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Dynamic Behavior of a Bluff-Body Diffusion Flame
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Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force Base, Ohio

and
Sarwan S. SandhuJ

University of Dayton, Dayton, Ohio

The results of an investigation of the dynamic behavior of a bluff-body stabilized diffusion flame are
reported. The dynamic characteristics of flames established by different air and fuel flow rate conditions are
investigated using 500 frames/s cine pictures and two spectrophotpmeters tuned to the CH emission at 431.5 nm.
Each spectrophotometer viewed a 1.8x64-mm area of the flame with the long dimension symmetrically located
along the diameter. Downstream of the recirculation zone the flame consists of large, discrete "fireballs" or
flame turbules separated by axial regions where the flame is not visible. The flame turbules are quasiperiodic
with a frequency that decreases as they move downstream. Flame turbule time widths are typically between 1.5
and 12 ms depending on fuel and air flow rates and axial location and their average velocity is approximately
equal to the annulus air injection velocity.

Introduction

A RESEARCH combustor has been developed for the
purposes of evaluating conventional and advanced laser

diagnostic techniques and performing experiments to aid in
the evaluation and development of combustion models.
During preliminary evaluation of this combustor, high-speed
cine pictures revealed the presence of unsteady flame behavior
in the recirculation zone with discrete flame turbules formed
further downstream.1 The purpose of this paper is to describe
the characteristics of the flame turbules at different air and
fuel flow rate conditions.

A technique that measures the time resolved intensity of
optical emissions from free radicals generated by combustion
was used to study the time characteristics of the flame tur-
bules. This technique was first employed by Hurle et al.2 to
investigate sound emissions from open premixed turbulent
flames. Using an acoustic model that viewed flames as a
collection of monopole sound sources, Thomas and Williams3

developed a relationship between acoustic pressure and op-
tical intensity emitted from a flame. Time-variant pressures
calculated by using time-variant C2 and CH emission intensity
data were in quantitative agreement with the pressure values
measured by means of a microphone system for frequencies
below 1000 Hz. Later, Price et al.4 and Shivashandara et al.5

extended the application of the emission technique to the
study of noise generation in turbulent gaseous premixed and
diffusion flames and liquid-spray combustion. In these
studies, care was taken to eliminate continuum emissions
from soot because that makes accurate measurements of C2
emission intensity impossible. Also, the field-of-view of the
optical emission technique included the entire flame. Mehta et
al.6 used a slit and lens arrangement to view a small portion of
a premixed turbulent flame. Oshima et al.7 also used spatially
resolved C2 emissions to study sound emission from a burning
puff of air-propane gas mixture. This paper extends the
technique of using two line-of-sight radical emission
measuring systems put forth by Mehta et al.6 to the study of
large-scale, ducted, turbulent, bluff-body diffusion flames.
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Experimental
Combustion Tunnel Facility

A schematic diagram of the research combustor is shown in
Fig. 1. The centerbody is 79-cm long and 14 cm in diameter.
Gaseous propane fuel is injected at the center of the center-
body face through a 4.8-mm-diam tube and air flows through
the annular passage between the outer duct and the center-
body. A 31.8-mm-long square-cell honeycomb flow
straightener with a cell size of 4.8x4.8 mm and two No. 16
mesh screens are mounted in the annulus. The 25.4-cm-diam
duct has 30.5 x 7.6-cm viewing ports that provide both optical
and conventional probe access to combusting regions. Ad-
ditional information about the research combustor is given in
Ref. 1.

Optical Emission Measuring System
The optical system is designed to simultaneously measure

the time-dependent optical emissions at two axial locations of
the flame. The system shown in Fig. 1 consists of two iden-
tical l/4-m spectrophotometers, each with an attached fast
response photomultiplier tube (PMT) and an external slit and
a compound focusing lens. The spectrophotometers, with an
estimated bandwidth of 1 nm, were tuned to the (0,0) CH
band at 431.5 nm. The outputs of the PMTs were amplified
and recorded by either an oscillograph or oscilloscope. The
bandpass of the amplifiers was 1000 Hz.

