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Every year in the March issue, we publish a report on the
operation of the Journal. This report provides information on
matters like our efforts to make our papers more accessible to
fluids engineers, reduce reviewing time, as well as our special
activities, like the publication of special articles, the establish-
ment of the JFE Data Bank, publishing in color and others.
We also include standard information on the four issues of
the previous volume, namely, the list of reviewers and an index
of papers listed under certain technical categories.

The Editorial Board of the Journal has had many discussions
over the past years on what this Journal could do to improve
the process of technology transfer. For the time being, the
Editor urges authors strongly and in specific terms to include
in their conclusions information that could be appreciated by
practicing fluids engineers. This is an issue of current concern
(see also the series of editorials on U.S. Competitiveness that
appeared in our Technical Forum) and we are eager to par-
ticipate more actively in the process of technology transfer
after the Division defines the Journal’s role.

An informal investigation indicated that only a few papers
presented at the Division meetings are submitted to the Journal.
To some extent, this may be due to the impression shared by
some authors that papers included in symposium proceedings
cannot be submitted for Journal publication. In fact, ASME
does not consider proceedings papers archival and such papers
are accepted by all ASME transactions for publication. We
do not actively solicit conference papers but it appears that
we could serve our readership better if the most significant
papers from our meetings were eventually published in the
Journal.

In the past year, we experienced again an increase in the
number of submitted papers. This trend started about five
years ago and the increase since then has been monotonic. The
number of papers received has nearly tripled in this period.
For a few years now, we were able to secure more pages for
the Journal for a total increase of about 60 percent. Unfor-
tunately, in the past two years, no further increase was possible.
Due to the global recession, many libraries have discontinued
their subscription to a large number of technical journals. The
JFE does cover its expenses of publication but the ASME
Publications Committee decided to follow a uniform, con-
servative approach and did not approve any increase in allotted
pages for any of the ASME Transactions. This situation has
increased our backlog and as a result lengthened the accept-
ance-to-publication time. ‘

In the past year we were able to decrease the time between
submission and the editorial decision on publication to an
average of ten months. This figure may not seem encouraging
but one should bear in mind that it includes the time required
for revisions, which unfortunately for many authors is six or
more months. More disturbing to individual authors are delays
on the first return of reviews and editorial advice. These are
usually due to individuals who accept the responsibility to
review a paper, but fail to respond, even after many telephone
or e-mail prompts. Authors should understand that if two of
the three reviewers do not respond after a few months, the
Editorial Board is at an impasse. We usually turn to new
reviewers to whom we explain the situation but we cannot
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expect from them a response sooner than the traditional two
to three weeks usually allowed for a review.

In the past year we established a data bank for data that
accompany selected JFE papers. Today, modern equipment
can generate massive numbers of experimental data. Since only
a small set of such data can be presented in the few figures of
a paper, it was decided to provide to the Journal readership
selected files of data electronically. Data are reviewed and
archived and once deposited to the JFE Data Bank, they are
considered an integral part of a JFE paper and should be
appropriately referenced if employed or manipulated by other
authors. Papers accompanied by data are identified by a sub-
title. Readers can log on to the JFE Data Bank, examine and
if they desire, download files. Directions appear in the last few
pages of each issue.

The JFE Data Bank initiative appears to have been received
enthusiastically by the JFE readers. In the month of April 1993
alone, immediately after the appearance of the March issue,
over 1,500 individuals logged on to the JFE Data Bank and
about half of them downloaded data. The March 1993 issue
contained two review articles, which were accompanied by data
and should have been very useful to the readers. This rate has
been reduced since but at any month, a few hundred readers
log on to the JFE Data Bank.

Our readers must have noticed that the December issue ap-
peared in color. This is an option now available. Unfortu-
nately, there is a charge to the authors, but thanks to the efforts
of our publisher, Mr. James Sheridan and our copy editor,
Ms. Cornelia Monahan, this was reduced to a fraction of what
other technical journals charge for color. Depending on how
many papers accompanied by color figures can be grouped in
one issue, a color page could cost between $300 and $800 to
the authors.

