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Experimental and Computational Investigation of Isothermal
Swirling Flow in an Axisymmetric Dump Combustor
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and
A. S. Nejadf and S. A. Ahmedt

Aero-Propulsion and Power Laboratory,
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Experimental and theoretical studies of nonreacting swirling flow have been performed in a model of an axi-
symmetric dump combustor. A two-component laser Doppler velocimeter was used to obtain measurements of
the three velocity components and numerous fundamental turbulence quantities in two series of tests with mini-
mum disturbance to the combustor flowfield. The results showed the significant effects of swirl, with and
without vortex breakdown, on the mean and turbulent flow fields. The experimental results were used to check
the performance of a recently developed computer program which used the A>8 closure model. Comparisons of
the numerical and experimental results showed the inadequacy of the £-8 turbulence model in representing the
complex structure of confined swirling flows.

Nomenclature
H =step height, 0.5 Rm
k - turbulent kinetic energy, (u'2 + v'2 + w'2)/2
5 = swirl number
U, V, W = time mean axial, radial, and tangential

velocities
u' ,v',w' = axial, radial, and tangential rms turbulent

velocities
X,R = axial and radial coordinates
8 = dissipation rate, ArL5/0.3 Rin

Subscripts
h = swirler hub
in = inlet conditions
ref = inlet centerline value

Introduction

T HE development of gas turbine and ramjet propulsion
systems can be facilitated utilizing advanced design codes.

Complementary experimental and theoretical studies of
the combustor flowfield are essential to check the validity of
these codes. Flowfields in combustors of current practical in-
terest involve regions of highly turbulent recirculating flow.
The number and size of these regions vary according to the
combustor geometry and/or the strength and type of swirl
imparted to the incoming flow. Such regions promote rapid
fuel/air mixing and enhance flame stabilization, which lead
to improved combustion efficiency, better blowoff limits,
and a reduction in the formation of particulates and gaseous
pollutants.

Extensive studies of the effect of swirl in a variety of com-
bustor geometries have been reported in the literature. Dif-
ferent concepts such as a single confined jet expanding into a
larger tube (dump combustor),1"6 freejets,7'8 coaxial confined
jets,9'13 and multijet tangential entries14 have been in-
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vestigated. Buckley et al.1 have shown the considerable impact
of different swirl profiles on the efficiency and pressure
recovery of dump combustors, while Kilik15 has demonstrated
the effects of swirl vane angle curvature on the size of the in-
duced recirculation zone. Different methods of swirl genera-
tion and characterization have been discussed at some length
by Beer and Chigier16 and Gupta et al.17 For the interested
reader, a thorough review of swirling flows has been compiled
byLilley.18

Because of the complexity of these types of flows, com-
bustor design methodology has been based on accumulated
engineering design experience combined with empirical cor-
relations from extensive trial and error development tests.
Currently, much of the research effort has been aimed at re-
ducing this uneconomical and somewhat inefficient approach
to combustor design. The application of numerical methods
can be of immense benefit to the design procedure, provided
the flowfield can be predicted. Unfortunately, progress in the
realistic solution of swirling, reacting, and highly turbulent
recirculating flows has been limited due to the inherent com-
plexity of such flows and, to a larger extent, to the lack of
detailed experimental data that are required to calibrate and
check the validity of any numerical model used and to justify
the assumptions that are made to ensure closure in the time-
mean solution of the Navier-Stokes equations.

Laser-based optical techniques appear to be one of the most
suitable experimental methods for obtaining detailed and ac-
curate data in highly complex flowfields. Unlike more conven-
tional techniques, such as the hot-wire anemometer and pitot
probes, optical methods do not cause flow disturbance or suf-
fer from directional ambiguity and are generally able to cope
with high levels of turbulent fluctuations. Because of their
nonintrusive nature, they are the only practical method of
making measurements in flames. The major drawbacks with
LDV techniques are the requirements to adequately seed the
measurement region with particles that follow the flow and to
ensure access through test section walls that is predominantly
free of optical aberration.

