Mechanism of Flame Stabilization in Turbulent,
Lifted-Jet Flames
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Particle image velocimetry was used to study the velocity field in the stabilization region of lifted, turbulent
CH,-jet flames over a range of Reynolds numbers from 7000 to 19,500. Measured velocities at the flame base
are considerably below the turbulent flame speeds derived from previous studies and show a dependence on the
Reynolds number. The average velocity at the stabilization point is nearly a factor of five below the premixed
laminar burning velocity at the lowest Reynolds number and asymptotes to a value about 20% higher as the
Reynolds number is increased. Planar images of OH show that the flame zone structure near the stabilization
point is also highly dependent on the Reynolds number. Comparison of the present OH images with previous
CH,, Raman imaging results shows that the flame thickness is determined by the width of thc flammable region.
At a low Reynolds number, the flame is stabilized near the jet exit where the flammable layer is thin, resulting
in a thin flame zone. At an increased Reynolds number, the stabilization point is located farther downstream
where the flammable region is wider, resulting in a correspondingly wider flame zone. It is proposed that the
lower velocities observed at the flame base are related to thinning of the flame zone at low Reynolds, which
results in greater curvature of the flame base. The increased flame curvature effectively defocuses the transport
of heat and flame radicals to reactants upstream of the propagating flame front, resulting in reduced burning
velocities. The implications of these results for mechanisms controlling turbulent flame stabilization, with an
emphasis on the applicability of triple flame concepts to turbulent flows, arc discussed. © 1998 by The

Combustion Institute

INTRODUCTION

Flame stabilization is an issue of considerable
fundamental importance to turbulent combus-
tor design. This importance is highlighted by the
recent emphasis on low NO, burners, where
flame stability is often adversely affected by
NO, reduction strategies. Flame stabilization
theories generally recognize the importance of
local ignition, flame propagation, extinction,
and reignition phenomena as factors controlling
flame stability. These theories have in large part
been developed based on experimental observa-
tions in turbulent, lifted-jet flames. Lifted
flames include many of the fundamental mech-
anisms controlling flame stabilization in practi-
cal burners, yet are also well-characterized fluid
dynamically.

Theories for lifted flame stabilization have
been reviewed by Pitts [1]. Early theories were
based on the concept of premixed flame prop-
agation. Vanquickenborne and van Tiggelen [2]
proposed that in lifted flames the fuel and air
are premixed prior to ignition and that stabili-
zation occurs where the local flow velocity along
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the stoichiometric contour is equal to the tur-
bulent flame speed. Based on time-averaged
velocity data, and the assumption that the tur-
bulent burning velocity, $,, equals the time-
averaged gas velocity at the stabilization point, a
relation was obtained for $, as a function of
turbulence intensity and turbulence scale. Mea-
surements showed that S, can be up to four
times higher than the premixed laminar flame
speed over the range of conditions studied.
Flame extinction forms the basis for several
more recent theories. Peters and Williams [3]
have argued that the fuel and air are not
premixed at the flame stabilization point and
that liftoff can be explained in terms of laminar
flamelets in which extinction occurs where the
local value of scalar dissipation exceeds a criti-
cal value and the flame is quenched. The flame
is stabilized where scalar dissipation is below
this critical value. Extinction has also been
proposed by Byggstoyl and Magnussen [4] as the
mechanism controlling flame stabilization. In
this model, stabilization is determined by extinc-
tion at the smallest turbulence scales.

Previous single-shot images of the instanta-
neous CH and CH, distributions in lifted, tur-
bulent CH,-jet flames were used to evaluate
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Fig. 1. Schematic of a laminar triple flame propagating into
a fuel concentration gradient. Flame structure is indicated
by isocontour line of reaction rate. The bottom graph shows
profiles of the horizontal velocity component along stoichi-
ometric line for a propagating triple flame (—) and a planar
premixed flame (- - -). From Ruestch et al. [7].

current theories on lifted-flame stabilization [5].
It was found that local stoichiometry, and not
scalar dissipation, is the primary factor control-
ling flame stability. Specifically, the fuel and air
were found to be premixed and near stoichio-
metric conditions at the flame stabilization
point, which is consistent with premixed flame
propagation concepts [2]. In a subsequent pa-
per, a double-pulse technique for simultaneous
CH and CH, imaging was developed to study
the temporal evolution of flame interactions
with vortical structures in the lifted flame [6].
The results showed that interactions between
these vortical structures and the flame play an
important role in flame stabilization. Extinction
was found to occur along both the downstream
edge of the vortices and on the upstream side.
Once the flame is extinguished, the stabilization
point can be carried significant distances down-
stream by the vortex. The return to an upstream
stabilization location occurs through turbulent
premixed flame propagation with minimal vor-
tex interaction.

A current question of much interest is
whether triple-flame concepts are relevant to
flame propagation in turbulent reacting flows [7,
8]. As shown in Fig. 1, triple flames occur when
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a flame propagates through a fuel concentration
gradient. In the case shown, the flow is uniform
and the fuel/air mixture varies from a fuel-lean
mixture on the top to a fuel-rich mixture on the
bottom. Near the center, a stoichiometric mix-
ture of fuel and air exists. This situation results
in the formation of a fuel-lean premixed flame
branch extending toward the top and a fuel-rich
premixed flame branch extending toward the
bottom. These branches are curved since the
flame speed decreases as the mixture moves
farther away from stoichiometric conditions. A
diffusion flame also forms behind the premixed
flame branches along the stoichiometric line.
This diffusion flame is supported by excess air
from the lean premixed flame branch and excess
fuel from the rich premixed flame branch. Far-
ther downstream, fuel and air from outside the
premixed flame envelope diffuse inward and
further support the diffusion flame.

An important characteristic of triple-flame
behavior is that the flow streamlines diverge
upstream of the propagating flame. This is
shown in Fig. 1, where the streamlines diverge
as the flow approaches the leading edge of the
triple flame. Calculations have shown that this
divergence is due to acceleration of the velocity
component normal to the premixed flame
branches, which requires that the flow upstream
diverges. The bottom graph in Fig. 1 shows the
variation of the axial velocity component, nor-
malized by the planar premixed laminar burning
velocity, S,, along the stoichiometric line.
Shown for comparison is the velocity profile
through a planar premixed laminar flame. With
the triple flame, the upstream flow velocity
decelerates due to divergence as the flame is
approached and reaches a value equal to S, at
the flame leading edge. The flow then acceler-
ates across the flame due to volume expansion
and asymptotically approaches a downstream
value that depends on the gas density ratio
across the flame.

