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Measurements in Turbulent Swirling Flow
Through an Abrupt Axisymmetric Expansion

P. A. Deilenback,* D. E. Metzger,f and G. P. NeitzelJ
Arizona State University, Tempe, Arizona

Experimental data are presented for both axial and tangential velocity components in turbulent swirling flow
downstream of an abrupt 1:2 expansion. Measurements of mean and rms velocities were performed in a water flow
with a laser Doppler anemometer. In the upstream tube, the Reynolds number was varied from 30,000 to 100,000 and
the swirl number from zero to 1.2. For low swirl levels, as the core flow passed through the expansion, it departed
the axis of symmetry and precessed about that axis at frequencies on the order of 1 Hz. As swirl was increased to
moderate levels, the flow became axisymmetric with on-axis recirculation marking the onset of vortex breakdown. At
the highest swirl levels, flow on the tube centerline was in the same direction as the mean flow, with reverse flow
occurring just off-axis. Turbulence intensities at the highest swirl levels were found to reach 60%. As the swirl was
increased from zero to its maximum value, the flow reattachment point moved upstream from 9 to 2 step heights.

Nomenclature
7),Z)2 = diameters of upstream and downstream tubes,

respectively
/ = precession frequency of PVC
h = step height, (D2 - D)/2
k = tubulence kinetic energy
/ = turbulence length scale
PVC = precessing vortex core
Q = volumetric flow rate
r = radial coordinate
R,R2 = radius of upstream and downstream tubes,

respectively
Re = Reynolds number in upstream tube, UD/v
S — swirl number in upstream tube, see Eq. (1)
TI = rms velocity normalized with Ul (*100)
£7 = local mean axial velocity
U — axial velocity averaged over cross section
Ul — maximum axial velocity in upstream tube
V = local mean tangential velocity
w'X = axial and tangential rms velocities, respectively
X = axial distance from expansion face
xr = reattachment length
y = thickness of viscous sublayer
P -ratio of D/D2
v — molecular viscosity of fluid

Introduction

TURBULENT swirling flow through an abrupt axisymmet-
ric expansion is a complex flow possessing several dis-

tinctly different flow regimes, either one or two recirculation
regions, extremely high levels of turbulence, and periodic
asymmetries under some conditions. An accompanying eleva-
tion of heat-transfer rates is a principal motivation for the
addition of swirl to flows in dump eombustors of gas turbine
engines and in solid-fuel ramjet eombustors. The objective of
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the present investigation was to examine experimentally these
flowfields in some detail.

The sudden-expansion geometry produces mixing rates
downstream of the expansion that are substantially higher than
those that would be obtained at the same Reynolds number in
the entrance region of a pipe. This enhancement in mixing
occurs in spite of a recirculation region extending about nine
step heights downstream from the expansion. In this recircula-
tion region, mean velocities are typically only 10% as high as
those found in the core flow. The elevated mixing rates are due
to very high levels of turbulence kinetic energy generated by
shearing as the core flow issues into the larger pipe. Near the
tube wall, where length scales are small, dissipation dominates
because the dissipation is inversely proportional to the length
scale. But, in the high-shear regions away from the wall, length
scales are large and dissipation rates consequently low. Thus,
turbulence kinetic energy generated in the shear layer dissipates
relatively slowly, and its levels are much higher than would be
found in ordinary pipe flow, where no such internal shear layer
exists. High turbulence kinetic energy levels also cause the
thickness of the (molecular) viscosity-dominated sublayer to be
reduced. Specifically, for flows where the principal energy gen-
eration is not at the wall, but rather removed from it as in the
sudden-expansion flowfield, Spalding1 suggested that the vis-
cous sublayer thickness (y) changes with the turbulence kinetic
energy (k), so that the sublayer Reynolds number (ykl/2/v) is a
universal constant. Hence, the sublayer will become thinner
with increasing levels of turbulence kinetic energy.

