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Turbulent Vortex Breakdown at High Reynolds Numbers

F. Novak* and T. Sarpkaya’
Naval Postgraduate School, Monterey, California 93943

This paper deals with vortex breakdown in noncavitating swirling flows in tubes at high Reynolds numbers
(Re =UyDylv as high as 3 X 105 or v = I'/v as high as 175,000). Breakdown in slender vortices of high intensity
begins with a rapidly spinning spiral at a point dictated by the prevailing flow and boundary conditions. The
nascent spiral bursts into turbulence shortly after its inception, i.e., the breakdowns occurring at relatively low ~
or Reynolds numbers are bypassed at sufficiently high Reynolds numbers. Additional findings concern the core
bifurcation, the random reversals in the sense of the spiral windings, and the absence of a reversed-flow region.
The core meandering and stagnation-point darting are quantified and discussed in light of extensive velocity,

turbulence, and spectrum measurements.

Introduction

ORTEX breakdown is the transformation of a slender vortex

into three-dimensional forms. Where, how, and under what
circumstances this transformation occurs in viscous vortical flows
constitutesthe essence of the breakdown problem. Neither a stagna-
tion point, nor a region of reversed flow, nor the bridging of laminar-
turbulent states is necessary.

The literature is abound with studies of vortex breakdown,!”
partly because of its intrinsic interest and partly because of its prac-
tical applicationsin the destruction of wing-tip vortices, in the im-
provement of the handling characteristics of fighter-type aircraft,
and in flame stabilizationin combustion. These applicationsinvolve
turbulent flows at high Reynolds numbers in or about complex ge-
ometries. Even though experimentson breakdownin swirling flows
in complex combustion chambers have been reported,;’ the majority
of the experimental and numerical studies dealt with laminar break-
downs. In this paper we describe experimentsat high Reynolds num-
bers and turbulent-flow conditionsin a tube and vane-typeapparatus
similarto, but not identicalto, that previouslyused by Sarpkaya.!-3:

The difficulties experienced in describing the nature, identifying
the occurrence, and predicting the characteristics of laminar vor-
tex breakdowns in tubes and over delta wings have been reviewed
most recently by Althaus et al.,? Sarpkaya,® and Visbal* and will
notbe repeated here. After 40 years of observations,measurements,
and numerical experiments, the phenomenonremains largely in the
qualitative,descriptiverealm of knowledge. There are neither exact
solutions nor universally accepted theoretical models that capture
the essential physics, weave understandinginto large amounts of nu-
merical, experimental,and observationalrecords,and offer methods
of prediction. Theories based on the inviscid-flow assumptions and
axial symmetry have become a rival faith to physical and numerical
experiments.

Vortex breakdown in most technological applications (e.g., com-
bustion, aerodynamics) occurs in turbulent swirling flows at high
y =T/vand Re* =2UyR./v [where T is the circulation; Uy is a
characteristic velocity (e.g., the mass-averaged axial velocity at
x =0, the start of the divergence of the original tube); R, is the
core radius; and v is the kinematic viscosity], and the applicability
of the information deduced from laminar flow studies to the predic-
tion of breakdowns in turbulent flows is highly questionable. Even
thoughthere are a large number of numerical and experimental stud-
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ies of swirling turbulent flows,” most works are dedicated either to
the development of simple criteria for the identification or position
of the breakdown over delta wings or to the improvement of the
efficiency of combustion. None of these studies attempted to de-
lineate the topology of the breakdown, an ingredient necessary for
the understanding, numerical modeling, and the alleviation of the
consequences of vortex breakdown.

Sarpkaya®® was the first to show that vortex breakdown in non-
cavitating swirling flows in tubes at high Reynolds numbers (Re*
up to about 1.0 X 10%, ¥ = 140,000) is significantly different from
the other well-known primary types (double helix, nearly axisym-
metric bubble, and spiral). The presentexperiments have shown that
at sufficiently high values of y and Re*, the core initiates a kink,
followed by a spiral, at a point dictated by the prevailing flow and
boundary conditions. The nascent spirals adjacent to the kink burst
into turbulence shortly after their inception, while rotating rapidly
(at about 1000 Hz). The remainder of the breakdown (beyond about
the first 10-20 mm) transforms into a nominally axisymmetric cone
of swirling turbulent flow, as seen in photographs taken with ex-
posure times as small as 6 ns. The bubble and the core-recovery
regions, seen in the usual path of structural transformations at low
Reynolds numbers,' are completely bypassed at sufficiently high
values of y and Re*.

Délery and Molton® examined the topology of the flow resulting
from the breakdown over a delta wing at a chord-based Reynolds
number of Re =1.46 X 10° and concluded, on the basis of their
velocity measurements, that there is “a reversed flow region, of rel-
atively small extent, which rapidly contracts and disappears, the
streamwise mean velocity component becoming everywhere pos-
itive again at a short distance from the breakdown point.” These
experiments were confined to relatively lower y and Re* values,
and the turbulence characteristics of the flowfield were not investi-
gated.

