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Studies of a Turbulent Premixed Flame
Using CARS-LDV Diagnostics
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and
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An integrated Coherent Anti-Stokes Raman Spectroscopy/Laser Doppler Velocimetry (CARS/LDV) system
was used to make temporally and spatially resolved simultaneous velocity and temperature measurements in a
turbulent premixed conical flame. The reactive recirculating flow was characterized by statistical analysis of
temperature and velocity data. The resulting data base is presented in the form of contour maps to facilitate
quantitative and qualitative modeling evaluation. Comparison of combustion and noncombustion data was
carried out to assess the effects of heat release upon the recirculating flow. Nonsteady characteristics of the
flowfield were studied by means of the velocity spectra. The time scale obtained from spectral analysis was
compared with the thermal time scale evaluated from the thermal balancing analysis. The ratio of these two time
scales, which is equivalent to the global Damkohler number, was determined to be -0.4 for the lean flame
studied. Utilization of the combined nonintrusive laser diagnostics also allowed direct measurement of the
turbulent Prandtl number.

Nomenclature
Cd = drag coefficient
Ci,C2,CV = shape constants
d = stabilizer base diameter
D - inner diameter of annulus duct
Da = Damkohler number
/ = frequency
L = length of recirculation zone
Pr = Prandtl number
r = radial ordinate
r0 = radius of stabilizer base
RQ - inner radius of annulus duct
S = surface area of recirculation zone
St = Strouhal number
Tf = adiabatic flame temperature
TQ = temperature of incoming fuel-air mixture
A7 = Tf-T0
u = mean axial velocity
UQ = incoming freestream velocity
u' = root mean square (rms) of axial velocity
v = mean radial velocity
\y__ = rms of radial velocity
u'v' = axial velocity-radial velocity correlation
u'T' = axial velocity-temperature correlation
v' T' = radial velocity-temperature correlation
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(u'T'} = axial velocity-temperature covariance
(v'T'} = radial velocity-temperature covariance
V = volume of recirculation zone
z = axial ordinate
e = recirculation efficiency
\l/ = stream function
TC = thermal characteristic time
Tb = thermal characteristic time (reference)
Tm = flow characteristic time

Introduction

T HE mechanism of flame stabilization by a bluff body has
been under intensive investigation for many years.1'17 As

a result of these studies, several parameters have been identi-
fied that affect the stability of the premixed flame stabilized by
a bluff body. These parameters include stabilizer size and
shape, aerodynamic blockage, pressure, upstream temperature
and velocity, equivalence ratio, vitiation, freestream turbu-
lence, and fuel properties.1 Among these parameters stabilizer
size and shape and aerodynamic blockage ratio are directly
related to the stabilizer design and shall be referred to as the
design parameters. The effect of stabilizer shape upon flame
stabilization was taken into account by drag coefficient Cd as
suggested by Barrere and Mestre.2

As pointed out by Beer and Chigier,3 various experiments4-6

have demonstrated that bluff-body flame stabilization is
achieved by a continuous supply of heat carried by hot com-
bustion products from the reverse-flow zone into the main
flow. This process involves the recirculation zone, which acts
as the heat source, and the surrounding shear layer, where the
heat exchange occurs.7 If flame stabilization could be assumed
to be a steady-state process, then the characteristics of the
recirculation zone and the surrounding shear layer could be
related to the design parameters of the stabilizer.1'17 However,
recent studies of flame lifting, e.g., Chen et al.,18 have shown
that flame stabilization is a dynamic process. Some flame
destabilization factors such as local flow disturbance due to
azimuthal18 or spanwise12 inhomogeneity cannot be accounted
for by the global parameters mentioned earlier. The insuffi-
ciency of using those governing parameters to account for the
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dynamic behavior of flame stabilization was also indicated by
the experimental results of Stwalley and Lefebvre.12 There-
fore, detailed characterization of the dynamic properties of the
reactive recirculating flow is warranted for an assessment of
the new parameters that takes into account the dynamic flame
stabilization processes.

