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Coherent Structure in a Combusting Jet in Crossflow

Rong F. Huang* and Jean M. Changt
National Taiwan Institute of Technology, Taipei, Taiwan 10672, Republic of China

The flame behavior and coherent structure of the combusting propane gas jet in a cross air stream at low jet-to-
wind momentum flux ratios are studied experimentally. A one-component constant-temperature hot-wire ane-
mometer is employed to extract frequency information from the traveling coherent structures evolving from the
upwind side of the jet body. The reduced traveling frequency of the coherent structure in the near burner region
is correlated to the jet-to-wind momentum flux ratio. The reduced eddy traveling frequency approaches to a con-
stant of about 0.35 at high jet-to-wind momentum flux ratios. The trajectories of the traveling coherent struc-
tures depicted by the bisector of the eddy traveling avenue (the narrow band where the coherent structures sweep
over) are correlated by hondimensional coordinates. The coherent structure is found to be profoundly related to
the split and flickering phenomena of the flames in the jet momentum dominant region.

Nomenclature
d = inner diameter of burner tube
E = voltage output of hot-wire anemometer
/ = eddy traveling frequency (frequency of coherent

structures passing through and detected by
hot-wire probe)

/ = jet-to-wind momentum flux ratio, Jj/Jw
Jj = momentum flux of fuel jet, p; u-
Jw = momentum flux of crossflow, pwu^
R = square root of jet-to-wind momentum flux

ratio, J112

St - Strouhal number, fd/Uj
Uj = average exit velocity of fuel jet
uw = average velocity of cross airflow
X, 7, Z = Cartesian coordinates with origin at center of jet
_ exit plane
X = nondimensional X coordinate of eddy traveling path,

X/Rd
Z = nondimensional Z coordinate of eddy traveling path,

Z/Rd
Pj = mass density of fuel jet
pw = mass density of cross airflow
O = spectral density function of E

Introduction

COHERENT structures have been noticed by investigators for
their roles in the mixing rates in plane mixing layers1 and in

round jets.2 A review of the uses of coherent structure was pre-
sented by Coles.3 Considerable effort has been devoted to under-
standing the interaction of the organized structure and the flame
characteristics in reacting plane shear layers4"6 and axisymmetric
gas jets.7"10 The flame behavior, including liftoff, blowout, and
hysteresis of vertical diffusion flames has been reported to be
closely related to the dynamics of the shear-induced coherent
structures.11"14 The combusting gas jet in a crossflow can be
placed into two categories. Figure 1 shows the sketches of the typ-
ical flames in burner-detached and burner-attached regimes. The
flames in the burner-detached regime exist at high jet-to-wind
momentum flux ratios. The combusting jet behaves like a cross-
flow-deflected diffusion flame.15"22 The flames in the burner-
attached regime exist at low jet-to-wind momentum flux ratios (/ <
20, in this study). The jet body is bent over severely so that the jet

and burner tube serve as the flame holders which generate a flam-
mable area in the recirculation region.23 Two types of organized
flow structures have been reported in the literature for the combus-
ting jet in a crossflow. One is the pair of streamwise-oriented
counter-rotating vortices, which exists at high jet-to-wind momen-
tum flux ratios.16 The other is the coherent structure on the upper
bent jet surface in the near burner region, which was first presented
in a schlieren picture by Huang et al.23 for burner-attached flames.
The counter-rotating vortices have been studied by many investi-
gators due to their strong influence on jet or flame behavior. How-
ever, the roles of the coherent structure in a combusting jet in a
crossflow have not been studied by investigators. In this paper, we
present some results from a study of the burner-attached propane
gas jet flames in a cross airflow in which the time-averaged flow-
field is essentially symmetric about a vertical center plane. The
results not only confirm the presence of coherent structures in the
flow but also reveal the characteristic features and influence on the
flame behavior. We focused our attention on the dynamics of the
organized structure, the trajectory of the traveling coherent struc-
tures, and the influence of the large eddies on the flame behavior.
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Fig. 1 Sketches of typical flames in crossflow in a) burner-detached
regime and b) burner-attached regime.
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Fig. 2 Experimental setup and definition of coordinate system.