The numerical studies’ !! dealt with axisymmetric or three-
dimensional laminar flows at relatively low Reynolds numbers,
partly because the experimental information for comparison and
code tuning was available only at comparable Reynolds numbers
and partly because there has not yetbeen a turbulencemodel capable
of dealing with nonisotropic turbulence in swirling flows, strongly
influencedby streamline curvatureand centrifugalacceleration. The
available modeling approaches [direct numerical simulation, large
eddy simulation, and Reynolds- or Favre-averaged Navier-Stokes
equations (RANS or FANS)] have their limitations, and it is rather
unlikely that standard turbulence models will help to predict the ex-
istence of large-scale structures in turbulent breakdowns observed
in technologically important applications. Spall and Gatski'® used
the three-dimensional, unsteady, incompressible RANS equations
in conjunction with two different turbulence models to simulate
a three-dimensional turbulent breakdown at a Reynolds number
of 10* (based on vortex core radius) in an unconfined longitudi-
nal vortex, unimpeded by competing and complicating influences
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such as combustion (i.e., Hogg and Leschziner'?). However, the
calculated flowfield was not in conformity with the observations
of Sarpkaya?:¢ More recently, Spall and Gatski'? obtained three-
dimensional and axisymmetric solutions to the RANS equations
using a differential Reynolds-stress model (DRSM) and the inlet
boundary conditions (complete experimental profiles for the mean
flow and turbulence kinetic energy at the tube inlet) provided by
Sarpkaya and Novak.!* The DRSM was found to predict quite well
the location of the onset of turbulent vortex breakdown and the
existence of a small recirculation region in the slightly diverging
tube used by Sarpkaya and Novak."* However, the two-equation
models failed to predict the occurrence of breakdown, presumably
because of their inability to account accurately for Reynolds-stress
anisotropies.!®

One needs archival-quality physical and numerical data and
physics-based phenomenological models to sort out the dominant
factorsfor the raisond’étre of the type of vortex breakdownobserved
at high Reynolds and circulation numbers of technological impor-
tance. This process is somewhat complicated by the well-known
fact that both the real and simulated breakdowns are highly sensi-
tive to all boundary conditions (not just the upstream conditions). It
is, therefore, of paramountimportance thatthe positionof the break-
down be rendered as insensitive as possible to boundary conditions
through the use of judiciously selected tube geometries and diffuser
insets. This, in turn, requires a clear demonstration of the fact that
the results are not specific to a single geometry and the means of
fixing the location of the breakdown did not alter the physics of the
phenomenon and the characteristics of the flowfield.

Experimental Apparatus and Procedure

The original experimental equipment consisted of a Plexiglas®
water tank, 32 adjustable swirl vanes, a slightly diverging pipe, a
constanthead tank, a rotameter, and the necessary piping system. Its
characteristicshave been describedin some detail by Sarpkaya.!-3-6
For the present experiments the small constant head tank was re-
placed by centrifugal pumps of 1-10 hp to achieve the desired
Reynolds numbers. It circulated the water between the apparatus
and a 15-m® reservoir. The tube and vane assembly was placed in a
127.6-cm-long, 57.5-cm-diam stainless-steel chamber as shown in
Fig. 1. The single flow meter was replaced by three larger meters of
total capacity of about 15 1/s. There was no cavitation anywhere in
the test tube at any Reynolds number reported here.

The shaded section of the pipe (in front of the four windows
in Fig. 1 where the breakdown occurred) was made interchange-
able so that tube sections of different wall profiles could be used
to minimize core meandering and breakdown darting. As previ-
ously noted by Sarpkaya' and by others over the ensuing years,
vortex cores meander, and the breakdowns do not normally remain
stationary regardless of the quality of the control of the flow and
angular momentum. They dart back and forth, with amplitudes de-
pendent on the magnitudes of the primary controlling parameters
(y and Re™), as well as on those beyond the capacity of the exper-
imenter to control. As the core radius decreases with increasing y
and Re”, the total pressure near the axis decreases to very low val-
ues and, if allowed, even give rise to cavitation, i.e., the position
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Fig. 1 Schematic drawing of the test facility (all dimensions are in
millimeters).
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Fig.2 Names and profiles of the test tubes used: a) h0 tube, b) h3 tube,
and c¢) h6 tube (all dimensions are in millimeters).

of the breakdown becomes sensitized to small pressure changes in
the surroundingstream. This sensitivityis aggravated,particularlyin
high-speed swirling flows, by the fact thata small pressure perturba-
tion produces a much steeperrise along a streamline near the axis.'*
Unfortunately, it is not possible to describe accurately the charac-
teristics of these low-frequency axial oscillations. Their statistical
descriptiondoes not allow one to introduceinto the numericalmodel
the same perturbations that occur during the physical experiments.
Furthermore, accurate velocity and turbulence measurements are
not possible everywhere along the breakdown because of random
unsteadiness superimposed on the entire flowfield. The alternative
is to render the position of the breakdown as insensitive as possi-
ble to physical boundary conditions through the use of judiciously
selected tube geometries and flow rates.

In the present study experiments were first conducted with the
original diverging tube describedin Sarpkaya,' and the velocity and
turbulence measurements were confined to the regions sufficiently
upstream and downstream of the darting stagnation point. Subse-
quently, three slightly different diffuser insets were used (Fig. 2).
Each inset had a gentle 1.4-deg divergence for the first 100 mm but
varied shapes after that. One continuedto divergeat 1.4 deg until the
final diameter was reached (original tube), but the other two con-
vergedto a gentle throatlocated 140 mm from the entrance, and then
diverged to their final diameter (about 225 mm), blending smoothly
into the existing pipe. The narrowest section of the inset was care-
fullyrounded. The insetrenderedthe breakdown position practically
insensitive to boundary conditions and to unknown or unknowable
disturbances. Data were obtained with different test tubes and flow
rates. In each case the vane angle was adjusted until the circulation
was sufficient for the breakdown to occur at 130-140 mm from the
pipe inlet, but weak enough to avoid the formation of cavitation at
the tube axis.

Throughoutthe experiments care was taken to minimize system-
induced fluctuations. A foam baffle in the chamber (Fig. 1) damped
large-scale unsteadiness, and another prevented sloshing in the ex-
ternal reservoir to maintain constant pump head. A Helmholtz res-
onatordamped pressure fluctuationsin the chamber. System cleanli-
ness also was carefullymaintained. Before and after experiments the
water was filtered through a bypass line with a 10-u filter. Periodi-
cally, the test tubes, windows, vanes, and bellmouth were carefully
polished.