Some dynamic features of the turbulent reacting flow have
been accounted for by cross correlations of velocity and
scalars. Recent developments in integrated optical diagnostic
instruments have allowed the measurement of scalar-vector
correlations/In the present investigation, an integrated CARS-
LDV diagnostic system19 was utilized for measuring the tem-
perature and velocity correlations of a methane-air premixed
flame stabilized by a conical bluff body. Independent and
simultaneous temperature and velocity measurements were
made. The flowfield was then mapped two dimensionally by
means of the statistical properties of velocity and temperature.
A nonreacting flow with the same inlet velocity was also
mapped by velocity measurements to permit the effects of
combustion upon the recirculation flowfield to be examined.
The turbulent exchange of energy across the boundary of the
recirculation zone was directly measured, and the values were
used in performing a thermal-balancing analysis. The thermal
time scale obtained from this analysis was then compared to
the flow time scale obtained from spectral analysis of the
velocity data. As a result, a global Damkohler number and
turbulent Prandtl numbers were determined. This study will
aid in the evaluation of time-averaged and/or time-dependent
computational models of the reacting flowfield which, in turn,
may help reduce cut-and-try efforts in the design process.

Experimental
Flow Configuration

A schematic diagram of the conical stabilizer flow system is
shown in Fig. la. The premixed methane-air flame was stabi-
lized by a 45-deg conical stabilizer of base diameter d = 45 mm,
mounted coaxially at the exit plane of a circular pipe of inner
diameter D = 80 mm. This circular pipe supplied a premixed
methane-air mixture from a vertical combustion tunnel
mounted on a three-axis traversing platform.

The methane and air were mixed at an equivalence ratio of
0.57, which yielded an adiabatic flame temperature of 1600 K.
The inlet velocity of the mixture at the exit plane of the bluff
body was 10 m/s, which closely approaches the lean blowout
condition. Blowout will occur with further increase in inlet
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velocity. With the freestream velocity of 10 m/s, the resulting
shear layer surrounding the recirculation zone consists of co-
herent structures. The effects of these structures upon the
turbulent heat exchange between the recirculation zone and
approaching freestream through the shear layer can be investi-
gated. Figure Ib is a photograph of a bluff-body-stabilized
reacting flowfield. TiO2 particles from TiCl4-H2O reactions
were seeded into the freestream mixture to permit the interface
between the hot flame zone and the cold reactant to be viewed.
In this photograph, the coherent structures of the interface can
be clearly seen.

CARS-LDV System
The combined CARS-LDV20'21 system is shown schemat-

ically in Fig. 2. Since details of this system were given in Ref.
19, only the salient features will be mentioned here. In the
CARS system the frequency-doubled output from a Quanta-
Ray DCR-2 Nd: YAG laser was used to pump a broadband dye
laser and was also used as the pump frequency in the CARS
process. Maximum spatial resolution was achieved by reducing
the intersection volume of the pump and probe beams via a
folded BOXCARS22 arrangement. The length of the probe
volume along the major beam axis was measured to be 0.8
mm. Time resolution of the CARS instrumentation is 10 ns,
which is the width of the laser pulse. The receiving optics
utilize a splitter arrangement to extend the dynamic range of
the detector, which allows study of the temperature in the
range 300-2300 K. At low temperature the CARS system typ-
ically displays a precision for repeated single-shot temperature
measurements of 80 K and an accuracy in time-averaged tem-
perature measurements of 10 K. In the high-temperature re-
gion, the signal from the hot band of the CARS spectra is
strong and results in a precision of <60 K.