There has been speculation2 that a small, counter-rotating
corner eddy lies very close to the face of the expansion. Mean
velocities in the corner eddy are of the order 0.01 Ul according
to Ref. 2, but there are apparently no velocity measurements or
flow visualization results in the literature that either confirm this
value or support the existence of this feature in the axisymmet-
ric-expansion flowfield. However, in a series of heat-transfer
measurements, Baughn et al.3 speculated that small and consis-
tent minima in Nusselt numbers near the face of the expansion
were possible evidence for the presence of a corner eddy. The
hypothesized corner eddy is likely to continue to defy direct
velocity measurement since the available instrumentation con-
sists of comparatively large probes or probe volumes for detec-
tion of such a small feature in this restrictive geometry.

Adding swirl to the sudden-expansion flowfield causes an
increase in the width, growth rate, entrainment, and decay of
the core flow emanating from the upstream tube. It is also
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found that on-axis recirculation (known as vortex break-
down4) may occur for sufficiently high swirl strengths. This
recirculation is driven by an adverse pressure gradient on the
tube centerline that results from the viscous dissipation of the
tangential velocity component as the flow proceeds down-
stream. As swirl strength is increased from zero, the vortex
breakdown may first be seen as an on-axis ellipsoid of recircu-
lating fluid. As the degree of swirl is further increased, the
ellipsoid may stretch in the downstream direction and form a
tube of recirculating fluid, at least in the sudden-expansion
geometry.

A further complex and little-understood phenomenon that
frequently occurs in swirling flows is. the existence of an un-
steady (although usually periodic) asymmetry in the flowfield.
These asymmetries are usually associated with the vortex
breakdown phenomenon and on-axis recirculation.4 Conse-
quently, they are usually observed at moderate-to-large swirl
strengths. However, the present investigation documents an
asymmetry like that observed by Hallett and Gunther,5 which
occurs at low swirl strengths in the absence of on-axis recircu-
lation. This latter flow asymmetry is characterized by the vor-
tex emanating from the upstream tube departing the axis of
symmetry and then precessing about that axis. This feature will
be referred to here as the precessing vortex core (PVC) after
Guptaet al.6

Analytical prediction of the present flowfield is'sufficiently
complex that it is manageable only if the flow is assumed to be
steady and axisymmetric. With these simplifications, there is no
potential for predicting the unsteady three-dimensional asym-
metry that occurs. Furthermore, Sultanian and co-workers7 in
their recent Computations of this flow had difficulty in accur-
ately predicting the extent of the on-axis recirculation zone and
turbulence intensities downstream of the expansion. Sultanian
also found his model to be quite sensitive to the inlet condi-
tions, especially turbulence intensity. With this in mind, we
present measurements upstream of the sudden expansion to
facilitate subsequent modeling efforts.

At this point, it is convenient to define several scales and
independent variables that will be used in the following discus-
sion. There are two length scales required in the axisymmetric
sudden-expansion problem. The first is the step height (/*),
which experience has shown to be reasonably well suited to
correlation of reattachment lengths. A second necessary length
scale is either the upstream or downstream tube diameter.
Here, the upstream tube diameter (D) is employed. The
Reynolds number is based on the diameter of the upstream
tube and the average velocity in the upstream tube. Swirling
flows are commonly characterized by the following definition
for a device-independent swirl number:

r2UV dr j (r/R)2UV d(r/R)
= ] ? ~ 7 * = ~ T l

rU2dr (r/R)U2d(r/R)
0)

The swirl number may be physically interpreted as the ratio of
axial fluxes of swirl and linear momentum divided by a charac-
teristic radius.

Previous Investigations
Sudden Expansion Flow Without Swirl

Axial flow through a sudden axisymmetric expansion is a
fairly well studied problem8"13 that represents the limiting case
of zero swirl against which current results can be compared.
The widely referenced set of data by Chaturvedi8 includes
mean velocities and turbulence quantities measured with a hot-
wire anemometer. However, a check of Chaturvedi's mass bal-
ances yields profile-to-profile variations as high as 30%.
Chaturvedi attempted to smooth the data, but the arbitrary
nature of this correction reduces one's confidence in it.

Freeman9 used a laser Doppler anemometer (LDA) to measure
axial mean velocity and turbulence intensity, while Moon and
Rudinger10 report only an axial mean velocity from their LDA
measurements. Yang and Yu11 report turbulence quantities
and mean velocities, also obtained with an LDA, but the valid-
ity of their data has been called into question recently14 because
of significant mass balance discrepancies that are actually
higher than those quoted in the paper. Among the various
studies, the measurements of Gould et al.12 and Stevenson et
al.13 appear to be the most complete and the most closely
related to the present work.

