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Nonaxisymmetric Instabilities in a Dump Combustor with a
Swirling Inlet Flow
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A series of experiments was conducted to explore large-scale oscillations observed in a dump combustor with
a swirling inlet flow. Inlets with different swirl profiles, namely constant angle, forced vortex, and free vortex,
were used in these experiments. Three levels of swirl strength for the constant-angle swirl profile case and one
swirl strength for the two other cases were tested. Well-organized large-scale oscillations were observed in all
cases. Spatial correlation and phase measurements clearly identified different modes of nonaxisymmetric
instabilities as the source of these energetic oscillations. The results also showed that swirl profile has as much
effect as swirl strength on the combustor flowfield characteristics.

Nomenclature
D = combustor diameter
f =frequency
H =step height
k,m =axial and circumferential wave numbers
R =radial coordinate
R, = combustor radius
Rs =radius of forced-vortex portion of swirl velocity,
Eq. 2)
Ry, = swirler hub radius
R; =inlet tube radius
S = swirl number
SIGy =standard deviation of axial velocity
SIGyw =standard deviation of tangential velocity
s =slope of forced-vortex portion of swirl velocity,
Eq. 2)
uw =mean axial and tangential velocities
Urer =inlet pipe centerline velocity
= axial coordinate
0 =circumferential angle
9, =incoming boundary-layer momentum thickness
Introduction

HE work presented herein is part of an ongoing research

program to explore swirling flows in a dump combustor.
Earlier, detailed two-component laser Doppler velocimetry
(LDV) results were reported in an isothermal dump combustor
with and without vortex breakdown.!-? Strong coherent oscil-
lations were observed in both flows, especially for the case
with no vortex breakdown. Additional exploratory research
has been conducted to identify the nature of these oscillations.
The results of this work are presented and discussed in this

paper.
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Swirling flows have been the subject of extensive research
efforts in a wide variety of engineering disciplines for many
decades.!"!3 Large-scale oscillations in swirling flows have
been observed and analyzed in detail by many researchers.*
However, these types of flow oscillations have not been fully
addressed in studies involving research combustors with
swirling inlet flows. As will be detailed shortly, five swirl
generators with curved inlet guide vanes were tested in the
present experiments, and strong oscillations were observed in
all five cases.

Experimental Facility and Instrumentation

Combustor Model

All the experiments were conducted in a cold-flow ramjet
dump combustor model shown schematically in Fig. 1. The
combustor model consisted of two major segments: the inlet
assembly, and the combustor chamber and contraction nozzle
section. The inlet assembly consisted of the following sections:
a 300-mm-diam settling chamber; an inlet pipe, 2.85 m in
length and 101.6 mm i.d.; and a cylindrical teflon swirl hous-
ing, 104.5-mm i.d., 152.4-mm o.d., 154 mm in length. The
combustion chamber and contraction nozzle section consisted
of a tube 1.85 m in length and 152.4-mm i.d. connected to a
30-deg converging nozzle with a 44% exit area ratio.

The unique feature of the research combustor was that the
inlet assembly was supported on a traversing system controlled
by a stepping motor. The entire inlet tube and the teflon
swirler housing were capable of sliding through and traversing
the length of the combustor chamber with a resolution of
0.025 mm. Two flat windows, 38 X38 mm, were used for
coincident two-component LDV measurements. One window
was located on the inlet tube 94 mm upstream of the swirler,
and the second window was located on the combustor wall 5.7
combustor diameters upstream of the contraction nozzle. The
novelty of the system is that the aberration problems of two-
component LDV associated with the curved wall of the com-
bustor were eliminated, and at the same time the disturbances
associated with the use of a flat window were kept to a
minimum.