Finally we should acknowledge the valuable contribution of
seven of our associate editors whose tenure has expired. They
are (i) Dr. Nicholas A. Cumpsty in the area of fluid application
and systems, (ii) Dr. Thomas T. Huang, in the area of fluid
measurements, (iif) Dr. Ramesh K. Agarwal, (iv) Mr. Dennis
M. Bushnell, (v) Dr. Ho, Chih-Ming, in the area of fluid
mechanics, (vi) Dr. Andrea Prosperetti, in the area of multi-
phase flow, and (vii) Dr. Saad A. Ragab, technical editor’s
office. We sincerely appreciate their hard work. We should
also acknowledge the contributions of our reviewers. The names
of the individuals who helped us out this year are listed in the
last pages of this issue.

Individuals have been nominated to serve three-year terms
as associate editors. These and the areas they will be working
on are: Professor Hiroyuki Hashimoto (Tohoku University,

. Japan), Professor Wing-Fai Ng (Virginia Polytechnic Institute

and State University)—fluid application and systems; Dr. Jong
H. Kim (Electric Power Research Institute, Palo Alto, CA)—
multiphase flow; Professor David E. Stock (Washington State
University)—fluid measurement; and Professor S. Pratap
Vanka (University of Illinois)—computational fluid dynamics.
Professor Joseph A. C. Humphrey was reappointed for a sec-
ond three year term and will work in the area of fluid me-
chanics.

The Technical Editor
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Questions in Fluid Mechanics:

Reynolds Number Effects in Wall-Bounded Flows
by Mohamed Gad-el-Hak! and Promode R. Bandyopadhyay2

For wall-bounded flows, what are the Reynolds number
effects on the mean and statistical turbulence quantities and
on the organized motion?

The Reynolds numbers encountered in many practical sit-
uations are orders of magnitude higher than those studied
computationally or experimentally, For this reason, our knowl-
edge of high-Reynolds number flows is limited and a complete
understanding is yet to emerge. Free shear flows are nearly
inviscid at sufficiently high Reynolds number, and by impli-
cation are Reynolds number-independent. However, the sit-
uation is more complicated in wall-bounded flows, where no
matter how large the Reynolds number is, there is always a
finite region near the surface where viscosity effects are im-
portant. The key question is then what are the Reynolds num-
ber effects in wall-bounded flows on the mean and statistical
turbulence quantities and on the organized turbulent motions?

The Direct Numerical Simulation (DNS) of turbulent bound-
ary layers have so far been carried out up to a Re, of 1410
(Spalart, 1986). Since the computational resource required var-
ies as the cube of the Reynolds number, it would not be possible
to simulate very high-Reynolds number turbulent shear flows
any time soon (Karniadakis and Orszag, 1993). This has created
aresurgence of interest in turbulence modeling particularly for
high-Reynolds number flows. Understanding of turbulence and
modeling will continue to play vital roles in the computation
of high-Reynolds number practical flows using the Reynolds-
averaged Navier-Stokes equations. Apart from turbulence
modeling, the knowledge of Reynolds number effects is useful
to flow control, a field of obvious practical utility. For eco-
nomic reasons, typical control devices are initially developed
and tested at rather low speeds. Extrapolation to field con-
ditions is not always straightforward though, and it often fails.

One of the earliest studies of the Reynolds number effects
in turbulent boundary layers was due to Coles (1962). When
measurements of mean velocity profiles were expressed in inner
layer form based on directly measured local skin-friction val-
ues, a logarithmic region was found to exist even at a Rey of
50 x 10°. The wall-layer variables appear to describe the mean
flow in the inner layer universally in flat plates, pipes and
channels at all Reynolds numbers. On the other hand, in a
boundary layer, the behavior of the outer layer, when expressed
in terms of the wall layer variables by the strength of the wake
component AU", which is the maximum deviation of the mean
velocity profile from the log law, appeared to reach an asymp-
totic value for Rey>6x 10°. Above this limit, the inner and

