direction. The thick black line encloses the entire data from
all of the five flames investigated in this study, and the com-
plete data are within the thin reaction zone regime of
Peters.21 However, one should note that a considerable por-
tion of the data has Da�1, which can be classified as dis-
tributed combustion regime52 since the integral scales of tur-
bulence are smaller than the planar laminar flame scales.

From the OH-PLIF image used to identify the flame
fronts, one can extract the curvature of the fronts as noted in
Sec. II C 3. The PDF of flame curvature �not shown� peaks at
k�L

o =0 implying that the flame brush is statistically planar
and the PDF value at k�L

o = �0.5 drops almost symmetrically
to about one-tenth of its peak value for all the five flames
investigated here. The PDF becomes almost zero at k�L

o

= �1 which is similar to that observed in DNS studies.53

2. PDF of principal strain rates

Since the prime interest here is to investigate the align-
ment of the flame surface with the principal strain rates, the
PDFs of these strain rates for the reacting cases were studied
first. The results for the nonreacting cases are discussed ear-
lier. Figure 10 shows the PDF of the compressive, e1, and the
extensive, e2, principal strain rates. Note that there are only
two principal strain rates because the velocity gradient in z
direction is unavailable. If one uses a dual plane stereoscopic
PIV, then it is possible to obtain all three principal strain
rates, this will form a part of future work. However, this
limitation is less likely to influence the qualitative features of
these PDFs and the other results to be presented below. This
is because the flow is evolving in 3D space, and thus the
instantaneous velocities measured and the four components
of the strain rate tensor calculated naturally include the due
effects of the velocity gradient in z direction on the dynamics
of turbulence, flame, and their mutual interaction. One can,
however, expect some quantitative changes that may not alter
the conclusions drawn from the present results. Some sup-
port to this argument is also provided later by analyzing DNS
data.54

The PDFs of the principal strain rates for the turbulent
flames FA1, FA2, and FC1 are shown in Figs. 10�a�–10�c�,
respectively. The strain rates are normalized using the corre-
sponding planar laminar flame scales. As noted earlier, only

TABLE II. Typical effect of heat release on the mean, standard deviation
���, skewness �S�, and kurtosis �K� of the strain tensor components. The

strain rate is normalized by the Kolmogorov scale t�̂ and the values given
below are for the flame FA1 and the corresponding cold flow.

Component Statistics Nonreacting Reacting

Mean 0.24 0.03

exx � 7.85 0.91

S −0.20 −0.44

K 3.60 5.34

Mean 1.02 0.12

eyy � 7.05 0.55

S 0.01 0.14

K 3.32 3.60

Mean −2.60 0.78

exy � 10.00 1.38

S 0.09 −1.12

K 2.62 5.36
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two eigenvalues of the strain tensor matrix are available from
the measured quantities. As one would expect, the range of
these eigenvalues increases as the turbulence Reynolds num-
ber increases, which is indicated by the broader PDFs in Fig.
10�b� compared to those in Fig. 10�a�. Also, the most prob-
able eigenvalues normalized using the laminar flame time
increase from e1=−1.3 and e2=2.5 in the flame FA1 to e1

=−1.7 and e2=3.5 in the flame FA2. If the reactivity in the
flame is increased by increasing the stoichiometry as in flame
FC1, then the range of normalized principal strain rates act-
ing on the flame surface is reduced by nearly 60% as in Fig.
10�c�. This is because of the strong dilatational effects. A

typical scaling for the dilatation is either 	Da, if one uses the
integral scales of the turbulence, or 	 /Ka, if the Kolmogorov
scales are used, to normalize the dilatation. The flame FC1
has high Da and low Ka as noted in Table I, and thus the
local dilatation is strong leading to a reduction in the influ-
ence of fluid mechanical processes on the flame front. Con-
sequently, the principal strain rates acting on the flame sur-
face are reduced as in Fig. 10�c�, which also shows that the
most probable values of e1 and e2 are −0.5 and 0.63, respec-
tively. These values are smaller than the values for the flame
FA1, which has the same Re as the flame FC1. The average
values of e1 and e2 also decrease as Da increases. As one
would expect, the average values of e1 and e2 increase with
Re. A close inspection of Fig. 10 also reveals that the peak
values of e1 and e2 PDFs differ by about 10%, this difference
is deemed to be statistically insignificant by comparing it to
the experimental accuracy, which is estimated to be about
8%. The crossing of PDFs shown in Fig. 10 around the zero
value for the normalized strain rate is consistent with earlier
DNS studies.18,55