The mean velocities and turbulence intensities were measured
in forward-scattering mode (in 0.1-ms coincidence window) with
a three-component laser Doppler anemometer (Dantec; three-
dimensional laser Doppler velocimetry with a beam separation of
38 mm, a focal length of 500 mm, and a total angle of 24 deg be-
tween the heads), a 10-W InnovaCoherentlaser, a three-dimensional
computer-driven traversing system (with a resolution of 0.02 mm)
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for the laser probes, and the forward-scatterreceiving optics (with
a 100-um aperture), mounted on a manual three-dimensional tra-
verse. Bragg-cells were used to shift the frequency of one beam
of each pair by 40 MHz to provide directional sensitivity and to
prevent fringe bias. The crossing of the six beams was achieved
using a 50-um pin hole and the built-in beam steerers. The probe
volume (approximately 0.1 mm in diameter and about 0.8 mm in
length) was positionedat the required locationby use of the remotely
driven x-y-z traversing unit. Even though no artificial seeding was
used for a number of reasons, including the cleanliness of the tube
walls and windows, the data rate almost invariably remained in ex-
cess of 1 kHz, even when the laser power and the photomultiplier
gain were kept intentionally low.

No data were collected during the startup period (at least 1 h) of
the operation of the system during which the count rate of bursts in
coincidencemodereachedatleast 1000, with a validationrate of 95—
99%. The number of bursts collected at a particular data station and
the spatial increment between adjacent points were decided on the
basis of the character of the flow measured and the objective of the
measurement(velocity or spectra). The experiments were conducted
in such a way that the upstream conditions at various sections were
determined with the greatestprecisionpossible,and the downstream
conditions were investigated sufficiently to elucidate the important
and interesting features. As such, the number of bursts and the linear
density of the data stations were highestin the core region, upstream
of the breakdown. Here, where the velocity gradients are steepest,
30,000 bursts were collected at each station, and the spacing was
about 0.2 mm. Upstream of the breakdown, but outside the core, the
gradients are nearly zero (except near the pipe wall). In this region
10,000 bursts were collected, and the spacing was 1 mm. Farther
down the tube in the wake of the breakdown, 20,000 bursts were
collected, and the spacing gradually became wider. For example,
about 20 mm downstream of the stagnationregion, the spacing was
about 0.5 mm. When the purpose of measurements was the deter-
mination of the turbulence spectra, the laser Doppler velocimetry
(LDV) settings such as the laser power and photomultiplier gain
and voltage were adjusted to achieve higher data rates. Typically,
the data rate was 1.5 kHz or higher. Also, a much larger number of
bursts, in most cases at least 10°, was collected.

Some features of the flow were measured using a Thermo-
Systems, Inc. (TS]), digital particle image velocimetry (DPIV) sys-
tem, comprised of two YAG lasers pulsingat 14.7 Hz. Other compo-
nents consistedof opticallensesto spread the laserbeam into a sheet,
a 1000 X 1000 pixel digital PIVCAM (Kodak, Inc.), a synchronizer,
and TSI Insight software and computer. Hollow glass beads with a
specific gravity of 1.05 to 1.15, and a particle diameter of 6-12 um
were used. Velocities were computed using the Whitaker algorithm
and the cross correlation between the adjacent frames, obtained in
the frame straddle mode. The data rate for the pairs of frames is
limited to 15 Hz, and, thus, the low-frame-capture rate remains an
inherent limitation of the DPIV system.

The flow visualization was made through the use of TIO, (Tita-
nium dioxide) particles, food coloring, and fluorescent dyes with
high Schmidt numbers. A thin monochromatic laser light sheet
(about 250 mm wide and 250 pm thick, with a wavelength of 532
nm) was provided by a Nd-YAG laser (part of a DPIV system) with
a pulse duration of 6 ns. The images were recorded in digital form
through the use of either a Redlake Imaging Motion Scope or a Ko-
dak Ektapro high-speed-videosystem. From time to time, the said
videosystems were used in combinationwith a suitable backlighting
at shutter speeds of 1/10,000 and 1/80,000 s to check the effects of
the exposure time. Neither system, at their shortest exposure times,
provided images as clear as those obtained through the use of the
laser-light sheet provided by the Nd-YAG laser, with a 6-ns expo-
sure time. After being recorded, the Motionscope system footage
can be previewed at various playback frame rates on the monitor.
For archival purposes the footage was played back at 30 fps and
recorded on SVHS tape.

Results and Discussion
Evolution of Physical Events
We will present first the visual observations and photographic
recordings of the breakdown and then the representative velocity,

Table 1 Characteristic parameters of the flows studied
in the present work

LDV
Re = [Uy(2Ro)/v] Re* =[Uo(2R.)/v] y=T/v  Tube mode
7.2 X 10* 6720 50,000 h0 Back
1.2 X10° 6000 77,000 h0 Back
1.2 X10° 7400 80,000 h6 Forward
2.3 X10° 1x10* 140,000 h6 Forward
23 x10° 1.08 x 10* 140,000 h3  Forward
3.0 X 10° 1.06 x 10* 175,000 h3  Forward

Fig.3 Conical vortex breakdownat Re = 1.0 X 103 as seen with a video
system at 30 fps.

Fig.4 Conical/spiral vortex breakdowns at Re = 1.2 X 10°. The expo-
sure time = 6 ns (scale: 5 mm in figure = 1 mm in reality).

turbulence, and spectrum data for representative values of y, Re,
and Re* (see Table 1), where the characteristic velocity U, in Re
and Re* is chosen as the mass-averaged axial velocity at x =0 (the
start of the divergence of the original tube).