'University of Notre Dame, Notre Dame, IN 46556-5637.
2Naval Undersea Warfare Center, Newport, Rhode Island, 02841-5047.
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outer layer mean flows are then expected to reach an asymptotic
state which the turbulence quantities are also hypothesized to
follow. This is, however, not the case since the wake component
starts decreasing, albeit slowly, at about Rey>15x 10°. This
raises the question, does the mean flow ever achieve true self-
preservation? There is some new evidence that in boundary
layers even the mean flows normalized with inner variables
show Reynolds number dependence all the way down to the
edge of the viscons sublayer (George et al., 1992).

The situation is murkier for higher-order turbulence statis-
tics. Measurements in pipes (Morrison et al., 1971), channels
(Wei and Willmarth, 1989) and boundary layers (Andreopou-
los et al., 1984; Erm et al., 1985) show that the turbulence
quantities do not scale with wall-layer variables even in the
inner layer. Therefore, the question arises, can we apply mean-
flow scales to turbulence?

Furthermore, the outer-layer-device drag reduction experi-
ments of Anders (1990) show that for Re,>6 X 10°, the max-
imum skin-friction reduction and the recovery length (the latter
with some exception) do not remain constant but decrease with
increasing Reynolds number. The loss of performance at higher
Reynolds numbers is puzzling and Anders attributed this to a
significant change in the turbulence structure. In this back-
ground, a relevant question is: does the turbulence structure
change above this Reynolds number limit?

Consider another puzzling high-Reynolds-number behavior.
Clauser (1954) had experimentally shown that in a turbulent
boundary layer at a given low Reynolds number, disturbances
survive much longer in the outer layer (y/86>0.2) than in the
inner layer. He demonstrated this by placing a circular rod in
the outer and inner layers. In viscous drag reduction techniques
where a device drag penalty is involved, as with the use of an
outer-layer-device, a recovery length of O[1006] is desirable to
achieve a net gain. To date, such recovery lengths have been
achieved only at low Reynolds numbers as mentioned earlier.
One normally expects the recovery length to be far less if the
disturbances are applied near the wall, and the length to reduce
even more as Rey is increased. However, published data (Kle-
banoff and Diehl, 1952; Bandyopadhyay, 1991) show that, in
fact, at higher Reynolds numbers, an opposite trend sometimes
takes place. This unexpected result raises the question, what
is the Reynolds number effect on post-transition memory?

More details could be found in a forthcoming article by
Gad-el-Hak and Bandyopadhyay (1994).
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U.S. Technological Competitiveness:
A Fluids Engineers’ Viewpoint

Column #6—FEpilogue
by J. L. Dussourd!

A Report on the Panel Events at the *93 WAM in New
Orleans and Definition of a Course of Action.

Fluids engineers were not the only ones at the 93 WAM to
identify technology transfer as a major bottleneck stifling the
working effectiveness of their peers. It was also identified as
such by at least three other working groups who had scheduled
discussions on this very same topic. As such, our panel echoed
the general sentiment throughout the engineering community
that there are inherent road blocks out there which frustrate
a fuller utilization of our technologies to hone a more highly
competitive edge into our industrial products.

-Several perceived factors responsible for this state of affairs
were introduced in this column in earlier issues of the Journal
of Fluids Engineering. The authors/panelists conceived of a
number of solutions having the potential of lubricating the
critical transfers from the work places where the technologies
are being generated to the work places where they are being
used. At this '93 panel these solutions were to be critically
examined by a core of responders selected for their maturity
and experience and by an audience who would speak for the
broad membership. Although time was short and the '93 at-
tendance was less impressive than at the 1991 panel, the dis-
cussions were exceptionally lively and they reflected divergences
of opinions, particularly between those at the far ends of the
transfer chain.

The three central themes introduced by the panelists were
as follows.