The LDV system was built by Lightman et al.23 and is a
two-component real-fringe system based on polarization sepa-

PREMIXED FUEL-AIR MIXTURE

Fig. la Schematic diagram of axisymmetric premixed flame burner
with 45-deg conical stabilizer (d = 45 mm). Fig. Ib Premixed flame stabilized by conical stabilizer.
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Fig. 2 Optical arrangement of integrated CARS-LDV instruments.

ration of the velocity components. The 514.5-nm line from a
Spectra-Physics argon-ion laser was used as the light source,
with 0.5-jLtm-diameter alumina (A12O3) particles serving as the
scattering medium. The Doppler burst was collected in the for-
ward direction slightly off-axis (=10 deg). Dual Bragg cells
having a 5-MHz frequency difference were employed to re-
move directional ambiguities and maintain the Doppler burst
frequencies in an optimum range for the velocities under
study.

The CARS and LDV instruments were aligned head-on.
Since they have no common optics, they can be operated sep-
arately or jointly without interference. Three LDV beams and
three CARS beams were crossed and aligned through a 100-/mi
aperture. The simultaneity of the CARS and LDV measure-
ments was achieved jointly by hardware interfaces and soft-
ware. For joint CARS-LDV measurements, a common clock is
used; when a measurement is made, both temperature and
velocity data are tagged with time. Three operational modes
are available.19 One of these modes allows an optimum coinci-
dence time of 4 jits; however, an extremely low sampling rate
results from the use of this narrow window. Therefore, for the
present study the width of the window was set at 250 /AS; thus,
the value of simultaneity was ~ 100 fj,s on the average, with a
data-sampling rate of — 3 Hz. This simultaneity was adequate
for correlating the temperature and velocity for the reacting
flowfield studied, which had a reference velocity of 10 m/s and
a dominant frequency of < 600 Hz. Due to the lower coinci-
dence rate 1500 joint data points were taken at each measure-
ment location. Higher data rates are possible with a higher-
density seed; however, this increases the possibility of particle
breakdown, which will invalidate the CARS data.

For the independent measurements, the CARS instrumenta-
tion takes data at a 10-Hz rate and the LDV at an average rate
of 2000-4000 Hz. Therefore, 4096 data points were recorded at
each measurement location. Except for the joint temperature
and velocity data presented in the last part of the Results and
Discussion Section, all the velocity and temperature data pre-
sented were taken independently. Statistically, using 4096 data
points, the associated standard error for the averages and stan-
dard deviations is 1A/4096 (=1.56%). The data were statisti-
cally analyzed, resulting in mean, root mean square (rms),
skewness, kurtosis, correlation coefficients, Reynolds stresses,
joint probability distribution functions (PDF), and condi-
tional averages. Radial scans were made at more than 10 axial
locations for the construction of the contours presented in this
paper.

Results and Discussion
Due to the massive amounts of data acquired by the comput-

erized data acquisition system, only those results that help
explain the major observations of the flame studied will be
presented here. Detailed data such as inlet velocity and temper-
ature profiles have been documented following the suggestion
of Strahle,24 Libby et al.,25 and Sturgess et al.26 In this section
the velocity statistics for the reacting and nonreacting flow-
fields are presented, followed by the temperature statistics for
the reacting flowfield. Next, information on the spectral anal-
ysis of the velocity field inside the recirculation zone is given.
Finally, the joint velocity-temperature measurements are dis-
cussed.

Velocity Statistics for Reacting and Nonreacting Cases
Knowledge of the flow pattern in the bluff-body recircula-

tion zone is important to the understanding of flame stabiliza-
tion.3'4'7'10'13 Contours of various velocity statistics are pre-
sented in this section to depict the main features of the flow
pattern. The noncombusting and combusting results are
shown side by side to facilitate direct comparison for assessing
the effects of combustion upon the turbulent flowfield.