Five axial flow-type swirl generators were used in these
experiments. Three of the swirl generators were of the con-
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Fig.1 Schematic of the experimental facility

stant-angle type with swirl numbers of 0.3, 0.4, and 0.5,
respectively. In addition, forced-vortex-type and free-vortex-
type swirl generators with a swirl number of 0.4 were tested.
The detailed design and construction of the swirl generators is
described in Ref. 11. Each swirler had 12 curved inlet guide
vanes welded between a 101.6-mm-i.d. outer ring and a 19-
mm-o0.d. central hub. The swirlers were located 50 mm up-
stream of the dump plane. Swirl numbers were determined
based on the standard definition

Ri R
S=S Uwr? dr/<R1S Ur dr) )

Ry Ry

where U and W are the axial and tangential velocities and R,
and R; are the hub and outer-ring radii.

Flow was induced by a centrifugal-type blower connected to
the settling chamber by a flexible hose. The inlet centerline
velocity was continuously monitored with a pitot probe lo-
cated 266 mm upstream of the inlet pipe access window and
was kept at 19.2+£0.4 m/s throughout these experiments, ex-
cept where mentioned otherwise. The Reynolds number based
on this velocity and the inlet tube diameter was approximately
125,000.

Instrumentation

A frequency-counter based, two-component coincident
LDV system was used for velocity measurements. Titanium
dioxide particles, smaller than 1u in diameter, were used to
seed the flow. The typical coincident data rate was 2000-6000/
s with a 20-us coincident window. The detail of the LDV
system is given in Refs. 1-3.

Two TSI model 1210-T1.5 single-element hot-film probes
were used for two-point correlation measurements. A
Plantronics 4-mm-diam microphone located outside of the
combustor chamber was used for obtaining acoustic signals. A
model 660A Nicolet Scientific Corporation dual-channel FFT
analyzer was used to obtain spectral densities of LDV, hot-
film, and acoustic signals. Both the hot film and the acoustic
signals were directly connected to the FFT analyzer. However,
two different methods were utilized for the spectral analysis of
LDV velocity fluctuations. In the first technique, a sample-
hold fashion analog signal was obtained from the LDV fre-
quency counter and analyzed using the FFT analyzer. In the
second technique, the random digital data from LDV was
sampled with a constant sampling rate of approximately 1/10
of the original data rate and used directly for power spectral
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Fig. 2 Acxial mean velocity and rms velocity fluctuations of inlet flow
prior to swirl generator.

analysis. In a preliminary comparison test, both methods gave
similar results. Presently, necessary software for the second
technique is in the developing stage. Therefore, only the re-
sults obtained using the first method will be presented here.

Experimental Results and Discussions
Mean Flow Results

As discussed earlier, the flat optical window located 94 mm
upstream of the swirler housing was used for the incoming
boundary-layer measurements. Figure 2 shows the mean axial
velocity and the axial and tangential rms velocity fluctuations,
normalized with respect to the inlet centerline velocity. The
inlet centerline velocity was obtained using a pitot probe lo-
cated 266 mm upstream of the inlet access window. The length
of the inlet pipe from the settling chamber to the boundary-
layer measurement location was approximately 2.8 m. This
long tube generated a thick boundary layer with a momentum
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thickness of approximately 2.9 mm. The turbulence intensity
results are typical of fully developed turbulent pipe flow.
Figure 3 shows the significant effects of both swirl strength
and swirl profile on the centerline velocity development. The
effects of swirl strength in vortex flows have been investigated
for decades.*>%!! Depending upon the Reynolds number and
the strength of swirl, a phenomenon termed ‘‘vortex break-
down’’ may occur. Considering the constant-angle swirlers in
the present experiments, for S =0.3 and S =0.4 flows, there is
a large flow deceleration at the core of the vortex that is not
strong enough to cause vortex breakdown. For S =0.5 flow,
vortex breakdown has occurred upstream of the dump plane,
and the central recirculating flow has extended to approx-
imately 4.2 step heights downstream of the step.
Comparison of the centerline axial velocity for different
swirl profiles with the same swirl strength shows the signifi-
cant impact of the swirl profile on the flowfield. While the
S =0.4 constant-angle and forced-vortex flows do not show
any vortex breakdown, vortex breakdown has occurred with
the free vortex, and the extent of the central recirculation zone
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Fig. 3 Centerline axial velocity profiles for different swirl genera-
tors.
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Fig. 4 Axial velocity profiles at X/H =2 and 6.
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is approximately 1.7 times larger than that of § = 0.5 constant-
angle swirler. The swirl number, defined in Eq. (1), has been
used to categorize the strength of swirl. Based on these results,
it seems that the swirl number by itself is not a sufficient
parameter to indicate swirl strength.

