NAVAL POSTGRADUATE SCHOOL
Monterey, California

DISSERTATION

AN EXPERIMENTAL INVESTIGATION
OF VORTEX BREAKDOWN IN TUBES
AT HIGH REYNOLDS NUMBERS
by
Francis G. Novak

September 1998
T. Sarpkaya

Thesis Advisor:

Approved for public release; distribution is unlimited.

DTIC QUALITY INsPRCTRD 4




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503.

2. REPORT DATE
September 1998

1. AGENCY USE ONLY (Leave biank)

3. REPORT TYPE AND DATES COVERED
Doctoral Dissertation

4. TITLE AND SUBTITLE
AN EXPERIMENTAL INVESTIGATION OF VORTEX BREAKDOWN IN

TUBES AT HIGH REYNOLDS NUMBERS

6. AUTHOR(S)
Novak, Francis G.

5. FUNDING NUMBERS

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Naval Postgraduate School
Monterey, CA 93943-5000

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of

Defense or the U.S. Government.

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (maximum 200 words) This thesis deals with non-cavitating swirling flows with vortex
breakdown in various tubes. Phenomenological and quantitative investigations were carried out at Reynolds
numbers (Rep = UgDy/V) as high as 300,000. It was shown that a high Rep vortex transitions to its new state
(breaks down) via a rapidly spinning spiral form, as demonstrated with 4,000 frame per second video, short
exposure time (6 ns) imaging, and Digital Particle Image Velocimetry. Of the known types, the spiral emerges as
the fundamental breakdown form and the axisymmetric bubble may now be regarded as a relatively low Rep
occurrence that is bypassed at sufficiently high Rep. Some new phenomena were observed at high Rep:
Extremely rapid spiral rotation (over 1,000 revolutions per second), core bifurcation, and changes in the sense of
the spiral windings. Familiar features of breakdowns, such as the transition from a jet-like to wake-like axial
velocity profile and the rapidly expanding vortex core, were observed in extensive time averaged velocity and
turbulence results ascertained with Laser Doppler Velocimetry. However, a mean stagnation point and
recirculation were absent in the highest Rep flow. The core meandering and stagnation point darting in the

turbulent flow field were quantified and discussed in detail.

14. SUBJECT TERMS

. . . . 1e 15. NUMBER OF PAGES
Vortex Breakdown, Turbulence, Laser Doppler Velocimetry, Particle Image Velocimetry, Swirling 336
Flow, Spectra

16. PRICE CODE

17. SECURITY e rnap Y CLASSIFICATION OF | 49, sECURITY CLASSIFI-CATION | 20 LIBITATION OF
CLASSIFICATION OF . OF ABSTRACT
REPORT Unclassified Unclassified UL
Unclassified

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239-18
298-102

NSN 7540-01-280-5500




i




Approved for public release; distribution is unlimited

AN EXPERIMENTAL INVESTIGATION OF VORTEX BREAKDOWN
IN TUBES AT HIGH REYNOLDS NUMBERS
Francis G. Novak
Lieutentant Commander, United States Navy
B.S.ML.E., United States Naval Academy, 1985
M.S.M.E., Naval Postgraduate School, 1992
M.E., Naval Postgraduate School, 1992

Submitted in partial fullfililment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY IN MECHANICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL
September, 1998

Franc1s G. Novak

Approved by:

INY

T. Sarpkaya

Dissertation &ervisor \‘

Distinguished Professor of

MechanicalEngineering
Mhatthew D. Kelleher/ F. Kevin Owen
ProfessorofMechanical Engineering Professorof Mechanical Engineering
David W. Netzer . : % “Richard Franke

Dist. Professor of Aeronautical Engineering ProfessorofMathematics

’ W
Approved by: W’

Terry R. McN€lley, Chairman, Department of MeXhanical Engineering

7 D /AOLL(.

aurice D. Weir, Associate Provost for Instruction

Approved by:




iv



ABSTRACT

This thesis deals with non-cavitating swirling flows with vortex breakdown in
various tubes. Phenomenological and quantitative investigations were carried out at

Reynolds numbers (Rep = UgDy/V) as high as 300,000. It was shown that a high Rep

vortex transitions to its new state (breaks down) via a rapidly spinning spiral form, as
demonstrated with 4,000 frame per second video, short exposure time (6 ns) imaging, and
Digital Particle Image Velocimetry. Of the known types, the spiral emerges as the
fundamental breakdown form, and the axisymmetric bubble may now be regarded as a
relatively low Rep occurrence that is bypassed at sufficiently high Rep. Some new
phenomena were observed at high Rep: Extremely rapid spiral rotation (over 1,000
revolutions per second), core bifurcation, and reversals in the sense of the spiral windings.
Familiar features of breakdowns, such as the transition from jet-like to wake-like axial
velocity profiles and the rapidly expanding vortex core, were observed in extensive time
averaged velocity and turbulence profiles ascertained with Laser Doppler Velocimetry.
However, a mean stagnation point and recirculation were absent in the highest Rep flow.
The core meandering and stagnation point darting in the turbulent flow field were

quantified and discussed in detail.
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I. INTRODUCTION

A. BACKGROUND

Vortices found in nature or technology may experience breakdown: a sudden and
dramatic change in the structure of the vortex. The occurrence of a vortex breakdown can
have profound implications in technological applications such as aerodynamics (most
notably in connection with high performance, swept back wing aircraft), and combustion
physics (in cases where swirl is imparted on the air and fuel, as in the case of swirl
burners). Motivated largely by its importance in these two applications, vortex
breakdown has commanded a great deal of attention as a research topic during the past
four decades. At the heart of the problem is the desire to develop an understanding of the
phenomenon, as well as the ability to predict and control it.

Current practical knowledge remains largely in the qualitative realm, despite
voluminous efforts to solve the vortex breakdown problem. Review articles by Hall
(1972), Leibovich (1978), Escudier (1988), Delery (1994), and Althaus, et al (1995)
summarize previous research, which concentrated on breakdowns in laminar flows.
Before discussing reasons for the lack of qualitative knowledge, especially in the more
important high Reynolds number regime turbulent flows, it is fitting to describe the
phenomenon itself.

When a breakdown occurs, a highly axisymmetric, slender vortex transforms into a
turbulent 3-D structure. A jet-like axial velocity profile, and concentrated vorticity in a
relatively narrow core characterize the upstream flow. After the breakdown, the axial
velocity profile becomes wake-like, and the vorticity spreads out over a larger core that
has a much smaller maximum tangential velocity. Also, the flow becomes turbulent in the
wake.

One of four apparently distinct forms (or “modes” or “types”, depending on the

author) may appear in the immediate vicinity of breakdown. Figure 1-1 shows a




representative photograph of the three that appear in laminar flow. Figure 1-2 gives a
picture of the conical breakdown form, which is found in high Reynolds turbulent flows.
Nature’s selection of the form and location of a breakdown depends upon the parameters
of the flow and the environmental conditions. The characteristic parameters include the
Reynolds number and swirl number. The ambient factors include, but are not limited to,
the type of swirl generator, the symmetry of the boundaries, the magnitude of the adverse
pressure gradient, and turbulence.

The first form is the double helix (Fig. 1-1a). This has been observed (Sarpkaya,
1971b) in confined vortices that are characterized by rather low Reynolds number
Re, =UyD, /v (where U,is the mean axial velocity, D, is the tube diameter, and v is
the kinematic viscosity) and in a narrow range of swirl number y = I'/U,Dy (where T is
the circulation). Apparently due to an instability, a dye filament introduced at the vortex
centerline flattens, and begins to rotate. As it continues to thin, it bifurcates into two
distinct filaments. The dye streaks remain coherent for a while, as their span of rotation
eventually expands to nearly the radius of the tube. Also, the bifurcated filaments are
likely to subdivide again before eventually givingway to turbulence. The double helix is
very captivating, but receives less attention than the other forms because it occurs in
restrictive circumstances, and is not known to occur in technologically important flows.

A few words about the present selection of Reynolds number are in order. In
many cases, the parameter is computed using a constant multiple of Re. = WR/v (where
W is the tangential velocity, and R, is the core radius). Although this different Reynolds
number gives important clues as to the nature of the flow, there are cases in which it is
very large even though viscous effects dominate the flow. For example, in a rotating pipe
or cylinder, W and R, may be large because of the solid body-like rotation of the viscous
core, but the high Reynolds number is not indicative of the true character of the flow.
Thus, we have chosen to use the Reynolds number based on the axial velocity and the

tube diameter, as described above.