One method of displaying the flow pattern is to measure the
stream function, defined as27

Ro
u-rdrl\ u-rdr

o / J o
(1)

representing the volume flow rate, where u is the axial velocity
and RQ is the radius of the annulus duct. From this definition
the total volume flow is 1.0. Figures 3a and 3b show the stream
function of cold and combusting flows. The velocity vectors
of these flows are shown in Figs. 4a and 4b, respectively. The
minimum value of the stream function defined in Eq. (1) is
-0.077 for the cold flow and -0.126 for the combusting
flow, indicating that the recirculated flow volume for the com-
busting flow is about twice that for the cold flow. Conse-
quently, the length L of the recirculation zone is increased
from 52 mm (L/d = 1.15) for the cold flow to 98 mm (L/d
= 2.17) for the combusting flow. The volume-flow increases
via thermal expansion due to combustion should be more than
tripled. The fact that the volume is doubled rather than tripled
means that the mass entrained into the recirculation zone for
the combustion flow is less than that entrained for the cold
flow. This reduced entrainment is consistent with the fact that
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the inward radial velocity for the combusting flow is smaller
than that for the cold flow, as will be shown in Figs. 6a and 6b.

The mean velocity results can also be used to indicate the
recirculation efficiency e of a flame holder by defining e as

e = max| - I u - r dr (2)

where UQ is the incoming freestream velocity and r0 the radius
of the bluff body. By this definition, the recirculation effi-
ciency is 18% for the cold flow and almost doubled to 35% for
the combusting flow.

Figures 5a and 5b show the contours of the axial velocity for
the cold and combusting flowfield. The contours of the radial
velocity are shown in Figs. 6a and 6b. The rms values of the
axial and radial velocity fluctuations are shown in Figs. 7 and
8, respectively. Reynolds stresses were represented by the value
of the correlation coefficients and are shown in Fig. 9. After
examination and comparison of Figs. 3-9, a general obser-
vation can be made. Inside the recirculation zone, the velocity
field contains two stagnation points—one corresponding to
the center of the toroidal vortex core and the other represent-
ing the tip of the recirculation zone (see Figs. 3a and 3b). Thus,
the velocity field is very complicated and contains a variety of

interesting features associated with these two stagnation
points.

Comparison of noncombustion and combustion data indi-
cates that combustion has doubled the length of the recircula-
tion zone and increased the magnitude of the maximum re-
versed axial velocity from 3.9 to 6.0 m/s (compare Figs. 5a and
5b). Although the velocity contours are stretched axially by
combustion, the shapes are very similar, as can be seen from
Figs. 3-6. The radial velocity measurements have exhibited
some striking results relative to the flame affecting the flow
entrainment. The maximum outward radial velocity of 2.1 m/s
was found to occur near the tip of the bluff body for both the
combusting and noncombusting cases. This can be explained
by the geometry and inlet velocity being the same for both
cases. However, the maximum magnitude of the inward radial
velocity is 2.8 m/s for the cold flow and 1.4 m/s for the com-
busting flow. This maximum entrainment occurs at the axial
station where the end of the recirculation zone is located (see
Figs. 6a and 6b). The decreases of the inward radial velocity
may be due to several adverse effects that reduce the entrain-
ment. First, thermal expansion has a tendency to expand the
volume of the hot products inside the recirculation zone and
create an outward velocity that will suppress the inward veloc-
ity. Secondly, the temperature gradient due to the flame is
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Fig. 7 Measured contours of rms axial-velocity fluctuations for
a) cold flow and b) reacting flow.

a) 0 25 b)

RADIAL POSITION (mm)

25

Fig. 9 Contours of correlation coefficients of axial and radial veloc-
ity for a) cold flow and b) reacting flow.

1.60

b) °

RADIAL POSITION (mm)

25

$500

b) °

RADIAL POSITION (mm)

25

Fig. 8 Contours of rms radial-velocity fluctuations for a) cold flow
and b) reacting flow.

Fig. 10 Contour of mean temperature in range a) 500-1550 K and
b) 1500-1590 K.

opposed to the axial-velocity gradient and will cause a reduc-
tion in the strength of the vortex, which is driven by the veloc-
ity gradient. In addition, the increased kinematic viscosity will
further reduce the local vortex strength to reduce the vortex-in-
duced entrainment.