Figures 4 and 5 show radial distributions of mean axial and
tangential velocities for all swirlers at two axial locations: two
and six step heights from the dump plane. Four swirlers show
similar axial velocity profiles with a significant axial momen-
turmn deficit in the central core. However, the forced vortex
flow behaves like a jet flow and does not show any centerline
axial momentum deficit. At a location of six step heights, the
forced-vortex profile is almost like a forced vortex, the free
vortex is like a Rankine vortex, but the constant-angle swirlers
do not seem to belong to any known vortex category. Further
downstream, the S =0.3 flow turns into a forced vortex, and
the S = 0.5 flow develops into a forced vortex at the center and
a constant-velocity vortex outside of the central core.!-* Based
on an inviscid stability analysis, Kurosaka5!4 has shown that
the second-order nonaxisymmetric disturbances tend to
change the Rankine vortex profile of a Ranque-Hilsch tube
into a forced-vortex-type profile; this matter will be discussed
further.

Velocity Power Spectral Density Results

For all power spectral data, the digitization rate of the
analog velocity signal was 2.56 times the expected maximum
frequency in the flow. A low-pass filter with a cutoff fre-
quency twice the expected maximum frequency was utilized.
Power spectra were averaged over 50 blocks with each block
containing 400 samples. For all the power spectral data re-
ported here, the frequency resolution was less than 0.65 Hz,
and the normalized standard error in amplitude was less than
15%.

Power spectral density analysis of the incoming boundary
layer did not reveal any distinct frequencies. Detailed mean
and turbulence results for the configuration with no swirl were
presented in Refs. 1-3. The power spectral distributions for
this configuration did not show any distinct frequencies in the
free shear layer generated by the separation of the flow at the
step. For free shear layers generated from an initial boundary
layer with a uniform momentum thickness, such as the config-
uration with no swirl in the present experiments, linear stabil-
ity theory'® predicts the most amplified frequency to be
f=0.017 Uggs/8,,, where Uggr and 6, are the inlet velocity and
momentum thickness, respectively. For the configuration with
no swirl, this theory predicts a rollup frequency of approx-
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Fig. 5 Tangential velocity profiles at X/H =2 and 6.
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imately 110 Hz. In order to initiate the rollup of vortices in the
experimental case, some sort of excitation, such as the longitu-
dinal acoustic modes of the combustor chamber, is required.
The range of the first acoustic mode of the present combustor,
with the length of combustor varying from 0.87-1.48 m, is
120-200 Hz. Even with the longest combustor length, the first
longitudinal acoustic mode is higher than the predicted rollup
frequency of the shear layer. Apparently, there is no other
source of excitation in the system or the laboratory environ-
ment with a frequency close enough to the most amplified
frequency of the shear layer to provide external excitation.

As discussed earlier, each swirler had 12 curved inlet guide
vanes welded between a 101.6-mm-i.d. outer ring and a 19-
mm-o.d. central hub. The swirlers were located 50 mm up-
stream of the dump plane. With this arrangement, the initial
boundary layer was destroyed while passing through the
vanes. New boundary layers developed over the curved vanes.
A wake developed behind the hub and a boundary layer devel-
oped inside the inlet pipe, after the swirler and before the
separation at the dump plane. Thus, the flow downstream of
the swirler is very complex, as reflected in Figs. 4 and 5.