The second form is the spiral breakdown (Fig. 1-1b). This form also has been
regarded as alow Re, swirling phenomenon, but one that occurs over a larger range of 7y
than the double helix. Numerous observations of spiral breakdowns indicate that there is
arapid axial deceleration towards what appears to be a stagnation point. Then, after an
abrupt kink, the dye filament expands outward into a helix. After one or two windings of
the spiral, the filament breaks up in large scale unsteadiness and turbulence. Among the
many interesting features of spiral breakdowns, one that has yet to be explained is that
the sense of windings is opposite to the main swirling flow when the vortex is confined
to a tube, but in agreement with it in the case of free vortices, such as that over a delta
wing.

The third form is the axisymmetric “bubble” (Fig. 1-1c). A slight increase in Re,
or Y precipitates a transformation from the spiral to this ostensibly different form.
Sometimes, the breakdown appearance makes periodic changeovers between the two
types, and in other instances, a stable bubble appears. In either case, the upstream axial
flow in the core decelerates to a stagnation point rapidly, like the spiral, but then expands
axisymmetrically into an egg shaped “bubble.” A gyrating torroid that exists in the bubble
induces a continuous exchange of fluid with the outer flow by filling and emptying
through the downstream end. What appears in the wake of a bubble varies considerably
with Re,. In the lower range, the vortex core often appears to undergo an impressive
reconstruction to nearly its original dimensions, before ultimately breaking down into a
spiral structure. In rare cases, this spiral may be preceded by another bubble (or bubbles).
Figure 1-3 gives some photographs of this remarkable occurrence. At higher Re, the
reconstruction does not appear but rather, the dye emanates uniformly in the shape of a
truncated conical tail, extending from the rear end of the bubble. As the Re, is raised
further, this conical expansion moves upstream until it begins to reside within the bubble
itself, as shown in Fig. 1-3a. Another change that occurs when Re, is raised is the vortex

core and breakdown unsteadiness increases. While low Re breakdowns may hold their
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position precisely, higher Re,, breakdowns undergo irregular radial meanderingand axial
darting motions.

Until recently, investigators believed these three breakdown forms that appear in
laminar flows provided a complete description of the phenomenon. They assumed that
an increase in Reynolds number, to the range that it is likely to appear in technology,
would not alter the fundamental nature of the breakdown.

However, Sarpkaya (1995a,b) showed that in high Re, turbulent swirling flows,
the breakdown assumes a conical form, which differs from the three that were just
described. The features of the bubble fade as the cone shaped tail moves forward and
becomes the defining feature of the breakdown. As shown in Fig. 1-2 (b and c), the dye
filament expands gradually into a sharp conical shape. From naked eye flow
visualization, it is unclear whether a stagnation point or recirculation zone reside within
the cone. Also, the conical breakdown is highly unsteady, because the point at which the
dye begins to expand darts to and fro along the axis. Currently, there is no evidence that
if Re, were raised significantly, a new form would appear.

The conical breakdown appears in real life settings because Rep and 7y are
invariably high in these flows. Since almost all of the research centered on low Rep
laminar flows, a great deal needs to be learned about the conical form. This will become
more clear in the next section. Now, we give a brief discussion of the role vortex
breakdown plays in technological applications, and the reasons the problem remains
unsolved.

The vortex that results from separation roll-up at the leading edge of a sweptback
(delta) wing is liable to break down when the angle of attack is sufficiently high. If the
breakdown should occur over the wing, it limits the lift and can cause aircraft stability
problems. Another undesirable consequence of the breakdown is the large scale

turbulence found in the wake of the breakdown which can induce cyclic stresses, leading




to premature fatigue failure of downstream protuberances on the aircraft. In his review,
Delery (1994) discusses vortex breakdown over delta wings in detail.

Combustion is another major application where vortex breakdowns may occur.
Many combustion chambers employ swirl for flame stabilization and mixing
enhancement, and additionally, if the imparted swirl is sufficiently strong, the vortex is
likely to breakdown. Unlike the delta wing, the breakdown is often a desirable feature
because the recirculation zone can act as a fluid dynamic flame holder. It enables longer
fuel and air mixing times, and when designed properly, the result is more efficient, cleaner
combustion. Making optimum use of the breakdown is of great practical consequence,
and engineers strive for design parameters that serve this purpose. See for example, Syred
and Beer (1974) and Lilley (1977).

A final application in which it is hoped vortex breakdown could play a role is in
the demise of trailing vortices generated by large commercial aircraft. For the safety of
following aircraft, the time between take-offs and landings must be sufficient for these
destructive vortices to dissipate. If a practicable means to precipitate a breakdown can be
developed, the delay between runway events may be reduced considerably. The positive
consequences would be far reaching in terms of airline scheduling, fuel savings, as well as
noise and pollution reduction.

In the applicaﬁons just described, it is not yet possible to fully exploit the
potential benefits of vortex breakdown, or to prevent the deleterious effects to the
maximum extent possible. This is because the phenomenon is still not well understood.
Four of the reasons the problem defies solution will be discussed here.

The first reason is the various theories that were put forth did not gain wide
acceptance. Among the various methods of categorizing the theoretical work, we follow

Spall and Gatski (1991) and group them in the following manner:




 Theories based on the critical state concept, Squire (1960), Benjamin (1962,
1964), Bossel (1969). Vortex breakdown is taken to be a transition from a
supercritical to a subcritical vortex, analogous to hydraulic jumps and shock
waves in compressible flow. A related approach utilizes the mathematical
description of wave motion in vortex flows (e.g., Leibovich, 1970).

® Methods analogous to boundary layer approximation (Hall, 1967). The
breakdown flow field is treated as being analogous to boundary layer
separation. This approach employs a forward marching scheme, under the
assumptions that the flow is steady, axisymmetric, laminar, and inviscid. The
location in the domain where the computations diverge indicates the predicted
position of the breakdown.

¢ Theories based on hydrodynamic instability, Ludwieg (1962), Howard and
Gupta (1962), and Lessen, et al (1974). Ludweig treated the flow field as that
of a fluid between concentric rotating cylinders. Others sought solutions for
infinitesimal disturbances that amplified.

* Recent idealizations, Rusak and his coworkers (e.g., Wang and Rusak, 1997b).
Starting with the axisymmetric, inviscid equations of motion, a solution leading
to an axisymmetric vortex breakdown in high-Reynolds number swirling flows

in a pipe was found from stability and steady state analyses.

The aim of this brief discussion was to introduce the concepts and terms because the
theories will be mentioned later. Hall (1972) and Stuart (1987) gave excellent critical
reviews of the earlier theories. In essence, none of the theories became regarded as a
possible answer to the vortex breakdown problem because they do not possess predictive
or explanatory power, or are difficult to test.

Second, parametric investigations for a predictive criteria have met with some

success, but only within a confined range of geometric and flow conditions (e.g., Spall, et

6




al (1987), and Gursul (1995)). For example, in the case of delta wings, modifications to
wing geometry, wing dynamics, or free stream turbulence precipitate profound changes to
the behavior of the breakdown, making the development of a universal criterion unlikely.
Even if a criterion was to be found, the desire to unveil the physics of the phenomenon
probably would motivate further studies.

Along the same lines, fluid mechanicalmeans such as suction and blowing (e.g.,
Myose and Blackwelder (1995), Parmenter and Rockwell (1996), and Yang and Gursul
(1997)) and mechanical means such as wing design and wing adaptation (Lowson and
Riley (1995), and Deng and Gursul (1997)) can be used to control the occurrence of
breakdown, at least at very low Reynolds number. However, a practical means of
controlling breakdown in realistic (turbulent) conditions remains elusive.

Another reason the problem has not been solved stems from the difficulties in
measuring a swirling flow with vortex breakdown. Physical probes, such as hot wire and
pitot tubes, alter the flow field to the extent that it is difficult or impossible to rely upon
the results. The advent of non-intrusive means, such as Laser Dopplér Velocimetry
(LDV) and Digital Particle Image Velocimetry (DPIV), was fortuitous, but not without
shortcomings. The LDV measurement volume size can approach the size of the vortex
core, and in some cases flow unsteadiness affects the results. DPIV holds promise as a
tool to fill the gap in these areas, but only after sizable improvements in frame capture
rate, and to a lesser extent resolution, can be made.

The final reason is that numerical prediction schemes have not realized their
potential yet, primarily because of the complex nature of the phenomenon, and the lack of
experimental data. Any flow field that is highly nonlinear, unsteady, and contains a
recirculation zone will challenge any current prediction scheme, and to a high degree, defy
success. Vortex breakdown not only possesses these features, but also turbulence.
Modeling of turbulence to alleviate the well known closure problem, especially in

complex flows, is the topic of intense research. Reviews by Launder (1989), Hanjalic




(1994), and Bradshaw (1996) give details. The predictive capabilities have advanced
considerably in the last decade, but nevertheless, conspicuous weaknesses remain. For
the present purposes, we note that streamline curvature and adverse pressure gradients,
both characteristics of flows with vortex breakdown, compound the difficulties of
turbulence modeling. As for empirical data, a set of inlet boundary conditions represents
the minimum requirement to support progress in predictive capability of numerical
models. Quantitative information regarding the flow field in the breakdown region and in
its wake for assessment of the model results also would be of great value. Some data that
fits this description, albeit for laminar breakdowns, exist and will be described in the next
section. Computer studies hold promise to deliver predictive and explanatory power, but
only after advances in turbulence modeling are made, and a comprehensive set of data
becomes available.