Experimental Details

Wind Tunnel and Combustor
The experiments are performed in a suction-type, open loop

wind tunnel shown in Fig. 2. The wind tunnel has a test section of
30 X 30 X 110 cm. The test section is made with two polished alu-
minum alloy plates serving as the ceiling and the floor and two
reinforced thermal-resistive plate glass panels serving as the side
walls to allow for photography and visualization. The contraction
ratio of the effuser is 9 to 1. Honeycombs and three layers of
screens are placed at the inlet of the wind tunnel to reduce the tur-
bulence intensity of the flow in the test section. The maximum tur-
bulence intensity at a wind speed of 20 m/s measured by a hot-wire
anemometer is less then 0.5%. During the experiments the velocity
of the crossflow is monitored with a pitot-static tube.

The combustor is a stainless tube with an inner diameter of 5.0
mm, an outer diameter of 6.4 mm, and a length of 250 mm. The
tube protrudes 180 mm into the wind tunnel through and perpen-
dicular to the aluminum floor plate of the test section. Description
is given in terms of a rectangular coordinate system (X, 7, Z), as
shown in Fig. 2. The origin is centered at the exit plane of the
burner tube. The burner tube is adapted to the tip of a nozzle
assembly which serves as the flow conditioning and measuring
device. The contraction ratio of the well-contoured nozzle is
324:1, which is large enough to ensure very slow motion in the set-
tling chamber so that the total pressure can be accurately measured
from the pressure tap on the wall of the settling chamber. The flow
rate of the fuel jet is calculated using the dynamic pressure. The
turbulence intensity of the issuing jet at the exit plane, except in
the shear layer, is lower than 0.2% for an average exit velocity of
9.2 m/s at zero crosswind velocity. The fuel used in this study for
combustion in the wind tunnel is commercial-grade propane with
compositions of about 95.0% C3H8, 3.5% C2H6, and 1.5% C4H10.

Optical Photography
The short (down to 1/12,000 s) and long (about 2 s) time expo-

sure direct color photography, shadowgraph, and schlieren optical
techniques are employed to identify the flame- modes and to distin-
guish the characteristics of the flow patterns. The shadowgraph
and schlieren pictures are focused on the near burner region. A
1000 W xenon-mercury lamp is used as the light source and two
20-cm plane-convex lenses are employed to collimate the light
path.

Experimental Procedure
The stability limits of the flame are outlined by slowly varying

the flow rate of the fuel jet at a fixed crosswind velocity until the
flame is blown out. At blowoff the crosswind and fuel jet veloci-
ties are recorded by a data acquisition system. The same procedure
is repeated for various crosswind velocities from 4.5 to 18 m/s.
The flame modes are identified by visual inspection and examina-
tion of the color flame pictures taken through the whole stability
domain. The shadowgraph and schlieren techniques are then em-
ployed to mark the flow patterns. A one-component hot-wire probe
operated at a constant temperature mode is placed on the center
plane (Y=0) at X = 1.5 cm and is adjusted to a Z position where the

/ / / / / / / / / / mode II
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/ / / / i

Fig. 3 Map for stability regimes, flame modes, and traveling coherent
structure: mode I, down-washed flames; mode II, flashing flames;
mode III, developing flames; mode IV, dual flames; mode V, flickering
flames; mode VI, pre-blow-off flames; region A, cross-flow dominant;
region B, transition; region C, fuel jet dominant; and region D, loss of
coherency.

traveling eddies pass through. The most proper Z position of mea-
surement is monitored from both the shadowgraph images on a
screen and the output signals of the hot-wire anemometer on an os-
cilloscope. The hot-wire probe is made of a platinum wire which is
1.5 jLim in diameter and 1.5 mm in length. The response capability
of the anemometer is estimated to be at least 3000 Hz. The output
signals of the hot-wire anemometer are fed to a PC-based data ac-
quisition system to extract frequency information on the traveling
eddies. The hot-wire probe is used here as a device to sense the fre-
quency when the eddies pass through the wire, rather than as an ac-
curate velocity measuring instrument. Only the passing-through
frequency of the coherent structure is of concern here so the devia-
tion caused by the effect of density variation is not corrected in this
experiment.