1. An effective person-to-person relationship between those
engaged in exchanging technologies. This can typically be
initiated by a member of academia working to establish
a productive and mutually beneficial rapport with a coun-
terpart in industry, by helping him solve his more difficult
problems. Compensations for these services take the form
of grant support by his company to the university where
they are used to support research programs, which may
or may not be related to the particular consulting problem
at hand. Through such interactions, industry receives in-
fusions from technical specialists from universities and
the university benefits from exposure to real life problems
and from industrially financed support to supplement its
dwindling government sources.

2. A scheme for the ASME to take an active role in pro-

!President, Fluids Engineering Associates, 14 Cleveland Road West, RD 2,
Princeton, NJ 08540.
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moting such relationships on a national scale. By so doing,
the ASME is greatly extending its main charter respon-
sibility, i.e., that of disseminating technology. It can do
this by assuming now the role of a broker or matchmaker
between those who have it and those who need it. In this
capacity, the ASME would develop data banks of the
technologies that are available and match them against
corresponding data banks of technologies that are ad-
vertised as being wanted. Under ASME guidance, con-
sortia and consulting relationships are brought into being
at regional as well as at national levels. Monetary com-
pensations are paid by those who benefit from the transfer
for the time and effort expended, supplemented perhaps
by government matching funds. All these would be used
for research or for further technology developments. Once
such a consortium is established, the ASME withdraws,
allowing the new partnership to self-expand.

3. From the realization that much of the world technologies
can now be found offshore as well as in the US and that
these sources are essentially untapped, it can be concluded
that if US industry availed itself of them, its competi-
tiveness would be greatly increased at little cost to itself,
Thus the problem is how to best mine these sources to
bring them as quickly as possible onto the computer
screens of those in need of the technologies. Clearly this
could best be done with federal participation for the
searches, translations and the conversions into digestible
forms.

The great majority of responders on the panel echoed the
need for vastly increased transfer means. It was recognized
that existing agencies, such as the various Institutes for Air
Conditioning and Refrigeration, Gas Research, Electric Power
Research, Industrial Research, the various government labo-
ratories commercialization efforts, the various university in-
dustrial liaison programs, the on and off-campus sponsored
conferences, the industrial technical councils and extension

- centers, the many new Technology Centers, while they perform

admirably, do not come close to meeting all the needs that
have been publicly admitted or that are known to be latent in
occluded states. Many of the above-mentioned associations
serve their affiliated industries only and do not perform the
broad function of meeting the random needs as they arise.
There were voices of opposition, mainly from the academic
sector. To help industry solve its problems is seen as a dis-
traction at the more research oriented institutions, diluting the
established scientific activities. The notion was also expressed
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There were voices of opposition, mainly from the academic
sector. To help industry solve its problems is seen as a dis-
traction at the more research oriented institutions, diluting the
established scientific activities. The notion was also expressed
that because there are already so many agencies dedicated to
that purpose, academia must remain one that is free to carry
out research for its own sake in a setting that is fully inde-
pendent, free of confidentiality entanglements and strong in
its conviction that its research work remains at the core as a
driving force for progress. Industry’s need for help was seen
as a problem of industry, endemic to its culture, to its preoc-
cupation with secretiveness and to its inability or unwillingness
to think long term and adopt advanced technologies.

These sentiments express the magnitude of the gap between
these cultures, each claiming a modus vivendi which is unique
to themselves and which cannot be changed. They are at the
root cause for the state of gridlock referred to in earlier col-
umns, inhibiting a more effective flow of information between
the cultures. The ASME has in the past assumed a passive role
in bridging this gap. It has provided a forum for publicizing
the technologies, supplied current interest and archival repo-
sitories to store them, library services to disseminate them,
computerized searching means to retrieve them. The Federal
Government has done likewise through its many laboratories
and its technological indices. These are passive roles, however,
which assume that information once it is made available will
be aggressively dug out by those who need it. These assump-

4/ Vol. 116, MARCH 1994

tions now appear to be unrealistic. A more active role is needed
on the part of the ASME to help the process along, opening
doors that are closed, easing the assimilation problems by
multiplying the opportunities for mutually beneficial inter-
actions.

