
1442 AIAA JOURNAL VOL. 26, NO. 12

Experimental Study of Isothermal Swirling
Flows in a Dump Combustor

M. Samimy* and C. A. Langenfeldf
Ohio State University, Columbus, Ohio

Detailed mean and turbulence data were obtained in a dump combustor with and without swirling inlet flow. A
two-component LDV was used, and large samples were collected to resolve the second- and third-order correlations
of velocity fluctuations with good accuracy. Large-amplitude well-organized oscillations were observed in the swirling
flows and discussed. The swirling flows with and without vortex breakdown exhibited significantly different mean flow
and turbulence field behavior.

Nomenclature
H — step height
k — turbulence kinetic energy
R = radial coordinate
S = swirl number, Eq. (1)
SIG = standard deviation
V, W = mean axial and azimuthal velocities
u,w = axial and azimuthal rms velocity fluctuations
C/ref = inlet pipe centerline velocity
X — axial coordinate
Subscripts
h — hub of the swirler
i — inlet pipe
u — axial component
w — azimuthal component

I. Introduction

SWIRLING flows have been the subject of extensive
research efforts in a wide variety of engineering disciplines.

Continuous combustion devices such as furnaces, gas turbines,
and ramjet engines are but a few examples. Concentrated
efforts have been expended for understanding and characteriz-
ing combustion processes of various geometries and concepts.
Combustor engineers have designed and implemented swirl
devices in many of their combustors in order to assist fuel-air
mixing, to enhance flame stabilization, to improve blowoff lim-
its, and to increase combustion efficiency.1"14

Different concepts such as free jets,4'5 coaxial confined
jets,3>6~9 multijet tangential entries,10 and a single confined jet
expanding into a larger tube1'2'11'12 have been used to investi-
gate swirling flows. Methods of swirl generation and character-
ization have been discussed in detail by Beer and Chigier13 and
by Gupta et aL14 Buckley et al.1 have shown the considerable
impact of different swirl profiles (i.e., forced vortex, free vor-
tex, and constant angle) on the efficiency and pressure recovery
of dump combustors. Kilik15 has shown significant effects of
swirl vane angle curvature on the induced recirculation size.
The majority of the research to date has the common goal of
increasing the understanding of such complex flowfields and
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improving the accuracy of the computational techniques to
reduce the expensive cut-and-try approach to combustor de-
sign. However, progress has been slow due to the complex
three-dimensional nature of this type of flowfield. The current
predictive codes make various closure assumptions in the solu-
tion of Navier-Stokes equations. Computational modelers still
require detailed experimental data for improving and refining
their closure models.

There is an obvious lack of detailed experimental data due to
the insufficiencies of experimental techniques and/or improper
documentation of the results. Optical diagnostic techniques
experience optical aberration introduced by the curved com-
bustor wall.16 Lack of proper optical access for making mea-
surements in complex geometries is also a great problem.
Accuracy of conventional intrusive instruments such as hot
wires and pitot probes are questionable in swirling flows.6
These measurements suffer from directional ambiguity and
flow disturbance. Also, the inability of these instruments to
cope with high levels of turbulence fluctuations is of great con-
cern.

The purpose of this study was two-fold: first, to explore
isothermal swirling flows and to aid in understanding the phys-
ical processes, and second, to establish a benchmark set of
experimental data for turbulence model development and
assessment.

IL Experimental Facility
Dump Combustor Model

All experiments were conducted in a clear plastic cold-flow
model of a ramjet dump combustor schematically shown 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,
2.85m in length and 101.6 mm i.d.; a cylindrical teflon swirl
housing, 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 1.85m in length and 152.4 mm i.d. connected to a
30 deg converging nozzle with a 44% exit area. The unique
feature of the research combustor was that the inlet assembly
was supported on an elaborate traversing system controlled by
a stepping motor. The entire inlet tube and the teflon swirl
housing were capable of sliding through and traversing the
length of the combustor chamber with a resolution of
0.025 mm. Two flat optical windows, 38 x 38 mm, were used
for coincident two-component LDV measurements. One win-
dow was located on the inlet tube 94mm upstream of the
swirler. In order to introduce undisturbed flow to the swirler, a
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Fig. 1 Schematic of the experimental facility.