The applicability of the triple-flame concept
to lifted-flame stabilization was recently ex-
plored by Muniz and Mungal [9]. In that work,
planar imaging velocimetry (PIV) was used to
study the velocity field at the base of turbulent,
lifted methane and ethylene jet diffusion flames
in coflow air. A range of Reynolds numbers
from 3800 to 22,000, with coflow air velocities
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between 0.27 m/s and 1.85 m/s, were studied.
The results showed that the flame base is stabi-
lized primarily in low-velocity regions of the jet.
They further found that conditional velocities at
the flame base are typically less than three times
the laminar flame speed. Since these measured
velocities are considerably below previously de-
termined turbulent flame speeds, it was sug-
gested that turbulent flame speed concepts are
not representative of stabilization physics and
should be reexamined. It was concluded that at
the flame base the results were consistent with
the presence of a leading-edge flame with char-
acteristics similar to a triple flame.

The present paper is intended to both con-
firm and extend this previous work by Muiiz
and Mungal. The present study considers a free
jet into ambient air with no coflow. The mea-
surements were obtained in flames studied pre-
viously so that the results of these previous
studies can aid in the interpretation of the
present results. The Reynolds number range
considered by Muiiz and Mungal was extended
to a higher Reynolds number of 19,500 in the
methane flames. In addition, Planar Laser-In-
duced Fluorescence (PLIF) imaging measure-
ments of the OH radical were obtained to
provide information on the flame structure in
the stabilization region. In the remainder of the
paper, the experimental system will be de-
scribed and selected experimental results will be
presented. The PIV data will first be presented
and used to characterize the velocity statistics at
the instantaneous flame stabilization point. Pla-
nar images of the OH distribution will then be
used to describe variations in flame zone struc-
ture with Reynolds number. Finally, the impli-
cations of the results with respect to the exis-
tence of triple flames in these flows will be
examined.

EXPERIMENTAL SYSTEM
Burner Description and Flow Conditions

The burner consisted of a 5.4-mm diameter fuel
jet located in the center of a plate. Methane was
injected through the central fuel tube into sur-
rounding still air. Measurements were obtained
at jet exit velocities of 21, 37, and 60 m/s,

corresponding to jet exit Reynolds numbers of
7,000, 12,000, and 19,500, respectively. These jet
exit velocities are well below the flame blowout
velocity of about 90 m/s. Photographs of the
lifted flames studied are shown in Fig. 2. At the
lowest jet velocity (Fig. 2a), the visible flame is
lifted and stabilized at an axial position, x,
approximately 30 mm downstream of the burner
face. The upstream part of the flame is blue and
becomes yellow due to soot formation farther
downstream. At the higher velocity of 37 m/s
(Fig. 2b), the flame is stabilized farther down-
stream at an average liftoff height of 80 mm.
The flame is blue over its entire extent with no
visible soot formation. The visible flame at 60
m/s (not shown) is nearly identical to Fig. 2b
except that the average lift-off height is 135 mm.

Particle Image Velocimetry System

A schematic of the Particle Image Velocimetry
(PIV) system is shown in Fig. 3. The technique
uses the 532-nm output of a double-pulsed
Nd:YAG laser to illuminate Al,O; seed parti-
cles (nominal 0.3 um diameter) added to the
flow. With this double-puise option the time
delay between pulses could be varied from 15 us
to 200 us. Typically, a laser power of 65 ml/
pulse was found sufficient for the measure-
ments. The laser beam is formed into a sheet
approximately 250-um thick using cylindrical
optics and subsequently passed through the test
section. Mie-scattered light from the seed par-
ticles is detected using a CCD video camera
with a 1000 X 1000 pixel array (TSI Model
630045 Cross-correlation Camera). Particle im-
ages corresponding to the two laser pulses are
recorded on sequential video frames using a
frame straddle technique. Average particle dis-
placement is calculated from the images using a
cross correlation analysis and the velocity is
then determined from this displacement and the
known time between laser pulses. In all data
reduction calculations, 32 pixels per interroga-
tion spot were used, with the spot size variable
depending on the size of the imaged field-of-
view. For full-field images (50 X 50 mm field-
of-view), this gave an interrogation volume of
1.6 X 1.6 X 0.25 mm. For the 20 X 20 mm
field-of-view used to determine the velocities in
the region of the flame stabilization point, the
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Fig. 3. Schematic of planar imaging velocimetry system.

interrogation volume was 0.65 X 0.65 X 0.25
mm.

Seed particles in the fuel jet were supplied by
a fluidized bed seeder. A cyclone separator
located after the seeder effectively removed
particle agglomerates and provided a more uni-
form size distribution. The addition of seed
particles to the surrounding air was more diffi-
cult since it was desired to study the behavior of
a free jet, i.e., a jet into still air. Several ap-
proaches were tried to determine the most
effective method of adding seed particles to the
air. Initially, the use of coflow air was consid-
ered. Visual observations showed that for air-
to-jet velocity ratios, U,/U,, less than 0.002 no
change in flame lift-off height was observed (the
jet lift-off height increased significantly with
increasing air velocity once this velocity ratio
was exceeded). Velocity measurements further
showed that below this velocity ratio the jet
behaved essentially as a free jet. The main
difficulty with this approach was found to be
operation of the fluidized bed seeder at the
required low air flow rates, where it was often
difficult to maintain sufficiently high seed den-
sities in the air stream.

An alternative approach was to ignite the
flame with a sufficiently high coflow air velocity
to obtain a high seed density in the air stream.
Once steady state was reached, the air flow was

rapidly shut off. Observations showed that while
the flame returned to steady state within about
one second, the settling time for the seed par-
ticles in the air was significantly longer. Thus,
the seed particles remained in the air surround-
ing the jet for several seconds, during which
time they were entrained into the fuel jet. The
particle images were obtained during the time
interval in which the lifted flame had achieved
steady state and there was sufficient seed parti-
cles in the entrained air. Radial and axial veloc-
ity profiles obtained by averaging the images
showed good agreement with the expected free
jet behavior. The latter approach was used to
obtain the data reported in the remainder of the
paper.