Figure 6 shows power spectral density distributions of both
axial and circumferential velocity fluctuations for the § =0.3
constant-angle swirler for different radial locations two step
heights downstream of the dump plane. There are three peaks
in the axial power spectra and two peaks in the tangential
power spectra. These distinct peaks occur at approximately
5.5 Hz, 22 Hz, and 38 Hz, which seem to correspond to f, 4f,
and 7f, f being the fundamental frequency. The peak is very
sharp at f, relatively sharp at 4f, and has a relatively large
wideband at 7f. The fundamental frequency appears at all
radial locations, but 4f and 7f appear only in the shear layer
generated from the expansion of the flow at the dump plane.
Figure 7 shows the results for the same swirler at six step
heights from the dump plane. The frequencies have not
changed, but the energy level has decayed, except at 5.5 Hz in
the tangential spectra.
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Fig. 6 Power spectral density distributions for § =0.3 at X/H =2.
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For S =0.4 constant-angle and forced-vortex swirlers, the
peak frequencies occurred at f, 3f, and 5f, where f=8.5 and
11 Hz for the constant-angle and the forced-vortex flows,
respectively. Again, the peak at 5f was a wideband in both
cases. Figure 8 shows the results for S =0.5 constant-angle
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swirler. Power spectra of axial velocity fluctuations show four
peaks at 9, 27, 47, and 72 Hz, which appear to correspond to
/. 3f, 5f, and 8f. There was no distinct frequency inside the
central recirculating zone. The energy level at the fundamental
frequency is substantially less than that of S = 0.3 flow. Power
spectra for the tangential velocity fluctuations do not show
any distinct peaks. At six step heights downstream, 8f has
disappeared and all the other peaks have significantly de-
cayed.

While the power spectral results show some similarity
among swirlers with different swirl number and profile, the
results for § = 0.4 free vortex showed a totally different behav-
ior, reconfirming that the swirl number is not the only
parameter characterizing swirling flow behavior. At two step
heights from the dump plane, the free-vortex flow showed
either a single peak at approximately 98 Hz or two peaks, one
at 98 and the other at 196 Hz. These frequencies appeared at
the tangential velocity spectra at the centerline, at both veloc-
ity spectra at one step height radially from the centerline, and
only at the axial velocity spectra at 2 and 2.5 step heights
radially from the centerline. There was no distinct peak at six
step heights axially from the dump plane.

A series of experiments was conducted with the $=0.3
constant-angle swirler to determine the Reynolds-number de-
pendency of the observed frequencies. Varying the Reynolds
number based on the inlet tube centerline velocity and inlet
tube diameter from 125,000 to 185,000, the Strouhal number
based on the aforementioned velocity and diameter and the
fundamental frequency was constant at 0.027, Also, 4f and 7f
harmonics were observed in all cases.

Garg and Leibovich’ have investigated the spectral charac-
teristics of vortex breakdown flowfields in a tube with a small
divergence angle. The Reynolds number (based on the tube
diameter) in their experiments was almost an order of magni-
tude smaller than the Reynolds number in the present study.
In the wake of vortex breakdown, they observed oscillations
similar to those presented here, but with two major differ-
ences. First, they observed only the fundamental frequency
and its first harmonic while selected harmonics were observed
in the present experiments (Figs. 6 and 8). Second, their ob-
served frequencies decreased in the streamwise direction. As
an example, their fundamental frequency dropped from 13.3
to 4.7 Hz in one tube diameter in the streamwise direction. As
can be seen from Figs. 6 and 7, there is no change in the
frequencies in the streamwise direction in the present study.