contoured plug was fabricated that replaced the optical flat
window when upstream flow measurements were not being
performed. The second window was located on the combustor
wall at 5.7 combustor diameters upstream of the contraction
nozzle. There was a maximum of 0.8 mm discontinuity between
this flat window and the combustor wall, which generated some
disturbances. Experiments showed that these disturbances were
limited to regions very close to the combustor wall. Based on
Lilley's results,2 the effect of contraction nozzle on the flowfield
at the measurement stations was believed to be insignificant. A
series of experiments were conducted without the contraction
nozzle in place. The measurements obtained with and without
the contraction nozzle in place were identical, which confirmed
Lilley's results. With this arrangement, optical aberration was
avoided, and at the same time flow disturbances were kept to
an absolute minimum.

Two constant-angle axial flow-type swirl generators with
swirl numbers of 0.3 and 0.5 were used. The swirl number is
defined as

s = UWr2 dr U2r dr (1)

where Rh and ̂  are the hub and outer-ring radii. Each swirler
had 12 curved inlet guide vanes, welded between a
101.6mmi.d. outer ring and 19mmo.d. central hub. In this
study, the swirlers were located 50 mm upstream of the dump
plane.

Air was pushed through the model by a centrifugal-type
blower. Throughout these experiments, the inlet centerline ve-
locity was monitored continuously with a pitot probe located
266 mm upstream of the inlet pipe access window and was kept
at 19.2 ± 0.4 m/s corresponding to a Reynolds number of
125,000 based on the combustor inlet diameter.

Laser Doppler Velocimeter
A TSI, Inc., frequency-counter-based two-component coin-

cident LDV system was used for velocity measurements. The
optical system that was operated in the back-scatter mode used
two frequency shifters and a 3.15X beam expander with 35 mm
entrance beam spacing. The 514.5 nm and 488 nm lines of an
argon ion laser operating at 300 mW were used for all measure-
ments. The LDV probe volume diameter and length were ap-
proximately 80 jum and 600/xm, respectively. To provide
directional sensitivity and to prevent fringe bias, both sets of

fringes were shifted at 40 MHz corresponding to fringe veloc-
ities of approximately 73 m/s.

Titanium tetrachloride vapor was entrained by dry air and
mixed with saturated air in a reaction chamber to generate
solid titanium dioxide particles of less than one micron in di-
ameter for seeding the flow.17 To approach a uniformly seeded
flow, titanium dioxide particles were introduced into a reser-
voir upstream of the blower. Typical data rate in each channel
was between 5000-10,000/s, which gave a coincident data rate
of 2000-6000/s with a 20 /^m coincidence window. In order to
reduce statistical uncertainties, especially for the higher-order
moments of turbulence fluctuations, a minimum of 27,300 sam-
ples/channel were collected at each measurement location in
the flowfield.

Dual-Channel FFT Analyzer
A model 660A Nicolet Scientific Corporation dual-channel

FFT analyzer was used to obtain power spectral densities of
both the turbulence and acoustic fields. A sample/hold fashion
analog signal that was equal to approximately 0.7(t7 + W) was
obtained from the LDV counter processor for spectral analysis.
Also, a 4-mm-diam microphone located outside of the combus-
tor chamber wall was used for obtaining analog acoustic signal.