Results and Discussion
Flame Behavior

Figure 3 shows the stability domain of the propane gas jet flame
in a crossflow obtained in this experimental study. There are two
blowout limits associated with jet velocity. The area between the
upper and lower limits in Fig. 3 represents the domain in which the
flames are stabilized. The stability domain for burner-attached
flames covers higher crossflow velocities and lower fuel jet veloc-
ities compared to the burner-detached flames.15 Prior to blowoff,
the flame base of the burner-attached flame always resides on the
lee side of the bent jet body instead of lifting off the burner tip as
in the case of the burner-detached flame.16

The flame configurations in the stability domain are identified
by direct visual inspection and by short and long time exposure
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Fig. 4 Typical flame configurations at different characteristic modes:
uw = 4.86 m/s, Uj= a) 0.12 m/s, b) 1.40 m/s, c) 3.39 m/s, d) 5.53 m/s, e)
7.11 m/s, and f) 10.89 m/s; —— jet trajectory; E Z H blue zone;
luminous orange zone.
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Fig. 5 Schlieren photographs of traveling coherent structures: uw =
4.86 m/s, iij= a) 3.64 m/s, region A; b) 6.15 m/s, region B; c) 8.50 m/s,
region C; and d) 13.74 m/s, region D.

photography. Six typical characteristic modes are identified. The
regions of the characteristic flame modes are marked by the short
slashed lines in Fig. 3. Figure 4 shows the sketches of typical
flames for each mode at uw = 4.86 m/s. The dashed lines show the
contours of the flames. The solid lines depict the bisector of the
long time exposure shadowgraph images of the fuel jets. The blank
areas enclosed by the slashed lines are blue flames and the dotted
areas are luminous orange regions. In all cases, the jet trajectories
in the near burner region are all located above the flames. The bent
jet bodies are not enclosed by the flames until a few burner diame-
ters downstream from the burner. The flame shown in Fig. 4a is in
the region of mode I, in which flames are called down-washed
flames. The jet-to-wind momentum flux ratio in mode I is very low
and the flammable region is located around the recirculation area

E
(volts)

a) region "A"

c) region "C"

b) region "A"

d) region "C"

t (sec) x 10

Fig. 6 Typical hot-wire signals at uw = 4.86 m/s, region A: a) Uj = 2.47
m/s and b) Uj= 3.84 m/s. Region C: c) Uj= 6.88 m/s and d) Uj= 7.11 m/s.
Data measured at sampling rate of 12,000 samples/s.

102 103

f (Hz)
io4

Fig. 7 Typical power spectral density function of hot-wire signals at
uw = 4.86 m/s and Uj = 5.34 m/s.

in the near wake of the tube. The jet body is flushed by the cross
stream and curved downward to form a recirculation area due to
the down-wash effect around the burner tip area. As the jet-to-
wind momentum flux ratio is raised to the region of mode II, as is
shown in Fig. 4b, the trajectory of the down-washed jet body in
mode I is tilted up to align with the main stream and the intermit-
tently flashing blue flame downstream of the down-washed flame
is observed. Flames in mode II are called flashing flames. As the
jet momentum is increased to the region of mode III, in which
flames are called developing flames, the intermittency of the flash-
ing blue flame finally stabilizes and stems itself from the down-
washed flame area as is shown in Fig. 4c. The area of the blue and
orange zones of the down-washed flame in mode II is enlarged as
the momentum of the fuel jet is increased. The length of the flame
in mode III elongates and the down-washed flame shrinks gradu-
ally as the jet momentum is increased. As the jet momentum
increases to the region of mode IV, as is shown in Fig. 4d, the
flames start shortening and the dual-flame patterns appear. The
flame regains its elongation after it reaches the shortest length at
which the dual-flame pattern is most obviously observed. In the
region of mode V, as is shown in Fig. 4e, the flame becomes
increasingly wider with an increase of jet momentum. In the down-
washed area the soot-radiating orange zone disappears but the
small blue flame in the recirculation area still exists. The soot-radi-
ating zone in the downstream area grows and flickers, which
causes the flames in this mode to be called flickering flames. This
pattern remains the same until the jet momentum increases to the
region of mode VI, as is shown in Fig. 4f. In mode VI the small
blue flame in the recirculation area disappears and the flame length
does not appreciably increase with jet velocity. Prior to blowoff,
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the blue zone anchors at the lee side of the bent jet body above the
tip of the burner instead of staying in the wake of the burner. No
trace of flame in the recirculation area behind the burner is found.