In describing his previous observations, Sarpkaya® noted that
when the Reynolds number was set at Re =1.0 X 10° the entire
breakdown resembled a cone, as in Fig. 3, growing almost linearly
with distance downstream from a virtual origin. This and other pho-
tographs were made from a regular video recording, using a video-
graphic copier. For Re =1.0 X 10°, they showed a small, bubble-
like structure in the immediate vicinity of the stagnation point. The
downstream end of the bubble joined the rest of the wake in a very
short distance. This and other photographs naturally gave rise to
a number of important questions: Could the conical shape origi-
nate from a rapidly precessing spiral breakdown? Is there always
areverse-flow region? Could a much smaller exposure time clarify
the internal structure of the flow? These and a number of other ques-
tions required video recordingsat extremely small times, to capture
the temporal evolution of the internal structures of the flow, and the
detailed measurement of velocity and turbulence using DPIV and a
three-dimensional LDV system.

Figures4aand4b show two sample photographsof the breakdown
at y =77,000, Re* =6.0 X 10°, and Re =1.2 X 10°, taken under
conditions similar to those of Fig. 3. The only major difference is
in their exposure times: 3—10 s for Fig. 3 and 6 ns for Figs. 4a and 4b.
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Other exposure times such as 1/2,000 s, 1/5,000 s, or even 1/80,000
s were not short enough to expose the flow structures near the first
kink or the apparentstagnationpoint. Both Figs. 4a and 4b show that
there is no bubble after the first kink. As we have foreshadowed in
the Introduction, the core slightly bends and initiates either a single
oradoublespiral, as aresultof the bifurcationof the original core, as
seen in Figs. 4a and 4b. (The diameter of the dye filament upstream
of the breakdown is 0.6 mm.) Almost immediately, the spirals burst
into fine-scale turbulence and begin to merge with the rest of the
turbulent flowfield. There are, to be sure, numerous small variations
to the basic mechanism depicted by Figs. 4a and 4b. At times, a half
spiral is followed by a major burst. There does not appear to be a
stagnation point on the nascent spiraling core. Althaus et al.” noted,
in connectionwith theirFig. 9.3.3aandb, that “the stagnationpointis
notlocated on the centerlineas often assumed, butrotates aroundit.”
Visbal* numerically confirmed that “although there is a stagnation
point associated with one of the foci, there is no stagnation point
in the front of the breakdown region corresponding to the saddle
in the sectional streamlines. Therefore, reverse axial flow in spiral
breakdown does not imply the existence of a stagnation point in the
vortex axis, as is commonly assumed.”

At higher Reynolds numbers the mechanism of the structural
change became even more interesting, and the breakdowns be-
came more like axisymmetric cones. Figures 5a-5d show four
examples of highly turbulent conical structures for y =140,000,
Re* =1.08 X 10* and Re =2.3 X 10°. The rate of revolution at the
inception of the cone is about 1000 rev/s and decreases with dis-
tance further downstream. Thus, to the naked eye or in standard
speed video, the spiral structure appears as a conical wedge (Fig. 3).
Had the breakdown been free from back and forth darting and other
disturbances, the pure spiral form might have prevailed at all times.
However, in reality, one of the several transitional forms appears
occasionally. The most important of these is the bifurcation of the
nascent spiral into two spirals as seen in Fig. 4a. In some instances
the core gives rise to multiple windings, or trifurcate. After splitting,
the filaments rotate about a common axis and after a few windings
break up into turbulence.In the second transient form the individual
windings become temporarily indistinguishablebecause of changes
in the helix angle of the spiral. The final transitional forms, shown
in Figs. 5a-5d, had a conical appearanceeven when frozenby a 6-ns
exposure time. Further downstream, there were hints of a spiral-like
structure within the well-mixed wedge of dye. The sense of the spi-
ral windings changed direction from time to time, rather randomly.
It was the consensus of the previous investigations that the sense
of windings of the spiral is opposite to the swirling flow in tubes,

e SR

Fig.5 Representative vortex breakdowns at Re =2.3 X 105. (Note the
change in sense of winding in panels a and b.)
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Fig. 6 Representative axial velocity contours from DPIV for Re =
2.3 X 105,

but in the same direction with the flow over delta wings. There
seemed to be a built-in bias associated with each apparatus. Now, it
has been demonstrated that the bias in tubes exists only at low and
intermediate Reynolds numbers (less than about 1.2 X 10%).

The existence of a spiral structure in the high-Reynolds-number
vortex breakdowns was confirmed through the use of numerous
instantaneous axial velocity and vorticity plots, obtained through
the use of a DPIV system. Here only a black and white sample
of axial velocity contours is shown (Fig. 6) rather than the more
exciting colored vorticity contours of dispiritingly high cost. The
DPIV results were not strictly redundant with the flow visualization.
When the fluoresceindye diffusesrapidly because of turbulence, the
internal structure is indiscernible. The DPIV results, however, show
the presence of a spiral, even 50 mm downstream of the breakdown.
This is remarkable when oneconsidersthat the dye filamentbecomes
nearly conical within, at most, 20 or 30 mm of the stagnation point.
The bubble or the reverse-flow region and the core-recoveryregions,
seen in the usual path of structural transformationsat low Reynolds
numbers,! are completely bypassed at sufficiently high y and Re*.
Time-averaged measuring devices such as LDV depict the spiral (at
any Reynolds number) as an axisymmetric structure.

Vortex Core Meandering

In most previous experiments on vortical flows where the
Reynolds number and circulation were relatively low, the amplitude
of the core motion was quite inconsequential. In the present work
when the Reynolds number was increased above roughly 5 X 10%,
the core began to move visibly about a mean centerline. Obviously,
the meandering of the core complicates the interpretationof the Eu-
lerian measurements, e.g., LDV, especially when the velocity gra-
dients are steep. Meandering also may contaminate the turbulence
measurements. For example, Westphal and Mehta'® conducted an
experimentin which a vortex was forced to oscillate (by moving the
apparatus) at a low frequency and at an amplitude roughly equal to
the core radius. When compared to the measurements of a vortex
that was not oscillated, the Reynolds stress u/w’ was 50% larger. At
present, instrumentation is unable to discriminate between veloc-
ity fluctuations that are caused by unsteadiness and those that are
caused by turbulence. Therefore, quantitiessuch as turbulentkinetic
energy and the Reynolds stresses will be overestimated within the
immediate vicinity of the core by an amountdictated by the velocity
gradients and meandering amplitudes.