III. Experimental Results and Discussions
Velocity Bias Correction

Although LDV has been routinely used, the associated
statistical bias problems are dealt with on the basis of individ-
ual experimental conditions. In isothermal low-speed flows
such as the one under consideration, velocity bias is the only
major concern. Originally, McLaughlin and Tiederman
showed that individual realization LDV sampling is biased to-
ward higher velocities and offered a procedure for its correc-
tion.18 Since then many other techniques have been developed
for velocity bias correction.17-19 21

Three bias-correction schemes were investigated in these ex-
periments. The three techniques were: particle interarrival time
weighting, constant-time interval sampling, and the extended
inverse two-dimensional velocity weighting of McLaughlin and
Tiederman. The particle interarrival time weighting was ex-
pected to work properly, since the coincident sample rate was
between 2000-6000/s and higher than the expected time scale
of large-scale structures in the flowfield.22 The constant-time
interval sampling has been proven to be an effective tool for
velocity bias correction as long as the sampling rate is an order
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Fig. 2 Comparison of velocity bias correction techniques.

of. magnitude less than the valid data rate.17'21 In the present
experiments, this criterion was satisfied; therefore, this tech-
nique was anticipated to perform properly.

In flowfields with possible simultaneous zero or near-zero
velocities in both channels, McLaughlin and Tiederman cor-
rection overcompensates the velocity bias by providing very
large weighting coefficients.19 Since there are many regions in
the present flow with small values of both velocity components,
this technique was not expected to be appropriate.

Figure 2 shows the experimental results for the mean axial
velocity and rms velocity fluctuations, Reynolds stress, and one
component of third-order mean products of velocity fluctua-
tions at 2 step heights downstream of the dump plane for

"S =0.5. For this specific case, the measurements were carried
out only in one side of the center-line; however, the results are
plotted in both sides only for clarity.

There is an excellent agreement between mean velocities and
turbulence data of the constant-time interval sampling and the
particle interarrival time weighting methods. As expected, the
uncorrected mean velocities show higher values everywhere in
the flow with no distinct trend in turbulence intensities.

At this location in the flow, there is a large central recircula-
tion zone with small mean axial and tangential velocities, hence
a high probability of an infinite weighting factor in the
McLaughlin and Tiederman method. Initially, no upper limit
was set for this weighting factor, which produced near-zero
mean velocities and turbulence intensities from the centerline
up to 0.5 step height from the centerline. Then, the maximum
weighting factor was set arbitrarily at 104, which produced the

results shown in Fig. 2. This correction scheme and the associ-
ated problems are discussed in detail by Petrie et'al.19

There is an excellent agreement between shear stress and
triple products of velocity fluctuations results of the constant-
time interval sampling and those of the particle interarrival
time weighting. Nejad and Davis21 have shown similar agree-
ment between the shear stress results of these two schemes, and
also analytical results obtained in the self-similar region of a
free jet. All of these are indications that both correction
schemes work properly. Unfortunately, both of these tech-
niques require very high data rate, which is difficult to obtain
in cases such as combustion3 and supersonic flows.23'24 The two
other techniques, the uncorrected and the McLaughlin and
Tiederman's, provide absolute values of shear stress and triple
products of velocity fluctuations up to 50% higher or lower
than those of constant-time interval sampling technique, de-
pending on the measurement location.

In conclusion, particle interarrival time correction was se-
lected over the other techniques. This technique was chosen
over the constant-time sampling, because its sample size was
roughly 10 times larger, 27,300 per channel as compared to
2700 per channel, therefore, resulting in a lower statistical
uncertainty.

To further verify the validity of the measurements, axial
velocity profiles at each station were integrated to determine
the mass flux through the model. The agreement between up-
stream and downstream mass flow rates were better than 4%.
Incoming Flow

In order to isolate and identify the effects of swirl on the
combustor flowfield, upstream flow conditions must be well
understood and documented. As discussed earlier, a
38 x 38 mm optical access flat window located 94 mm up-
stream of the swirler housing was used for incoming flow mea-
surements. The length of the inlet pipe from the settling
chamber to the measurement location was approximately
2.8m.

Figure 3 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 located approximately 20 cm up-
stream of the LDV measurement location.