In summary, despite a great deal of research into this fascinating and important
topic the current understanding of the phenomenon is mostly descriptive. Two of the
reasons given were the lack of experimental data and the difficulties for numerical work.

In the next section, a survey of the progress in these areas will be given.

B. SURVEY OF PREVIOUS RESEARCH ON THE SUBJECT OF

VORTEX BREAKDOWN IN TUBES

1. Introductory Remarks

Most investigators studying vortex breakdown employ one of four different types
of apparatus: a delta wing mounted in a wind or water tunnel, a swirling flow through a
mock combustor, a rotating cylinder or a cylinder with a rotating end (or ends), and
swirling flow in a tube. Other devices have been used, but since they are found in a small
fraction of the investigations, they will not be discussed here. The delta wing and mock
combustor directly model an application where vortex breakdowns are known to occur

and to play an important role. The cylinder with a rotating end, on the other hand, does
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not match any application. It is ideally suited for comparison with numerical
investigations in laminar flows because all of the boundary conditions are known.
However, its applicability is questionable because some of the important features of the
breakdowns that appear in technology are not preserved (e.g., Rep = 0, no axial
deceleration).

Although a swirling flow through a tube is not modeled directly after a real life
application, the important features of the breakdown are preserved. Moreover, the tube
radius to vortex core radius is very largeso that the core is effectively imbedded in an
“infinite” environment. While similar to the mock combustor in that the vortex is
confined, the angle of tube wall divergenceis usually relatively small. An important
consequence of this is that the vortex is afforded the opportunity to develop before
experiencing breakdown, provided ¥ is not too strong. This makes the results similar to
those of a delta wing. Tubes are ideal for laboratory studies, as evidenced by the
numerous important and enlightening flow visualization studies that were done in this
type of apparatus.

In the ;;resent study, atube will be employed. As such, a review of previous

experimental and numerical research on the subject will be given in this section.

2, Phenomenological Observations

Harvey (1962) conducted a series of flow visualization experiments on vortex
breakdown in a tube. Apparently, he was the first to argue that breakdowns could be
studied in this setting without compromising the important features of breakdowns that
appeared over delta wings. In his experiments, he used a set of guide vanes to introduce
swirl to air as it entered a tube. It was clear from observations of smoke that was injected
at the centerline, that under appropriate conditions, a nearly axisymmetric bubble
appeared. Also, with a suitable flow restriction device placed downstream of the bubble,

he found that vortex reconstruction took place and, a short distance downstream, a second




bubble appeared. A photograph is shown in Fig. 1-3. He concluded that the breakdown
was a transition between two fundamentally different types of vortex flows, though
without much convincing evidence. Also, the formation of a second bubble indicated that
this transition was reversible to some degree, leading to his suggestion that a theory based
on a “critical” state, such as the one that was later proposed by Benjamin (1962), would
be more credible than one based on an instability.

Sarpkaya (1971a, 1971b, 1974) conducted a comprehensive set of experiments
designed to examinethe behavior and nature of breakdowns under a wide range of flow
conditions, and compare the findings to theoretical predictions. He used a guide vane
apparatus to impart swirl on water as it entered a tube, and visualized the breakdowns
using dye introduced through both centerline and off axis ports. In addition to the bubble,
his experiments included extensive observations of the spiral and double helix forms. He
observed the phenomenon under a wide range of Rep and 7y, as well as in transient
conditions and various adverse pressure gradients. Hall (1972) had shown mathematically
that external pressure gradients are magnified at the centerline of a vortex. Sarpkaya
(1974) examined the effect on vortex breakdown by utilizing tubes with various wall
profiles.

His experiments lead to the conclusion that it seemed unlikely that a single theory
could predict or explain the widely varied characteristics and behavior of vortex
breakdowns. Like Harvey, he came to the conclusion that there was good accord between
the finite transition theory and observations of the nearly axisymmetric bubble.
However, the spiral and double helix forms of breakdown were highly sensitive to small
disturbances and gradually expanded before breaking up into turbulence, indicating that
these types were a consequence of a hydrodynamic instability. It seemed that no theory
could explain both forms.

Beyond demonstrating that the theories seemed insufficient, he also uncovered

some complexities of breakdowns. For example, the response to transient flow settings
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and in the varied adverse pressure gradient was rather enigmatic. An increase in y caused
the equilibrium position of the breakdown to move toward the swirl generator, an
expected result. However, a rapid change in 7y caused an initial movement away from the
swirl generator before a migration to the final steady location. At the final stages of the
excursion, the bubble overshot its equilibrium position. The external pressure gradient
also affected vortex breakdown profoundly. Generally, a larger adverse pressure gradient
(more rapid tube wall divergence) caused the breakdown to move upstream. However, if
the flow separated at the wall, the equilibrium position moved downstream because the
effective adverse pressure gradient was reduced. Thus, not only did it appear that more
than one physical mechanism was involved, there also was complicated interplay between
the breakdown and its surroundings.

Many of the observations made by Sarpkaya have been corroborated by Bellamy-
Knights (1976), Faler and Leibovich (1978), Garg and Leibovich (1979), and Suematsu
(1982).

The discovery of the conical form of breakdown by Sarpkaya (1995) will alter the
empbhasis of vortex breakdown research. It had been the prevailing view that breakdowns
would be similar whether the flow was laminar or turbulent. Since this new form exhibits
striking differences in appearance from the laminar forms, it is assumed that there is a

concomitant change to the internal structure.

3. Quantitative Measurements and Numerical Simulations

Faler and Leibovich (1978) gave results of 2-D LDV measurements of the velocity
profiles within an axisymmetric “bubble” for Rep = 2,560. An important result they
reported was the presence of two torroidal recirculation zones within the bubble, as
shown by the streamlines in Fig. 1-4. This finding was corroborated numerically by
Spall, et al (1990), and Spall and Gatski (1991). Fig. 1-5 shows these simulation results
that are qualitatively similar to the experimental findings. Also, Uchida et al (1985)
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presented similar experimental results for a bubble in a flow with Rep, equal to 2,300. In
addition to taking measurements in the bubble, they also measured the velocity profiles in
the wake, where the vortex had recovered, and all the way to the spiral structure. Figure
1-6 provides these axial velocity profiles. Downstream of the bubble, the axial velocity at
the centerline became jet-like in the region the vortex recovery was observed. However, in
the vicinity of the spiral structure further downstream, the centerline velocity decelerated
to another stagnation point and became negative. Both the flow visualization and the
velocity profiles suggest that the structure of the second reverse flow region differs from
those inside the bubble. In the bubble, the regions where the flow is against the mean is
off the axis, but in the second reverse flow region, the centerline velocity is negative.
Another study of vortex breakdown in a tube was conducted by the group in
Aachen, Germany. In this experiment, Rep was 840, and y was such that the breakdown
form made periodic transitions between the axisymmetric bubble and spiral. Briicker and
Althaus (1992) reported DPIV and flow visualization results for a bubble with an internal
structure as shown in Fig. 1-7. The results clearly demonstrated the presence of a single
torroidal structure (confirming Sarpkaya’s (1971) original observations), with the
centerline velocity becoming negative inside the bubble. This important difference from
the results of Faler and Leibovich (1978) has not been explained. Briicker ( 1993) gave
similar results for the spiral form. Clearly, this flow field also contained a negative
velocity region at the centerline, as shown in Fig. 1-8. The reversed flow region is
enveloped by, and intuition suggests that it is induced by, the interspersed regions of
positive and negative azimuthal vorticity moving downstream with the flow. This was
corroborated in a numerical simulation by Spall and Gatski (1991). Their computed
vector field for a spiral breakdown appears in Fig. 1-9. In other numerical work, Spall
(1996) produced a vortex breakdown which changed from the spiral to bubble. Under the

circumstances of his model, a modest increase in the free stream axial velocity
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deceleration, a prescribed boundary condition, would provoke this changeover. The
bubble subsequently reverted back to the spiral form.