The delay time between particle images was
found to be an important parameter due to the
large range of velocities in each image. For
example, the velocities typically range from
several tens of m/s in the central jet to velocities
on the order of a tenth of a m/s near the flame
base. For a given spatial resolution (i.e., inter-
rogation spot size), particle travel between im-
ages must be limited to a distance on the order
of the resolution. The approach taken was to
limit the size of region imaged, thus reducing
the range of velocities measured for a given
delay time. Typical delay times between pulses
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were 15 us in the central jet to nearly 200 us in
the lower velocity flame stabilization region.

The long-term repeatability of the measure-
ments was established by repeating the mea-
surements after the initial data set was obtained.
The estimated uncertainties in the velocity were
determined from calibration measurements in a
laminar air flow exiting through a 50-mm diam-
eter nozzle. From these measurements, the ex-
perimental uncertainty in velocity was estimated
over a range of velocities consistent with those
measured in the lifted flame experiments to be
better than =1%.

OH Imaging System

The ultraviolet laser radiation for excitation of
the OH molecule was provided by a frequency-
doubled, Nd:YAG-pumped dye laser. The beam
(8-ns pulse duration, 0.3-cm™' line width) was
used to pump the Q,(8) transition (V' =0 — v’
= 1) of the OH A* X-X?II electronic band at
283.5 nm. Selection of the Q,(8) line was based
on a compromise between sufficient signal
strength and sensitivity to temperature of the
fractional population within the absorbing level.
The laser-pumped Q,(8) line has a population
fraction that varies by only 10% over the tem-
perature range 1000 K to 2300 K. The OH
fluorescence signal was collected using a
105-mm focal length, /4.5 UV Nikkor lens,
passed through a 10-nm bandwidth filter cen-
tered at 312 nm, and focused onto a cooled
CCD camera. The camera was gated for 1 us
using an image diode located in front of the
camera, which encompassed the 8-ns pulse du-
ration of the dye-laser beam. The camera de-
tector was operated in a 1 K X 1 K pixel format,
providing a spatial resolution of 60 X 60 wm at
the image plane. This resolution compares with
Kolomogorov scales of 0.2 and 0.7 mm, which
were estimated at the minimum and maximum
average lift-off heights of 30 and 135 mm,
respectively, for the flames studied.

The laser sheet for the OH fluorescence was
formed by a cylindrical/spherical lens combina-
tion, which was used to produce a sheet 60 mm
high and 250 pm thick. With an laser power of
5 mJ/pulse, the resulting average spectral power
density is about 1.9 X 107 (watts/cm ™ ')/cm?.
This is within the linear fluorescence regime

where the fluorescence signal depends on the
collisional quenching rate and is a linear func-
tion of laser power. The collisional quenching
rate term is a function of temperature, pressure,
and gas composition, which are typically not
known in turbulent flames. Barlow et al. [10]
used strained laminar flame calculations for
air-diluted CH, fuel mixtures to evaluate the
importance of corrections for quenching and
ground state population fraction in the linear
fluorescence regime. The calculations were car-
ried out over a range of strain rates for rota-
tional levels of N = 6 and N = 8, In general, it
was concluded that linear LIF can be used to
measure OH concentration in these flames to
good accuracy without corrections for quench-
ing and population fraction. At low values of
strain, the combined corrections due to quench-
ing and population fraction variations across the
flames were less than 5% of the maximum OH
concentration. At higher strain rates approach-
ing extinction, the combined corrections were
less than 20%. These crror estimates are ex-
pected to be indicative of the errors in the
present measurements. Note that no attempt is
made to quantify the present OH concentration
measurements through calibration. Rather, the
OH images are presented to visualize the flame
zone structure in the region of flame stabiliza-
tion. Given the modest errors in the relative OH
concentration levels, the visualizations are ex-
pected to be fully representative of the actual
flame structure.

RESULTS
Velocity Field

Shown in Fig. 4 is a typical particle Mie scatter-
ing image (left) and the corresponding velocity
vector field (right). The Mie scattering image
shows a relatively uniform particle distribution
across most of the field. The notable exceptions
are the two narrow regions located toward the
upper half of the image where the seed density
is considerably less. These regions indicate the
high-temperature zones where the gas density is
nearly a factor of 7 less than in the nonreacting
flow [5, 9, 11]. The two regions correspond to
the two sides of the flame located in the mixing
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Fig. 4. Particle Mie scattering image (left) and corresponding velocity vector field (right). Jet Reynolds number = 7000.
Correspondence between vector length and velocity magnitude is indicated by the vector located below the figure. Regions
enclosed by heavy solid lines and originating from top of velocity vector field indicate high temperature zones.

region adjacent to the fuel-rich, nonreacting
central jet. The decrease in particle density can
be used as a marker for the high temperature
zone and can be used to condition the velocity
statistics [9, 11]. An outline of the low-density
flame region has been superimposed on the
velocity vector field shown to the right. The
velocity vectors indicate both flow direction and
velocity magnitude. As expected, the highest
velocities exist in the central region of the jet
and decrease moving into the mixing region
adjacent to the jet. The velocity also decreases
in the downstream direction due to shear be-
tween the fuel jet and outer ambient air. The
instantaneous central jet flow presents a some-
what random, meandering appearance that dif-
fers considerably from the time-averaged jet
appearance. Similar observations were made in
lifted flames with coflow air [9].