Rms velocity fluctuations profiles are typical of a fully devel-
oped pipe flow; lower intensities at the center, approximately
4% tangential and 5% axial intensities, increasing toward the
side walls, 7% tangential and 9% axial intensities. The axial
rms velocities are higher than the tangential rms velocities, but
the anisotropic ratio is almost constant, between 1.3 and 1.4,
throughout the inlet pipe.

Mean Flow Result
Within the dump combustor, a total of 13 axial locations

were used to collect mean and turbulence data for each of the
three swirl conditions analyzed in this paper/The first location
was 0.38 step height from the dump plane. This was the closest
location at which the two-component LDV could be used with-
out the teflon swirler housing intercepting the laser beams. At
this location, only one-half of the profile could be obtained. In
all other locations, profiles were obtained on both sides of the
combustor centerline. Figure 4 shows the axial mean velocity
profiles in selected streamwise locations for the three swirl
levels.

The profiles in Fig. 4, for the flow without swirl, are typical
of both axisymmetric2 and two-dimensional25 backstep flows:
very slow decay of the core flow and recirculation in the base
region. Reattachment occurred approximately 8 step heights
downstream of the dump plane, which is in close agreement
with similar axisymmetric2 and two-dimensional26 configura-
tions with fully turbulent inlet flows.

Comparison of the results in Fig. 4 shows the significant
impact of swirl on the mean flowfield. The length of corner
recirculation zone has decreased from approximately 8 step
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Fig. 3 Axial mean velocity and rms velocity fluctuations of inlet flow
prior to swirl generator.

heights for the flow with no swirl to about 4.3 step heights for
S = 0.3 and to about 3.2 step heights for S = 0.5 swirling flow.
This decrease in corner recirculation length, which is caused by
rapid expansion of flow after separation due to centrifugal
forces, has also been reported by Lilley.2

In vortex flows, depending upon the Reynolds number and
also the strength of the vortex, a phenomenon may occur that
is termed vortex breakdown. Vortex breakdown is followed by
a flow reversal region and a region of chaotic flow.2'3'27"29 In
the present experiments, for S = 0.3 there is a large flow decel-
eration at the core of the vortex, but apparently it is not strong
enough to cause vortex breakdown. For S = 0.5, vortex break-
down has occurred upstream of the dump plane and the central
recirculating flow extended approximately 4.4 step heights
downstream of the step. The maximum diameter of the central
recirculating region is about 0.8 step heights and located about
3 step heights from the dump plane. Lilley2 has shown the
significant effects of swirl strength and also downstream con-
traction nozzle location and contraction ratio on the size and
the shape of the recirculation region. Another important differ-
ence between the two swirling flows is the axial velocity gradi-
ent at the centerline, which is much higher for the stronger
swirling flow than for the weaker swirling flow.

Figure 5 shows the tangential velocity profiles for both
swirling flows. Although initially both flowfields show profiles
typical of a dump combustor flow2 and also similar to lifting
surface leading-edge or trailing-edge vortex flows,28'29 they
show totally different behavior further downstream. The
stronger swirling flow keeps the strength of its vortex core all
the way to the last measurement location, 24 step heights
downstream. This is consistent with the earlier results for sim-
ilar or even stronger swirling flows.2 The weaker swirling flow
expands its vortex core at the expense of losing its strength; the
flow becomes a forced vortex after about 10 to 12 step heights
from the dump plane. This deformation of vortex and its prob-
able cause will be discussed later. For 5 = 0, tangential velocity
was almost zero everywhere in the flowfield.

Turbulence Results
Figure 6 shows the axial rms velocity fluctuations for three

swirl levels. Flow with no swirl shows local peak values of rms
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Fig. 4 Axial mean velocity profiles.

velocities in the shear layer generated between the core flow
and the corner recirculating flow and also shows very slow
decay in the streamwise direction. These results agree with
those of Lilley2 and show good similarity with the results of
similar two-dimensional backstep flows.25'26 The swirling flows
show two local peaks, one in the shear layer at the edge of the
vortex core, the other in the shear layer generated by the recir-
culating flow. The decay of rms velocity fluctuations is ex-
tremely rapid in the streamwise direction, especially for the
stronger swirling flow, which is an indication of rapid diffusion
and dissipation. The maximum axial rms velocity fluctuations
in the corner recirculating flow generated shear layer for all
three swirl levels occur before the reattachment and are fol-
lowed by a rapid decay. This behavior is typical of two-dimen-
sional flows with no swirl.26-30-31 The general consensus is that
the large-scale structures in the shear flow approaching the wall
interact with the wall and breakdown.26 Based on the present
results, this seems to be the case in even swirling flows.