A quantitative investigation of the meandering motion was car-
ried out. The results were used to assess the effect of meandering
on velocity and turbulence measurements and to devise correction
schemes. Time histories of the core position, based on 1000-frames-
per-second (fps) video, are shown in Figs. 7a-7c. At times the core
wandered over 0.75 mm from the centerline, which is rather remark-
able because the measured core radius was only about 1 mm. The
core oscillated about its mean position, but neither the frequency
nor the amplitude was fixed. The higher-frame-rate results have
demonstrated that the rapid irregular oscillations occurred about a
more slowly changing vortex position. Fourier analysis results did
not reveal dominant characteristic frequencies in either the slow or
the fast video results. Because the motion does display cyclic be-
havior, an effective amplitude of sinusoidal motion was estimated
and found from visual observations to be about 0.40 mm. The his-
tograms of both the y and z coordinates of the vortex core were
well approximated by Gaussian probability density distributions.
The standard deviations o were 0.23 mm for both the lateral y and
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Fig.7 Time history of vortex core position based on 1000-fps video.

vertical z positions, and 0.32 mm for the radial distance from the
centerline. As expected, the most probable distance from the mean
axis was nonzero, roughly 0.2 mm. This is in close agreement with
the probability density function of the total radial distance from
the mean centerline. This, coupled with the lack of dominant fre-
quencies, suggests that the motion is perhaps more random than
periodic.

The effect of meandering on the present results was estimated
using the meandering data and a representative set of velocity pro-
files and the correction techniques devised by Chow et al.'® and
by Devenport et al.!” (based on a scheme first reported by Baker
et al.!®). Both methods yielded essentially identical results.

A detailed assessment of the effect of meandering indicated that
the core meandering profoundly affects the LDV results, especially
the turbulence moments. Corrections to the velocity profiles with
proposedmethods yielded results that did not seem to be in harmony
with the statistical data (histograms). The evidence suggested that
the mean velocity data is more accurate than previously believed.
Correction to the turbulence moments was not possible using the
existing methods. Thus, the turbulence measurements within 3 core
radii are not considered reliable. The primary reason for this is the
relative size of the measurement volume. To achieve reliable turbu-
lence data near the centerline of a strongly swirling and meandering
flow, with or without darting, the measurement volume must be
very small relative to the size of the vortex (less than about 50 pm).
Currently, this is not achievable.

Stagnation Point Darting

In a high-Reynolds-numberswirling flow the vortex breakdown
tends to dart back and forth along the axis, compoundingthe matters
beyond that introduced by the core meandering. Thus, even if the
meanderingcouldbe eliminatedcompletely,time-averagedEulerian
measurements will represent an average over both time and space,
at leastin the sections near the stagnationregion. Thus, to ascertain
the flowfield reliably, without excluding the stagnationpointregion,
the darting motion needed to be accounted for or minimized. Al-
ternatives included attempting to work around the problem through
selective or intermittent measurements, or minimizing the darting
motion to the maximum extent possible. The highly random nature
of the motion, characterized by shorter timescales than what was
found at low Reynolds number, precluded the use of intermittent
measurements. The method that was deemed achievable was the
suppression of the darting motion by taking advantage of the axial

pressure gradient. Adverse pressure gradients promote the occur-
rences of breakdowns, and that favorable gradients inhibit them.!”
Even at a high Reynolds number, a tube with a converging-diverging
inset might trap the breakdown in the vicinity of the throat. Such a
device was used by Althaus et al.,> albeit at a much lower Reynolds
number.

An investigation was conducted to quantify the darting motion
of the vortex breakdown in the tube sections shown in Fig. 2. Time
histories of the stagnation point position were recorded using the
method described in connection with the core meandering. From
these histograms of the breakdown location were constructed, and
a Fourier analysis was carried out. As hoped, the presence of the
converging-divergingsection considerably reduces the darting mo-
tion. More significantly, however, the fundamental nature of the
phenomenon remains unchanged. After viewing countless images
from extensive high-speed video recordings of the breakdowns un-
der wide ranges of Reynolds number and circulation in all three
tubes, the conclusionwas firmly made that the breakdownsare iden-
ticalin all three tubes. The spiral and its variants appearedin exactly
the same manner and the transition to turbulence occurred within a
few windings as in the simple diverging tube. There were no distin-
guishing features based on a change in tube shape alone. Only the
frequency of darting increased with decreasing throat size, as one
might have anticipated on the basis of the stiffening of the gradi-
ents on either side of the throat. A positive outcome of the higher
frequency of darting was that the LDV record length was on the or-
der of hundreds of darting cycles, safely eliminating the possibility
that the effect of the partial cycles at the beginning and end of the
measurements might be nonnegligible.

Velocity and Turbulence Measurements

The LDV measurements (subjected to velocity-bias correction)
were made at numerous sections along the entire length of the tubes
to determine the distributionsof velocities,rms values of turbulence,
shear stresses, and spectra. This led to an overwhelming number of
data points and plots. Here only a very small fraction of the data
obtained for y =140,000 and Re* =1.08 X 10*, and Re =2.3 X 10°
(using the tubes shown in Fig. 2: h0, h3, or h6) could be presented
because of space limitations. For sake of consistency, this flow is
describedas a default state or baseline, and the others are introduced
in the context of comparisons and contrasts.