Such a new role assumed by the ASME would meet all three
basic themes expressed earlier in this column. Only basic or
emerging technologies of the type now available from library
shelves would be involved with minimum vulnerability to issues
of confidentiality.-Offshore, as well as onshore sources, would
be tapped equally. The key elements rest with the willingness
on the part of the technology producers to get themselves
involved and with the willingness on the part of the users to
dedicate time and skills to master the technologies and put
them into daily use.

The challenge of such an effort is not to be underestimated.
It cuts into many existing ‘‘sacred cows’’ and safe refuges. It
forces the various sectors of our technological world to work
together in ways that have mostly been forgotten. As a follow
up to the ideas advanced by the authors and panelists, a model
for action will be defined and formally submitted to the lead-
ership of the Fluids Engineering Division, as an opportunity
to lead an endeavor that hopefully would then catch on across
the breadth of the ASME. Some other engineering societies
such as the AIChE already have similar action programs in
effect. Their experience will be invaluable in developing our
own.
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Perspective: Numerical
Simulations of Wakes and Blade-
Vortex Interaction

A method for simulating incompressible flows past airfoils and their wakes is de-
scribed. Vorticity panels are used to represent the body, and vortex blobs (vortex

Deal_‘ T. Mook points with their singularities removed) are used to represent the wake. The procedure
N. Waldo Ha"'sf:';”'; wfisss&ré can be applied to the simulation of completely attached flow past an oscillating

airfoil. The rate at which vorticity is shed from the trailing edge of the airfoil into
the wake is determined by simultaneously requiring the pressure along the upper
and lower surface streamlines to approach the same value at the trailing edge and
the circulation around both the airfoil and its wake to remain constant. The motion
of the airfoil is discretized, and a vortex is shed from the trailing edge at each time
step. The vortices are convected at the local velocity of fluid particles, a procedure
that renders the pressure continuous in an inviscid fluid. When the vortices in the
wake begin to separate they are split into more vortices, and when they begin to
collect they are combined. The numerical simulation reveals that the wake, which
is originally smooth, eventually coils, or wraps, around itself, primarily under the
influence of the velocity it induces on itself, and forms regions of relatively con-
centrated vorticity. Although discrete vortices are used to represent the wake, the
spatial density of the vortices is so high that the computed velocity profiles across
a typical region of concentrated vorticity are quite smooth. Although the computed
wake evolves in an entirely inviscid model of the flowfield, these profiles appear to
have a viscous core. The computed spacing between the regions of concentrated
vorticity in the wake and the circulations around them are in good agreement with
the experimental results. As an application, a simulation of the interaction between
vorticity in the oncoming stream and a stationary airfoil is also discussed.
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1 Introduction

The numerical simulation of unsteady vorticity-dominated
flow is a long-standing interest of many researchers. In this
paper we consider one small aspect of the total problem: the
numerical simulation of the wake generated by a moving air-
foil, The recent extensive reviews and discussions of vortex
methods and modelling of vorticity-dominated flowfields by
Leonard (1980), McCroskey (1982), Aref (1983), Aref and
Kambe (1988), Spalart (1988), and Sarpkaya (1989) provide
the background for the present discussion. No attempt is made
to paraphrase or elaborate on them. The present discussion is
focused on some recent developments and comparisons be-
tween numerical and experimental results; it is part review,
part perspective, and part presentation of new results. A similar
discussion of an analytical approach with some historical per-
spectives can be found in the recent article by McCune and
Tavares (1993).
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The panel method described here employs-a continuous dis-
tribution of vorticity on the surface of the airfoil. The advan- .
tage is that continuous surface velocity, pressure, etc. are
obtained directly from the solution. Versions of the method
have been used to model steady flows by Raj and Gray (1978)
and unsteady flows by Kim and Mook (1986).