The magnitude of the rms velocity for the axial and radial
components is not significantly affected by combustion. The
maximum rms axial velocity «' for the cold flow is 2.62 m/s
and increases to 2.99 m/s for the combusting flow. On the
other hand, the maximum rms radial velocity v' for the cold
flow is 2.83 m/s and decreases to 2.44 m/s for the combusting
flow. Note that combustion has reduced the value of v' at the
tip of the recirculation zone from 2.6 m/s for the cold flow to
1.8 m/s for the combusting flow. This amounts to a 30%
reduction of v' due to combustion.

The contours of the Reynolds stresses, shown in the form of
correlation coefficients, exhibit a strong similarity between the
cold flow and the combusting flow. The maximum magnitude
of the correlation coefficients is —0.54 for the cold flow and
-0.60 for the combusting flow. This high correlation is be-
cause the flow is dominated by two-dimensional features of the
toroidal vortex. For the swirling flow, which is highly three-
dimensional, the correlation coefficient is measured to be

~ 0.25.27 The contour of the maximum correlation is stretched
significantly away from the area downstream of the core of the
toroidal vortex. The area enclosed by the stretched maximum
contour line may be the area through which the shed toroidal
vortex travels. By comparing Figs. 9a and 9b it is found that
the route taken by the shed toroidal vortex is very similar for
the cold and combusting flows.

Temperature Statistics
The contours of the mean and rms temperatures are shown

in Figs. 10 and 11. Unlike the complicated velocity flowfield,
the temperature inside the recirculation zone is uniform at
~ 1500 K. This observation confirms the assumption that the
thermal field behind a bluff body is well mixed and uniform.
This could be associated with the fact that the flame front only
brushes the shear-layer region surrounding the recirculation
zone and, after crossing the flame brush, the recirculated gas
consists mainly of burned hot products. The difference be-
tween this temperature and the adiabatic flame temperature,
1600 K for the mixture applied in this study, is around 100 K
and confirms the observations made by other researchers.1 The
contours of rms temperature shown in Fig. 11 also indicate
that the temperature fluctuation is smaller than 100 K inside
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the recirculation zone. The maximum temperature fluctuation
is ~ 600 K and occurs in the flame-brushing area in the same
axial location as the tip of the recirculation zone (one of the
stagnation points). At the same axial location, the radial veloc-
ity reaches its minimum value of —1.4 m/s, which indicates
maximum entrainment. The ample entrainment of fresh mix-
ture into the stagnation point maintains a local higher temper-
ature regime, as shown in Fig. lOb. In this figure, temperature
contours in the temperature range 1500-1600 K give a more
detailed picture of the temperature profile inside the recircula-
tion zone. The more detailed temperature fluctuation ranging
from 60 to 100 K is shown in Fig. lib. This figure indicates
that the temperature fluctuation actually reaches its minimum
around the core of the recirculation zone and yet pertains to a
large v', as shown in Fig. 8b.

The effects of flame brushing on the thermal field can be
demonstrated by the PDF of the temperature across the flame
zone. Figures 12a-12d show the temperature PDFs along the
radial direction at various downstream locations. Inside the
flame zone, the temperature statistics showed distinct bimodal
distributions as a result of flame brushing. However, the veloc-
ity field showed no evidence of bimodal distribution. This
implies that the velocity and temperature are transported with
different "efficiencies" across the sheared flame zone via the
coherent structures as well as flame flapping.

From these PDF contours, it is found that away from the
bluff body the maximum temperature is populated — 1500 K
inside the recirculation zone and rises to ~ 1600 K at the flame
zone. However, in the flame zone, the intermittency results in
a mean temperature lower than that in the inward area adja-
cent to the flame. Near the bluff-body surface, z = 2.5 mm, the
maximum temperature is populated at a lower value around
1450 K. Therefore, along the flame brush, the temperature
peaks at a location away from the edge of the bluff body. The
local maximum temperature is referred to as the temperature
bulge,28 and its appearance indicates the occurrence of flame
development. Other factors contributing to a lower maximum
temperature are as follows: 1) the velocity gradient is highest
near the edge of the bluff body and the flame might be sub-
jected to larger stretching along the flame surface, 2) the tem-
perature gradient is also highest, and 3) heat is being trans-
ferred to the bluff body. As a result, convection and con-
duction both contribute to the temperature being at a lower
maximum value.