The majority of the data presented here are normalized by a suit-
able parameter. In most cases the characteristic velocity is U, (the
cross-sectionalmean axial velocity at the tube inlet), and the length
is R, (the tube radius at the inletis Dy/2).

Experimental uncertainty, on the basis of 95% confidence, was
estimated in accordance with accepted methods (e.g., Refs. 20 and
21). The summary of the extensive error analysis has shown that
uncertainty for s/ Uy, Wims/ Uy, and u'w’/ U} are not reliable for
r less than about 3R.. For larger values of r (in both the upstream
and downstream regions), the uncertainty in u,,/ Uy and w s/ Uy
is less than 6%, but for u'w’/ UZ is about 9%.

The measurements with Re =2.3 X 103 have quickly shown that
there are three global regions in the breakdown topology. The first
is the upstream sections, where the flow remains virtually invariant
until about 10-15 mm upstream of the nominal breakdown position
(at x & 138 mm). Then, a region of dramatic changes begins as the
stagnation point is approached. Every feature of the flow undergoes
an abrupt change within about 30-40 mm downstream of the break-
down. Finally, there is a downstream wake region where the flow
relaxes, and the velocity and turbulence tend toward uniformity.

Representativeaxial velocitiesin the upstreamsections,including
the one very near the stagnation point, are shown in Figs. 8a and 8b.
Fromx =60to 110 mm, the jet was quiterobust,butby x =120 mm
decelerationbeganto occur. The rate of changeincreasedwith larger
x and was swiftestbetween x =120 and 130 mm. A notable charac-
teristic of these profiles is that the collapse of the jet profile seemed
to be directed outward from the centerline. At the periphery of the
jet, the velocity excess persisted even while dramatic changes were
occurring in the interior.

Figure 8b continues where Fig. 8a has ended and shows that the
axial velocity profiles continued to change with distance along the
axis, but at a more gradual pace. At x =140 mm there was still
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evidence of a jetlike profile, but overall the plot was wakelike and
the centerline velocity was slightly negative. At the next section
(x =150 mm) there were no longer any remnants of the jet profile.
The prominentchanges observed were the increasing breadth of the
wake and strength of the reversed flow region. Beyond this, the wake
began to relax so that the width increased but the velocity deficit
decreased.

Figure 9a shows the time-averaged tangential velocity profiles in
the same region that the axial velocity transformed from a jetlike
to a wakelike profile. The peak velocity decreased to roughly half
the magnitude found at the inlet section, and the size of the vortex
core increased by a factor of 3. Figure 9b shows tangential veloc-
ity profiles selected from a wider range of axial sections, with the
inlet as well as the wake regions being represented. The structure
of the vortex continues to change steadily in the wake. In all, the
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Fig.9a U/U, profiles at x = 110-140 mm for Re = 2.3 X 10°.
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peak tangential velocity decreased to less than one-fourth its origi-
nal value, and the vortex core expanded by about 1000%. Figure 9b
also demonstrates that the tangential velocity outside the core re-
mains virtually unchanged for all axial stations, indicating that the
maximum circulation is invariant, as expected.

Figure 10 shows, for various sections, tangential profiles that
are normalized by the local maximum tangential velocities and core
radii. The point that emerges from these profiles is that the upstream
and downstream profiles are different, but self-similarity is found
within each set. The profile at x =130 mm, which is very near
the mean stagnation point, lies between the two sets of curves. In
essence, outside the viscous core the tangential velocity profile is
more potentiallike in the downstream sections.



NOVAK AND SARPKAYA 831

0.517

&
2 001
3 4
-0.51
| n
»
o
] A
-1.0 o X=150 mm
+ X=170 mm
B X=190mm
'1.5 T 13 L} 1 T { T L} L]

-5 4 3 2 -1 0 1 2 3 4 5
Y/Re
Fig.10 W/W,, vs y/R, at various sections for Re =2.3 X 10°.

15
10 1
23
4
£ s
o
=
0-
@ Uc (m/s)
B Wm (m/s)
+ Rc (mm)
_5 TT T v v T T T T

0 50 100 150 200 250 300
X (mm)

Fig.11 Variation of Uy, W,,, and R, with x.

Some of the foregoing can be summarized on a plot with the axial
distance on the horizontal axis. Figure 11 gives the centerline axial
velocity U,., maximum tangential velocity W,,, and core-radius R,
variation along the axis. The three global regions are evident. Im-
mediately following the inlet, there is a region where the changes
to the vortex were too small to measure. This ostensibly began be-
fore the first upstream profile at x =60 mm and lasted until roughly
x =100 mm. Then, changescommenced, and were rapid from about
x =120-140 mm, a span of about 20 core radii. The axial veloc-
ity decelerated from about 14 m/s to zero (30 mph to zero within
0.78 in.), and the tangential velocity decreased by a factor of 2. The
core radius also abruptly began changing. Thereafter, the evolution
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Fig.12 uyms/Up and wems/Uy Vs y/Rg atx =170 mm for Re =2.3 X 10°.

continued but at a relatively gradual rate. The centerline axial ve-
locity became negative at x =140 mm, reached a minimum at x =
155 mm, and did not become positive until about x =190 mm. The
tangential velocity slowly evolved towards its final value of about
1.5 m/s. Throughout this region the changes to velocity seemed to
be relaxing toward equilibrium. At roughly x =200 mm the core
radius leveled off at about 11 mm.

One representative turbulence profile at x =170 mm is shown
in Fig. 12. The turbulence profiles are nearly invariant in the in-
let sections. As the nominal breakdown location is approached,
the large data scatter clearly signals proximity to the darting stag-
nation point. In the wake, turbulence decays more smoothly and
tends toward isotropy as seen in Fig. 12. Also, the stronger accel-
eration and deceleration of the axial flow in the more constricted
tubes (see Fig. 2) give rise to slightly lower turbulence levels in
the converging section and higher turbulencelevels in the diverging
sections.