Two typical instantaneous velocity vector
fields in the region of the flame stabilization
point are shown in Fig. 5. Note that the field of
view has been reduced and is confined to the
low velocity mixing region along the left side of
the central jet to circumvent dynamic range

limitations of the PIV system. Again the region
corresponding to the high-temperature zone has
been outlined. The most upstream location of
the high-temperature flame region will hereaf-
ter be used to define the flame stabilization
point, or flame base. In the image on the left,
velocities immediately upstream of the flame
stabilization point are typically less than 0.4 m/s.
Divergence of the flow as the flame base is
approached is also evident. Noteworthy is the
presence of a counterclockwise-rotating vortex
centered approximately 2 mm upstream and
slightly toward the right of the flame base.
Previous double-pulse images of CH/CH, have
shown that such interactions between vortical
structures and the flame lead to outward bulges
in the flame and local extinction due to the high
strain rates at the vortex leading edge [6]. The
flame stabilization point is often carried consid-
erable distances downstream by the vortex be-
fore the strain rates decrease sufficiently for the
flame to propagate around the vortex and re-
turn upstream.

The velocity vector field on the right corre-
sponds to another instant in time and again
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shows the low velocities in the stabilization
region and divergence of the flow immediately
upstream of the flame base. In this case no
vortex is present in the stabilization region but
entrainment of air into the higher velocity cen-
tral jet just upstream of the flame is indicated by
the inward direction of the velocity vectors.

As described by Muiiiz and Mungal [9], con-
ditioning the velocity on the instantaneous
flame stabilization point can be used to quantify
flow conditions at the flame base. Figure 6
shows profiles of the axial component of veloc-
ity, u, along axial lines passing through the
flame base. The different symbols correspond to
profiles from four different instantaneous veloc-
ity fields. Note that each profile has been shifted
in the axial direction so that the horizontal axis
represents distance from the instantaneous
flame base. Figure 6a shows results for the
lowest jet Reynolds number of 7000. Similar to
the results for a jet with coflowing air, the flow
velocity in a free jet decreases to a local mini-

mum at the flame base, and then accelerates
across the flame due to volume expansion be-
fore asymptoting to a downstream value be-
tween 1 and 2 m/s {9]. These observations are
consistent with results in a laminar triple flame.

It is important to note that there are several
deviations from the laminar case. For example,
at the velocity minimum just prior to the flame
base, there is a range of velocities and not just a
single value equal to §;, which for CH, is 0.43
m/s. It can also be seen that for the profiles
shown the minimum value, ug, is considerably
below 0.43 my/s. If an average value for u, is
calculated from the entire data set of 50 images,
an average velocity of 0.09 m/s is obtained. The
reason for the low value of u. in the Re = 7000
case will be discussed below.

Finally, it can be seen that the recovery value
for the velocity through the flame varies be-
tween images, while only a single value is found
for the laminar case. The most likely reason for
this observation is that velocity fluctuations due



566
(a)
3.00 p=rr T T —r—r—r—rTr
2.50 F E
2.00 B 3
L 0,90°% .
—_ i ’03000‘8309
w150k * E
= o . ® 000 “An“nn
= t *
= 1.00 F oo;g9 oC SptoRtotnono ]
E LAY
050 F 9“ 3
E ‘A sﬁ 'A
0.00 F o ke g!’égtuu :
: < <
-0.50 E . L 28 L ——a 1
-10 -5 o 5 10 15
x{mm
(b (mm)
3.00 T T T T
.® .csl.'gaﬁ ]
2,50 | .,- 3
OO
2.00 b 0o IEPECELE 3
K4 S AEQ“‘AAAAAAAA
£ 150F s 3
= . ]
> ] ]
1.00 p 00000000 s .
Coggees” ]
0.50 i.' ..’ig ;}D 3
. mgc-ugna‘ o E
TYY L cao ]
0.00 |k -]
-0.50 bes. 1 1 1 1
10 -5 o 5 10 15
X (mm}

Fig. 6. Instantancous axial velocity profiles along an axial
line through the flame base. (a) Jet Reynolds number =
7000. (b) Jet Reynolds number = 12,000. Different symbols
correspond to velocity profiles taken from different images.

to turbulence are superimposed on the down-
stream recovery velocity, resulting in a range of
values. Also, described below, interactions of
the flame with turbulence considerably distort
the flame structure. This distortion is expected
to complicate downstream interactions between
the premixed and diffusion flame branches,
leading to a temporally varying downstream
velocity field.

Conditional axial velocity profiles for the
higher Reynolds number of 12,000 are shown in
Fig. 6b. As with the Re = 7000 case, the velocity
generally decreases to a low value at the flame
base before the flow is accelerated across the
flame. There is again a range of values for the
velocity at the flame base. In this case, however,
with the exception of one profile, the velocities
at the flame base are higher and near the
laminar burning velocity of S, = 0.43 m/s.
Taking an average over 50 profiles gives a value
for u, of 0.5 m/s, which is about 20% higher
than §,. This value is in good agreement with
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the results obtained in lifted flames with coflow
at comparable inlet conditions [9]. Conditional
velocity profiles for the highest Reynolds-num-
ber flame (not shown) are comparable to the
results for Re = 12,000 shown in Fig. 6b.

The variation in normalized average velocity,
up/S,, with axial distance is shown in Fig. 7.
These results were calculated from axial velocity
profiles conditional on the flame stabilization
point. Results are also included for a Reynolds
number of 10,000, which corresponds to a time-
averaged lift-off height of 50 mm. The location
of the data points along the horizontal axis
corresponds to the average visible flame lift-off
height. The data show that u, increases nearly
linearly with axial distance to a value about 20%
higher than the laminar burning velocity before
attaining a nearly constant value for axial dis-
tances greater than 80 mm. As described below,
the dependence of u, on flame lift-off height is
related to the variation in flame thickness.

Flame Zone Characterization

Typical images of the instantaneous OH distri-
bution are presented in Figs. 8-10 for Re =
7000, 12,000, and 19,500, respectively. The im-
ages are false colored to indicate relative levels
of the OH concentration, with red indicating the
highest levels and deeper blue the lowest level.
As seen from previous CH/OH imaging studies
in lifted flames, the reaction zone forms in the
mixing region adjacent to the central jet [12].
Thus, the region between the two flames zones
corresponds to the fuel-rich core of the central
fuel jet where, at these upstream locations,
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insufficient air has been entrained into the jet to
provide a combustible mixture. In each image,
the upstream location where the OH first ap-
pears defines the flame stabilization point, or
flame base. Note that the location of the instan-
taneous stabilization point varies between im-
ages and, in a given image, is generally different
on the two sides of the jet.