Garg and Leibovich® used an inviscid linear stability analy-
sis for parallel flows developed by Lessen et al.'s and showed
that these oscillations are associated with the normal mode of
nonaxisymmetric instabilities in the flow. There are two major
problems in applying Lessen’s analysis to the present results.
First, the axial profile used by Lessen et al. models either a
jet-like or a wake-like profile. Figure 4 shows that the axial
velocity profiles are neither type. Second, with a significant
axial development in the flow, the flows in the present experi-
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Fig. 9 Cross-spectral density and phase angle distributions for
S =0.4 forced vortex at X/H =2 and 90-deg probe separation.
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ments cannot be characterized as parallel flows. Nevertheless,
Lessen’s analysis was used for § =0.3 and 0.5 constant-angle
swirlers. The results showed that S =0.3 is stable and $=0.5
is marginally stable to nonaxisymmetric disturbances. As was
discussed, these flows did not satisfy two major requirements
of Lessen’s analysis. Thus, no conclusions can be drawn from
these results.

In an isothermal dump combustor configuration with a
Reynolds number comparable to that of the present experi-
ments, Janjua and McLaughlin'® observed oscillations with
frequencies similar to those observed in the present experi-
ments. They conducted only a limited number of experiments
and did not show how these frequencies changed in the
streamwise direction. They observed only the fundamental
and the first harmonic, and these frequencies were insensitive
to the radial location, which is consistent with present experi-
ments. They showed that the Strouhal number, based on the
inlet tube diameter and the maximum inlet velocity, was inde-
pendent of the Reynolds number, which is also consistent with
the present results discussed earlier. Their phase measure-
ments indicated that the origin of the oscillations was non-
axisymmetric disturbances.

Vu and Gouldin'” conducted research in isothermal con-
fined coaxial swirling flows with Reynolds numbers compara-
ble to those of the present experiments. They observed fre-
quencies over an order of magnitude higher than the ones
observed in the present experiments and the other experiments
discussed.>!% Unfortunately, they did not give any details and
did not offer any explanations for their resulits.

In order to further explore the nature of the observed oscil-
lations, two single-wire hot-film anemometers were located
two step heights from the dump plane and two step heights
from the centerline of the combustor. Both hot films were
oriented to measure the axial velocity fluctuations. The hot
films were located either 90 or 180 deg apart in the circumfer-
ential direction. Cross-spectral densities were obtained for all
five swirlers discussed. For nonaxisymmetric disturbances
propagating on helical paths, the phase function is of the form
mO+ kx —2x ft. For given axial and radial locations and cir-
cumferential separation of the probes, one can determine the
phase angle for various nonaxisymmetric modes m. For
m=1,2,3, and 4, the phase angle is determined to be 90, 180,
—90, and 0 deg for 90-deg probe separation and 180, 0, 180,
and 0 deg for 180-deg probe separation, respectively.

Figure 9 shows the cross-spectral density distribution and
phase angle for the S = 0.4 forced-vortex case at 90-deg probes
separation. There are three distinct peaks at approximately f,
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3f, and 5f and one less distinct peak at 7f, f being 11 Hz. As
can be seen, the phase angles corresponding to these peaks are
approximately 90, 180, —90, and 0 deg, which correspond to
circumferential wave numbers of m =1,2,3, and 4. The phase
angles measured at 180-deg probes separation also confirmed
these results. The results for all the other swirlers showed very
similar behavior, confirming that one or more consecutive
m=1,2,3,... modes of nonaxisymmetric disturbances domi-
nated the swirling dump combustor flows. Figure 10 shows the
coherence function between the two mentioned signals and
shows the coherence function to be almost unity for the first
three modes and above 0.7 for the fourth mode. These results
show extremely high coherent large-scale oscillations.

Acoustic Power Spectral Results

As discussed earlier, a 4-mm-diam microphone located out-
side of the combustor was utilized to obtain some information
on the acoustic fields of the S =0.3 and 0.5 constant-angle
swirling flows. The microphone was located outside of the
combustor approximately 10 mm from the combustor tube,
perpendicular to the combustor axis, at either two or six step
heights from the dump plane, the same axial locations shown
in Figs. 4 and 5. Figure 11 shows the acoustic power spectrum
at two step heights from the dump plane and the coherence
function between the acoustic signal and the axial velocity
signal obtained by LDV at the same axial location and 2.5 step
heights radial location for the S = 0.5 constant-angle swirler.
The spectrum shows peaks at the same frequencies as shown in
Fig. 8, except for the peak at 8f, f being 9 Hz. The coherence
function shows values of 0.6, 0.84, and 0.6 at f, 3f, and 5f,
respectively. The results at six step heights axial location were
very similar to those of two step heights axial location.