The present state-of-the-art of computational flow modeling
is such that the sudden-expansion problem (purely axial flow)
is now fairly well handled by various schemes. The reader is
referred to Gosman et al.15 and Stevenson et al.13 for discus-
sions of k-s modeling and to Minh and Chassaing16 and Sulta-
nian et al.7 for application of Reynolds stress modeling to this
problem.

Axisymmetric Expansion with Swirl
There have been several recent investigations reporting mea-

surements in swirled flows through sudden expansions,17"20 but
all have used intrusive probes, even though it is known that
such probes can significantly alter flowfields with recirculation.
In fact, these studies are concerned primarily with the develop-
ment of measurement techniques using five-hole pitot tubes
and hot-wire anemometry for application in multidimensional
complex flows. Consequently, these four papers might be con-
sidered work in progress on the development of measurement
techniques rather than a collection of results available for com-
parison purposes.

Vortex Breakdown and the PVC
There have been a number of analytical investigations of

vortex breakdown (see reviews by Hall21 and Leibovich22), but
the asymmetries in swirled flows are so complex and irregular
that these analytical treatments have been mostly unsuccessful.
Thus, the primary body of information about unsteady asym-
metries in swirling flows has been gathered in experimental
studies.4' 23~26. The flow geometries in these experiments are all
axisymmetric, but a wide variety of configurations are repre-
sented. These include straight tubes,23 diffusers,4'25'26 sudden
contractions,23 and unconfined swirling jets.24 Although the
geometries are diverse, the nature of the asymmetrical flows
observed in the various experiments is remarkably similar. The
single feature common to all of these flows is a precession of
the flow about the tube axis in conjunction with vortex break-
down.

All of the prior vortex breakdown experiments were essen-
tially flow visualization studies. In those cases where hot-wire
and laser Doppler anemometry were employed,4-23'24 these
techniques were used to look for a sinusoidal variation in mean
velocity as the asymmetry swept past the point of measure-
ment. Cassidy and Falvey23 noted that the precession fre-
quency was independent of Reynolds number for Re > 105. In
very careful flow visualization studies, Faler and Leibovich4

identified six distinct disturbance modes whose flow regimes
could be characterized by Reynolds and swirl numbers. The
experiments of Faler and Leibovich led them to conclude that
there are no truly axisymmetric disturbance patterns in these
flows.

There is an important distinction between the papers men-
tioned in the preceding paragraphs and the work of Hallett and
Gunther.5 In the previously mentioned studies, the flow asym-
metries occur only in conjunction with vortex breakdown, but
Hallett and Gunther's PVC in a sudden expansion occurs only
for swirl strengths below those associated with vortex break-
down. In fact, with increasing swirl, the periodicity of the PVC
became weaker and less distinct until, just before onset of vor-
tex breakdown, it disappeared altogether. Also, they noted that
precession was strongest and most regular at low swirl whereas,
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at higher swirl, the motion became increasingly irregular.
Hallett and Gimther observed that the amplitude of the PVC
dissipated with increasing downstream distance as the PVC
became more coincident with the tube axis. Finally, they report
no evidence of flow asymmetry upstream of the expansion in
velocity measurements made with a five-hole pitot probe.

Experimental Apparatus
A water flow loop, constructed of stainless steel and shown

schematically in Fig. 1, comprised the main element of the test
facility. Swirl was generated by supplying a variable portion of
the flow through tangential slots as indicated by Fig. 2. Inside
diameters of the axial inlet tube, the swirler insert, and the
upstream test section were 5.08 cm. The axial inlet tube was 31
diameters long to allow axial flow development, and the sud-
den expansion was 15 diameters downstream of the swirl gener-
ator. Flow rates to the slots and the axial inlet tube could be
controlled independently, thus providing the capability to vary
swirl strength continuously. Flow rates were measured with
turbine-type flowmeters. An in-line filter was used to remove
particles nominally larger than 1 /im from the water.