Effects of Reynolds-Number Variation

The majority of the additional data are from the cases for
Re =1.2 X10° and 3 X 10°. Numerous plots have shown that in
the full range of Reynolds numbers the ratio W/ U, exhibits only a
weak dependence on Reynolds numbers. A representative axial ve-
locity profile at x =150 mm is shownin Fig. 13. As seenin Fig. 11,
x =150 mm is the section where the maximum reverse flow takes
place for Re =2.3 X 10°. Clearly, as the Reynolds number increases
beyond 2.3 X 10°, the reverse flow region begins to diminish and fi-
nally disappears at Re =3 X 10°, i.e., there is no longer a bubble
region anywhere in the flow. This is caused by the higher-level tur-
bulence in the wake region and shows that neither a reverse flow
region nor a bubble is necessary for the occurrence of breakdown,
at least in high-Reynolds-numberswirling flows.

Figures 14 and 15 show the axial variation of the centerline veloc-
ity and maximum tangential velocity,respectively. The meanreverse
flow region vanishes as the Reynolds number approaches 3 X 10°.

Profiles of I'* =T/ I, (circulation normalized by circulation at
the edge of the core) are shown for various Reynolds numbers in
Fig. 16. As the Reynolds number is increased, the core becomes
smaller, and a lower fraction of the vorticity is contained in the
core, which is true in both the inlet and wake regions of the flow.
However, at higher Reynolds numbers, the maximum circulation is
larger, as one would expect.
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Turbulence Spectra

For the sake of completeness, a brief presentation of the turbu-
lence spectra will be made. As there were many common features
of the resultsin all of the flow configurations,only the salient points
will be discussed rather than examining each plot. Spectral peaks,
suggestive of turbulenteddies in the flow, were observedonly in the
wake sections primarily because of the fact that the lower turbulence
levels and axisymmetrizationof the flow by the very nature of LDV
measurements obscured the presence of significant energy-bearing
eddies. Thus, they were relatively muted upstream, but became more
conspicuous with increasing distance from the breakdown. The flat
nature of the peaks gave the impression that they are broad, but,
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Fig. 15 Axial variation of W,,/U, for various Reynolds numbers.

3.0 e o, .000
...- ® .
L ]
L)
L]
257 %
o [ L ]
° . =
. [
2.0 . A A a A a A a
A&‘ A

Before breakdown

Re=2,300 (Uchida)
Re=120,000/h6
Re=230,000/h6
Re=300,000/h3

>z » 4

After breakdown

Re=2,300 (Uchida)
Re=120,000/h6
Re=230,000/h6
Re=300,000/h3

onop>» o

Y/Re
Fig. 16 I'* =T_/T profiles in various flow states.

in reality, their bandwidth is approximately equal to the most ener-
getic frequency, conforming with the descriptions of Tennekes and
Lumley.??

Figure 17 shows the spectra for U at x =190 mm for Re =
2.3 X 10°, where there are relatively well-defined peaks, at vari-
ous radii, in the neighborhood of 50-60 Hz. A line corresponding
to —% power is drawn for each r. It is of importance in the determi-
nation of dissipationusing the method that employs the curve-fitting
techniquein the inertial subrange of the spectral estimates (see, e.g.,
Ref. 23). Farther upstream, at x =145 and 150 mm sections, some
of the radial stations had peaks in the vicinity of 160 and 200 Hz,
respectively. Although there was a clear indication of energy in
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Fig. 17 Spectra of U at x = 190 mm for Re = 2.3 X 10°.

these frequencies, the features of the plots were less distinct than
the sections further downstream. Detailed discussion of spectra and
dissipationis deferred to another presentation.

Relevance to Theoretical Models

Over the past 40 years a number of theories were proposed that
purported to explain or predict breakdown. Invariably, the theories
that have been in existence for more than a few years have been
criticized for falling short of predicting or explaining vortex break-
down. Mostly, they are based on the assumptions of laminar, invis-
cid, axisymmetric,and steady flow. Because this is not in agreement
with the nature of the high-Reynolds-numberbreakdowns presented
here, it seems impossible that any of these theories could capture
the physics of the phenomenon.

We will dispense with the older models and take up only the most
recent theoretical work by Rusak and his colleagues, which has ap-
pearedin anumberof papers (see, e.g., Rusak et al.>*). These authors
have used the well-known g-vortex approximationand claimed that
“the theory provides, for the first time, a consistentexplanationof the
physical mechanismleading to the axisymmetric vortex breakdown
phenomenonin high Reynolds number flow (Re ~ 12,000) in a pipe,
as well as theconditionsforits occurrence.” Several factsrefute these
claims, at least at high-Reynolds-numberswirling flows. As typical
examples, Figs. 18 and 19 show that our measurements at the inlet
section do not agree with the g-vortex approximation (the relevant
parameters are presented in Table 2). The flow is assumed to be in-
viscid and axisymmetric. Without the assumption of axisymmetry, it
would have been impossible to arrive at the equations and threshold
conditionsdescribedby Rusak et al.>* Qur measurements® and flow
visualizations show irrefutably that at high Reynolds numbers the
breakdown is not axisymmetric, either in the region of its inception
or some distance further downstream. It is spiral, three-dimensional,
and highly turbulent, and the effective viscosity is dominated by tur-
bulentstresses. Thus, the predictionsof inviscidtheories can, at best,
be limited to a relatively narrow range of Reynolds numbers where
the breakdown exhibits reasonable axisymmetry, without bursting
into turbulence over a length of several tube diameters downstream
from the point of its inception. Thus, Reynolds numbers should be
high enough, but not too high, to minimize the viscous effects and