Before attempting to understand the role of combustion
processes in determining the combustor flowfield, there is ob-
vious benefit in considering the isothermal case. With this
step-by-step approach, useful information on nonreacting
fluid mechanical phenomena, such as mass and momentum
exchange, kinetic energy dissipation, etc., can be obtained
without the complicating effects of chemical reaction and heat
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Fig. 1 Schematic of model combustor.

release. The present study focuses on the effects of swirl on the
flowfield in an isothermal dump combustor. It is a part of an
ongoing program1"3 aimed at providing benchmark quality
data to assist in the understanding of swirling flows and to aid
in the improvement of a recently developed computer program
that utilizes the k-£> closure model.

The current study complements the work of Ref. 2 and pro-
vides the radial component of the velocity field which was not
reported earlier. Since turbulence in swirling flows is not iso-
tropic, the inclusion of the radial fluctuating component of
the velocity field is imperative for the calculation of turbulent
kinetic energy k. To accomplish this task, measurements were
made along the vertical diameter, whereas the results of Ref. 2
were obtained from measurements along the horizontal di-
ameter.

In this manuscript, a near complete set of velocity and tur-
bulence data is presented. The tangential component of the
velocity field is borrowed from the reported results of Ref. 2.
The present data cover sub- and supercritical swirl number,
i.e., with and without a central recirculation zone. To the best
of the authors' knowledge, such detailed and complete ex-
perimental observations of the velocity field for this particular
geometry have not been published in the open literature.

Experimental Facility
Combustor Geometry

The present experiments were conducted in the axisymme-
tric dump combustor model shown schematically in Fig. la.
The working fluid was air, which was pushed through the
model by a centrifugal-type blower. The most important
design criterion was the simultaneous requirement of preserv-
ing the integrity of the axisymmetric flowfield and providing
excellent optical access for two-component laser velocimetry.
To satisfy this criterion, a modular research combustor, which
consisted of two major sections, namely an inlet assembly and
a combustion chamber, was designed and fabricated.

Inlet Assembly
The inlet assembly consisted of a 300-mm-diam settling

chamber, a Plexiglas inlet pipe (2850 mm in length and 101.6
mm i.d.), and a cylindrical Teflon swirier housing (104.5 mm
i.d., 152.4 mm o.d., and 154 mm in length). The swirler and a

spacer, which enabled the swirler to be located either at the
dump plane or 50.8 mm upstream, were incorporated in the
housing. Throughout this study and those of Refs. 1 and 2, the
swirlers were placed 50.8 mm upstream of the dump plane. In
order to examine the characteristics of the flow upstream of
the swirler with LDV, a flat 38x38 mm optical quality quartz
window was installed in the inlet pipe 50.8 mm upstream of
the swirler housing (see Fig. la). The window was replaced by
a plug with the same radius of curvature as the inlet pipe when
measurements in the combustor were performed, thereby
eliminating any inlet flow disturbances. A unique feature of
the design was the capability of positioning the dump plane
(swirler housing) relative to the measurement location in the
combustion chamber. This was accomplished by supporting
the entire inlet assembly on a traversing mechanism controlled
by a stepping motor. Throughout the experiments, the inlet
centerline velocity was monitored with a pitot tube located
1400 mm upstream of the swirler housing and was maintained
at 19.2 =t 0.4 m/s, corresponding to a Reynolds number of
1.25 x 105 based on combustor inlet diameter.

Swirlers
Two constant angle axial flow-type swirlers, designed by

Buckley et al.,1 with swirl numbers of 0.3 and 0.5 were used in
this study. Swirl number S is defined as

S = UWR2dR / (Rin\ U2RdR)
Rin

(D

Each swirler had 12 circular arc inlet guide vanes welded be-
tween a 101.6-mm outer ring and a 19-mm central hub. The
leading edge of each blade was designed to be tangent to the
incoming flow and perpendicular to the centerline of the com-
bustor model.
Combustion Chamber

This section consisted of a Plexiglas tube (152.4 mm i.d. and
1850 mm in length) terminating in a large rectangular settling
chamber (1210 x 890 x 890 mm) also fabricated from Plex-
iglas for flow visualization studies. At the designated measure-
ment station, 865 mm from the combustor exit, a 14-mm-wide
section (extending from the top to the bottom of the pipe) was
removed to accommodate one of the two window assemblies
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Fig. 2 Axial velocities in the horizontal and the vertical planes.