The tube upstream of the expansion was made of Plexiglas,
which was bored, honed, and polished to a final inside diameter
of 5.078 ± 0.008 cm. To allow LDA measurements close to the
expansion, the tube and attached expansion face extended into
the downstream tube so that structural flanges and bolts did
not interfere with the laser beams. Measurements were thus
possible 1 cm downstream of the expansion. The downstream
tube was not machined or honed owing to complications asso-
ciated with its relatively large size. Consequently, it was very
slightly oval, with an inside diameter of 9.850 ±0.020 cm and
an outside diameter of 10.767 ± 0.003 cm. Thus the expansion
ratio was 1:1.94. The length of the downstream tube was
1.04m.

LDA Optical System
The laser Doppler anemometer was a conventional single-

component system operated in the dual-beam mode. The sys-
tem included a 15-mW He-Ne laser, a Bragg cell for frequency
shifting of one beam, and beam-expansion optics to minimize

probe volume size. The optical components produced an ellip-
soidal probe volume whose nominal l/e2 extent was 0.91 mm
long and 0.09 mm in diameter.

Both transmitting and forward-scatter receiving optics were
mounted on a single aluminum channel which, in turn, was
rigidly affixed to the table of a three-axis milling machine. To
obtain the desired 1-m travel in the axial direction, it was nec-
essary to fasten the milling table to four precision linear bear-
ings, which rode on two parallel steel shifts. A dial indicator
was used to monitor the radial position of the probe volume.

Experimental Procedures
Artificial seeding of the flow was not required. The test loop

was filled with tap water having a relatively high mineral and
particulate content. The water was filtered briefly after each
filling of the loop to remove particles nominally larger than
l./tm. Filtering to this size was consistent with the'Melting and
Whitelaw27 suggestion that particulates smaller than 10/im
will adequately follow the flow up to frequencies of 500 Hz.
For most water flows, the bulk of the energy-containing eddies
have frequencies in this range.

Both axial and tangential components of mean velocity and
rms turbulence levels were measured on a dense grid of points
lying in a horizontal plane through the tube centerline. In-
cluded in the grid of measurement stations were two upstream
locations at X/D = —2.0 and —0.5. Locations for profiles in
the downstream tube were chosen to optimize resolution in the
near-expansion region, where velocity and turbulence levels
change rapidly with X/D. Corrections for optical refraction of
the laser beams at the air-Plexiglas and Plexiglas-water inter-
faces28 were employed to locate the probe volume at even inter-
vals in the radial direction. For most cases with swirl, profiles
were made across the entire tube to check for flow asymmetry,
even though asymmetry was found only in the subcritical-swirl
flows.

Measurements at radius ratios ±0.95 were attempted for all
profiles. However, measurement close to walls is generally
difficult because scattered light from the walls results in poor
signal-to-noise ratios. In the present work, spurious wall reflec-
tions were largely overcome by collecting scattered light at

A - Heat Exchanger
B - Pump
C - Check Valve
D - Filter

- Ball Valve

- Globe Valve

E - Flexible Pipe
F - Flow Straightener
G - Turbine Flowmeter
H - Developing Tube

Fig. 1 Schematic of flow loop.

I - Swirl Generator
J - Test Section
K - Mixing Section
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Fig. 2 Detail of swirl generator.
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Fig. 4 Velocity field; Re = 30,000, S = 0.60: axial TI; —— tangential TI.

about 5 deg off the forward-scatter axis, thus truncating the
probe volume slightly and keeping the light-collection optics
out of the horizontal plane, which contains most of the disrup-
tive stray light. Using this technique, results at r/R2 = ± 0.95
in the downstream tube were consistent and credible. In the
upstream tube, because of its smaller size, the same degree of
credibility extended only to r/R = ±0.90.

Velocity biasing was eliminated by random sampling in the
present experiments. Durao et al.29 suggest that, for data col-
lection percentages of less than 40%, the average velocity ob-
tained will be less than 2% higher than the true mean velocity.
Stevenson et al.13 suggest that the velocity bias will be effec-
tively eliminated for collection percentages on the order of 1%.
For this work, a computer sampled the output from a counter
processing device at a rate of 130 Hz. Data rates often fell to
about 4000 Hz at the near-wall grid points ofr/R2 = ±0.95 but
usually ranged from 8000 to 40,000 Hz elsewhere. Hence, the
worst-case collection percentages were about 3% near the tube
walls. The waiting period also minimizes the potential bias
caused by a single particle generating multiple measurements
before leaving the probe volume.