Coherent Structure
The fuel jet issuing from the burner is subjected to the impinge-

ment and the shear of the crossflow. Although the interaction is
three dimensional and complex, the average flowfield is symmet-
ric about the center plane (7= O).23 The coherent structure evolving
from the upwind side of the jet body is observed in this experi-
ment. The schlieren photographs in Fig. 5 show the different
configurations of the coherent structures in the near burner region.
As the flow conditions fall into region A of Fig. 3, the coherent
structure has vorticity in the +7 direction as is shown in Fig. 5a. In
this region the momentum of the crossflow prevails over that of
the fuel jet. The jet-to-wind momentum flux ratio is lower than
about 0.9 in region A. Flame modes I, II, and III belong to region
A. As the jet-to-wind momentum flux ratio increases to region B
of Fig. 3, the direction of the vorticity of the coherent structure is
hard to distinguish, as is shown in Fig. 5b. Mushroom-like flow
structures are found in this region. The direction of the vorticity of
the coherent structure is in transition from +Y to -Y for jet-to-wind
momentum flux ratio increases from 0.9 to 1.2. The dual-flame
mode belongs to this transition region. As the jet-to-wind momen-
tum flux ratio increases to region C of Fig. 3, the coherent struc-
ture has vorticity in the -Y direction, as is shown in Fig. 5c. In this
region the momentum of the fuel jet prevails over that of the cross-

flow. The jet-to-wind momentum flux ratio in this region is higher
than about 1.2. The flickering flame mode belongs to the region C.
As the jet-to-wind momentum flux ratio increases to a level higher
than about 3.5, as shown in region D of Fig. 3, the organized struc-
ture can no longer maintain distinguishable coherency, as is shown
in Fig. 5d.

The typical signal output from the hot-wire anemometer, which
is mounted in the wind tunnel to sense the motion of the traveling
coherent structure, as shown in Fig. 6. The probe is placed on
plane of X = 1.5 cm, where the jet body has been bent over to align
with the main cross stream. Signals in Figs. 6a and 6b having char-
acteristic peaks pointing downward indicate that the coherent
structure is rolling in the -Y direction (region A) when passing
through the probe. Signals in Fig. 6b have a higher frequency than
those in Fig. 6a. The jet momentum in Fig. 6b is higher than that in
Fig. 6a. Signals in Fig. 6c and 6d having characteristic peaks point-
ing upward indicate that the coherent structure is rolling in the +7
direction (region C) when passing through the probe. The signals
in Fig. 6d have a slightly higher frequency than those in Fig. 6c.
The jet momentum in Fig. 6d is a little higher than that in Fig. 6c.
The signals switch patterns from peaks pointing downward to
peaks pointing upward in the transition region B. Signals in region
D which are not shown here show no apparent coherent peaks. The
discrete Fourier transform is employed to convert the hot-wire raw
data in the time domain to the power spectral density function in
the frequency domain. Thus, the eddy traveling frequency is
located at the peak of the power spectral density function. Figure 7
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Fig. 11 Schlieren images of split fuel jet for dual flame at uw = 4.86 m/
s and Uj = 6.15 m/s: a) 1/12,000 s exposure and b) 1 s exposure; arrow
heads in b) indicate the split streams.
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Fig. 12 Dual flames, uw = 4.86 m/s and Uj = a) 5.39 m/s, b) 5.56 m/s,
and c) 5.64 m/s.
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Fig. 13 Flickering flames at uw - 4.86 m/s and HJ = 6.98 m/s, a) bright
mode, b) bright mode, c) dark mode, and d) dark mode.