At the lowest Reynolds number, Fig. 8, the
flame zone is relatively thin with an average
thickness of about 2 mm. Note from the images
that there is considerable variation about this
mean value. The images also show evidence of
breaks in the flame, for example along the right
side of the flame between 35 and 45 mm down-
stream in Fig. 9c. Radial variations in the flame
location are seen from image to image as the
flame responds to movement in the central jet
boundaries. Similar breaks in the flame, and
fluctuations in the radial location, were seen in
CH images [6]. The CH/OH imaging further
showed that the high CH and OH regions
generally coincide in these flames, with the
maximum CH being shifted slightly to the fuel-
rich side of the OH and the OH distribution
being slightly wider than the CH distribution at
a given location [12]. Due to the relatively low
Reynolds number in Fig. 8, the turbulence levels
are low and the flame is not highly convoluted.

It should be noted that the OH concentration
decreases to near zero near the top of the
images. Previous images have shown that such a
decrease is not expected and that the flame,
with the exception of localized breaks due to
extinction, continues many jet diameters down-
stream. The apparent disappearance of OH in
the present images is due to the combined
effects of the decrease in laser sheet intensity
near the top of the images (the images were not
normalized by the laser sheet intensity distribu-
tion) and the use of an image diode in front of
the camera which provides little gain (approxi-
mately five photoelectrons per incident photon)
compared to the micro-channel plate intensifier
used in previous work (2000 photoelectrons per
incident photon). Thus, the resulting signal falls
below the detectability limit of the camera
system used in these measurements. In all im-
ages presented, however, the OH signal
strength and laser sheet uniformity are suffi-
cient in the region of the flame base to provide

an accurate representation of the flame struc-
ture.

Figure 9 shows typical instantaneous OH
distributions for Re = 12,000. In this case the
flame is considerably broader and is generally
characterized by a more complex structure in
the region of the flame base. An average over
about 20 images shows the average flame width
in this case to have doubled to about 5 mm. It is
also quite common to see multiple flame
branches, the best examples being in Fig. 9a on
the left side of the jet and in Figs. 9b and 9¢ on
the right side of the jet. The images also indicate
the highest OH concentrations generally occur
nearest the flame base and decrease by almost a
factor of 2 downstream. This decrease cannot be
accounted for by variations in laser sheet inten-
sity, which varies by less than 20% over the
central region of the images where the flame
base is generally located. Because of the higher
turbulence levels in this higher Reynolds num-
ber flow, the flame is considerably more convo-
luted than at Re = 7000.

Results at Re = 19,500 are shown in Fig. 10.
Again, the images show the existence of broad
reaction zones near the flame base and multiple
reaction zone branches. The average width of
the instantaneous reaction zonc has increased
to nearly 9 mm. Highest relative OH concentra-
tion levels again occur nearest the flame base.

DISCUSSION

One objective of the present study is to evaluate
the applicability of triple-flame concepts to
lifted flame stabilization. Previous CH,/CH im-
aging measurements show that the fuel and air
are premixed and near stoichiometric condi-
tions immediately upstream of the flame base,
with the mixture exceeding the fuel-rich flam-
mability limit toward the central jet and the
fuel-lean limit toward the ambient air [5]. These
conditions are a necessary requirement for the
existence of a triple flame. The conditional
velocity profiles obtained here and in Ref. [9]
show that the incoming reactants decelerate to a
velocity near the premixed laminar flame speed
before accelerating across the flame due to
volume expansion. These observations are con-
sistent with numerical simulations of laminar
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Fig. 2. Photographs of turbulent, lifted CH,-jet flames. (a) Jet Reynolds number = 7000. (b} Jet Reynolds number = 12,000.
(c) Jet Reynolds number = 19,500.
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Fig. 8. PLIF images of OH distribution in turbulent, lifted CHy-jet flame. Reynolds number = 7000.
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Fig. 9. PLIF images of OH distribution in turbulent, lifted CH,-jet flame. Reynolds number = 12,000.
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Fig. 10. PLIF images of OH distribution in turbulent, lifted CH,-jet flame. Reynolds number = 19,500.
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triple flames and, in the context of other obser-
vations, were taken by Muniz and Mungal [9] to
suggest a downstream diffusion flame that is
anchored by a leading-edge flame, which is
similar to a triple flame. It is also clear, however,
that turbulence causes considerable distortion
of the local velocity field and significant differ-
ences from the laminar case, which are seen as
variations in the velocity minimum at the flame
base and in the recovery value of the velocity
downsteam of the flame. Such differences sug-
gest that simple extension of laminar triple-
flame concepts to turbulent flows may not be
straightforward. It is also important to note that
the observed velocity profiles are not unique to
triple flames. The deceleration of the flow at the
flame base is, in fact, due to the expansion of
stream tubes upstream of the flame and would
be expected where any sudden acceleration of
the flow occurs due to volume expansion. Thus,
the velocity data do not unambiguously validate
the presence of a triple-flame structure.

The OH images also do not corroborate the
existence of a triple flame, although it is clear
that the reaction zone structure near the flame
base is complex and not typical of a classic
diffusion flame. This is not entirely unexpected,
since the calculations of Veynante et al. [13]
show that interactions between triple flames and
even a single vortex can cause considerable
distortion of the flame structure. Additional
measurements will be required, combining the
OH images with simultaneous CH imaging, to
better establish the presence of fuel-rich and
fuel-lean premixed flame branches, and the
central diffusion flame structure characteristic
of triple flames. In such measurements, the CH,
which peaks on the fuel-rich side of the flame,
could be used to identify the fuel-rich flame
branch while the OH, which peaks slightly on
the lean side, would identify the fuel-lean
branch. Based on the available experimental
data, we have tentatively concluded that flame
stabilization at the base of the lifted flames most
likely results from the upstream propagation of
an ignition front or, given the multiple branches
seen in the OH images, multiple fronts propa-
gating against a low velocity flow of partially
premixed reactants.