Mean and rms velocities were determined from sample sizes
of 4000 data points. The statistical error30 associated with this
sample size is ± 1 % in the mean-velocity measurement for a
local turbulence intensity (TI) of 70% and about ±2% in the
measurement of TI. A worst-case computation of the spatial
velocity biasing due to the finite pro be-volume size31 suggests
that the spatially averaged TI is only 0.6% higher than the TI
at the probe volume's center.

Investigation of the PVC
The experimental examination of the precessing vortex core

and the vortex-breakdown bubble consisted of both flow visu-
alization and selective probing with LDA. Some modest suc-
cess in visualizing the flow was obtained using air bubbles and
high-intensity lighting in two different procedures. The first
and more useful method was to introduce approximately 1 liter
of air into the 250-liter capacity of the test loop. The air and
water were then mixed by operating the loop for a short time.
The ensuing air bubbles were so small as to be almost invisible
to the eye with ordinary room lighting but, with the use of a
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high-intensity photographic light source, a "mist" of bubbles
could be seen well enough to reveal qualitative details of the
flow. These bubbles were sufficiently small that they showed no
discernible tendency either to rise to the top of the tube or to
collect on the tube centerline but seemed rather to follow the
flow. When the flowfield was visualized in this fashion, it was
often difficult to determine what was happening in the tube. In
particular, while it was clear that the vortex from the upstream
tube was entering the downstream tube asymmetrically and
precessing, vigorous activity in the near-wall recirculation zone
complicated the examination so that the direction of precession
at very low swirl numbers (S < 0.15) could not be determined.
To aid in the resolution of this dilemma, air was injected
through a small total-pressure probe on the centerline of the
upstream tube. The air-injecting probe was located just down-
stream of the swirl generator. As the larger bubbles that were
produced in this way moved downstream, they were pinned oh
the tube centerline by centrifugal forces. As they passed
through the expansion, they marked the vortex axis and thus
revealed the direction of vortex precession.

Precession frequency information was gathered by monitor-
ing the counter-processor's analog output on both a stripchart
recorder and a spectrum analyzer to obtain a real-time varia-
tion of mean velocity. An rms voltmeter with adjustable time
constant was connected between the counter's output and the
recorder or analyzer so that the higher frequencies associated
with turbulent fluctuations could be filtered out.

The methods of Klirie and McClintock32 were employed to
determine that the largest uncertainties were about 2% in
Reynolds number, 8% in swirl number, 10% in Stroiihal num-
ber, and 1 % in probe volume positioning. Uncertainties in
mean and rms velocities stemming from the many possible
biases and broadening errors are estimated to be about ±3%
and ±10%, respectively.

Results and Discussion
Velocity and TI Distributions

The results for 77, u'', and v' for unswirled flow at Reynolds
numbers of 30,000, 60,000, and 100,000 are shown in Fig. 3.
The mean and fluctuating velocities in Fig. 3 have been normal-
ized with the axial centerline velocity occurring in the upstream
tube. Mean velocities for the three Reynolds numbers collapse
to single curves, but when the regions far downstream .(Xj
D — 18) are examined, it can be seen that the turbulent fluctu-
ations have apparently dissipated faster for larger Reynolds
numbers (the TI for Re = 60,000 and Re = 100,000 were virtu-

ally identical). Figure 3 indicates that the axial TI has de-
creased to a nominal background level of about 2.5% for
Re = 100,000 while it remains near 8% for Re = 30,000. The
difference in TFs is due to higher rates of dissipation at the
larger Reynolds numbers. Dissipation usually scales as u'3/£,
or (u'IV)3l(tlU3) so that, for length scales (t) and turbulence
intensities (u'/U * 100) of the same order, dissipation increases
with increasing U or increasing Reynolds number.