Contrary to expectation, the axial rms velocity fluctuations
within the shear layer generated by the corner recirculating
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flow for S = 0.3 is higher than that of S = 0.5. Both random
and organized fluctuations contribute to the measured rms ve-
locity functuations. As it will be shown later, there are highly
coherent structures within both swirling flows that contribute
to these high intensities, but the energy level of these coherent
structures is almost an order of magnitude higher for S = 0.3,
which could explain the higher rms fluctuations.

Figure 7 shows the tangential rms velocity fluctuations for
three swirl levels. For flow with no swirl, the tangential rms
fluctuations behave similarly to those of axial rms fluctuations.
The anisotropic ratio varies between 1.1 and 1.5 and consis-
tently peaks around one step height from the centerline. For
both swirling flows, the peak rms fluctuations occur in the core
of the vortex. As it was shown in the mean flow results, the
vortex core for S — 0.3 expands and finally covers the entire
combustor diameter; as a result, the peak rms fluctuations de-
cay, and finally the tangential rms fluctuations become uniform
across the combustor. For S = 0.5, the decay of the vortex core
peak mis fluctuations occur only within the central recircula-
tion zone. The anisotropic ratio varies significantly in the
flowfield, and for the stronger swirling flow it does drop to as
low as 0.5 in the vortex core further downstream in the flow.

Figure 8 shows Reynolds stress profiles for both swirling
flows. In both flows, local peaks occur within the wall
boundary layer, the shear layer generated by the recirculating
flow, and at the edge of the vortex core. Very high Reynolds
stresses at the edge of the vortex core are a reflection of strong
shear forces between vortex core and the outer flow. This has
also been shown by Lilley.2 The higher Reynolds stress for
weaker swirling flow at the edge of the vortex core could be due
to.two factors. The first factor is the stronger vortex core for
the weaker swirling flow up to about 4 step heights down-
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Fig. 6 Axial rms velocity fluctuations profiles.

stream of the dump plane (see Fig. 5). The second factor is the
well-organized large-scale oscillations in the weaker swirling
flow, which will be discussed shortly. The Reynolds stress val-
ues for the no-swirl case are over 20 times less than those of
swirling flows.

Figures 9 and 10 show triple products of velocity fluctua-
tions for both swirling flows. Extremely large values of these
correlations, especially for S = 0.3, confirm existence of orga-
nized structures in these flows. The uuu + uww and uuw + www
terms could be interpreted as the convection of turbulent ki-
netic energy by large-scale structures in the axial and tangential
directions, respectively. Positive and relatively small values of
axial convection around the vortex core, and negative and rel-
atively large values around the edge of the vortex core in both
flows, are in accord with the slow development of the mean
axial field at the center and the fast development at the edge of
the vortex core.

The tangential convection term (Fig. 10) at the edge of the
vortex core for 5 = 0.3 is very high initially but decays to
negligible values after about 6 step heights. For S = 0.5, this
term is lower initially but is persistent all the way up to 24 step
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heights. This could explain the difference in mean tangential
flow behavior discussed earlier (see Fig. 5).

Power Spectral Results
Initial power spectral data indicated the existence of distinct

peaks at frequencies below 50 Hz for both S = 0.3 and S = 0.5.
Therefore, attention was focused on this frequency range. With
a sample rate of 128 Hz, 800 samples were collected at each
measurement location, which gave a frequency resolution of
better than 0.2 Hz. Power spectrum was averaged over 50
blocks of samples, improving the normalized standard error in
power spectrum to better than 15%.