Figure 11 shows the PDFs of the three principal strain
rates, normalized using the corresponding laminar flame
scales, from a DNS flame54 with Da=6.8 and Ka=0.3 at the
start of the simulation. This flame has been used in a number
of earlier investigations, for example, see Refs. 18 and 19.
The typical PDFs in Fig. 11, extracted from a location inside
the DNS flame brush where the Favre averaged mean
progress variable is about 0.23, show attributes which are
consistent with the PDFs obtained from the experiment. The
most probable principal strain rate in the DNS case is lower
than �sL

o /�L
o� because of the low Re of the simulation. It is

also to be noted that the presence of the intermediate princi-
pal strain rate � in the analysis simply separates the PDFs of
the other two eigenvalues �the size of the overlapping region
around zero is reduced�. This is confirmed by calculating the
eigenvalues e1 and e2 of the submatrix of the strain tensor
matrix from the DNS flame. Thus, it is believed that the
conclusions drawn from this work are less likely to be lim-
ited by the absence of the third eigenvalue in the analysis.
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FIG. 11. PDF of principal strain rates, �, �, and �, in a typical reacting
region of a DNS flame �Ref. 54� The principal strains are normalized using
the planar laminar flame scales.
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3. Flame surface alignment with principal strain rates

Equation �1� shows that the influence of turbulence on
the evolution of the scalar gradient magnitude comes via the
inner tensor product of scalar gradient vector and the strain
tensor. Thus, the alignment between the flame normal vector
and the eigenvectors of the strain tensor plays an important
role. This alignment has been investigated in earlier studies
using DNS flames with the laminar flame scales either larger
or smaller than all the relevant scales of turbulence.6,19 These
studies showed that the gradient vector is more likely to
align with the most extensive strain rate when Da�1 and
Ka�1. Such an alignment is observed in the regions of in-
tense heat release when Da�1 and Ka�1, showing a strong
influence of the dilatation or the chemical strain rate on the
flame front dynamics.

The local alignment characteristics are obtained using
the eigenvectors of the strain tensor matrix and the flame
normals, obtained as discussed in Sec. II C 3. A typical result
is shown in Fig. 12 where the local values of Da and Ka are
also given. Figure 12�c� shows the magnitude of the cosine
of the angle between the flame normal and the compressive
eigenvector e1, whereas Fig. 12�d� shows the result for the
extensive eigenvector e2. The values in these two figures are
unsmoothed. The increased tendency for the flame normal to
align with the extensive strain rate is very clear. The role of
local competition between the chemical and fluid dynamic
process is also clear near y=40 mm, where Da�1 and the

flame normal aligns with the compressive eigenvalue e1. Fur-
thermore, the curvature, irrespective of its sign, is observed
to play a role and more detail on this point will be discussed
in the next subsection.

Using several of the instantaneous images shown in
Figs. 12�c� and 12�d�, one can construct the PDFs of the
flame normal alignment. These PDFs are shown in Fig. 13
for the flames FA1, FA2, and FB1. The PDFs shown contain
more than 2500 samples in each bin. The preferential align-
ment of the flame normal with the most extensive strain rate
is again clear, and this alignment is observed for all the cases
considered here. The increase in the alignment PDF for the
compressive strain near 
cos �

0.9 may be due to the ab-
sence of the third eigenvalue and its vector in the analysis.
However, it is to be noted that the PDF for the alignment
with the extensive principal strain rate is nearly two and half
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times larger than that for the compressive principal strain
rate. It is quite likely that this factor would increase further if
the third eigenvalue should be included in the analysis. How-
ever, this needs to be proven via further experiments.