Because the flame turbules in the near-wake region of the
centerbody are difficult to resolve by flame emission
measurements, it is desirable to optimize the width of the
viewing area of the spectrophotometer and the signal strength
from the PMT. The optimum condition was obtained using a
0.35-mm-wide slit located 15.24 cm from the surface of the
flame. A compound lens, with a focal length of 1.5 cm and
located 35.5 cm from the slit, focused the image of the slit
onto the entrance plane of the spectrophotometer. The
viewing area at the near flame boundary was 1.8 x 64 mm and
at the far boundary it was 2.5 x 79 mm.

The two spectrophotometers and the oscillograph recorder
were calibrated so they gave equal output voltages for the
same input light signal. However, the amplitude of the flame
emission is of questionable value due to the presence of soot
in different regions of the flame.2'4 In nonsooting flames, the
intensities of the C2 or GH emissions are assumed to be
proportional to their concentrations along the line-of-sight of
the viewing area and their concentrations are proportional to
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Fig. 1 Schematic of APL combustion tunnel and optical emission
system.

the volumetric rate of combustion. A time-averaged emission
spectrum shows that the emission bands of C2, CH, and OH
with base band widths of approximately 15, 15, and 12 nm,
respectively, are superimposed on a continuum background
that evidently is caused by the presence of soot. The CH
intensity data presented in this paper have not been corrected
for the continuum background emissions which varied with
test conditions and location in the flame.

A series of experiments was performed to determine if the
soot significantly influenced the time characteristics of the
flame emissions.9 For our optical emission detection system,
it was found that 1) the time characteristics of the CH plus
soot emissions at 431.5 nm and the soot background emission
at 448.0 nm were approximately the same when their am-
plitudes were adjusted to about the same value, 2) the CH
emission was about an order of magnitude larger than the
amplitude of the background emission, and 3) the time
characteristics of the flame emission in the visible spectrum
was for practical purposes, independent of wavelength.
Hence, the flame emission time characteristics presented in
this paper are not believed to be significantly altered by the
soot emission.

Test Conditions
Flame turbule characteristics were investigated at different

air and fuel flow rates. The combustor was operated at an
inlet temperature of 294 K and a barometric pressure of 0.98
atm. The fuel was gaseous propane. Experiments were
performed at conditions of 1) varied air flow rates from 1 to 2
kg/s with a fixed fuel flow rate of 13 kg/h and 2) varied fuel
flow rates from 4 to 18 kg/h with a fixed air flow rate of 2
kg/s. The Reynolds number for the varied air flow rate ex-
periments ranged from 1.5 x 105 to 3.0 x 105, the average duct
velocity and the centerbody diameter were used in the
calculations. All of the test conditions were sufficiently
removed from the blow-off limits to permit continuous
operation of the combustor.

High-Speed Cine Pictures
A Locam model 51 high-speed tracking camera was used to

make 500 frames/s color cine pictures of the flame. Kodak
VNF-7250 film was used and no special processing was
required. The camera had a data gate that recorded time to
one thousandth of a second on each frame. The framing speed
was not sufficient to stop all the flame motion occurring in the
recirculation zone. However, it was sufficient to track the
motion of large-scale flame structures occurring downstream
of the recirculation zone.

Fig. 2 Sequence of photographs (2 ms apart) showing the formation
of a flame turbule for an air flow rate of 2 kg/s and a fuel flow rate of
18 kg/h.

Results
High-Speed Cine Pictures

High-speed cine pictures of the flame show a complex,
unsteady motion in which discrete islands of flame (flame
turbules) are present. The complexity of the motion is most
evident in the near-wake recirculation zone of the bluff body
where some parts of the flame are moving upstream and other
parts are moving downstream and, at the same time, the flame
also undergoes some radial and azimuthal motion. Large-
scale flame turbules appear to predominate downstream of
the recirculation zone. For some air and fuel flow conditions,
a flame turbule can be tracked easily over distances of more
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than eight centerbody diameters. The large-scale flame
turbules are formed quasiperiodically and appear to be the
result of the complex motion occurring in the recirculation
zone.