Figure 11 shows power spectral density for both the velocity
and acoustic signals for S = 0.3. Both cases show a strong peak
at approximately 5.25 Hz and its third harmonic at 21 Hz.
Only the fundamental structure appears at the vortex core with
the third harmonic appearing just outside of the core and be-
coming stronger toward the combustor wall. This behavior was
observed throughout the flowfield up the the last measurement
station, which was 24 step heights downstream of the dump
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plane, but the energy level of these large-scale oscillations de-
cayed in the streamwise direction. Increasing the Reynolds
number from 125,000 to about 150,000 increased the funda-
mental and third harmonic frequencies to approximately 7 and
28 Hz.

To some extent, 0.5 swirl flow showed similar behavior with
the fundamental frequency at approximately 9.5 Hz and har-
monics at 28.5 and 47.5. The energy contained in these frequen-
cies was an order of magnitude lower than those of S = 0.3.
Cross-spectral analysis of velocity and acoustic signals showed
a coherence function of approximately 0.9 at both the funda-
mental and harmonic oscillations. In a coaxial confined coswirl
and counterswirl flows, Vu and Gouldin6 reported oscillations
on the order of 300 Hz, which they attributed to the rotational
frequency of the inner jet. Taking the velocity of the final
forced vortex of S = 0.3 and the radius of the combustor as
characteristic velocity and length gives a rotational frequency
of approximately 10 Hz, which is twice the observed oscillation
frequency. For 0.5 swirling flow, the vortex core velocity and
radius seem to be appropriate characteristic velocity and
length. The rotational frequency based on these characteristics
is approximately 60 Hz, which is 6 times the observed oscilla-
tion frequency. It seems that further research is required to
clarify whether or not there is a connection between the ob-
served frequencies and the rotational frequencies.

Garg and Leibovich32 have investigated in detail the spectral
characteristics of vortex breakdown flowfields and reported
oscillations in the wake of breakdown with frequencies in the
order of those observed in the present experiments. Based on a
theoretical analysis by Lessen et al.,33 Garg and Leibovich
showed that these oscillations are associated with nonaxisym-
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metric instabilities in the flowfield. Some preliminary results
based on analysis of Lessen et al. show that S = 0.3 is stable
and S = 0.5 is marginally stable for nonaxisymmetric distur-
bances. This type of analysis might not be applicable to the
present flowfields with significant axial velocity developments.

The Ranque-Hilsch or vortex tube,34 which creates separa-
tion in total temperature, has been investigated recently by
Kurosaka.35 He showed that the total temperature separation
is due to acoustic streaming induced by nonaxisymmetric or-
derly disturbances within the swirling flow. Also, he showed
that the acoustic streaming is the cause of the deformation of
the Rankine vortex of the Ranque-Hilsch tube into a forced
vortex. Results of the present experiment, which show an excel-
lent correspondence between the acoustic and velocity spectral
characteristics and also deformation of the weaker swirl profile
into a forced vortex (see Fig. 5), seem to indicate a direct
connection between the acoustic and velocity fields in these
swirl flows. Further research is underway to provide some
answer to these questions.

IV. Conclusions
A novel experimental setup was used to obtain and docu-

ment detailed experimental data in a dump combustor configu-
ration with and without swirling inlet flow. A two-component
coincident LDV was used and at least 27,300 samples collected
to resolve the Reynolds stress and third-order mean products
of velocity fluctuations with good accuracy. Reynolds stress
results for both S == 0.3 and S == 0.5 showed values over 20
times higher than those of no swirling flows.

The 0.3 and 0.5 swirling flows with and without centerline
flow reversal showed significantly different behaviors. Whereas
the 0.5 swirling flow preserved its vortex core strength, the 0.3
swirling flow expanded its vortex core at the expense of losing
its strength. Also, the observed coherent large-scale oscillations
were much stronger for the weaker swirling flow.
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