For unswirled flows, we see that a state of near isotropy in u'
and v' exists at X/D = —2.0, and then again far downstream
after the flow has redeveloped. However, throughout much of
the intermediate region, the axial TI is approximately 30%
greater than the tangential TI. The peak values for both of
these quantities are generally coincident and lie in the region
bounded by the edge of the shear layer and the tube centerline.
For each Reynolds number, these maximum values are on the
order of 20-22% for axial TI and about 15% for tangential TI.
This maximum value (and the distributions of U and u') com-
pare very favorably with the work of Stevenson et al.,13 who
report a maximum axial TI of 22%.

Swirled-flow data for five supercritical-swirl cases are shown
in Figs. 4—8. For these highly swirled flows, the maximum axial
velocity in the upstream tube (UJ occurred near r/R « 0,8, and
it is this value that is used for the normalization of mean and
rms velocities. Figures 4-8 demonstrate a large influence of the
downstream flow on the X/D = -0.5 profiles for all supercrit-
ical-swirl cases. The influence is especially strong on the TFs
whose magnitudes and distributions are changed dramatically
from the X/D == —2.0 station. The turbulence intensities con-
tinue to be highly nonisotropic in the downstream tube for all
the supercritical-swirl flows. These results have important ram-
ifications oh the modeling of this flow because they imply that
the frequently used k-e model, with its assumption of isotropy,
will be unable to predict accurately the observed features of
highly swirled flows.

The highest swirl strength achieved in this set of experiments
is shown in Fig. 8, where we see two features not present in the
flows with lower swirl numbers. The first is that, as the flow
development proceeds downstream from X/D = 4, the center-
line velocity is positive with recirculation just off-axis. We also
find that the on-axis tangential velocity gradient is steepening
throughout the downstream tube, consequently producing
greater shearing and ever-increasing turbulence intensities.
Both of these trends continued through X/D = 18. These two
features cannot be wholly discerned from the data presented
for Re .= 60,000, S = 1.16 but, from Fig. 6 and measurements
made further downstream (those for X/D > 10 not shown
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Fig. 5 Velocity field; Re = 30,000, S = 0.98: axial TI; —— tangential TI.

here), the trends toward positive centerline velocity and contin-
uously increasing TI do seem to be present and hence consis-
tent with the Re = 100,000, S = 1.23 data. That centerline TFs
continue to increase to the end of the test section is a limitation
of the test section's length. In a longer tube, the decay of swirl
would give rise to a maximum in TI at some axial location.
However, it is perhaps surprising that this flow condition, with
its high diffusion rates and relatively short wall recirculation
zone, is still evolving so far downstream at X/D = 18.

For the swirled flows in general, the peak value for axial TI
always occurs in the shear layer near r/R2 = 0.5, and the max-
imum value of tangential TI is always found along the tube
centerline. For the swirled flows, there is a considerable diver-
gence in the behaviors of axial and tangential turbulence inten-
sities for X/D = —0.5 and throughout the downstream tube. It
can be seen from Figs. 4-8 that, along the tube centerline, the
tangential TI is typically twice the axial TI. At the same time in
the shear layer around r/R2 = 0.5, the axial TI is commonly
twice the tangential TI. The largest axial TFs are on the order

of 45% for moderate swirl (0.60 < S < 0.77) and 58-65% for
high swirl (0.98 < S < 1.23). In each case, the corresponding
maximum tangential TI is always several percent less than the
axial value. For the swirled flows, these maximum values were
found near X/D =0.5 whereas, for the unswirled flows, they
were found between 3 < X/D < 6.

A composite of axial centerline velocities is shown in Fig. 9.
For the unswirled flows, the flat portion of the curve for
X/D > 12 indicates that the velocity profile has redeveloped.
From an area-ratio argument, one would anticipate that, for
the present expansion ratio of 0.51, the normalized centerline
velocity would achieve a downstream value of (0.51)2 or 0.265.
The actual value reached was a consistent 0.24, which suggests
that downstream profiles are flatter and more developed than
those upstream of the expansion. That this is true can be seen
in the velocity profile plots of Fig. 3. It is hypothesized that the
profile upstream of the expansion is not quite fully developed
because of slight tube-wall irregularities associated with the
swirl generator's slots, pipe joints located at the swirl genera-
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Fig. 6 Velocity field; Re = 60,000, 5 = 1.16: ——— axial TI; —— tangential TI.

tor, and a flanged pipe connection approximately 4 diameters
upstream of the X/D = — 2.0 measuring station.