The sequence of photographs in Fig. 2 is presented to in-
dicate visually what is meant by a flame turbule; to illustrate
size, nonhomogeneous nature, shrinkage and expansion,
breakup and coalescence; and to depict the complex flame
motion in the recirculation zone. The air flow is from right to
left and the Z/D scale is the approximate axial distance
measured from the centerbody face (Z) normalized to the
centerbody diameter (D). Wl and W3 identify the viewing
windows referenced in the schematic in Fig. 1. The recir-
culation zone is confined to the region viewed through
window Wl. The centerbody, the bluff end of which extends
partway into Wl, is axisymmetrically located in the viewing
window, but only a little more than half of its diameter is
visible due to the height of the window. Examples of flame
turbules are given by the luminous region in Fig. 2,
photographs c, h, and i at Z/D values between 3.0 and 4.5.
These flame turbules are recognized easily because they have
well-defined boundaries and are clearly separated from one
another.
Time-Resolved CH Emission Records

The velocity, time width, frequency, traceability, and
discreteness of flame turbules are evident in the time traces of
CH emission intensities shown in Fig. 3. The vertical lines are
10 ms apart and on the original records are separated by 2.0
cm. Figure 3 shows simultaneous recordings at Z/D locations
of 3.18 and 4.71 for different air flow rates and for a fuel flow
rate of 13 kg/h. The records at Z/D = 3.18 are believed to be
indicative of the characteristics of the turbules as they are
formed; whereas, the records at Z/D = 4.71 give information
about the flame turbule decay process. The formation nature
of the turbules is very evident in Fig. 3c where, for this low air
flow condition, the turbules are not completely formed as
noted by the partial establishment of a well-defined zero
intensity baseline. As the air flow increases, Figs. 3a and 3b
show well-defined zero intensity baselines which indicate
completely formed turbules at the upstream measuring
station. The records in Fig. 3 also indicate that the time widths
of the turbules at the upstream station decrease as the air flow
increases. At the downstream station, the number of turbules
per unit time (frequency) decreases as the air flow increases.
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Fig. 3 Simultaneous, time resolve CH emission intensity records at
two axial locations for a fixed fuel flow rate of 13 kg/h and varied air
flow rates.

Table 1 Analysis of W, F, and time widths as a function of WA
for a fuel flow rate of 13 kg/h and two axial locations3

Z/D = 4.11
WA, m/s W, m/s F, Hz Jg, ms Fx rB Wx tB,m F, Hz /B, ms Fx /5 H^x f f l , m

23.3
29.1
34.9
40.8
46.6

25
27
32
41
45

_
66
83
84
90

_
10.4
6.1
5.4
4.4

_
0.69
0.51
0.45
0.40

_

0.28
0.20
0.22
0.20

66
65
62
51
44

8.3
5.8
4.8
4.2
3.4

0.55
0.38
0.30
0.21
0.15

0.21
0.16
0.15
0.17
0.15

a W= turbule velocity, F= frequency, WA = annulus velocity,
of a CH emission peak.

tB = the time width of the turbule measured at the base

Table 2 Analysis of Tc, W, F, and tB data as a function of fuel flow (FF)
for an air flow of 2 kg/s and a Z/D = 2.86a

FF,
kg/h

10
13
16
18

W,
m/s

50
50
49
49

F,
Hz

45
104
128
142

tBf

ms

3.8
4.7
5.8
6.2

FxtB

0.17
0.49
0.74
0.88

TO
K

728
816
905
994

Fxt S(FF) [rr-7\f](FF) wxtB^ ' L C 6 J V / W X 1R,

FxtB(\$)

0.19
0.56
0,.84
1.00

trc-rs](i8)
0.
0.
0.
i.

.59
,73
.86
.00

m

0.
0.
0.
0.

19
,23
,28
30

a Tc = centerline temperature, W= turbule velocity, F= frequency, tB = base time width. Ts = ideal flame temperature
for the overall air and fuel flow condition.
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Fig. 6 Average flame turbule time widths (FWHM) as a function of
axial location for an air flow rate of 2 kg/s and fuel flow rates of 13
kg/h and 18 kg/h.
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Fig. 5 Average flame turbule time width as a function of annulus air
velocity for a fuel flow rate of 13 kg/h at an axial location Z/D = 4.71.

Flame Turbule Velocities
The average flame turbule velocities shown in Fig. 4 were

determined by measuring the time required for the turbule to
travel a distance of 10 cm. The midpoint distance is used as
the axial location of the velocity measurement.