Briicker (1993) noted the similarities between the spiral and bubble in the
experiments where this transition occurred, and made the suggestion that the spiral is the
“basic” form of vortex breakdown. He went on to propose that the axisymmetric bubble
is actually a spiral, but takes on the different appearance only due to the flow
visualization technique. His suggestion was in good accord with his own experimental
observations, but he did not make any statements regarding the existing experimental
evidence to the contrary, such as Faler and Leibovich (1978) or Uchida et al (1985), or the
numerical results of Spall et al (1990) and Spall and Gatski (1991). Moreover, it was not
known at the time that the high Reynolds number conical vortex breakdown is
distinctively different than those that appear at low Reynolds numbers. Spall and Gatski
(1995) investigated a higher Reynolds number flow (Re, =U,(2R.)/Vv was 10,000,

where R_ is the vortex core radius) in a numerical study. Their scheme predicted a

stagnation point followed by a highly axisymmetric bubble with a single recirculation cell,
as shown in Fig. 1-10. However, their boundary conditions were based on somewhat
arbitrary assumptions because no experimental data existed. Furthermore, there were no
flow visualization studies to support or refute their findings.

With the exception of the numerical study of Spall and Gatski (1995), all of the
experimental and computational results just described were for rather low Rep, laminar
flows. No turbulence data were presented in any of the experimental investigations.
Measurements of the turbulence moments, such as the root mean square of the velocity
fluctuations and the Reynolds stresses, have been measured for high Reynolds number
flows in other studies, but not for a swirling flow in a tube. For example, Nejad, et al
(1989), and Kihm, et al (1990) presented LDV data that included turbulence moments for

vortex breakdown in a mock combustor. In these results, the first streamwise profile
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exhibits a wake-like profile. Thus, quantitative measurements of a well developed vortex
that is yet to break down do not exist.

Measurements of the spectrum of turbulence in swirling flows with vortex
breakdown are also surprisingly limited. Garg and Leibovich (1979) gave results for both
spiral and bubble breakdowns in a tube, with Rep ranging from 1,480 to 20,660.
Although this Reynolds number regime is well below what is likely to be found in nature
or technology, some important trends were noticed. Upstream of the breakdown, the
curves were rather featureless. Downstream, peaks indicative of coherent structures
could be found at about 3 to 18 Hz (3.1 to 17.8, as reported) in the case of the bubble.
The characteristic frequencies in the spiral breakdown were slightly higher for a given
Reynolds number and position relative to the breakdown (although the highest frequency
reported was for a bubble). The sampling frequency was 100 Hz. Conclusions that could
be drawn from the data, and agree with expected results, are that the frequency of the
energy containing eddies goes up with Reynolds number and down with streamwise
distance from the breakdown. A less expected result, the presence of two peaks near the
bubble, was likely due to harmonics, as the two frequencies were nearly integral multiples
of each other and there was not an appreciable frequency range separating the peaks (as
is required if two statistically independent features of the mean flow are producing
turbulence).

To our knowledge, there have been no other spectral measurements for vortex
breakdown in tubes. Others (Gursul (1996) and Chao, et al (1991)) have done so in a
combustor-like apparatus. Since they were done with intrusive measurement techniques,

however, the results are of questionable validity and will not be discussed here.

C. SCOPE OF THE PRESENT WORK
The present work was concerned primarily with vortex breakdown in high Rep,

high vy, swirling turbulent flows in tubes. The objectives of the research were two fold.
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One was to raise the overall understanding of the vortex breakdown phenomenon. The
other was to use Laser Doppler Velocimetry (LDV) to measure velocities and turbulence
quantities of a swirling flow with vortex breakdown in a tube, particularly those of conical
breakdown. Hopefully, this data bank will enable numerical investigations to be carried
out against the backdrop of archival quality experimental data.

To convey the spirit of the phenomenological results and to prepare the reader for
the presentation, a very brief listing of some of the important findings will be given here.
At both very high and very low Rep, a vortex transitions to its new state, i.e., undergoes a
breakdown, via a spiral form. ‘Thus, the spiral emerges as the fundamental form of
breakdown, and the captivating axisymmetric bubble is relegated to a secondary position.
A number of heretofore unobserved phenomena accompany the high Reynolds number
spiral breakdowns: The transition to turbulence and relatively high degree of unsteadiness
in the immediate vicinity of the stagnation point, extremely rapid rotation rates, and a
number of structural changes to the nascent spiral before an explosive burst into
turbulence. The foregoing , as well as their effect on the time averaged LDV results, will
be discussed in detail. It will be seen that answers to some of the older, important
questions about vortex breakdown will be answered, but explanations for these new
phenomena are not known, and perhaps cannot be ascertained using current investigative

techniques.
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IL EXPERIMENTAL EQUIPMENT AND PROCEDURES

A. FLOW APPARATUS

The flow apparatus consisted of a Plexiglastube in which the vortex breakdown
occurred, and an adjustable swirl vane assembly housed in an outer chamber, as illustrated
in Fig. 2-1. Additional ancillary components not shown included a centrifugal pump, air
escape lines, a bank of in-line flow meters, a‘large (I m x I m x 12'm) reservoir, and
requisite valves and piping.

A total of 32 adjustable swirl vanes generated the azimuthal velocity. After
entering the outer chamber, the water traveled to the other side, and then passed through
the swirl vane assembly and into the test tube. A bellmouth transition piece and curved
centerbody ensured a smooth conveyance of the fluid and provided a source of vorticity.

The shaded section of the pipe in Fig. 2-1 was interchangeable, and was the region
of interest because this is where the vortex breakdown occurred. The flexibility to change
out this section allowed for the breakdown to be observed and measured in tubes with
different wall profiles. Three tubes, shown in Fig. 2-2, were used at various stages of the
experiment. Each had a gentle 1.4° divergence for the first 100 mm, but varied after that.
One continued to divergeat 1.4° until the final diameter was reached, but the other two
converged to a throat located 140 mm from the entrance, and then diverged to the final
diameter at about 225 mm from the inlet. The tubes were named based on the height of
the nozzle wall relative to the straight (diverging)walled tube. Thus, the tube with no
convergence is referred to as the “h = 0” tube, and the others are referred to as the “h =
3,” or “h = 6” tubes. The shorthand “h0”, “h3” and “h6” will be used throughout the
thesis.

The tubes were machined from three inch solid Plexiglas rods. The factory finish
on the outer wall was preserved. The inner wall was machined to the desired profile,

ground such that there were no sharp corners, and then polished to a mirror finish.
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The concave centerbody that was mounted to the inside end wall of the steel
chamber not only ensured smooth flow into the test piece, but also served as inlet ports
for flow visualization agents such as food coloring and fluorescein. One port was located
at the flow axis, and the other was slightly off the centerline.

The outer chamber was constructed of steel to withstand the pressures necessary
to drive the flow at a relatively high rate, and to maintain a sufficient static pressure to
prevent cavitation. Valves at the chamber inlet and discharge provided a means to control
the flow rate and the static pressure in the chamber independently. Four windows (457
mm by 140 mm by 12.7 mm thick) were installed on the top, bottom and either side of
the chamber to provide optical access to the test piece.

In the piping configuration, four in-line flow meters were installed in parallel,
downstream of the apparatus. The flow ranges of the meters were 2-20 gpm, 4-40 gpm,
10-100 gpm, and 20-170 gpm.

As shown in Table 2-1, data runs were made with. the different test pieces and at
various flow settings. In every case, the vane angle was adjusted until the circulation level
was sufficient for the vortex breakdown to occur 130 mm to 140 mm from the pipe inlet,

but weak enough to avoid the formation of cavitation at the flow axis.

p = U, (2R,) Re = U,(2R,) Re. =1;_ tube LDV
v ¢ v mode
72,000 6,720 50,000 | ho back
120,000 6,000 77,000 | ho back
120,000 7,400 80,000 | h6 | forward
230,000 10,000 140,000 | h6 | forward
230,000 10,800 140,000 | b3 forward
300,000 10,600 175,000 | h3 forward

Table 2-1. Characteristic parameters of the flows studied in the present work.
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Throughout the experiments, care was taken to minimize system induced
fluctuations. A foam baffle in the chamber damped large scale unsteadiness, and another
prevented sloshing in the holding tank. A Helmholtz resonator damped pressure
fluctuations in the .chamber, and the piping to and from the chamber rested on wooden
supports. Escapes for trapped air in the system were opened periodically.

System cleanliness also was carefully maintained. Before and after experiments,
the water was filtered through a chamber bypass line with a 10 micron filter.” Periodically,
a window of the chamber was removed to enable cleaning of the interior surfaces and the
outer wall of the test tube. Before a new run was commenced, the test tube was removed
to facilitate cleaningof the inside wall as well. At this time, dirt accumulation also was
wiped off the vanes and bellmouth.

The apparatus was very similar to that of Sarpkaya (1971a, 1971b, 1974, 1995).

In fact, many of the components were used in his earlier investigations.

B. LASER DOPPLER VELOCIMETRY (LDV)

The measurement system was comprised of a 10 Watt Innova Coherent Laser, a
Dantec 3-D LDV, a 3-D motorized traversing system for the laser probes, and forward
scatter receiving optics mounted on a manual 3-D traverse. Additionally, a personal
computer loaded with the “Burstware” software devised and provided by Dantec was
used to control the (motorized) traverse as well as the electronics configuration. The
Bragg cell in the system was enabled, bringing about a frequency shift between the beams
of a given color, allowing for directional ambiguity resolution.