This picture is consistent with recent numer-
ical simulations of the autoignition process in
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nonuniform reactant mixtures under laminar
and turbulent flow conditions [8]. The simula-
tions show that ignition initially occurs along the
stoichiometric line where the mixture fraction
gradient is below a critical value for quenching.
Subsequent propagation of ignition through the
reactants then occurs through the propagation
of partially premixed ignition fronts. The study
further concluded that under some circum-
stances triple flames may play an important role
in the propagation of these fronts. In particular,
depending on whether the mixture fraction gra-
dient along the stoichiometric line is uniform or
nonuniform, two different types of ignition are
observed in the laminar case. With a uniform-
mixture fraction gradient, ignition occurs in an
initially premixed system and evolves into reac-
tion zones forming a triple-deck structure, with
partially premixed flames developing in a direc-
tion parallel to the stoichiometric line and a
diffusion flame located between them. With a
nonuniform-mixture fraction gradient, triple
flamelets propagating along the stoichiometric
line, from regions of low- to high-mixture frac-
tion gradient, are observed. Simulations for the
turbulent case indicate that both of these par-
tially premixed fronts are likely to occur in a
turbulent environment due to the inevitable
nonuniformities created in the mixture fraction
gradient by turbulent mixing.

The measurements presented in Fig. 7 clearly
show that the velocity at the flame base in-
creases with the Reynolds number, while the
OH images show an increase in reaction zone
thickness near the flame base with the Reynolds
number. Comparison of these data with CH/
CH,-imaging measurements [5] shows that the
increased flame width is consistent with the
increased flammable layer width with down-
stream distance. Shown in Fig. 11 is the varia-
tion in the time-averaged width of the flamma-
ble region with downstream distance. These
widths are determined from about 500 images in
both nonreacting flows and reacting flows up-
streamn of the flame stabilization point where
the fuel and air have not yet reacted. Here the
flammable region is defined as the layer where
the CH,/air is mixed to within the flammability
limits for CH,4, which are between CH, mole
fractions of 0.05 (lean limit) and 0.15 (rich limit)
[14]. In the present flows, the flammable layer
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Fig. 11. Variation of time-averaged flammable region width
with axial distance in turbulent, lifted CHg-jet flames.
Arrows indicate time-averaged lift-off heights for flames
with Reynolds numbers of 7000, 12,000, and 19,500.

occurs in the mixing region adjacent to the
central fuel jet. Figure 11 shows that the flam-
mable layer width increases linearly with axial
distance. Also indicated by the arrows on the
figure are the time-averaged lift-off heights for
the three flames studied.

It is important to note that the width of the
flammable layer is not constant, but varies sig-
nificantly from image to image due to variations
in the structure of the central fuel jet and the
interaction of vortical structures with the jet.
Figure 12 shows probability distributions of the
instantaneous flammable layer width at the av-
erage lift-off heights for the Re = 7000 and
12,000 flames. The distribution for the Re =
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19,500 flame (not shown) is similar in shape,
with the peak in the distribution shifted to a
higher value. In all cases, the widths vary over a
considerable range, with larger maximum values
at the higher Reynolds number.

The observed fluctuations in the flammable
region width are largely related to interactions
between vortical structures generated in the jet
shear layer and the central jet. Shown in Fig. 13
are three instantaneous radial profiles taken just
upstream of the instantaneous flame stabiliza-
tion point. The top profile corresponds to the
leading edge of a vortex that is about to inter-
sect the flame. Highlighted in gray is the region
that is within the CH, flammability limits. In this
case, the width of the flammable layer is rela-
tively thin due to the steep fuel concentration
gradient at the outer edge of the vortex. Typi-
cally, concentration gradients are highest along
the leading edge of the vortex. The second
profile corresponds to the trailing edge of a
vortex. Here the flammable layer is wider due to
the nearly constant concentration plateau re-
gion associated with the vortex trailing edge.
The third profile corresponds to an instant when
no vortex is present in the mixing layer. In this
case, the flammable layer width has an interme-
diate value. It is these interactions with vortical
structures that result in the variations in flam-
mable layer width seen in Fig. 12.

The statistics of the flammable region width
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Fig. 12. Probability distributions of the instantaneous flammable layer width. The distribution on the left was taken at the
average lift-off height of x = 30 mm for the Reynolds number 7000 flame and the distribution on the right at x = 80 mm for
the Reynolds number 12,000 flame.
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Fig. 13. Instantaneous radial profiles of CH, mole fraction
in a turbulent, lifted CH,-jet flame. Reynolds number =
7000. Shaded arca indicates region where CH, mole frac-
tion is within flammability limits.

can be determined from the probability distri-
butions in Fig. 12. Shown in Table 1 are the
mean width, W, the rms fluctuations, W} ., and
the maximum value, W_,,.. A comparison of the
mean and maximum values in Table 1 with
flame zone widths determined from the instan-
tancous OH images presented in Figs. 8-10
shows good correspondence. From these results
a tentative conclusion can be drawn that the
flame fills the flammable layer and that the
flame width in the region near the stabilization

TABLE 1
Effect of Reynold’s Number on Flammable Region Width

Re W (mm) W ims (mm) W inax (mm)
7,000 25 14 7.5

12,000 53 24 11.8

19,500 8.5 4.5 200
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point is controlled by the width of the flamma-
ble layer. Note that this conclusion does not
necessarily apply farther downstream where the
flame zone exhibits a diffusion flame structure
and is considerably thinner than the flame near
the stabilization point [8].

It is of interest to relate the observed varia-
tion in flame thickness to the conditional veloc-
ity data presented earlier. It is well known that
flame curvature affects upstream transport of
both heat and flame radicals [15]. Depending on
the sign of the curvature, the burning velocity
can be either increased or decreased. If the
flame surface is concave toward the reactant
mixture, both heat and radicals are focused
inward toward the center of curvature, thus
increasing upstream transport of heat and rad-
icals to the reactant mixture and effectively
increasing the flame propagation speed. This
effect is observed at the tip of a bunsen flame
where measured flame speeds are up to six
times the laminar flame speed [16]. Conversely,
if the flame surface is convex toward the reac-
tant mixture, both heat and flame radicals are
defocused outward away from the center of
curvature, effectively reducing upstream trans-
port of heat and flame radicals, and the flame
propagation speed is reduced. Based upon these
considerations, it can be speculated that as the
flame thickness is reduced due to a reduction in
flammable layer thickness, the flame curvature
increases and the flame burning velocity de-
creases. The lower flame velocities measured in
the lower Reynolds number flame are thus
believed to be due to the reduced flame thick-
ness and increased flame curvature.