Figure 4 shows that, within the experimental error, the
average flame turbule velocity is equal to the annulus velocity
for all conditions except the lowest annulus velocity con-
dition. For this low-annulus velocity condition, the flame
turbule velocity is undoubtedly influenced by the velocity of
the injected fuel. Flame turbule velocities were also measured
at an air flow rate of 2 kg/s and fuel flow rates of 13 and 18
kg/h at Z/D locations between 1.5 and 3.0. Under these
conditions the average velocity of the flame turbules were
independent of fuel flow rate and axial location. Their
average velocity was about 47 m/s which also corresponds to
the annulus air velocity.

Flame Turbule Time Widths
Oscillograph time records such as those shown in Fig. 3

were used to determine the flame turbule time widths. The
time widths measured at one-half of the maximum emission
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RXIflL POSITION (Z/D)
Fig. 7 Average flame turbule frequency as a function of axial
position for an air flow rate of 2 kg/s.

intensity are referred to as full-width half-maximum
(FWHM) values; whereas, the time widths measured at the
baseline are referred to as base-time widths. The time-width
data have an unknown bias error due to the integration of the
time traces by the 1 kHz bandpass filters and, hence, are used
to indicate trends instead of absolute values. In general, the
figures contain FWHM values and base-time widths are
presented in Tables 1 and 2; however, they both show the
same trends for variations in annulus velocity and axial
position.

Figure 5 gives the dependence of average flame turbule time
width on annulus velocity for a fixed fuel flow rate of 13 kg/h
and at a Z/D location of 3.18. The time width is a strong
function of annulus velocity and decreases by more than a
factor of two with a factor of two increase in annulus velocity.
In Fig. 6, there is no apparent dependence of time widths on
fuel flow rate at a fixed air flow rate. However, there is a
steady decrease in time width with an increase in axial
location.

Flame Turbule Frequencies
The data in Fig. 7 are frequency measurements made with a

counter coupled to a spectrophotometer. The counter
essentially counts the number of voltage pulses in a specified
time period with an amplitude greater than a preset trigger
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level. For a pulse to be counted, it must extend above and then
pass back below the trigger level. The counter is ac coupled to
the spectrophotometer so that the trigger level rides on top of
a dc background voltage. The trigger level is set so that one or
two counts are occasionally recorded in a 10-s sampling
period when no flame is present. Setting the trigger level in
this way discriminates against the background noise level.
However, if the background level varies from day to day, say
from spurious light, the trigger level will also vary and
repeatable frequency data will not be obtained. To assure that
this did not happen, the noise level was checked each test
period to make sure that it was below an acceptable level.
Also, the flame turbule frequency was measured routinely at a
selected combustion condition and at a fixed axial position to
assure proper system operation.

It is with some reservation that the frequency data in Fig. 7
are referred to as flame turbule frequencies. Comparisons
between the flame turbule frequency measurements made
from cine film, oscilloscope traces, and the counter indicate a
reasonable agreement at an axial location downstream of the
recirculation zone where the flame turbules are well defined.9

However, in the recirculation zone, which is confined to Z/D
locations between 0.0 and 2.0, the flame turbules are not
identified easily from cine pictures and oscilloscope time
records and, thus, no accurate comparisons with the counter
results could be made. Because of this, the flame turbule
frequency may be a misnomer in this region. The flame
turbule frequency connotation is used with the understanding
that, in the recirculation zone, it represents a rate of fluc-
tuation of the CH emission intensity and not necessarily a
discrete flame turbule that is completely separated from the
other flame turbules by nonreacting gases.

Figure 7 shows the appearance of two peaks as the fuel flow
rate increases. The axial location of the upstream peak ap-
pears to be independent of fuel flow rate and occurs at a Z/D
value of 0.4. This suggests that upstream peaks might be
determined by the air flow rate. The downstream peak ap-
pears to depend on fuel flow rate because the peak becomes
more noticeable and moves downstream as the fuel flow is
increased. At Z/D locations greater than 2.75, the number of
flame turbules per unit time decreases with an increase in axial
location. Also, for a fixed axial location, the frequency of the
flame turbules increases with an increase in fuel flow rate.