The two traversing systems were stationed on opposite sides of the chamber, as
shown in the photograph given in Fig. 2-3. The laser beams passed through a side
window and then into the chamber. The scattered light could be detected either by the
probes themselves (back scattered energy), or by a separate receiver positioned on the

traverse at the opposite side of the chamber (forward scattered energy). Figure 2-4 gives
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areverse angle picture of the forward scatter receiving optics and traverse. The motorized
traverse, on which the Laser probes were mounted, moved to designated data collection
stations based on an input file in the “Burstware” program. The receiver optics, mounted
on the manual traverse, required an adjustment before data collection began at each data
station. Additional details of the LDV system, probes, diffraction effects, and the
dimensions of the measurement volume are discussed in Appendix B together with the
measurement uncertainties.

The LDV was used to measure velocity and turbulence moments profiles as well
as the frequency spectrum of the turbulence at selected locations. By ensuring that the
measurement volume was in a plane which contained the vortex axis, the velocities in
cylindrical polar coordinates could be measured relatively directly. The vertical
component was the tangential velocity, while the components in the horizontal plane
were converted into the axial and radial components through the use of a transformation
matrix. Figure 2-5 shows the coordinate system. Before any data collection run was
commenced, some checks were completed to ensure that the coordinates of the traverse
(and hence, the measurement volume) were aligned well with the vertical center of the
vortex. Methods for checkingthis included visual observation of the angle at which the
beams reflected from the tube (for gross adjustments), and completion of a preliminary
data run comprised of 15 to 25 points across the tube. Symmetry and harmony of the
velocity profiles, or lack thereof, indicated qualitatively whether the measurement volume
was centered. At the final stages of adjustment, the measurement volume position was
adjusted in vertical increments of 0.1 mm between these preliminary data runs. When it
appeared as though the center had been passed since the last check, the measurement
volume height was adjusted one half of an increment back in the other direction and
earnest data collection was commenced. No such procedure was employed to center the
origin of the measurement coordinates in the horizontal direction because any necessary

correction could be done in the computer after the data were collected.
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The dimensions of the measurement volumes for each pair of beams was
dependent upon the wavelength, but was approximately 0.25 mm in diameter by 7 mm in
length. Since all measurements were taken in coincidence mode (0.1 ms window), the
effective measurement volume is the intersection of the beams, about 1.3 mm.

In a few of the earlier runs, the back scatter mode was used for velocity profile
measurement. At this time, artificial seeding was necessary to achieve reasonable data
rates. Some preliminary investigation was done with various reflective particles. The
data rates were similar for the different particles tested, but silver hollowed spheres,
manufactured by Potter Industries, were selected because they caused less optical fouling
over time.

However, it was determined early in this investigation that even with reflective
particles, data rates sufficient for measuring turbulence spectra could not be achieved in
the coincidence mode with back scattered energy detection. Thus, for almost all of the
LDV results that will be presented, the forward scatter detection mode (in coincidence)
was used. There were several advantages to using this method. Most importantly, the
data rate almost invariably could be made to be in excess of 1 kHz, even with rather low
laser power and photomultiplier gain. Another advantage was that reflective particles
were unnecessary. All of the runs completed in the forward scatter mode were done
without any artificial seeding. A final advantage is that the receiving optics had a 100 um
aperture, the benefit being a further reduction in the measurement volume size (estimated
to be 0.1 mm in diameter by 1.2 mm in length).

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 inlet conditions were determined with the greatest
precision possible, and the downstream conditions were investigated sufficiently to

elucidate the important and interesting features. As such, the number of bursts and the
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linear density of data stations were highest in the core region, upstream of the vortex
breakdown. Here, where the velocity gradients were steepest, 30,000 bursts were
collected at each station and the spacing was about 0.2 mm. Upstream of 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. Further 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 stagnation region, the spacing was
about 0.5 mm, but well downstream of breakdown, 1 mm generally was sufficient.

When the purpose of measurements was the determination of the turbulence
spectra, the LDV settings such as the laser power and photomultiplier gain and voltage
were adjusted to achieve a higher data rate. Typically, the data rate was 1.5 kHz or

higher. Also, amuch larger number of bursts, in most cases one million, was collected.

C. DIGITAL PARTICLE IMAGE VELOCIMETRY (DPIV)

Some features of the flow were measured, albeit as a largely qualitative
exploration, using a TSI Digital Particle Imaging Velocimetry (DPIV) system. This device
was comprised of dual New Wave Ng: YAG lasers capable of pulsing at 14.7 Hz each,
optical lenses to spread the laser beam into a sheet, a 1000 x 1000 pixel digital PIVCAM
manufactured by Kodak Inc., a synchronizer, and a personal computer loaded with TSI
Insight software.

The laser probe was mounted above the chamber, with the 2 mm thick pulsing
light sheet aimed into the chamber via the top window, and through the axis of the tube.
The PIVCAM was stationed on a tripod, viewing the illuminated plane through a side
window.

DPIV systems are used to measure the velocity field in the plane of the laser
sheet. In the configuration used in this investigation, the axial and radial velocities (and

therefore the azimuthal vorticity) were measured. The region near the center of the tube
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was captured, but due to laser light reflections, it was not possible to measure the full
cross section extendingto the tube wall. As such, the vector field in a region extending
about 5 mm to 10 mm up and down from the vortex axis was obtained.

As expected, reflective particles were always necessary for successful operation
of the DPIV. In the present experiments, hollow glass beads, manufactured by TSI were
employed. The particles have a specific gravity of 1.05 to 1.15, and a particle diameter of
6-12 um. It is impossible to give an accurate quantitative description of the
concentration of particles passing through the test piece. Particles were added near the
pump suction until a sufficient image density was achieved. About 2 teaspoons of
particles added to a clean water in the holding reservoir (1 mx 1 m x 12 m) was sufficient
to proceed. Then, the particles resided in holding tank but with time, began to settle ouf
(over a period of days). When the imagedensity dropped due to this settling out, more
reflective particles were added. The tank was drained and flushed out periodically
because the particles tended to become discolored, and fouled the optical surfaces.

Of the various modes of operation which are available with the system, the “frame
straddle” mode was used exclusively in the present work. In this mode, one laser is made
to pulse at the end of a camera frame, and the other laser is made to pulse at the beginning
of the next frame. Velocities are computed using cross-correlation between the adjacent
frames. The advantage of this mode is that since the pulse separation can be reduced to 5
us or even less, rather large velocities can be resolved. However, the data rate for the
pairs of frames is limited to 15 Hz. Low frame capture rate remains an inherent limitation
of all DPIV systems.

TSI Insight Software was used to calculate the velocity vectors. Of the choices
available, the Whitaker algorithm was used to locate the particle center. Either a 16 x 16
pixel, or a 32 x 32 pixel interrogation spot size was used, corresponding roughly to 0.8
mm X 0.8 mm, or 1.6 mm x 1.6 mm physical spots. Vectors were computed such that

there was about one vector for every 8 pixels, yielding roughly 50% overlap of the 16 x
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16 pixel spots, and 75% overlap of the 32 x 32 pixel spots. Smaller spots proved to yield
arelatively large number of unreliable velocity vectors, about 20%. Larger spots made it
impossible to resolve the fine scaled structures in the flow.

The local flow settings dictate a reasonable pulse separation. As a rule of thumb,
the greatest distance a fluid particle is expected to travel in a pulse separation time ought
to be less than 0.25 times the interrogation spot size. This reduces the likelihood that a
large portion of the particles will be unavailable for correlation because they departed the
interrogation spot. On the other hand, the pulse separation should be long enough that
the particle moves a sufficient distance to discriminate the change in the image position.
In the present experiments, the pulse separation was set to Sus to 10s, depending on
the location of the flow under investigation.

As a closing statement regardingour DPIV results, it should be emphasized that
they are intended to be qualitative in nature. A vortex breakdown flowfield is highly three
dimensional, so that flow normal to the light sheet is expected to be significant. Also, the
steep velocity gradients make it difficult to satisfy the pulse separation time requirements
for the entire field of view. Although these features of the flow field create difficulties

when using DPIV, the opportunity to obtain interesting qualitative information exists.

D. FLOW VISUALIZATION TECHNIQUES

Various combinations of cameras, lighting, and flow visualization agents were used
to capture the features of vortex breakdown over a range of Reynolds numbers from 2,500
to over 300,000. Each of these combinations will be described here.