Spectral Analysis
The unsteadiness of the reacting flow behind the bluff body

can be characterized by temperature and/or velocity fluctua-
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tions. Since the temperature is measured to be rather uniform
and velocity to be strongly fluctuating, the spectra of the veloc-
ity fluctuations are used to show the flow unsteadiness. For
spectral analysis, velocity data were taken independently of
temperature data to achieve a high sampling rate, 2000-4000
Hz. Figure 13 shows the velocity spectra along the axial loca-
tions z/d = 0.66 and 2.22. At z/d = 0.66, the velocity spectra
exhibit two peaks corresponding to frequencies of 15 and 40
Hz. At z/d = 2.22, near the end of the recirculation zone, only
one spectral peak occurs, corresponding to a frequency of 40
Hz. This distinct peak corresponds to the unsteady oscillation
with a Strouhal Number St=fd/u0 of 0.18, where / is the
frequency, d the fluff-body diameter, and UQ the mean annulus
inlet velocity. This Strouhal number agrees with values ob-
served17'29 for vortex shedding ranging between 0.18 and 0.22.

Near the nozzle tip, the initial vortex is smaller (see Fig. 2b)
and has a shedding frequency at 580 Hz, which is very close to
the initial frequency of an axisymmetric air jet with a jet veloc-
ity of 8.0 m/s. After the reactant mixture flows through the
flame brush and circulates into the recirculation zone, it loses
its initial shear-layer identity. The frequency of 40 Hz is much
lower than the initial frequency and corresponds to the shed-
ding (or circulating cycle) of the toroidal vortex, which is the
core of the recirculation zone. The flow characteristic time
rm=25 ms (1/40 Hz) can then be considered as the time re-
quired by the flow to refresh the recirculation zone.
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Joint Temperature and Velocity Measurement
Figure 14 shows the measured velocity-temperature covari-

ances (u' T'} and (v'T'). These co variances are the normalized
correlation coefficients of the velocity-temperature correla-
tions u'T' and v'T'. Since the joint correlations u'T' and
v'T' are the measure of the turbulent exchange of the thermal
property across the flame zone, the characteristic time re-
quired for the flow inside the recirculation zone to be refreshed
can be estimated by the heat-balance analysis as follows. In
this analysis the surface S and volume V of the recirculation
zone are involved. These two quantities can actually be com-
puted from the measured contours of the stream function
shown in Fig. 3. However, for dimensional analysis purposes,
let us use the radius of the bluff body rQ and the length of the
recirculation zone L to compute the surface and the volume as

surface area: S = C\ • (2ir/o) • L

volume: F=C2-Orr0
2)-L (3)

The thermal characteristic time TC can be defined as

TC=(volume-A r)/(sur face

= [V-(Tf-T0)]/(S'VT')

Combining Eqs. (3) and (4), one obtains

- r0)]/(C1 - 2 -TT

(4)

Fig. 13 Spectral density function of radial-velocity fluctuation at tip
of recirculation zone.

= Ck • TJ) (5)

where Ck = C2/Ci is a shape constant. The remainder of the
terms on the right-hand side of Eq. (5) have the same unit as
time and are designated as rb. The value of this time scale was
0.066 s using the measured value of v'T', which is typically
200 (m/s -K) in the flame zone. As shown previously, the flow
characteristic time rm is 0.025 s. Therefore, the value of Ck is
0.38, provided the flow time is equal to the thermal time.
Consequently, this measured constant can be used to estimate
the turbulence exchanges, provided their direct measurement is
not possible. In this analysis the length of the recirculation
zone L is cancelled. This implies that the aerodynamic perfor-
mance of the bluff body can be characterized by the bluff-
body diameter and a shape factor related to the bluff-body
design parameters. If the value of u'T' is used instead of v'T'
in the preceding calculation, Ck will be 0.6. The value of Ck in
the range 0.38-0.60 is of the same order as the value of the
drag coefficient Cd. Thus, one may conclude that Barrere and

co a— u'T'/(u'rms-T'rms)

•— v'T'/(v'rms-T'rms)
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Fig. 14 Measured correlation coefficients for temperature and veloc-
ity, radial scans at z = 40 mm.
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Fig. 15 Measured turbulent Prandtl number across flame at
z = 40 mm.
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Mestre's2 approach to the use of Cd to govern the shape factor
is indeed a valid one.