shows a typical power spectral density function in the frequency
domain for uw = 4.86 m/s and Uj = 5.34 m/s. The eddy traveling
frequency is easily found in this plot to be 460 Hz. The variations
of the eddy traveling frequency with jet velocity are shown in Fig.
8. For the four wind velocities shown in Fig. 8, the frequency var-
ies much as it does similarly with jet velocity. The variations at
low crossflow velocities are more prominent than they are at high
crossflow velocities. In region A, the eddy traveling frequency
increases with the fuel jet velocity to a peak value. After that it
decreases with the jet velocity and reaches a minimum in transition
region B. The frequency of the traveling eddies remains almost
constant in region B. In region C, the traveling eddy frequency
increases slowly with the fuel jet velocity. The behavior of the
traveling coherent structure of the combusting jet in the crossflow
is much more complicated than that in the freejet. The primary
dominant factors are not only the effect of shear due to the jet/
environment velocity difference, which was employed in the cal-
culation of the celerity for the shear-layer by Coles,3 but also the
effect of the impingement by the crossflow on the jet body.

Although not verified here, we try to find a reason for the varia-
tions of the eddy traveling frequency by considering the shear and
impingement effects. Consider the emanating jet around the near
burner tip area. At very low jet-to-wind momentum flux ratios, the
jet body is bent severely. The instability waves generated on the jet
surface are primarily due to the shear effect caused by the wind.
The undulated waves on the jet surface are stretched by shear in

the bent jet direction, and hence have a long wavelength and a low
frequency. As the jet-to-wind momentum flux ratio increases, but
remains in region A, the jet body tilts upwards. The decrease of the
stretching effect due to the decrease of shear in the bent jet direc-
tion causes the eddy wavelength to decrease. Hence the traveling
frequency increases with jet velocity. As the bent jet body tilts
higher than a critical angle with an increase of the jet velocity, the
decrease of the shear effect on the jet surface prevails. This effect
reduces the vortex generation rate, and hence, the eddy traveling
frequency. As the jet-to-wind momentum flux ratio increases to
the values in region B, the high tilt angle due to the high momen-
tum of the fuel jet causes the effects of shear between the fuel jet
and the cross stream boundary, and the impingement by the cross
stream on the fuel jet to balance. The orientation of the vorticities
of the coherent structures is in transition from +7 to -Y within a
narrow margin of jet-to-wind momentum flux ratios. During this
process the eddy traveling frequency does not vary appreciably
with jet velocity. As the jet-to-wind momentum flux ratio
increases to the value in region C, the high jet/wind velocity differ-
ence creates high shear on the jet surface in reverse direction to
that in region A. The traveling frequency of the coherent structures
thus increases with jet velocity in this region.

The frequencies of the traveling eddies can be correlated using
two nondimensional groups: the Strouhal number St and the jet-to-
wind momentum flux ratio /. Figure 9 shows the result of the cor-
relation. The Strouhal number decreases rapidly with the jet-to-
wind momentum flux ratio in region A. The decreasing rate in
transition region B decelerates. The Strouhal number approaches
an almost constant value of about 0.35 as the jet-to-wind momen-
tum flux ratio increases to the region C, the jet momentum domi-
nant region. The Strouhal number and the jet-to-wind momentum
flux ratio can be correlated logarithmically by

St = exp (-0.3894 k,/ - 0.6247) (D

The trajectories of the traveling organized structures can be
depicted by the bisector of the long time exposure shadowgraph
images of the path that the eddies pass over. Following the nondi-
mensional parameters X and Z used by Pratte and Baines24 for
correlation of the wind-blown jet in the range of 25 < / < 1225, the
trajectories of the traveling eddies in this study for / < 20 can be
correlated by

and

Z = 0.86X°'37

Z = 1.07X0'21

for the near field

for the far field

(2)

(3)

Figure 10 shows the results of the correlation. The momentum flux
ratio, which implicitly appears in the nondimensional parameters,
plays an important role in the jet behavior. Also shown in Fig. 10
for comparison are the lines representing the near nozzle solution
obtained theoretically by Brzustowski19 for flames in the burner-
detached regime and the experimental correlation obtained by
Pratte and Baines24 for the visible centerline of an air jet emanat-
ing at high jet-to-wind momentum flux ratios from a hole on a wall
and seeded with an aerosol spray. Because the stability domain of
the burner-detached flames covers the regimes of lower crossflow
velocities and much higher jet velocities than that of the flames in
the burner-attached regime, and because of the nonlinear behavior
of the jet/wind interaction, the loci of the trajectories in these two
categories reside on different levels.