A Redlake Motionscope camera and monitor system, with frame rates up to 4,000
frames per second (fps) and shutter speeds up to 20 times (i.e., 1/80,000 second
exposure), was used to record high speed video sequences. Medium diffuse back lighting
was used to illuminate the vortex core and/or breakdown, and food coloring was

introduced either at the center of the vortex or just off the axis. After being recorded, the
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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.

Either an NEC CCD camera or a Sony Shoulder mounted camera were used to
record video sequences at the standard speed of 30 frames per second. The NEC camera
images exhibited excellent clarity, even with rather low lighting. Although the Sony
camera required more lighting, it possessed the advantage of a variable shutter speed up to
1/2000 sec. For both cameras, medium or low back and/or front lighting was employed,
and food coloring was introduced through the center or off center ports.

The NEC camera also was used in a configuration in which a pulsing laser was
used for illumination. The Ng:YAG laser, which is a component of the PIV system (see
preceding section), was used as a “flash.” Although the camera does not have a variable
shutter, the duration of the laser pulse, only 6 ns, becomes the effective exposure time for
each frame. Fluorescein sodium salt with 70% dye content was mixed with water and

used as the visualization agent. It was introduced through the center or off-center ports.

E. MOTION ANALYSIS OF THE VORTEX CORE AND BREAKDOWN

POSITION

A flow visualization technique was designed with the specific objective of
establishing the instantaneous 2-D position of the vortex core. A Spectra Physics
Stabilite 2017 laser with an optical train was used to generate a light sheet. The laser
probe was mounted above the chamber and oriented with the light aiming downward, and
through the top window of the chamber. The position and orientation of the probe was
selected such that the light was vertical, and sliced through the tube at about 70 mm from
the entrance (which was about 65 mm upstream of the breakdown). The plane was not
normal to the tube axis, however, but rather at a 45° angle. Figure 2-6 illustrates the

configuration.
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By introducing fluorescein dye through the centerbody injection port that is
located at the flow axis, a bright spot appeared at the intersection of the dye filament and
the light sheet. This spot indicated the position of the vortex core within the plane of the
light. The Redlake Motionscope camera was mounted on a tripod adjacent to the
chamber, such that it viewed the events through a side window, along an optical path
which was perpendicular to the flow axis.

The camera was used to record the motion of the bright spot. Sequences of images
were made at two rates, 60 fps, and 1,000 fps, to allow for both the long and short scale
unsteadiness to be resolved. The images were stored on SVHS tape, and then digitized as
they were downloaded to a PC using a frame grabber.

The vertical position of the spot was a direct representation of the vertical
position (Z) of the vortex core, and the lateral position of the spot was a projection of the
position towards (or away) from the camera (Y). Because of the orientation of the light,
if the core moved away from the camera, the spot moved an equivalent distance to the
left, as observed by the camera. On the other hand, if the vortex core moved toward the
camera, the bright spot moved to the right.

A scale for spatial calibration was mounted on thé tube wall, directly below the
centerline of the tube.

Using OPTIMAS MA software, each spot image was viewed, and “targets” were
assigned to the top, bottom, left, and right edges of the spot. The software uses the
position of the targets to generate a file containing, among other things, the position and
velocity of each target at each time (frame).

The time history of each target was exported to a spreadsheet. The horizontal
position of the vortex at each time was taken to be the average of the left and right targets,
and the vertical position was the average of the top and bottom targets. Since the origin
assumed by the software is the lower left hand corner of the field of view, which was an

arbitrary position, the mean position of all images was subtracted from the Y, Z
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coordinates at each time. This made the coordinates relative to an approximate mean

centerline.

This final, conditioned file was further manipulated to establish statistical
quantities such as histograms, and standard deviation of the position of the vortex core.

In a similar manner, the axial position of the vortex breakdown was ascertained
from recordings made with the Redlake Motionscope camera and monitor system. Food
coloring was introduced through the centerline dye introduction-port, and illuminated with
medium diffuse backlighting. The footage was recorded on SVHS tape, and subsequently
digitized to a PC using a frame grabber. Using OPTIMAS MA software, each frame was
viewed and a “target” was assigned to the location where the dye filament began to

expand. The software generated a time history of the target.

The time history was exported to a spreadsheet. After some conditioning to make
the image coordinate system origin coincident with the physical origin, the file was used

to analyze the motion of the vortex breakdown stagnation point.
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III. HIGH REYNOLDS NUMBER VORTEX BREAKDOWN
AND RELATED PHENOMENA

A. EVOLUTION OF PHYSICAL EVENTS

The conical breakdown was described in the first chapter of this thesis as a form
that emerged from the axisymmetric bubble over an ostensibly wide range of Reynolds
numbers. Subsequent high speed video images of the “cone” revealed that a rapidly
spinning spiral structure that bears a strong resemblance to the low Rep spirals is present,
as shown in Fig. 3-1. Although the structure is helical, it appears conical to the naked eye
because of its very high rotation rate. Since the high Rep, vortex breakdown is the central
topic of this thesis, it was decided to investigate thoroughly the emergence of this new
form using the short exposure time and high frame rate video recording devices.

A flow visualization study was undertaken with the objective of depicting the
evolution of the high Rep vortex breakdown form. During this aspect of the present
work, Re was varied from 2,600 to over 300,000, and the circulation was set such that
the breakdown occurred between X = 60 mm and X = 135 mm (where X is the axial
distance from the tube entrance).

In low Rep regime flows (below about 35,000), a nearly axisymmetric bubble form
appeared. Figure 3-2 gives representative imagesthat were captured using the 6 ns laser
pulse for illumination. In each of the flows, there was a well formed axisymmetric bubble
with a “tail” extending from the downstream end, indicating that a reconstruction of the
vortex core had taken place. This recovery region persisted for approximately one
bubble length, where a structure that strongly resembles the spiral breakdown developed.
Numerous investigators reported this sort of appearance before (e.g., Fig. 6 in Sarpkaya
(1971a), Fig. 7 in Sarpkaya (1971b), Fig. 1 in Bellamy-Knights (1976), Fig. 1 in Faler and
Leibovich (1978), Fig. 4 in Uchida, et al (1985), or Fig. 13 in Escudier (1988)).

29




In these relatively low Rep, flows, the size of the bubble and the length of the
recovery region decreased with increasing Rep, a fact that is readily apparent because the
~ scale for each of the imagesin Fig. 3-2 is the same. The bubble observed in the Rep =
2,600 flow (Fig. 3-2a), for example, was about twice the size of the bubble found in the
Re, = 35,000 flow (Fig. 3-2f).

As Rep was increased through the intermediate range (roughly, 35,000 to
100,000), the bubble continued to decrease in size and the core recovery length became so
short that the spiral encroached upon the bubble. Representative images of these
breakdowns are shown in Figs. 3-3 and 3-4, which also were captured with the 6 ns
illumination. When Rep = 44,000 (Fig. 3-3), there was still a well formed bubble and
recovery in some of the images (Fig. 3-3a, b, ), even though the spiral was very near the
bubble. In other images, however (Fig. 3-3 d,e), the spiral was disturbing the smooth
bubble surface. When Rep = 87 ,000 (Fig. 3-4), this interaction and mutual interference
between the spiral and bubble occurred almost constantly. However, the spiral imposed
its influence on the bubble more assertively, agitating and distorting the bubble form to
the extent that it was barely discernible.

In high Rep flows (above 100,000 or so), the spiral bypassed the bubble form.
Figures 3-5 through 3-7 show these breakdowns in another presentation of images taken
with the 6 ns illumination. When Rep = 130,000 (fig. 3-5), the breakdown form was a
spiral, to the exclusion of the axisymmetric form that preceded it in the lower Rep flows.
In the Rep = 175,000 and Rep = 300,000 flows (Figs. 3-6 and 3-7, respectively), this
became even more prominent. The dye filament apparently decelerated, developed a
kink, and evolved into a helical structure, just as it would in a low Re, spiral breakdown.
A difference noted here is that frequently, there were fewer identifiable spirals before the
dye filament experienced an explosive burst into turbulence.

Besides the visual images, the size of the bubble and recovery length at various

Rep also suggest that the spiral bypasses the low Rep axisymmetric form. Some
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quantitative results that were extracted from the flow visualization images support this.
A low Rep breakdown with an axisymmetric bubble form is shown in Fig. 3-8. The
average bubble length (AB) and recovery length (BC), as shown in Fig. 3-8, as well as the
bubble diameter, were determined from a number of images corresponding to each Rep
below 50,000. At higherRep, these dimensions became indiscernible because the spiral
resided within the bubble, making it unclear where the bubble ended and spiral began.
Furthermore, the estimated “bubble diameter” was ambiguous at such an intermediate Rep,
because it could actually represent the diameter of the first spiral winding. Figure 3-9
gives an interesting example where, even at Rep as low as 17,500, the bubble length and
diameter were unidentifiable.