In unsteady attached flows past airfoils a thin layer of con-
centrated vorticity (simulated as a vortex sheet) forms at the
trailing edge. It rolls up and stretches, forming regions of
concentrated vorticity that spread and distort as they convect
downstream. McCroskey (1982) gave a review of the work on
the unsteady aerodynamics of oscillating airfoils, such as those

'pitching and/or plunging. In certain ranges of the amplitude

and frequency of the oscillation, the flow on the surface of
the airfoil stays attached. Some experiments have been con-
ducted, focusing on the flow near the trailing edge. Ohashi
and Ishikawa (1972) and Ho and Chen (1980, 1981) experi-
mentally studied the Kutta condition using a plunging airfoil.
Poling and Telionis (1986) were able to explore the neighbor-
hood of the trailing edge of a pitching airfoil in greater detail
by using an ensemble-averaging scheme. Park et al. (1988) also
conducted an experiment on the near wake of a pitching airfoil
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and detected the trailing-edge stall and found that its occur-
rence is related to the reduced frequency of the pitching. Liu
et al. (1990) studied the unsteady flow near the trailing edge
of a fixed-airfoil by disturbing the oncoming stream.

The far wake has also been investigated. In an experimental
and numerical study, Mathioulakis et al. (1985) concluded that
the flowfield is controlled almost entirely by the inviscid self-
interaction of vorticity. This conclusion is further substantiated
by the experimental and numerical work of Wilder et al. (1990).
Mook et al.- (1987, 1989) numerically simulated the wake of
an oscillating airfoil by using discrete vortices and obtained a
large-scale structure that is very similar to the one observed
by Bratt (1950) through flow visualization. Koochesfahani’s
experiment (1989) showed that the wake structure can be con-
trolled by the frequency, amplitude, and the shape of the
oscillation waveform. Booth (1987) measured the velocity be-
hind a pitching airfoil in a wind tunnel and numerically in-
tegrated the measurements to obtain the circulations around
the regions of concentrated vorticity. The numerical results of
Mook and Dong (1990) obtained by using discrete vortices
agree very well with Booth’s experimental results.

Wakes are often approximated by a system of discrete point
vortices (called vortex points here) or vortex blobs. The use
of vortex points to simulate continuous vortex sheets appar-
ently was first proposed by Rosenhead (1931). The flowfield
induced by a vortex point is singular so that some special
treatment, such as setting a cutoff criterion, is necessary. The
vortex-blob method also deletes the singularity (Spalart, 1988);
it is used in simulations presented here and discussed below.

In order to model closely coupled aerodynamic interference,
especially the situation in which one airfoil is near or in the
wake of another, an accurate simulation of the wake is needed.
Mook et al. (1987) developed an innovation that captures some
details of the wake by adding more discrete vortices to the
wake and then redistributing the circulations among them. The
innovation is described below and used in most of the simu-
lations presented here. The present numerical results are in
good agreement with the experiments.

As an application of the numerically simulated wake, blade-
vortex interaction (BVI), which happens in the flowfields of
helicopter blades and is a primary source of unsteady loads
and noise, is briefly discussed in this review. When a rotor
advances, the blades encounter the vortex filaments generated
by the preceding blades. Generally, BVI is a complicated three-
dimensional unsteady phenomenon, but it is sometimes con-
sidered as the combination of the following two limit cases
(Srinivasan, 1985): one in which the vortex filament is parallel
to the span of the blade, and one in which the vortex filament
is perpendicular to the span. The former is often idealized as
a two-dimensional problem and, as such, it is discussed here.

The two-dimensional BVI has been experimentally investi-
gated by Poling et al. (1988), Booth and Yu (1986), Booth
(1986, 1987), and Straus et al. (1990). In all these experiments,
which were conducted in both wind and water tunnels, similar
apparati were used: a stationary airfoil was placed in or near
the wake generated by a pitching airfoil upstream. The flow-
field and loads on the stationary airfoil were measured.