The normalized centerline velocity has no Reynolds number
dependence for the unswirled flows. If we assume this also to be
true for swirled flows, then Fig. 9 suggests that there is a swirl
number between 0.74 and 0.98 that gives a maximum reverse
velocity. Further, the maximum reverse velocity, which is seen
to occur between X/D = 0.5 and X/D = 1.3, decreases in mag-
nitude as swirl number is increased beyond S = 0.98. This sug-
gests that there may be swirl numbers greater than 1.23 for
which the centerline velocity may always be positive, as it is for
the unswirled flows. Unfortunately, S = 1.23 was the upper
limit on swirl strength available from the equipment used in
this study, so that this hypothesis could not be investigated
further.

For the present work, the position of U = 0 points at radial
locations of r/R2 = 0.8, 0.9, and 0.95 was determined by linear
interpolation between adjacent grid points for which U had
opposite signs. The U = Q points from the three radial loca-
tions were then fitted with a spline and the resulting curve

extrapolated to the wall to find the reattachment "point."
Reattachment lengths obtained in this fashion for the present
data are shown in Table 1. For the three unswirled cases, the
reattachment lengths agree well with those reported for
unswirled flows in the previously mentioned investigations
(also shown in Table 1). We know of no existing data that can
be used for comparison of reattachment lengths in swirled
flows. When reattachment lengths are plotted against swirl
number, the resulting curve is independent of Reynolds num-
ber and appears to be asymptotic to xr/h « 1.7 as swirl number
increases beyond 1.2. The reattachment lengths given here are
actually average values determined from four to eight sets of
velocity data obtained in the region of reattachment. The slight
variations found in these velocities were sufficient to alter the
computed lengths appreciably; this was especially true for the
unswirled flows, where variations in reattachment length of
±0.5 step height were not uncommon between individual data
sets. The variation in reattachment length for the swirled cases
was a more modest ±0.1 step height for individual data trials.
It is probably reasonable to consider these variations as repre-
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Table 2 Summary of flow regions

Re = 30,000

0<5<0.18

S«0.18'
0.18 <S< 0.37

S x 0.37
0.37 <S< 0.50
5^0.50

5 > 0.50

Remarks

Vortex precesses in direction
opposite to the mean swirl
Precession frequency goes to zero
Vortex precesses in same
direction as mean swirl
PVC vanishes
Bubble-type vortex breakdown
Transition from recirculating
bubble to strong on-axis tube
of recirculating flow
Strong on-axis recirculation

Re = 100,000

0<S<0.12

5 -w 0.12
0.12<5'<0.40

5^0.40
0.40 < S < 0.57

5^0.57

S > 0.57
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sentative of random fluctuations in the width of the reattach-
ment zone rather than as an uncertainty in the measurement,
but it is difficult to separate these two effects.

Mass balances obtained from integration of velocity profiles
have become a commonly used standard for appraising the
credibility of internal-flow velocity data. For a particular flow
condition in the present work, the largest differences between
the mass flux at any one profile and the average mass flux for
all profiles (at that flow condition) were between 3 and 5%.
The locations of poorest agreement were randomly scattered in
the axial direction. Tabular velocity data and further details are
available in the dissertation by Dellenback.33

PVC and Vortex Breakdown
Information that can be generalized about swirling-flow

asymmetries and the PVC from previous studies is very sparse,
largely because of the complexity of the flow's structure. His-
torically, the most easily and commonly measured feature of
these asymmetries has been the relationship between the swirl
number and precession frequency. This relationship also con-

stitutes the principal result of the present study of the PVC.
Although the computation of swirl number requires knowledge
of the mean velocity profiles, which are not known a priori, the
swirl number can also be related to the ratio of mass fluxes
entering the swirl generator. For weakly swirled flows
(S < 0.15), the swirl number was obtained from an algebraic
relationship6 between the axial and tangential mass fluxes that
results from assuming plug flow with superimposed solid-body
rotation. A second, experimentally determined relationship be-
tween the mass-flow ratio and the swirl number (from inte-
grated velocity profiles) was deduced for higher swirl numbers.
Precession frequencies were examined only at the two limiting
Reynolds numbers of 30,000 and 100,000.