shown in Figs, la and Ib. A recess, 2 mm deep and 40 mm
wide, was cut in the opposite section of the pipe. Earlier ex-
periments, 2'3 were conducted with a 30-deg contraction nozzle
at the combustor exit. The current data demonstrated that the
effects of the nozzle on the flowfield at the measurement loca-
tion were insignificant for the present setup. Similar results
were also reported earlier by Lilley.4

Window Assemblies
Figure Ic shows the arrangement when velocity measure-

ments were made in the horizontal plane. This assembly con-
sisted of a flat 38 x 38 mm optical quality quartz window in-
stalled in a frame fabricated from 152.4-mm-i.d. Plexiglas.
The frame was bonded to two brackets and attached to the
combustor section as shown in Fig. 1. A 40-mm-wide half-
sleeve, fabricated from 152.4-mm-i.d. Teflon, was located in
the combustor wall recess to ensure a smooth flow passage.
The whole assembly was sealed with vacuum grease to prevent
leakage. Figure Id shows the arrangement for performing
velocity measurements in the vertical plane. This assembly
consisted of a frame, fabricated from 154.4-mm-i.d. Plex-
iglas, with a pie-shaped section removed from it, and a
rotating Teflon sleeve, 40 mm wide, 2 mm thick, and 152.4
mm i.d., with a 30 x 20 mm centrally located rectangular ap-
erture. The assembly was mounted on the combustor section
as described previously. The frame/sleeve combination pro-
vided the minimum optical access opening as the LDV was
traversed in the vertical plane while simultaneously minimiz-
ing flow disturbance as shown in Fig. Id. The results from typ-
ical LDV traverses in the horizontal and vertical planes are
shown in Fig. 2. These results illustrate the symmetry of the
combustor flowfield and show how the integrity of the flow
has been preserved with both optical window assemblies.

Laser Velocimeter
The optical system used in these experiments was a two-

component TSI Inc. four-beam two-color backscatter system
with several in-house modifications as described in Ref. 2. The
optics included two Bragg cells, a 3.75 beam expander with a
35-mm entrance beam separation and a final focusing lens of
focal length 450 mm. The 488-nm (blue) and 514.5-nm (green)
lines of an argon-ion laser operating at 300 mW were used in
all measurements. The approximate measurement volume
dimensions based on 1/e2 intensity points were 600 jum length
and 80 /*m diam. The system was configured so the fringe in-
clinations were 45.667 and 135.167 deg to the combustor cen-
ter line; to prevent fringe bias and to provide directional sen-
sitivity, both sets of fringes were shifted at 40 MHz. The entire
optical system was mounted on a three-axis traversing table,
which allowed the probe volume to be positioned with a reso-
lution of 0.025 mm.

A chemical seeder, first employed by Craig et al.,19 which
produced micron size TiO2 particles was used in this study. To
approach a uniformly seeded flow, the particles were intro-
duced into the upstream throttling manifold of the centrifugal
blower.
Data Acquisition and Analysis

The Doppler signals from the photomultipliers were pro-
cessed by two TSI counter-type systems with low- and high-
pass filters set at 100 MHz and 20 MHz, respectively, on each
processor. Typical validated data rates, with comparator set-
tings of 1% and fringe counts of 16 were between 5000 and
10,000/s. With the implementation of a 20-/*s coincidence
window, the subsequent coincidence data transfer rate ranged
between 2000 and 5000/s. To reduce statistical uncertainties in
the calculation of the higher-order moments of turbulent fluc-
tuations, 27,300 samples per channel were collected at each
measurement location. Data transfer to the dedicated Mod-
Comp/Classic II/75-5 computer system was accomplished in
the DMA mode, at a maximum rate of 1 Mbyte/s through a
custom-made interface. Double precision (48 bit) calculations
of all statistical moments using standard formulas20 were
made at each measurement location. In most cases, the data
were sufficiently noise-free to avoid the use of cutoff limits on
the calculated velocity histograms.