Length and Fraction of Time a Flame Turbule is Present
The axial extent or length of a flame turbule and the

fraction of time that a turbule is present at a given axial
location can be calculated from the velocity, time width, and
frequency data. In a Lagrangian representation such as the
cine pictures in Fig. 2, the flame turbules are observed to have
a certain length. Whereas, in the Eulerian view as given by the
time records in Fig. 3, the turbules are observed as pulses. The
length of a flame turbule can be calculated using the data
obtained from the time records. The average flame turbule
length is Wx tB where H^is the average axial velocity and tB is
the average base time width of the flame turbules at a given
axial location. The base-time width is used instead of the
FWHM value because it is believed to give a length that is
more comparable to those observed in the cine pictures. The
fraction of time a flame turbule is present at a given axial
location is the same as the probability that a turbule is present
at this location. It is given by Fx tB where F is the frequency
of the flame turbules at a given axial location.

Tables 1 and 2 give the flame turbule length and the
fraction of time flame turbules are present at designated axial
locations for different air and fuel flow rates. The data in
Table 1 were obtained from oscillograph time records that
were obtained simultaneously at the two axial locations. The
two axial locations were chosen so that the flame turbules
could be characterized shortly after they were formed and
after they had a few milliseconds to burn or decay. Review of
the cine pictures shows that the Z/D location where flame
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Fig. 8 Average centerline temperature profiles for an air flow of 2
kg/s and different fuel flow rates.
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Fig. 9 Normalized flame turbule frequency and centerline tem-
perature profiles for an air flow rate of 2 kg/s and different fuel flow
rates.

turbules are formed varies between 1.5 and 3.5 depending on
air and fuel flow rates. The data at the axial location of 2.86
in Tables 1 and 2 are believed to be characteristic of newly
formed flame turbules.

The data in Table 1 show how the flame turbule charac-
teristics change with variations in air flow rate and the data in
Table 2 show the effects of changing the fuel flow rate. It is
noted in Table 1 that FxtB of the just formed turbules
decrease with an increase in air flow rate. This trend is the
result of a decrease in tB since F is noted to increase slightly
with an increase in air flow rate. In Table 2 it is noted that
FxtB increases with an increase in fuel flow rate. This in-
crease is due primarily to the associated increase in flame
turbule frequency. These characteristics of the newly formed
flame turbules are believed to give important clues about their
formation process and will be considered in more detail in the
Discussion section.

Time-Averaged Temperatures
Time-averaged data do not always offer the best under-

standing of turbulent combusting flows and, on occasion, can
mask the interesting physics that is taking place. A case in
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point is the time-averaged centerline temperature
measurements shown in Fig-. 8. The similarity of the
frequency profiles in Fig. 7 and the temperature profiles are
evident, especially for axial locations greater than 2.75. The
time-averaged temperatures downstream of the recirculation
zone in Fig. 8 are the result of flame turbules and
nonluminous regions passing by the thermocouple probe. It
seems reasonable that the average temperature should be
proportional to the fraction of time that a flame turbule is
present. The data in Table 2 supports this idea where the
values of Fx tB for the different fuel flows are normalized to
the FxtB value at a fuel flow of 18 kg/h. The centerline
temperatures (Tc) are normalized to the ideal flame tem-
perature (Ts) that would be obtained by the exhaust gases. In
this way, both F and Tc — Ts will be zero at the end of the
flame.

Figure 9 contains plots of normalized temperature and
frequency data as a function of axial location for an air flow
rate of 2 kg/s and for different fuel flow rates. The time-
width data are not available for all of these conditions so that
Fx tB values could not be plotted. However, the data in Fig. 6
indicate that the values of tB should be independent of fuel
flow rate so that the normalized values of F should be ap-
proximately the same as the normalized values of FxtB. A
very good agreement between the normalized temperature and
frequency plots are noted for all but the 10 kg/h fuel flow rate
condition. The lack of agreement in this condition might
occur because the measurements were made near the end of
the flame and appreciable decay of the flame turbules has
taken place.

Discussion
The formation of flame turbules downstream of the

recirculation zone is the result of dynamic mixing and
combustion processes. These dynamic processes are un-
doubtedly complex and since the flame turbule data are not
sufficient to formulate a clear understanding of the processes,
any discussions about their formation mechanisms are
necessarily incomplete and speculative in nature. Even with
these shortcomings, it may prove useful in designing future
experiments and formulating new ideas to consider the
possible implications of the available data.