This can perhaps be more clearly seen if the
results in Fig. 7 are replotted in the form shown
in Fig. 14. Here the average local velocity at the
flame stabilization point, #,., normalized by the
laminar burning velocity, §,, is plotted as a
function of the mixing layer thickness, L,,,
normalized by the premixed flame thickness,
L. The mixing layer thickness, as defined by
Ruetsch et al. [7] for a laminar triple flame in a
fuel concentration gradient, is based on the
slope of the mixture fraction profile at the
stoichiometric point and is given by L,, =
A&(a€/ay),," where £ is the mixture fraction,
(0¢&/9y),, is the slope of the mixture fraction
profile at stoichiometric conditions, A¢ is the
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overall change in mixture fraction across the
flame, and y is the distance normal to the
stoichiometric surface. The mixing layer thick-
ness is analogous to the flammable layer thick-
ness obtained for the present flames from Fig.
11. The solid line shows the DNS calculations of
Ruetsch for a triple flame in laminar flow. Over
the range of mixing layer thickness considered
in the calculations, u,/S, shows only a slight
decrease with reduced L, This rate of de-
crease becomes noticeably more rapid at lower
L ,,. The present data show a maximum velocity
approximately 20% higher than §; and a rela-
tively small dependence on L /L - for L /L >
5, which is consistent with the calculations.
However, the flame speed rapidly decreases as
the mixing thickness becomes comparable to
the flame thickness. Based on the above discus-
sion, it is speculated that the decrease in uy as
the mixing thickness is reduced is due to curva-
ture effects at the flame base. A more quanti-
tative framework for the effect of flame curva-
ture on flame speed is presented below.

Curvature and Surface Density Effects on
Lifted-Flame Stabilization

In this analysis, we assume that lifted flame
stabilization is governed by a stoichiometric
premixed flame. Among the various processes
influencing the propagation of such a flame, we
believe that the effects of curvature and related
modifications of the flame surface density are
dominant.

Flame Curvature Effect

Figures 7 and 14 show that at low Reynolds
numbers the fluid velocity ahead of and normal
to the flame, S, is up to five times smaller than
the laminar burning velocity, S, . As the Reyn-
olds number increases, the fluid velocity Sy
increases and asymptotes to a value approxi-
mately 20% greater than S, . We attribute these
effects to flame curvature and an increase in
flame surface area. Markstein [15] proposed a
relationship between the normal burning veloc-
ity and the unstrained laminar speed relative to
the fresh mixture, including curvature and strain
rate effects:

Sy L . -
(§—1> —Z(SLh*'”-V“-” (1)
where L is defined as the Markstein length. The
local flame curvature, £, is positive when the
flame is concave with respect to the incoming
reactant flow, as at the tip of the premixed
Bunsen burner flame, and negative when convex
with respect to the incoming flow. Vu is the
strain rate tensor of the flow field upstream of
the flame front and » is the normal vector to the
flame front.

If we assume that the strain rate contribution
to the change in burning velocity is negligible,
Eq. 1 becomes:

S,=S8.(1+Lh) (2)

The Markstein number, Ma, is defined as Ma =
L/8; where 8 is the laminar flame thickness.

Tseng et al. [17] have estimated Ma as a
function of equivalence ratio for various lami-
nar hydrocarbon flames. In the case of a meth-
ane flame at stoichiometric conditions, they
found Ma to be around 2. Using Eq. 2 the radius
of curvature, R = 1/A, can be expressed as:

R= (3)

Equation 3 was used to estimate the required
radius of curvature needed to account for the
observed decrease in fluid velocity at the flame
base. From Fig. 7, the measured value of S,/
S, .(=Ug/Sy) is about 0.2 for the Re = 7000
case. An estimate for the flame thickness was
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obtained from the results of Jarosinski [18]. For
a stoichiometric, laminar CH,/air flame, 65 is
estimated to be 0.62 mm based on the mean
temperature gradient through the flame, result-
ing in a Markstein length L = 1.24 mm. Substi-
tuting into Eqn. (3) shows that a radius of
curvature of 1.6 mm would be required for the
laminar burning velocity to decrease from 0.43
m/s to 0.1 m/s. This value is very consistent with
the radius of curvature at the flame base for the
Re = 7000 case in Fig. 9. (Note that the flame
width is about twice the radius of curvature.)

Surface Area Effects

Figure 7 shows that at a high Reynolds number,
the average upstream flow of fluid normal to the
flame front exceeds the laminar burning speed
by about 20%. These results are not surprising
for premixed turbulent flames. Shepherd et al.
[19] and Goix and Shepherd [20] have found for
premixed turbulent flames that the turbulent
burning rate increases as the flame surface area
increases, as expressed by:

ST:’SLA_L (4)

where A;/A; is the increase in flame front
surface density. For a flat, turbulent, premixed
methane/air flame at stoichiometric conditions
they have reported an increase in surface area
of nearly 2.19. These measurements were ob-
tained in a uniform, axisymmetric flow at a
velocity of 5 m/s with 7% homogenuous turbu-
lence. While a direct comparison between these
results and the present measurements is difficult
due to the difference in flow conditions, it seems
entirely plausible that the relatively small 20%
increase observed in S, can be explained by an
increase in the flame surface area due to turbu-
lence.