The average dimensions of the bubble and recovery are shown in Fig. 3-10. They
exhibit a clear tendency to decrease with increasingRep and apparently, both quantities
would vanish when Rep = 100,000. This is in good agreement with the qualitative
observations just described, i.e., the spiral bypasses the bubble at high Rep.

Additional images of the high Reynolds number spiral breakdown, taken with 6 ns
illumination, are shown in Fig. 3-11, and a sequence of high frame rate video is presented
in Fig. 3-12. These are provided to emphasize that the appearance of the high Reynolds
number breakdown is amazingly similar to what is observed at very low Reynolds
number. Attempts were made to ascertain the rotation rate of the spiral, but the
breakdown appearance made frequent, but non-periodic transitions to other degenerate
forms that will be described next. Even with 4,000 fps video recordings, it was
impossible to estimate the rotation rate with confidence, except that it is in the
neighborhood of 1,000 Hz. Thus, to the naked eye or in standard speed video, this spiral
structure appeared as a conical wedge (Fig. 1-2) because it is spinning so rapidly.

Had the breakdown been free from the darting motion and other disturbances in
the flow, we believe that the spiral would have exhibited itself at all times. However, in

reality, three transitional forms appeared occasionally. One appeared much like a plain
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spiral, except that at some point between the germination of the spiral and its demise into
turbulence, the helical winding bifurcated into two filaments. Figure 3-13 provides
examples of bifurcated spirals. In some instances, the core was observed to give rise to
multiple windings, or ‘trifurcate’. This phenomenon is not known to occur at low Rep,
After splitting, the filaments rotated about a common axis, and after a few windings,
broke up into turbulence. In the second transient form, shown in Fig. 3-14, the individual
windings became temporarily indistinguishable because of changes to the helix angle of the
spiral. When the windings compress sufficiently, the spiral momentarily collapses into a
single torroidal structure. The final transitional form, shown in Fig. 3-15, had a conical
appearance. It seemed that this form arose when the transition to turbulence at the
centerline moved upstream of the stagnation point. Even when frozen by a 6 ns exposure
time, the filament expanded smoothly and axisymmetrically into a conical wedge. Further
downstream, there were hints of a spiral-like structure within the well mixed wedge of
dye.

It is pointed out that the typical appearance of the breakdown was a combination
of the spiral and perhaps one or more of its transient forms. A few examples are given in
Fig. 3-16. In Fig. 3-16a, the helix angle of the windings appears so steep that the spiral is
about to collapse upon itself. In Fig. 3-16b, the form at the stagnation point seems to be
a collapsed helical structure, but what followed was clearly spiral windings with
bifurcations. Finally, to further illustrate the spiral collapsing into a single torroid, Fig. 3-
17 gives a high speed video sequence of images that illustrate the spiral compressing and
expanding.

The existence of a spiral structure in the high Rep vortex breakdown was
confirmed using DPIV. Representative results are shown in Fig. 3-18. The vector
diagram and stream traces portray a flow field that is characterized by alternating vortices
being shed from a stagnation point. Qualitatively, the appearance is nearly identical to
the very low Rep breakdown reported by Briicker (1993). The vorticity and axial
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velocity contours, shown in Fig. 3-19, also conform with what one would expect of a
spiral. There were interspersed regions of azimuthal vorticity, positive on one side of the
centerline and negative on the other, slowly expanding away from the axis. Clearly, the
regions of concentrated vorticity correspond to the vortical structures in Fig. 3-18. The
axial velocity often becomes negative near the centerline, as seen in Fig. 3-19b, because
the vorticity in the spiral windings is sufficient to induce a velocity that is against the
prevailing flow direction.

The DPIV results were not strictly redundant with the flow visualization. When
the fluorescein dye diffuses rapidly 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 one considers the dye filament
becomes nearly conical within, at most, 20 or 30 mm of the stagnation point.

To summarize the main points of this section, we have seen that the high Rep
breakdown can take on a number of forms, but the most basic structure is the spiral. As
Rep is increased from relatively low values, the spiral breakdown that was found in the
wake of the axisymmetric bubble bypasses the axisymmetric form.

It is pointed out that the foregoingshould be kept in mind when considering the
results of a time averaged measuring device such as LDV. Althaus, et al (1995) made the
observation that the LDV measurements of a spiral vortex breakdown (Nakamura and

Uchida, 1987) look similar, as expected, to those of a bubble-type breakdown.

B. VORTEX CORE MEANDERING

1. Introduction

It seems likely that all vortices are characterized by some amount of unsteadiness
in the form of core meandering. In most previous experiments on vortical flows, when the
Reynolds number and circulation were relatively low, the amplitude of the core motion

was probably inconsequential. In the present work, however, it was noticed that when
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Rep was increased above roughly 50,000, the core beganto move visibly about a mean
centerline.

When an unsteady flow is measured by an Eulerian measurement technique, e.g.
LDV, the ensemble results represent an average over both time and space because the
measuring location remains fixed but the flow gradient does not. This complicates the
interpretation of the results, especially when the velocity gradients are steep, as they
were in the present investigation.

The qualitative effect of this motion on the results can be determined intuitively.
First, recall that LDV results are analogous to the terms that appear in the time averaged
equations of motion, such as the Reynolds Averaged Navier Stokes (RANS) equations.
An underlying assumption, in both the experimental and analytical cases, is that the
instantaneous velocity used to estimate the ensemble averagesis the simple sum of the
mean and turbulent components. For example, we have for the axial velocity:

u=U+vu 3-1)
Here, u is the instantaneous velocity, U is the mean velocity, and u' is the instantaneous
fluctuation from the mean. In an unsteady flow, however, the instantaneous velocity is
comprised of three components: the mean and turbulent components, plus the variation
from the mean which is due to meandering. Incorporating this term, we have the
following equation for the instantaneous velocity:

u=U+u'+1 (3-2)
Here, 1 is the deviation from the mean which arises because of unsteadiness, but not
because of turbulence. It is referred to as “induced” or “apparent” turbulence because it is
absorbed into the measurement of the fluctuations (u,) as well as the Reynolds stress
(e.g., l—l-'TVT).

A nontrivial unsteady component in a swirling flow will contaminate the
experimental results such that the maximum measured velocities will be less than what

physically exists. Imagine we have a perfectly laminar vortex that is not meandering, with
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a measurement volume positioned precisely at the point where the tangential velocity is
maximum. If this fictitious vortex were caused to meander, the true maximum velocity
will be “seen” only as it passes through the measuring volume. At all other times, lower
velocities will be recorded and the resulting time averaged value will be reduced. Through
similar reasoning, one can conclude that the centerline axial velocity excess (or deficit) will
be underestimated, and the size of the vortex core will be overestimated. Also, the time
averaged results will suggest that the flow is turbulent, at least to some degree.

The magnitude of this effect may be significant. Devenport, et al (1996) reported
that if the standard deviation of the meandering amplitude is 50% of the core radius (R.),
the measurements will overestimate R, by 64% and underestimate W, (the maximum
tangential velocity) by the same amount. His estimates were made using a velocity
correction scheme based on the work of Baker, et al (1974). This technique will be
summarized and implemented using actual experimental results later in this section.

Meandering also may contaminate the turbulence measurements. As an example,
Westphal and Mehta (1989) conducted an experiment in 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 velocity fluctuations which are due to unsteadiness and
those which are due to turbulence. Therefore, quantities such as turbulent kinetic energy
(TKE) and the Reynolds stresses will be overestimated by an amount that is dictated by

the velocity gradients and meandering amplitudes.

2. Experimental Characterization of a Meandering Core
It is important to assess the degree of influence of meandering on the measurement
of velocities and accelerations. Under circumstances (relatively low Reynolds numbers)

where the vortex core is sufficiently stationary, it will be safe to assume that the
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measurements will be highly reliable, i.e., unaffected by meandering. However, in swirling
flows with very high Reynolds numbers, meandering of the core in all diametrical
directions becomes perceptible, as well as measurable. This fact, coupled with the large
radial gradients, makes it necessary that the effect of meandering on all velocities and
turbulence quantities be assessed in as much detail as possible. In cases where this
assessment suggests the results have been contaminated, a correction to the profiles and
decomposition of apparent and true turbulence seem mandatory: - However, the
procedures for doing so are not well established, but rather comprise a current subject of
research. Even in cases where the unsteadiness is due to a relatively easily quantified
aspect of the apparatus, as in the case of flow near a turbomachinery blade, this matter is
unsettled (e.g., Eisele, et al, (1997), and Zhang, et al (1997)).

To this end, a quantitative investigation of the meanderingmotion was conducted.
The results were used to assess the effect of meanderingon the experimental results, and
to facilitate corrections schemes. The X = 70 mm section in the Re, = 230,000/h6 flow
configuration was studied. Time histories of the vortex core position, based on the 60 fps
(frame per second) and 1,000 fps video are given in Figs. 3-20 and 3-21, respectively. At
times, the core wandered over 0.75 mm from the centerline, which is remarkable because it
will be shown in the next section that the measured core radius is only about 1 mm.