It will be useful to first consider a time-averaged description
of the flowfield behind the bluff body. The centerbody
configuration is thought of as dual jets: an annulus air jet and
a central fuel jet. The entrainment of fluid by these jets
determines the characteristics of the recirculation zone in the
near-wake region of the bluff body separating the jets. Two
extreme operating conditions are determined by whether the
annulus jet or the fuel jet dominates the flowfield. When the
annulus jet dominates, fuel is entrained into the annulus jet
establishing a flowfield similar to that shown in Fig. lOa;
whereas, with domination by the fuel jet, fuel penetrates the
recirculation zone established by the annulus jet and a
flowfield similar to that shown in Fig. lOb results. When the
annulus jet dominates, the flame is cylindrically shaped with
nearly the same diameter as the centerbody and, depending on
the air and fuel flow conditions, can extend many diameters
downstream. The fuel jet dominated flame has a conical
shape similar to that of a free-jet flame. When the air flow
rate is high (2 kg/s), the fuel jet can never dominate the
flowfield. Instead, at high fuel flow rate conditions, both an
annulus jet and a conical fuel jet flame are evident. The
velocity data in Ref. 10 indicate that the flowfields for the fuel
and air flow rate conditions reported in this paper correspond
to that shown in Fig. lOb where most of the fuel penetrates the
recirculation zone.

According to the time-averaged view in Fig. lOb, the fuel jet
penetrates the recirculation zone continuously. However, this
may not be correct when the dynamics of the flowfield is
considered. Flame turbules are a mixture of fuel and air in
proportions that can maintain combustion. The nonluminous
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Fig. 10 Illustration of postulated time-averaged flowfields for a high
air flow rate and a) a low fuel flow rate and b) a high fuel flow rate.

regions separating flame turbules are where the fuel and air
mixture is either too lean or too rich to support combustion.
Since the overall combustion efficiency is at least 94% for all
of our test conditions, 6% or less of the fuel escapes un-
burned.l From Tables 1 and 2 it can be determined that the
nonluminous regions occur 30% or more of the time. These
large nonluminous regions must be very fuel lean even if all
the unburned fuel is contained in them. For practical pur-
poses, all the fuel escaping the recirculation zone can be
assumed to be present in the flame turbules. This indicates
that the fuel penetrates the recirculation zone discontinuously.
Furthermore, the fraction of time that a turbule is present at
an axial location where they are just formed, might also be
interpreted as the fraction of time that the fuel penetrates the
recirculation zone.

The cine pictures also indicate that the fuel penetrates the
recirculation zone discontinuously or in discrete packets. The
formation of a flame turbule is shown in Fig. 2 photographs
c-j; however, it is not as evident in the figure as when the cine
pictures are viewed in motion. In photograph c, the flame
almost fills window Wl. In photograph d, a conically shaped
flame, reminiscent of the fuel jet, is apparent. In photographs
e, f, and g, the flame appears to move downstream and in
photographs h, i, and j, the flame has moved back upstream.
The end result is the formation of a turbule, clearly evident in
photograph j. This sequence of photographs illustrates that
an apparent axial oscillation of the recirculation zone can
result in the formation of a flame turbule. This oscillation
may be the result of intermittent penetration of the recir-
culation zone by the fuel jet, as strongly suggested by the
conical shape of the flame in Fig. 2d.

The photographs in Fig. 2 also indicate that there may be
another way flame turbules are formed. In photographs a and
b, a flame turbule results and no axial oscillation has taken
place even in pictures prior to photograph a. This flame
turbule may be formed as a result of the fuel escaping by
means of entrainment into the annulus jet as suggested by the
cylindrical shape of the flame in Fig. 2b. However, for our
test conditions this probably does not happen very often.