Precession-frequency data are combined with flow-visualiza-
tion observations to summarize vortex breakdown and the
PVC's swirl-dependent behavior in Table 2. Previous investiga-
tions have found that swirling flow asymmetries usually precess
in the same direction as the mean swirl for confined flows and
in the opposite direction for freejets. However, Escudier25 re-
ports that his sudden expansion data contradict this general
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rule. In the present experiments, the PVG precessed with the
mean swirl for larger swirl numbers, and against the mean swirl
for low swirl numbers. Table 2 shows that although results for
the two Reynolds numbers are similar, specific events occur at
slightly different swirl numbers. Two regions were especially
difficult to resolve. These were the precession frequencies for
very low swirl (S < 0.1) and the swirl number at which the
direction of precession changes. On the other hand, two points
that had very sharp transitions as the swirl number was
changed were the transition from PVC to vortex breakdown
and the transition from a bubblelike vortex breakdown to a
full-length tube of recirculating fluid on the tube centerline.
Throughout the regime of swirl numbers for which the vortex-
breakdown bubble exists, considerable unsteadiness of the
bubble's location was noted in both the flow visualization and
LDA data. This unsteadiness made it impossible to measure
accurately either the velocities inside the bubble or the bubble's
dimensions, but it was noted that the bubble extended to about
2\ D downstream of the expansion. Downstream of the bubble,
it was observed that although fluid on the tube axis was mostly
stagnant in the mean, it was also quite unsteady, sometimes

showing a tendency to drift randomly either upstream or
downstream. When the PVC was present, flow oscillations
could be detected at the upstream station of X/D = -0.5, but
not further upstream at X/D = -2.0. Although several of the
investigations cited previously observed the PVC at super-
critical-swirl numbers, the PVC in the present study could be
detected only at subcritical-swirl numbers. Finally, none of the
results shown in Table 2 displayed any apparent hysteresis in
swirl number.

Frequency information taken from the stripcharts (or spec-
trum analyzer, which agreed closely) was converted to Strouhal
numbers23 (fD3/Q where/is the precession frequency and Q
the volumetric flow rate) and used to generate Fig. 10. The
scarcity of data points for S < 0.1 and near the zero-frequency
crossovers is illustrative of the previously mentioned inability
to resolve frequencies at these transitory swirl numbers. Away
from these swirl numbers, smooth curves drawn through the
available data points fit well and thus give confidence in extra-
polating the swirl number for the zero frequency crossovers.
Figure 10 also shows clearly the dependency of the precession
frequency on Reynolds number.
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The frequencies of precession seem to follow a trend consis-
tent with other investigations of asymmetries in swirling flows
as shown by Figs. 11 and 12. Although the experiments of
Syred and Beer24 and Cassidy and Falvey23 were in dissimilar
geometries (freejet; straight tube and sudden contraction, re-
spectively) and the PVC occurred in conjunction with vortex
breakdown, there is a noticeable congruence of results in Fig.
12. In particular, the Strouhal number appears to be indepen-
dent of Reynolds number for Re > 105, but a slowly decreasing
function of Reynolds number at lower values of this parameter.

Closing Remarks
The principal contribution of the present study has been to

quantify the magnitudes of mean and fluctuating velocities as a
function of swirl and Reynolds numbers in an abrupt axisym-
metric-expansion flow. In addition, a number of qualitative
trends and features have been observed that may contribute in
a general way to the understanding of complex shear flows.
Documentation of the velocity field in the upstream tube
should be helpful to computational flow modelers, and of gen-
eral interest in light of how vastly the upstream flow changes
just before reaching the expansion. For low swirl levels, an
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unsteady, three-dimensional flow asymmetry has been ob-
served. The asymmetry is such a corriplex flow structure that
only a limited number of useful measurements can be obtained
which help to specify its structure. At the higher swirl, levels, the
flow becomes symmetric, and extraordinarily high levels of
turbulence are produced. The on-axis recirculation normally
associated with highly swirled flows changes such that on-axis
flow is in the downstream direction, with recirculation just
off-axis.
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