Strictly speaking, meandering was neither periodic nor random. The core
oscillated about its mean position but neither the frequency nor the amplitude was fixed.
This is apparent from visual inspection of Figs. 3-20 and 3-21, and also of Fig. 3-22,
which shows a shorter segment of the high speed data. The higher frame rate results
demonstrate that 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. The results are shown in Fig. 3-23
for the 60 fps video, and Fig. 3-24 for the 1000 fps video. Since the motion does display

cyclic behavior, an effective amplitude of sinusoidal motion was estimated, and found

36




from visual observations to be about A = 0.40 mm. The histograms of both the Y and Z
coordinates of the vortex core were approximated well by Gaussian probability density

distributions, as shown in Fig. 3-25. The standard deviations (¢) were 0.23 mm for both

the lateral (Y) and vertical (Z) positions, and 0.32 mm for the distance from the centerline.
As expected, the most probable distance from the mean axis was non zero, roughly 0.2

mm. This is in close agreement with the probability density function of the total radial

distance from the mean centerline, which is the transformed variable r = X* + Z*> . This,
coupled with the lack of dominant frequencies suggests that the motion is perhaps more

random than periodic.

3. Assessment of the Effect of Meandering on the Measurements

Two methods were used to ascertain whether the LDV results in the present
investigation were influenced by the vortex core meandering just described. One was an
inspection of the velocity histograms, and the other was a rough calculation of the
“induced” turbulence based on the measured velocity gradients and the experimentally
determined meanderingamplitude. It will be shown that both of these methods clearly
indicate that the core motion affected the results.

The histograms of the measured tangential velocity at various radial stations (in
the same flow state described in the last section) are shown in Figs. 3-26 and 3-27.
Examining Fig. 3-26, it is apparent that as the measuring volume approached the vortex
core from a positive Y position outside the core (Fig. 3-26), the histogram became wider
as the mean velocity increased (Figs. 3-26a and 3-26b). Then, when positioned within the
measured core radius, a large amount of relatively high velocity particles continued to
pass through the measuring volume, but a second concentration of velocities with zero
mean velocity also was observed (Fig. 3-26¢c). Near the centerline, there were a large
number of instances centered about three different values: a large negative and positive

velocity, along with the zero mean velocity (Fig. 3-26d). Proceeding away from the
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centerline in the other direction, the same trends were observed in reverse (Fig. 3-27).
The two histograms that correspond to positions very near the mean centerline, shown in
Fig. 3-28, make it apparent that during the course of measurement, both edges of the
vortex core reside in the measuring volume for an appreciable amount of time.

Estimating induced turbulence has been done before by others. For example,
Chow, et al (1997) gave a reasonable and simple approach. They deduced a meandering
amplitude based on visual observations, and assumed the motion was sinusoidal. Under
these conditions, the root mean square of the velocity fluctuations that was due to
meandering is roughly equal to:

= A |dU
~2 <
" or

7

If the quantity estimated with Eq. (3-3) is small relative to the measured fluctuations,

(3-3)

then it is safe to assume that the vortex core motion is not influencing the results.

The effect of meandering on the present results was estimated in this manner, and
also using a technique that is arguably more accurate. In the second approach, the velocity
profiles were approximated by g-vortex equations (Batchelor, 1964), and the motion of
the mean vortex axis was simulated by displacing the vortex centerline through a single
cycle of a sinusoidal. The root mean square of the velocity fluctuations in a stationary
reference frame was then computed. The two methods yielded nearly identical
predictions of the induced turbulence, as shown in Fig. 3-29. Since the method given by
Chow, et al (1997) is considerably simpler, it is recommended.

Figure 3-29 also shows that within about 3 core radii of the centerline, where the
radial velocity gradients are large, the induced turbulence is on the same order as the
measured. It would be dangerous to draw conclusions about specific values because the
induced turbulence profile is strictly a rough estimate, but it is safe to assume that the

induced turbulence is a significant component of the measurements in this region. Outside
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this central region of the tube, the induced turbulence is small, raising the confidence that
the measured data in this portion of the flow field is reliable.
The outcome is similar in the case of the Reynolds stresses, as shown in Fig. 3-30.
Using the g-vortex equation subjected to simulated meandering as described before, an
estimate of the apparent u'w' profile was determined. Within about three core radii of
the mean centerline, where the radial velocity gradients are steepest, the profile of the
apparent Reynolds stress shares the same shape and the same order of magnitude as the
measured values. This leaves little doubt that the measured stresses in the central part of
the tube, where the vorticity is concentrated, are greatly affected by the core motion. It is
interesting that just outside the core, the induced value exceeds the measured value. This
would be physically possible if the “true” stress is actually a negative value. Again, it
would be dangerous to extract any exact values from the apparent stress curve, but there
‘is concern that beyond changesto the values of the measurements, the overall shape of

the profile may have been altered.

4. Corrections to Velocity Profiles

It was stated earlier that vortex core meandering will influence the measured
velocity profiles. Physical reasoning leads to the conclusion that the maximum tangential
velocity and centerline axial velocity will be underestimated, and the core radius will be
overestimated.

The most rigorous attempt to “correct” swirling flow data to compensate for
meéndering was done by Devenport, et al (1996), using a scheme that was first reported
by Baker, et al (1974). After using a hot wire to collect velocity and turbulence data for a
trailing vortex, Devenport, et al (1996) set out to resolve the profiles that would have
been measured by an instrument that was positioned in a reference frame whose origin
was on the meandering vortex axis. The procedure will be outlined briefly, followed by

the a description of the findings upon application to the present results.
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They started with the assumption that the probability density function of the
vortex core position was known:
P=P(,.Z,) 3-4

Then, the time averaged measured velocity should be represented by:
U(Y,.Z,) = [ [P(Y,,Z,)U(Y,.Z,)dY,dZ, (3-5)

The subscripts p and v denote probe and vortex, respectively. Thus, U(Y,,Z,) is the

measured mean axial velocity in the static physical coordinate system of the probe.

U(Y,,Z,), which is one component of the desired results, is the mean axial velocity in a

coordinate system that is relative to the vortex center. They used two methods to arrive

at an estimated U(Y,,Z,) and W(Y,,Z,) (the axialand tangential velocities). The first

was called the “q-vortex method,” because equations similar to those given by Batchelor
(1964) were employed for the purpose of approximating the profiles. The second, which
they referred to as the “general method,” makes use of a series of exponential terms to
approximate the measured profiles.

To implement the g-vortex method, the joint probability density function of the

core position was assumed to be Gaussian:

P(Y,.Z,) = — Y% +7, (3-6)
5L, = [ ¢ - -
Y e | 208

As shown in earlier, this is a reasonable assumption. They substitute r’ =Y’ +Z2, and

assumed the “actual” velocity profiles, i.e. those in the moving frame, can be represented

by the g-vortex equations:

2
U, =U,, exp(—a%) G-7)
R,, ?
W, = W, (1+0.5/0)—=2 1 ~exp| o= (3-8)
rV c,v
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There are a few slight departures from standard convention in these equations. First, a
separate length scale, d, is established for the axial velocity jet (or wake) thickness.
Usually, R, serves this purpose. Also, o appears in the exponential, and also as a
constant outside the exponential in the Eq. (3-8), implying a one to one relationship
between the maximum tangential velocity, W, , and the core radius, R.. N¢ither of these
modifications have a significant bearing on the quality of the curve fit. In fact, the
distinction between R, and d allows for a better approximation-of the axial velocity
profile.

Continuing, the probability density function of the core position (Eq. (3-6)), and
the equations for desired velocity (Eq. (3-7) and (3-8)) were substituted into Eq. (3-5).
The resulting expression was integrated analytically, yielding a pair of equations that

approximate the measured profiles:

r2
U,=0U,, exp[—oz d—"z] (3-9)
P
W =W (1+0.5/0)=2q . (3-10)
= ) —<P 11— exp| —-0——2—o -
P P I, P RZ, +2a0’

By finding the best fit between the experimental data and Eqgs. (3-9) and (3-10), all of the
required quantities for the corrected profiles (Egs. (3-7) and (3-8)) are known. They also
presented the following relationships that describe the connection between the defining
quantities of the measured and corrected profiles. As expected, the centerline axial
velocity and maximum tangential velocities increase:

U,, =U,,(1+20ac%/d,) (3-11)

Woo Wy (-12)
m'v J 1-200°/RZ,

On the other hand, the core radius and jet thickness decrease:
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R
R"'” = % = [1-200°/R?, (3-13)

¢p P

Note that the circulation at the edge of the core remains unchanged.

Using the meandering data and a representati