The Damkohler number, which is the ratio of the flow mix-
ing time and the chemical reaction time,

Da = rm/rb (6)

has been related to the flame stabilization criterion.1'9'10 For
the lean flame studied, the global Damkohler number defined
in Eq. (6) is measured to be -0.4. Since the flame was oper-
ated in the near-blowout regime this value may be a critical
Damkohler number for flame blowout.

In modeling the reacting flow the value of the turbulent
Prandtl number is needed to relate the transport of the thermal
property to that of the momentum. The turbulent Prandtl
number is defined as the ratio of the momentum diffusivity to
the thermal diffusivity,30

Pr = \irv7/(du/dr)]/[UrT7/(dT/dr)] (7)

This number can be measured directly since all the terms in Eq.
(7) are directly measurable by the integrated CARS-LDV tech-
nique. Figure 15 shows the profile of the turbulent Prandtl
number at an axial location of z = 40 mm where the toroidal
vortex is located at the same height. Across the flame-brush
region the measured Prandtl number, which ranges from 0.55
to 0.8, is less than unity. Thus, the turbulent momentum diffu-
sivity is smaller than the turbulent thermal diffusivity in this
region.

Conclusions
The combined CARS-LDV technique has been shown to be

an ideal tool in the study of the reactive recirculating flowfield.
In spite of the high degree of technical difficulty and very low
sampling rate, its capability to provide precise and simulta-
neous temperature-velocity data makes it a good instrument
for generating a benchmark-quality database. Its ability to
distinguish measurement bias due to LDV seeding and per-
form conditional sampling has been realized. The results ana-
lyzed by conditional sampling will be reported in the near
future.

The following conclusions were drawn concerning the char-
acter of recirculating flows:

1) Inside the recirculation zone, the velocity field contained
two stagnation points—one corresponding to the center of the
toroidal vortex core and the other representing the tip of the
recirculation zone. The temperature distribution was found to
be uniform inside this zone. However, near the tip of the
recirculation zone, the temperature is slightly higher than in
the other locations.

2) Comparison of combustion and noncombustion data in-
dicates that combustion has doubled the length of the recircu-
lation zone and increased the magnitude of the maximum re-
versed axial velocity from 3.9 to 6.0 m/s. Although the
velocity contours have been stretched axially by combustion,
the shapes are very similar.

3) The entrainment of freestream gas into the recirculation
zone has been reduced by the occurrence of combustion. The
maximum inward radial velocity for the cold flow is 2.8 m/s
and decreases to 1.4 m/s for the combusting flow.

4) In the flame-brushing region, the turbulent heat fluxes
are highest, and the maximum magnitude of the correlation
coefficients for velocity and temperature is —0.35. The maxi-
mum magnitude of the correlation coefficient for the axial and
radial velocity is —0.6.

5) Inside the flame zone, temperature statistics showed dis-
tinct bimodal distributions as a result of flame brushing. How-
ever, the velocity field showed no evidence of bimodal distri-
bution. This implies that the momentum and heat are
transported differently across the sheared flame brush. As a
result, the turbulent Prandtl number was measured to be less

than unity. The measured turbulent Prandtl numbers are in the
range 0.55-0.8.

6) The toroidal vortex is shed at 40 Hz. The associated
characteristic time is then 0.025 s. The thermal characteristic
time is measured to be 0.066 s. This results in a global Dam-
kohler number of — 0.4. This may be the critical Damkohler
number for the lean blowout because the flame was operated
in a lean blowout regime.
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