The problem of velocity bias in LDV measurements has
been examined thoroughly since first recognized by
McLaughlin and Tiederman.21 This error arises from the fact
that counter-type signal processors make discrete velocity
measurements from individual realizations of seed particles
passing through the measurement volume. In a uniformly
seeded flow, the number of particles per unit time passing
through the measurement volume is proportional to the flow
rate through that volume, and simple arithmetic averaging of
an ensemble of realizations will produce results biased toward
values greater than the true temporal mean. This effect is more
pronounced in highly turbulent flows, and a number of dif-
ferent schemes have been proposed for its removal. The
method adopted in the current study used the time between in-
dividual realizations (particle interarrival time) as a weighting
factor.2'19'20 The integrity of the system and the data acquis-
tion software were checked in a simple freejet experiment, re-
ported by Ahmed et al.22 The uncertainty of the measured
mean velocities was determined using the techniques described
in Ref. 23. The uncertainty A is determined by the relation

A£/= ± 1.96SL/AT (2)

For 95% confidence level, the constant 1.96 is used; Su is an
estimator for the true standard deviation, and TV is the sample
size. From the above relation, the maximum uncertainties of
the mean quantities (i.e., U,V,W) due to random errors were
found to be 0.4, 0.35, and 0.35% of the upstream centerline
velocity, respectively.
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Numerical Approach
The experimental program described previously was com-

plemented by an analytical effort which solved the Navier-
Stokes equations in conjunction with a £-8 turbulence model.
Since the equations which govern the flowfields of current in-
terest are elliptic in space, their solution has usually entailed
considerable computing time and cost, unless the number of
nodes was reduced. A significant difference between the cur-
rent approach and earlier ones is the use of a multigrid tech-
nique24'25 and a coupled solution of the momentum and con-
tinuity equations, which enables accurate solutions to be
obtained after 20 to 25 iterations independent of grid size.

The solution domain was taken to be 20 step heights long
with zero derivative boundary conditions at the exit. The inlet
boundary conditions were prescribed from measurements of
the axial, radial, and tangential velocities at X/H = 0.38,
while wall functions26 were used to capture the effects of steep
near-wall gradients. The solution was performed for one-half
of the cross section only, with the assumption of symmetry
about the centerline. The inlet turbulent kinetic energy and
dissipation rates were calculated from
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Since there are currently no means of measuring the dissipa-
tion rate [Eq. (4)], it was assumed to be constant over the en-
tire inlet cross section. The calculations were performed for
finite-difference grids consisting of 80 x 48 finite-difference
cells in the axial and radial directions, respectively. In a previ-
ous study,25 it was observed that results from an 80 x 48 grid
and a coarser 40 x 24 grid agreed very closely. Further grid
refinement beyond the 80 x 48 grid was not made because the
near-wall y+ value would then become less than the applicable
range for the wall functions. However, in several other studies
reported in Ref. 25, the procedure was applied to finer grids
without any difficulty. The solution was terminated when the
sum of residuals in the axial momentum equation was less
than 0.5% of the inlet momentum. At this level, the maximum
successive changes in the U, V, and W velocities were within
0.19/0 of typical inlet values.

Experimental Results and Discussion
Inlet Flow

The results from LDV measurements taken in the inlet pipe,
94 mm upstream of the swirler, are presented in Fig. 3. The
profiles are typical of a fully developed pipe flow, with 4%
tangential and 5% axial turbulent intensities at the center, in-
creasing to 7 and 9% near the wall, respectively. Although the
axial and tangential turbulent velocities were unequal, the ani-
sotropic ratio was almost constant throughout the inlet pipe,
varying between 1.3 and 1.4. The mean axial velocity profile is
very smooth, illustrating the symmetry of the flow upstream
of the swirler. No attempts were made to make measurements
in the vertical plane to check the characteristics of the radial
component.