C. Discussion

Using the results above and that published recently,18,19

one can say that the scalar gradients preferentially align with
the extensive principal strain rate in turbulent premixed
flames with Damköhler numbers greater than unity. Note that
the flame FA2 with Da=1, see Table I, also shows the align-
ment with the extensive strain rate. This alignment implies
that the isoscalar surfaces are pulled apart by the turbulence,
thereby decreasing the scalar gradients. This gradient de-
struction is aided by molecular diffusion and dissipation, de-
noted by the first and second terms on the right hand side of
Eq. �1�, while the scalar gradients are produced by the
chemical reactions. This was noted in earlier studies18,19 with
laminar flame scales either larger or smaller than the relevant
scales of turbulence. The results shown here suggest that
those physical phenomena also occur in turbulent flames
with Da�1 and Ka�1. The destruction of scalar gradient by
the turbulence observed in premixed flames is caused by
strong influence of dilatation on turbulence dynamics. Thus,
the use56 of exponential growth of a strained interface, rep-
resenting the flame, area in kinematic modeling of turbulent
premixed flames is not justified as the exponential growth
model is based on passive scalar turbulence, where the scalar
gradients are produced by the turbulence via pushing the
isoscalar surfaces together by the most compressive principal
strain.7 The influence of dilatation is usually considered to be
important only when the rms of the turbulent velocity fluc-
tuation is less than or equal to three times the planar laminar
flame speed,50,57 but here the influence of dilatation on the
alignment characteristics, thus on the small scale quantities,
is observed to persist even at u� /sL

o 
40. It is also well
known that the behavior of small scale quantities dictates the
behavior of large scale quantities.58 Thus, carrying over the
scaling laws and the physics of passive scalar turbulence to
the modeling of turbulent premixed flames cannot be justi-
fied fully and it can lead to potential pitfalls.

A popular approach to model turbulent premixed flame
is based on the kinematics of a propagative surface.21 In this
approach, the mean curvature of the flame surface appears as
an important parameter, and thus one can ask if the curvature
of the flame front plays a role in the alignment characteristic
observed above. It was already noted in Fig. 12 that the
curvature indeed plays a role on the alignment characteris-

tics. Explanation to this dependence can readily be obtained
from the existing knowledge in literature53,59 and using the
dilatation equation.6 This equation gives

� · u =
	

�u
��̇c + � · �� � c� = 	

�

�u

�c
Sd, �5�

relating the instantaneous dilatation, the gradient of c, and
the displacement speed Sd. The later two quantities are
known to correlate negatively with the magnitude of flame
curvature.59 Thus, the dilatation is expected to have a nega-
tive correlation with the curvature magnitude, and so the
influence of the dilatation on the dynamics of scalar-
turbulence interaction may become reduced in strongly
curved regions. Hence, one may expect a reduction in the
tendency of the flame normal to align with the extensive
principal strain rate, which is noted in Fig. 12. The alignment
PDFs conditioned on the flame front curvature are similar to
that shown in Fig. 13 with peaks near 
cos �

1. The ratio R
of the peak value of this conditioned PDF for the alignment
with the extensive principal strain rate to that for the com-
pressive principal strain rate is given in Table III. It is clear
that there is significant reduction in the alignment PDF for
the extensive principal strain rate. Such a change with cur-
vature is also noted in a study using DNS data.60 However, it
is to be noted that the ratio R is always greater than 1,
implying that the turbulence dissipates the scalar gradients
even in strongly curved regions in an average sense. The
combustion submodels or a model for the turbulent burning
velocity should include the physics implied by the alignment
characteristics since this characteristics dictate the physics of
scalar mixing.

IV. SUMMARY AND CONCLUSION

The influence of dilatation on the dynamics of turbu-
lence and scalar-turbulence interactions in premixed flames
has been studied via experimental methods. Five turbulent
premixed ethylene-air flames, stabilized by a bluff body and
located in the thin reaction zones regime,50 were investigated
using simultaneous OH-PLIF and SPIV techniques. The dy-
namics and geometrical characteristics of the flame front
were captured by the OH-PLIF technique, while SPIV pro-
vides the local fluid dynamic information. Care was taken to
ensure that the laser sheets for OH-PLIF and SPIV passed
through exactly the same plane of measurement, and also
that the PLIF and PIV images were aligned pixel by pixel
before extracting any quantitative information from the mea-
surement. The flame front was tracked using the Canny edge

TABLE III. Ratio R of the peaks of alignment PDFs, conditioned on flame curvature, of extensive to com-
pressive principal strain rates; k: curvature in mm−1.