The escaping of fuel and air mixture from the recirculation
zone in discrete packets may be the result of large-scale en-
trainment structures. Breidenthal11 has performed ex-
periments with both bluff-body and splitter-plate con-
figurations that may give some insight into the dynamic
processes leading to the formation of flame turbules. The
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experiments were conducted in a two-dimensional water
tunnel with reactants A and B separated by a splitter plate or a
bluff body. The product formed by the mixing of A and B
downstream of the splitter plate was detected by optical
absorption in an analogous way that we used the optical CH
emissions to detect hydrocarbon reactions. The reaction of A
and B was mixing limited and did not result in an appreciable
heat release. The product was colored and could be visualized
easily by high-speed cine pictures. The result of this ex-
periment was that the product formed in discrete packets for
both splitter-plate and bluff-body flows. Furthermore, the
time records of the product were very similar to CH emission
time records presented in Fig. 3. Visualization techniques
showed that mixing from large-scale structures was
responsible for the formation of the discrete packets of
product. There are fundamental differences between
Breidenthal's experiments and ours, such as the difference in
configuration, heat release, and reacting mediums. However,
the results appear to be too similar to be coincidental. The
results imply that flame turbules might occur because of the
interaction of large-scale entrainment structures associated
with the annular air jet and the central fuel jet.

As a matter of interest, temperature-time records at the exit
plane12 and inside13 a gas turbine combustor are sufficiently
similar to our CH emission time records and the product time
records of Breidenthal's to raise the question about whether
large-scale structures might also be present in practical
combusting devices. Large-scale structures are also involved
in combusting systems with high heat release rates. Ganji and
Sawyer14 and Pitz and Daily15 have observed that large-scale
entrainment structures dominate the flowfield in a two-
dimensional rearward facing step (dump) combustor.

Brun et al:16 suggested that vortex shedding from the face
of the bluff body could result in the formation of flame
turbules. One can visualize that a toroidal vortex shed from
the bluff body could grow, as it moves downstream, to the
extent that near the end of the recirculation zone it could
interact with the fuel jet. This interaction could momentarily
slow down or stop the fuel jet from penetrating the recir-
culation zone. Such an interaction could lead to the formation
of flame turbules, and will be examined in future experiments.

Summary and Conclusions
High-speed cine pictures and time-resolved measurements

of CH emissions were used to study the characteristics of
flame turbules formed downstream of the recirculation zone.
The velocity frequency and time widths of flame turbules were
measured for different air and fuel flow rates and at different
axial locations. The results of these measurements can be
summarized as follows.

1) The velocity of flame turbules is determined by the
annulus air jet injection velocity for almost all air and fuel
flow conditions studied.

2) The time width of flame turbules is determined primarily
by the annulus air jet and decreases as the air velocity in-
creases for a fixed axial location near where the turbules are
formed.

3) The frequency of the flame turbules at an axial location
near where they are formed increases with an increase in fuel
flow rate.

4) For a fixed air and fuel flow condition, the time width
and the frequency decreases as the flame turbules move
downstream.

5) Centerline time-averaged temperature measurements
downstream of the recirculation zone correlate reasonably
well with the fraction of time that a flame turbule is present.

The results are insufficient to establish the flame turbule
formation processes but they do lead to speculations about
these processes. The formation of flame turbules downstream
of the recirculation zone are believed to occur because
combustible fuel and air mixtures escape the recirculation
zone in discrete packets separated by very lean regions of

noncombustible gases. For our test conditions and on a time-
averaged basis, the fuel escapes by direct penetration of the
recirculation zone by the fuel jet. However, from a dynamic
view, the fuel escapes in quasiperiodic bursts that last 1.2-12
ms but occur at a frequency that is sufficiently high to
represent an appreciable fraction of the total time. The escape
velocity of the fuel appears to be determined primarily by the
annulus air velocity. The fraction of the time that fuel does
escape (probability of escape) is proportional to the product
of the frequency and the time of a burst and varies with air
and fuel flow conditions. At a fixed fuel flow rate, the
probability of escape decreases with an increase in air flow
rate. This decrease results primarily because the actual escape
time for each burst decreases substantially with an increase in
air flow rate. For a fixed air flow rate, the probability of
escape increases with an increase in fuel flow rate. This trend
is primarily due to an increase in frequency of the escape
process with the actual time of escape being insensitive to the
fuel flow rate. Thus, the annulus air jet appears to control the
actual time of each burst in which fuel escapes the recir-
culation zone; whereas, the fuel jet has the most influence on
the frequency of the burst. The processes leading to the fuel
escaping in discrete packets is undoubtedly complex but may
be due to the interaction of shed vortices with the fuel jet.
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