352 FAVALORO, NEJAD, AND AHMED J. PROPULSION

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

X/H = 2
X/H = 4
X/H = 6

* X/H = 10
* X/H = 15
* X/H =24

S = 0.3

S = 0.5

-1.5 -1.0 -0.5 0
R/Rin

0.5 1.0 1.5

Fig. 6 Tangential mean velocity profiles.

Mean Flow
Figures 4-6 show the axial, radial, and tangential time-mean

velocity profiles normalized with respect to the inlet centerline
velocity, at selected stream wise locations for the three swirl
levels. Measurements were made at seven other locations but
have been omitted from the figures for clarity. With the excep-
tion of the tangential mean and fluctuating results, which have
been reproduced from earlier measurements in the horizontal
plane,2 current data were performed in the vertical plane. A
comparison of the axial mean and fliictuating velocity profiles
presented in the current study with those of Ref. 2 substan-
tiates the axisymmetric nature of the flowfield in the com-
bustor model.

The significant impact of swirl on the axial mean flpwfield
is evident in Fig. 4. The major effects were in the core flow
and the corner recirculation region. Vortex breakdown27'28 oc-
curred with the stronger swirling flow, establishing a central
recirculating flow which extended to approximately 4.4 step
heights downstream of the dump plane. The maximum diam-
eter of this recirculating region was about one swirler hub di-
ameter and was located roughly 3 step heights from the dump.
The weaker swirling flow experienced a deceleration at the
core of its central vortex, but it was insufficient to cause
vortex breakdown. In addition, the axial velocity gradient at
the centerline was much higher for the stronger swirling flow
than the weaker case. The reduction in the length of the corner
recirculation region, from approximately 8 step heights for the
nonswirling flow to 4.3 and 3.2 step heights for the S = 0.3
and S = 0.5 flows, respectively, was caused by the rapid ex-
pansion of the flow after separation due to centrifugal forces.
These aspects of swirling flows have also been reported by
Lilley.4

The radial time-mean velocity profiles are shown in Fig. 5.
For the flow with no swirl, the results exhibit characteristics of
confined jets. For example, the radial flow direction in the
core flow was toward the combustor walls. Near the dump
plane, the radial flow changed direction, which correctly
depicted the flow pattern in the corner recirculation region.
This latter feature was not as evident in the swirling flow cases
due to the reduction in the length of the corner recirculation

region. However, it is clear that up to X/H = 10, the overall
outflow is much stronger in the swirling flow cases with the
maximum values in the S = 0.5 flow. A further significant
feature of the S = 0.5 flow is the change in the general direc-
tion of the radial mean flow (toward the center) after X/H =
10 due to the strong expansion of the confined swirling jet.
This accounts for the rapid redevelopment of the mean axial
centerline flow shown in Fig. 4.

The tangential mean velocity field behavior is illustrated in
Fig. 6 (for S = 0, fTwas almost zero). Although both flows
initially showed profiles typical of dump combustor flow4 and
similarities to lifting surface leading-edge or trajling-edge
vortex flows,29 they exhibited totally different behavior far-
ther downstream. For example, the weaker swirling flow ex-
panded its vortex core at the expense of losing its strength and
became a forced vortex downstream of X/H > 10 while the
stronger swirling flow maintained the strength of its core up to
the last measurement station, X/H - 24.

Turbulent Velocities
Figure 7 shows the axial rms turbulent velocities for the

three swirl levels. This data matches the previous data set2

where measurements were performed in the horizontal plane.
As discussed in Ref. 2, the flow with no swirl revealed local
peak values in the shear layer generated between the core flow
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and the corner recirculation region, while an additional peak
at the edge of the central vortex core was evident in both swirl-
ing flows. The decay of the turbulent velocities in the stream-
wise direction was much faster in the swirling flows than in the
no swirl case, indicating that diffusion and dissipation rates
are increased markedly by swirl. The previous work2 also
alluded to the fact that in the S = 0.3 flow, the axiaj turbulent
velocities within the shear layer generated by the corner recir-
culation were higher than the ones generated by the stronger
swirling flow at the same location. This feature was apparent
in the current results although it was not as pronounced.