The acoustic power spectra for § = 0.3 at two step heights
axial location showed distinct frequencies at f and 4f, f being
5.5 Hz. The coherence function between this acoustic signal
and the axial velocity signal at the same axial location and 2.5
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Table 1 Experimental and theoretical values of fundamental
frequency, m =1

Swirl no. Swirl type Location Experimental Theoretical

X/H Hz Eq. (2), Hz
0.3 Constant 2 5.5 2.8
0.3 Constant 6 5.5 3.2
0.4 Constant 2 8.5 4.2
0.4 Constant 6 8.5 4.5
0.5 Constant 2 9.0 8.4
0.5 Constant 6 9.0 6.6
0.4 Forced 2 11.0 _—
0.4 Forced 6 11.0 14.5
0.4 Free 2 98.0 9.0
0.4 Free 6 98.0 9.5

step heights from the centerline of the combustor were 0.6 and
0.5 at f and 4f, respectively. The results at six step heights
axial location were similar to those at two step heights axial
location. It is important to note that the acoustic signals have
been obtained in an open laboratory environment with fans,
lasers, and many electronic devices operating. Therefore, the
acoustic field generated by these nonaxisymmetric distur-
bances must be extremely strong to overcome all these back-
ground noises.

The Ranque-Hilsch effect in a vortex tube that generates
separation in total temperature has been known for decades.!®
Recently, Kurosaka has explored the Ranque-Hilsch effect by
a series of experimental and analytical studies.®!%!* He has
shown that nonaxisymmetric disturbances are the source of
vortex whistle, a pure tone heard in high Reynolds number
swirling flows, which interact with and deform the mean flow
and generate the total temperature separation. He showed that
the vortex whistle deformed the mean flow profile from the
Rankine vortex into a forced vortex. By suppressing the vortex
whistle, both the Ranque-Hilsch effect and the velocity defor-
mation disappeared. Kurosaka’s inviscid instability analysis
shows that for the Rankine-type velocity profile and for the
positive circumferential wave numbers, the oscillating fre-
quencies correspond to

f=sim—1+R./R)"™/2x )

where m is the circumferential wave number, R, is the com-
bustor radius, Ry is the radius of the forced-vortex portion of
swirl velocity, and s is the slope of this portion of the velocity
profile. :

As discussed earlier, the results of the present experiments
identified circumferential wave numbers as m =1,2,3, or 4.
However, the profiles shown in the Fig. 5 do not have Rankine
characteristics. Nevertheless, R, and s obtained from the pro-
files of Fig. 5 were used in Eq. (2) to determine oscillation
frequencies for different m values. Table 1 shows the funda-
mental frequencies observed in the present experiments and
the frequencies obtained using Eq. (2). There is a reasonable
agreement, except for the free-vortex case, between experi-
mental and theoretical frequencies for this mode, but larger
differences were observed for higher values of m. Kurosaka
assumes that the flow is parallel. Figures 3-5 show a signifi-
cant development in the flow that could explain the differ-
ences between the present experimental results and the results
obtained using Eq. (2).

Conclusions

A detailed experimental investigation was carried out to
determine the effects of inlet swirl profile on a dump combus-
tor flowfield and the nature of coherent large-scale oscillations
observed earlier in the flowfield. The results showed that the
swirl profile has as much effect as the swirl number. The
flowfields are dominated by extremely coherent, nonaxisym-
metric oscillations. In most of the cases studied here, up to
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four modes of oscillations corresponding to circumferential
wave numbers of 1,2,3, and 4 were observed.
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