Relationship to Lifted-Flame Stabilization
Theories

As described in the Introduction, previous work
by the present authors is most consistent with
the premixed flame propagation concepts of
Vanquickenborne and van Tiggelen [2]. The
theory developed in the previous work is based
on the assumption that the local flow velocity is
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just equal to the turbulent flame propagation
speed, S, at the flame lift-off position. It is
further assumed that the flame stabilizes where
the value of S is maximum and that this occurs
where the fuel/air mixture is stoichiometric.
Based on these concepts, Kalghatgi [21] devel-
oped an analysis which related the laminar and
turbulent flame velocities. Specifically it was
shown that the ratio of turbulent to laminar
burning velocity varies as the square root of the
local turbulence Reynolds number, or

S#S1 = C\R, )

where C, is a constant for a given fuel and R, is
the turbulence Reynolds number based on the
integral length scale given by

R, = u'ljv, (6)

Here / is the integral length scale and v is the
kinematic viscosity at the flame base, which is
about 2.3 X 107° m?%s. R, is related to the
turbulence Reynolds number based on the Tay-
lor microscale, R,, by the expression

R, = 7R}™ (7)

Previously obtained LDV data in the present
flow shows that the axial velocity (rms) fluctua-
tions, u’, at the average liftoff location for the
three flames studied, are about 2.2 m/s. Follow-
ing Kalghatgi, the integral length scale is esti-
mated from [ = C5 X x(C5 is about 0.07) to be
2.1, 5.6, and 9.45 mm for the Re = 7000, 12,000,
and 19,500 flames, respectively. From Eq. 7,
these estimates yield values for R, of 106, 158,
and 200. From Fig. 4 of that paper, the corre-
sponding values of S,/§, range between 5 and
10. These values differ considerably from the
present values summarized in Figs. 8 and 15.

The discrepancy between the present results
and those predicted using Egs. 5-7 can be
understood by considering the basis upon which
Eq. 5 was derived. Specifically, from empirical
relationships for the time-averaged velocity and
concentration distributions in turbulent jets,
velocity statistics were obtained at the average
flame lift-off height along the time-averaged
stoichiometric line. Using the assumption that
the flame velocity is equal to the average flow
velocity at the flame stabilization point, the
relationships provided by Egs. 5-7 are used to
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correlate S;/§; as a function of R,. What is
neglected in the analysis is the large-scale mo-
tion of the jet and the resulting movement in the
instantaneous flammable region, or stoichio-
metric line along which the flame is stabilized,
and the resulting variation in instantaneous
flame stabilization location. Probability distribu-
tions of the axial velocity at the time-average
flame stabilization point show a range of veloc-
ities from slightly negative to a maximum of
nearly 15 m/s for the Re = 7000 flame [6].
Similar variations have been measured in the
higher Reynolds number flames. Based on the
present results, and previous imaging studies in
which large-scale fluctuations in the flame lift-
off position are observed [6, 8, 22], we propose
that the instantaneous flame lift-off position
coincides with the time-average value only a
small percentage of the time during which the
local flow velocity is sufficiently low for the
flame to maintain itself against incoming reac-
tants. The large number of velocity realizations,
during which time high instantaneous velocities
exist at the average stabilization location and
the flame is stabilized elsewhere in a lower
velocity region, heavily weight the time-average
velocity statistics toward values considerably
higher than the actual flow velocity at the flame
base. The recent development of PIV and the
ability to condition the velocity statistics on the
location of the flame stabilization point provide
the experimental means to account for fluctua-
tions in the flame stabilization location that are
difficult to identify using point measurement
techniques.

As a final note, the measurement of velocities
at the instantaneous flame base comparable to
the premixed laminar flame speed are consis-
tent with the presence of a triple flame at the
flame stabilization point which anchors a diffu-
sion flame farther downstream. These results,
taken in conjunction with previous measure-
ments in the region of the flame base, further
suggest that the ability of a lifted flame to
stabilize at a given location requires two criteria
to be met. First, the fuel and air must be
premixed and near stoichiometric conditions to
allow the flame to propagate against the local
flow. This criterion is based on a previous study
using simultaneous CH, CH,, and temperature
imaging to study conditions at the flame stabi-

lization point [5]. Second, as shown by the above
data, the local flow velocity must be sufficiently
low and near the premixed laminar flame speed.
Although the OH PLIF images do not corrob-
orate the presence of a triple flame, simulta-
neous planar imaging of OH and CH is cur-
rently being planned to provide a more detailed
study of the flame structure at the stabilization
point.

SUMMARY AND CONCLUSIONS

Particle image velocimetry was used to study the
velocity field in lifted, turbulent CH-jet flames
over a range of Reynolds numbers from 7000 to
19,500. The results show that flow velocities at
the instantaneous stabilization point are consid-
erably below the expected turbulent-flame
speed and show a Reynolds number depen-
dence. At the lowest Reynolds number, the
average velocity at the stabilization point is
nearly a factor of 5 below the premixed laminar
flame speed. This average velocity asymptotes
to a value about 20% higher than the premixed
laminar flame speed at the highest Reynolds
number. Planar images of OH show that the
flame zone structure near the stabilization point
is highly dependent on Reynolds number. Com-
parison of the OH images with previous mea-
surements shows that the flame thickness is
determined by the width of the flammable re-
gion. At a low Reynolds number, the flame is
stabilized nearest the jet exit where the flamma-
ble layer is thin, resulting in a thin flame zone.
At an increased Reynolds number, the stabili-
zation point is located farther downstream
where the flammable region is wider, resulting
in a correspondingly wider flame zone. It is
proposed that the lower flame speeds observed
at decreasing Reynolds number are related to
thinning of the flame zone as Reynolds number
is reduced, which results in greater curvature of
the flame base. This increased flame curvature
effectively defocuses the transport of heat and
flame radicals to reactants upstream of the
propagating flame front, resulting in reduced
local flame speeds at the base.

Measured velocities at the instantaneous
flame base are comparable to the premixed
laminar burning velocity. These results, taken in
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conjunction with previous imaging measure-
ments, suggest that the ability of a lifted flame
to stabilize at a given location requires two
criteria to be met. First, the fuel and air must be
premixed and near stoichiometric conditions to
allow the flame to propagate against the local
flow. Second, the local flow velocity must be
sufficiently low and near the premixed laminar
flame speed. The OH PLIF images show con-
siderable distortion of the flame structure due
to turbulence, which makes it difficult to iden-
tify the flame with the triple-flame structure
found in laminar flows. The images do show a
complex structure at the flame base with multi-
ple reaction branches. From the available exper-
imental data, flame stabilization at the base of
the lifted flames most likely results from the
upstream propagation of an ignition front or,
given the multiple branches seen in the OH
images, multiple fronts propagating against a
low velocity flow of partially premixed reactants.
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