The radial and tangential turbulent velocity profiles are
shown in Figs. 8 and 9, respectively. For the flow with no
swirl, both sets of profiles were similar to the axial profiles.
The anisotropic ratios varied between 1.6 and 1.1 throughout
the flowfield, with peaks (maxima) in u'/v' occurring in the
wall boundary layer and the shear layer at the edge of the
recirculation region, while local maxima in u'/w' occurred
halfway between the shear layer and the center line flow. For S
= 0.3 flow, local maximum values of both radial and tangen-
tial fluctuating velocities were found in the core of the central
vortex and in the shear layer at the edge of the corner recir-
culation. These decayed rapidly as the flow reattached and as
the vortex expanded to cover the entire combustor. The
stronger swirling flow showed similar behavior in the
aforementioned shear layer but was significantly different in
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Fig. 9 Tangential turbulent velocity profiles.

the core flow. Up to X/H - 6, the maximum values were not
clearly defined and appeared to be spread over the entire cen-
tral recirculation region. After 6 step heights, peak values were
found in the core of the vortex only and were maintained until
the last measurement station. This is consistent with the mean
flowfield behavior (Figs. 4-6), as high values of radial turbu-
lent velocity are expected to contribute to the development of
the tangential velocity field farther downstream of the last
measurement station. The anisotropic ratio varied signifi-
cantly throughout the combustor flowfield for the swirling
flows. Both u'/v' and u'/w' dropped below 0.5 in the vortex
core just downstream of the central recirculation region for S
= 0.5 flow, while the minimum values for S = 0.3 occurred at
the first measurement station downstream of the dump plane.

Shear Stresses and Triple Products
Profiles of theJReynoJds shear stress in the vertical and hori-

zontal planes (uv and ww) are shown in Figs. 10 and 11. The
third component vw cannot be obtained in the current com-
bustor model with the two-component LDV system. For both
swirling flows, local peaks in the vertical plane (Fig. 10) occur-
red at the edge of the vortex core and in the shear layer be-
tween the core flow and the corner recirculation region, while
peaks for the flow with no swirl were obtained in the corner
shear layer only. Prior to reattachment, Reynolds stress com-
ponents in the vertical plane were higher in the stronger swirl-
ing flow, even though the gradients in the vortex core were
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Fig. 10 Shear stress in the vertical plane.

steeper in the weaker swirl case. High Reynolds stresses at the
edge of the vortex core are a reflection of strong shear forces
between the outer flow and the vortex core. The shear stress iri
the horizontal plane (Fig. 11) showed similar behavior, except
that the maximum values occurred in the weaker swirling
flow. These higher values can be attributed to two factors, as
discussed in Ref. 2. First, the weaker swirling flow maintained
a stronger vortex core up to 4 step heights downstream of the
dump plane as shown by the larger tangential velocity gradi-
ents (see Fig. 6); second, flow instabilities, in the form of
large-scale oscillations of the central vortex core, were more
pronounced in the weaker swirling flow as discussed in Ref. 3.
The interested reader should consult Ref. 3 in which flow in-
stabilities were discussed in detail and their frequencies and
power contents were reported.

A common feature of both shear stress components is that
the rate of decay of the peak values in all shear layers is
strongly dependent on the swirl strength, with the maximum
rate occurring in the stronger swirling flow. Values of shear
stress in the horizontal plane for the flow with no swirl were
up to 20 times less than those in the swirl flows and are not
shown.

Figure 12 shows profiles of triple products of turbulent
velocities for both swirling flows. This product can be inter-
preted as the axial convection of turbulent kinetic energy.
Large values of this transport term infer the presence of or-
ganized structures in the flowfields. Maximum values of axial
convection occurred around the edges of the vortex cores for
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Fig. 12 Axial convection of turbulent kinetic energy.
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both flows and were consistent with the fast development of
the mean flowfield at the core boundaries.