Coherent Structure and Flame Behavior
The transition region, region B as shown in Fig. 3, covers the

regime of characteristic flame mode IV. In flame mode IV, the
dual flame, the fuel jet, and the crossflow have about the same
velocities. The fuel jet momentum is slightly dominant in this
flame mode. The fuel jet on the symmetric center plane is not bent
as much as that in an off-center area and hence makes the jet body
look split, as shown in Fig. 4d. The traveling coherent structure
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follows the upper trajectory and the side-skimmed jet fluid follows
the lower trajectory. The short time exposure schlieren picture of
Fig. lla shows the indistinguishable orientation of the coherent
structure in this mode. The long time exposure schlieren photo-
graph in Fig. lib records the split images of the jet body. The split
streams correspond to the formation of the dual flame, which is
shown in Fig. 12. The flame length reaches a minimum as the
flame appears most obviously dual. Because the jet-to-wind
momentum flux ratios (about 1) in this regime are not high enough
to generate the streamwise counter-rotating vortices,16 no evidence
showing the influence of these structures on the dual-flame mode
was found.

In the regime of the flickering flame mode, the flame flickers
between bright and dark appearances periodically. Figure 13
shows the flow patterns and flame appearances in bright and dark
modes of the flickering flames. Figures 13a and 13b describe the
flow and appearance of the flickering flame in the bright mode.
Figures 13c and 13d are for the dark mode. The soot-radiating
zone in color photograph Fig. 13b starts earlier and has a longer
and fatter radiating orange zone in the downstream area, compared
with that in Fig. 13d. The switching between bright and dark
appearances is because of the soot yield. The higher the soot yield,
the brighter the flame appears. The schlieren photographs in Figs.
13a and 13c show the different flow patterns in bright and dark
modes. The primary difference is the trigger point of the unsteady
vortices. In the bright mode, as shown in Fig. 13a, the unsteady
structures are found to start at about one and a half burner diame-
ters downstream from the tip of the burner. The strong coherent
vortices are not formed in the near burner region. While in the dark
mode, as shown in Fig. 13d, the vortices start earlier and are more
coherent than they are in the bright mode. The strong entrainment
and mixing processes proceed as the vortices travel downstream
and penetrate into the blue turbulent combustion zone. The com-
bustion with better mixing and diffusion between fuel and air
reduces the soot yield and hence makes the flame look darker. The
onset point of the coherent structures moves upstream and down-
stream periodically and the motion remains in phase with the flick-
ering of the flame. Although the formation of vortices leading to
the flickering of the flames is shown, the mechanism leading to the
unsteady triggering of the vortices in this region is still unclear.

Conclusions
The flame behavior and flow structure in the stability domain of

the combusting jet in the crossflow in the burner-attached regime
are investigated experimentally. Six typical flame modes are iden-
tified. The coherent structures evolving from the upwind side of
the bent jet body display various characteristic modes. The
reduced frequency of the traveling coherent structure is logarith-
mically correlated to the jet-to-wind momentum flux ratio. The
Strouhal number of the traveling eddies approaches almost a con-
stant value of 0.35 at high jet-to-wind momentum flux ratios. The
trajectories of the traveling coherent structure depicted by the
bisector of the eddy traveling avenue are correlated by two nondi-
mensional coordinates which are related to the jet-to-wind
momentum flux ratio. The split of the jet fluid is found to corre-
spond to the formation of the dual flame. The flickering of the
flame is closely related to the unsteady triggering of the organized
structure.
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