Table2 Parameters for the g-vortex representations

Re q U, 6=U,/U, o =qdlU,
1.2 X 10°/h6 1.34 5.5 2.4 0.58
2.3 X10°/h3 1.55 9.0 2.1 0.35
2.3 X10°/h6 1.68 7.3 1.8 0.40
3.0 X 10°/h3 1.95 8.1 1.4 0.34
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Fig. 18 Comparison of the measured and g-vortex representation of
the inlet tangential-velocity profiles for Re =2.3 X 105/h6 (see Table 2
for the parameters characterizing the g vortex).
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Fig. 19 Comparison of the measured and g-vortex representation of
the inlet tangential-velocity profiles for Re =3.0 X 105/h3 (see Table 2
for the parameters characterizing the ¢ vortex).

to avoid turbulent stresses. The theoretical models based on the as-
sumption of inviscid axisymmetric flow have no relevance to highly
turbulent high-Reynolds-numberbreakdowns encountered in prac-
tical applications. The numerical models need the total boundary
conditions (not just those at the inlet and outlet) and a robust turbu-
lence model that can deal with nonisotropic turbulence in swirling
flows subjected to streamline curvature and strong radial pressure
gradients.

Conclusions

This paper described experiments on various types of vortex
breakdown in noncavitating swirling flows at high Reynolds num-
bers in cylindrical tubes with or without a converging-diverging
inset.

It has been shown that the vortex breakdown is the transforma-
tion of a slender vortex into three-dimensional forms. Where, how,
and under what circumstances this transformationoccurs in viscous
vortical flows constitutes the essence of the breakdown problem.
Neither a stagnation point, nor a region of reversed flow, nor the
bridging of laminar-turbulentstates is necessary.

The difficulties experienced in describing the nature, identifying
the occurrence, and predicting the characteristics of laminar vortex
breakdowns in tubes and over delta wings have been reviewed in
detail. The results refute the conjectures that the circumstances of
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breakdown are insensitive to the Reynolds number and the local
turbulence properties. These two factors have a profound influence
on the evolution of the flow. In the low-Reynolds-number regime
(Re <3.5 X 10*), the double helix, spiral, and bubble forms are ob-
served. The double helix only occurs at the lower end of this regime
andin anarrow range of swirl numbers y . Also in the low-Reynolds-
number regime a spiral may exist to the exclusion of other forms.
Under certain conditions the spiral may periodically degenerate to
a form that has a bubble-like appearance and a single recirculation
cell with reversed axial flow at the centerline.

In the transitional regime (3.5 X 10* <Re <1.0 X 10°) the two-
celled type of bubble continuesto precede the spiral. This is referred
to here as the transition regime because the separation between
the bubble and the spiral decreases to the extent that some mutual
interference begins between the two forms. The bubble and spiral
interact, but the spiral retains its form more robustly than the bubble.

In the high-Reynolds-numberregime (Re > 1.0 X 10°) the spiral
breakdown bypasses the two-celled bubble form. Thus, the conical
breakdown is born from a few spirals that are rotating at very high
speeds (about 1000 rev/s) and bursting into turbulence. An addi-
tional distinguishing feature between the high- and low-Reynolds-
number breakdowns, as discerned from the LDV results, is that
the mean axial velocity at the centerline never becomes negative
(reversed flow) for a Reynolds number larger than about 3 X 10°.
Clearly, of all of the known forms, the spiral emerges as the most
fundamental breakdown form. All other forms can be regarded as
transientstates affected by various types of instabilities. The nearly
axisymmetric form has served to excite imagination, to test some
numerical schemes, and to produce numerous explanations of the
breakdown phenomenon. However, at very high values of y and
Re*, the breakdown acquires forms and characteristics never seen
before: extremely high rates of revolution, arbitrary reversals of the
sense of the winding of the nascent spiral,?® darting of the stag-
nation point, meandering of the core, onset of the core-bifurcation
or core-trifurcation, intense nonisotropic turbulence, and a conical
shape, resembling a swirling jet. Despite physical similarities in
the still images, it would not be meaningful to assume that a low-
Reynolds-number solution to spiral vortex breakdown would be a
satisfactory simulation of the high-Reynolds-numberspiral/conical
turbulent vortex breakdown.

Devising a theory that predicts the occurrence, or explains the
underlying mechanisms of vortex breakdown, would be a crown-
ing achievement. However, because such a theory has proven to
be elusive, it seems inevitable that physical and numerical exper-
iments will receive ever-increasing emphasis. The presence of a
rotating spiral, as opposed to an axisymmetric form, has profound
implications on the connection between the data, the truth, and the
theoreticalidealizations. The time-averagedresults do not, and can-
not, depict the essence of the instantaneous breakdown flowfield,
as evidenced by the DPIV results. In the mean a spiral appears as a
single-celledaxisymmetricstructure. But, the idealized axisymmet-
ric breakdowns bear no resemblance either in shape or in character
to physically realizable vortex breakdowns at high Reynolds num-
bers, which are neitheraxisymmetricnor laminareitherin the region
of their inception or some distance downstream. If there is any hope
of making realistic numerical simulations of turbulent vortex break-
downs, all boundary conditions (not just those at the inlet and outlet)
and, in particular, the velocity and turbulence profiles and the tur-
bulence dissipation need to be known with sufficient precision. It
is clear from our measurements that g vortex is not a reasonable
approximation, and the Reynolds stresses are indeed very large in
the turbulent vortex breakdown, i.e., the effective viscosity is domi-
nated by turbulentstresses. Thus, the predictionsof inviscid theories
can, at best, be limited to a very narrow range of Reynolds numbers
(say, 5 X 10° < Re < 1.2 X 10*). Obviously, one cannot emphasize
strongly enough the need for a robust turbulence model that can deal
with nonisotropic turbulence in swirling flows subjected to stream-
line curvature and strong radial pressure gradients.
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