Comparison with Numerical Results
Figures 13-15 show comparisons of measured and

calculated mean velocity components and turbulent kinetic en-
ergy for the three swirl levels investigated. Measured axial,
radial, and tangential mean and fluctuating velocities at X/H
= 0.38 were taken as the initial conditions for the computa-
tions. Comparisons of the experimental results and the analyt-
ical predictions for the case of S = 0 (simple axisymmetric
sudden expansion, Fig. 13) show that there was reasonable
agreement in the mean velocity field, but large discrepancies
were observed in the fluctuating components, i.e., turbulent
kinetic energy profiles. The simple k-£> turbulence model with
a fixed dissipation rate at the inlet [Eq. (3)] is unable to predict
the principal features of a sudden expansion flowfield ac-
curately. The calculations show reattachment at X/H = 6, as
compared to the measured reattachment point of approx-
imately 8 step heights. Furthermore, the calculations overpre-
dicted the center line velocity decay by up to 20%. The predic-
tions of the radial mean velocity field were in error, especially
at X/H = 2, which is not far from the prescribed initial condi-
tion. The agreement between the tangential mean velocity pre-
dictions and measurements were anticipated since the
prescribed initial values were approximately zero. Figure 13d,
which shows turbulent kinetic energy profiles, further
highlights the differences between the experimental and nu-
merical data. Accurate predictions of turbulent kinetic energy
are important since turbulent transport phenomena must be
considered when chemistry and spray submodels are incor-
porated in the solution scheme for performance evaluation of
practical combustion systems.

For both swirl cases, Figs. 14 and 15, similar trends to those
already described above were observed. However, the in-
creased complexity of the swirling flowfields provided addi-
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tional shear layers and recirculation regions which the numeri-
cal scheme failed to represent. For example, for S - 0.5, the
calculations underpredicted the size and strength of the central
recirculation region while simultaneously predicting the corner
region adequately. Similar features were apparent for the S =
0.3 flow. Except in the far field (X/H> 15), the radial mean
velocities were not predicted with any degree of accuracy,
while the tangential components were depicted reasonably
well, especially for S = 0.3.

As expected, large discrepancies between the numerical
solution and the measurements of turbulent kinetic energy
were observed in the swirling flows. These differences were
most apparent in the S = 0.3 flow, which is known to be more
unstable.2'3 Large-scale oscillations contribute to the produc-
tion of turbulent kinetic energy, and it is clear that steady-state
calculations, such as the one employed in the current study,
are unable to represent the effects of these oscillations.

The predicted strengths of the central and corner recircula-
tion zones have been observed to be sensitive to the specifica-
tion of the inlet length scale in Eq. (4). It is conceivable that a
better agreement between the measurements and predictions
could be achieved, for each individual flow, if this length scale
is known with more certainty. The value (0.3) in the current
study was chosen as the best compromise for simultaneous
simulation of the three flows.

Conclusions
Swirl has a significant effect on the development of the

combustor flowfield. The degree of swirl imparted to the flow
can result in a central recirculation region (vortex breakdown),
which can be of benefit to combustor performance by provid-
ing an additional flameholding zone. Further benefits include
better mixing and the ability to decrease the overall length of
the combustor without performance degradation.

A unique experimental setup was used to obtain detailed
velocity measurements in an axisymmetric dump combustor
with and without swirling inlet flow. Velocity and turbulence
measurements were accomplished with a two-component LDV
system. Measurements along the horizontal and the vertical di-
ameters were taken to provide a near complete set of velocity
data. Comparisons of the axial velocity components from
each traverse (vertical, horizontal) at each measurement sta-
tion proved the axisymmetry of the flowfield. Mass flow rate,
based on integration of the axial velocity measurements, was
conserved at each measurement station with the worst case er-
ror of 5%. In conclusion, it is believed that the current in-
vestigation is realistic in terms of the choices made in regard to
swirl number values (sub/supercritical), swirl vane design,
combustor geometry, and experimental techniques and pro-
vides a benchmark data base for CFD code validation.

Futhermore, a numerical solution algorithm, which utilized
the &-£ closure model, was implemented in the current study.
It was found that this scheme was not very successful in pre-
dicting the principal features of the flowfield investigated,
even though a complete and accurate set of initial and bound-
ary conditions were supplied for each case study. Further stu-
dies which aim to address the effects of chemical reaction and
heat release in similar flowfields, both numerically and ex-
perimentally, are in progress.
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