FA0 FA1 FA2 FB1 FC1

R �unconditioned� 2.1 2.4 2.3 2.4 1.6

R �k=−1.0�0.2� 1.3 1.4 1.1 1.5 1.2

R ��k=0.0�0.2�� 2.8 2.7 3.0 3.0 1.8

R ��k= +1.0�0.2�� 1.4 2.0 1.2 1.3 1.2
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detection algorithm41 by detecting the maximum gradient of
OH. A local third order polynomial was used to represent the
flame front in order to obtain the flame curvature and its
normal. The velocities obtained from the SPIV images were
differentiated using Richardson extrapolation scheme to get
the strain rates eij. Since a single laser sheet was used for
SPIV measurement, only four out of nine components of eij

were available for analysis. Two eigenvalues, a compressive
and an extensive one, were obtained from the strain tensor
matrix at every pixel location. The informations on the mean
velocities, rms velocities, length and time scales of turbu-
lence, and velocity gradients were extracted for both the cold
and hot flows. The flame normal and the eigenvectors ob-
tained at every pixel were coprocessed to study their align-
ment.

The heat release from the turbulent flame strongly af-
fects the shape, size, and the characteristics of the recircula-
tion region behind the bluff body. The strong shear, �Vz /�x,
presented in the cold flow case is damped by the dilatation.
The strong acceleration of the flow across the flame and the
outward shift of the stagnation plane of the recirculating
eddy yields a negative cross stream velocity in the reacting
cases. These results are consistent with previous studies.26,47

The rms of velocity fluctuations within the flame brush is
observed to be larger than the corresponding cold flow val-
ues because of the intermittency in the flame front location.
The length and time scales of the turbulence are increased by
the heat release as one would expect. The predominant influ-
ence, on an average, of heat release on the Kolmogorov scale
is noted to come via the temperature dependence of the mo-
lecular viscosity. However, the local influence of heat release
on the Kolmogorov scale via the dilatational effects on tur-
bulence can be comparable to the molecular viscosity effect.
The mean and rms of velocity gradients are reduced in the
reacting flows for a given Reynolds number. The local flow
acceleration created by the flame front can skew the velocity
gradient PDFs and it can increase the kurtosis of these PDFs.

The dynamics of the scalar-turbulence interaction in pre-
mixed flames is observed to be completely different from
that of passive scalar turbulence. The flame normal is ob-
served to have high tendency to align with the extensive
principal strain rate which implies that the scalar gradients
are destroyed by the turbulence via pulling the isoscalar sur-
faces apart. This is contrary to the passive scalar turbulence
case, where the turbulence generates the scalar gradient by
pushing the isoscalar surfaces together. Thus, the use of pas-
sive scalar mixing models for turbulent premixed flames is
not valid. The above observations are consistent with DNS
studies,18,19 involving turbulent premixed flames having
laminar flame scales either larger or smaller than the relevant
scales of turbulence. In this study, the turbulent flames have
large Reynolds number and Damköhler and Karlovitz num-
bers which are typical of many practical flames. Based on the
results in Refs. 18 and 19 and in the current study, one can
conclude that the turbulence destroys the scalar gradient in
premixed flames if Da is large. This finding is contrary to
common practice followed in turbulent premixed flame mod-
eling. It must, however, be remarked here that the present
analysis involves only two eigenvalues because of current

experimental limitations. It is expected that the presence of a
third eigenvalue in the analysis is less likely to alter the
above conclusion. Another point to note is that the effect of
dilatation is persistent even at u� /sL

o 
40. Thus the combus-
tion submodels and models for the turbulent burning velocity
should include the dilatational effects appropriately. The
flames considered here have Lewis numbers close to unity. It
would be interesting to see if the same alignment persists
also for other Lewis numbers.
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