- In the early numerical simulations of BVI, a single vortex
point was released far upstream and allowed to pass through
the neighborhood of an airfoil. This situation has been treated
by employing the Euler equations for compressible flows and
the Navier-Stokes equations for incompressible flows (Srini-
vasan, 1985; Srinivasan et al., 1984, 1986; Damodaran and
Caughey, 1988; Wu et al., 1985; Hsu and Wu, 1986). Con-
formal mapping and vortex methods have also been used to
simulate BVI for incompressible inviscid flows (Huang and
Chow, 1982; Chow and Huang, 1983; Wu et al., 1985; Hsu
and Wu, 1986, 1988; Poling et al., 1987, 1988; Dong, 1987).
The major shortcoming of this single-vortex model is that in
an actual situation vorticity is not confined to a point; instead
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it is distributed over a finite area. Consequently, the single-
vortex model appears to be reasonable only when the dimension
of the vorticity-bearing area is small compared to its distance
from the airfoil. Improved models have been developed by
using more than just one vortex to simulate the finite vorticity-
bearing area (Panaras, 1987; Lee and Smith, 1987; Poling et
al., 1988; Renzoni and Mayle, 1991).

In the present discussion of BVI, first the interaction of a
vortex point with an airfoil is investigated. The inviscid sim-
ulation closely matches some solutions of the Navier-Stokes
equations for attached turbulent flow and of the Euler equa-
tions for inviscid transonic flow. Then a simulation of the
experiment of Booth (1987) is discussed, in which a stationary
airfoil is placed in the wake of a pitching airfoil. A numerical
solution is described that accounts for the aerodynamic inter-
ference between the two airfoils and for the interactions among
all wakes and all blades. The discrete vortices simulating the
wake of the pitching airfoil are neither uniform nor arranged
in a simple pattern, but arranged in a manner consistent with
the wake of the pitching airfoil. Renzoni and Mayle (1991)
also attempted to do this, but they did not split the vortex
points. The predicted aerodynamic loads on the stationary
airfoil are similar to other numerical solutions, but differ from
Booth’s measurement (1987). An explanation for the difference
is given. In the authors’ paper on BVI (Dong and Mook, 1991),
the numerical simulation of the experiments by Straus et al.
(1990), which are similar to Booth’s, is found to be in good
agreement with the observations.

2 Description of the Numerical Models of the Flowfield

There are several good models for attached unsteady flows
past airfoils. Here the concentration is on a recent development
based on panels of continuously varying vorticity. One ap-
pealing characteristic of this approach is that the unknown is
a primitive variable, the velocity of the fluid particles next to
the surface. With no post-processing, the solution provides a
continuous estimate of the velocity next to the surface of the
airfoil. With very little post-processing, the solution also pro-
vides a continuous pressure distribution over the surface.

Any model of unsteady flow past an airfoil must predict
both the rate at which vorticity is shed from the trailing edge
into the wake and the way in which the shed vorticity is trans-
ported downstream. These features of the model are described
in this section. First the basic concepts and the governing
equations are discussed. Then some simplifications, a panel
method coupled with vortex dynamics, and the Kutta condition
at the trailing edge are introduced. The flowfield is considered
two-dimensional in all that follows. Mracek and Mook (1988)
developed a three-dimensional version of the present panel
method.

2.1 Basic Concepts. The continuity equation for incom-

pressible flows is

DivV =0 1
where V is the velocity vector, and vorticity is defined by
Q=_Curly (2)

Equations (1) and (2) can be inverted to give V as a function
of @ (see, e.g., the general discussion of Sommerfeld, 1964,
Section IV. 20, more recent discussions by Wu and Thompson,
1973, and Wu and Sankar, 1980)

Vi, =L | 8 D o
27 s |l'_l'0|

dS(rg)+ Ve 3)
where S is the entire region of interest, ry is the position of
the area element dS, r is the position where the velocity is being
evaluated, ¢ is the time, V, is the uniform velocity of the
freestream, and x denotes a cross product of vectors.
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Six important characteristics of the velocity field V given by
Egs. (1)-(3) are worth mentioning:

1. The disturbance velocity [the first term of the right-
hand side of Eq. (3)] is a version of the Biot-Savart law.

2. Theregion Sincludes the flowfield as well as the interiors
of the objects in the flowfield, and the vorticity in those in-
teriors is twice the angular velocity of these objects. (More
details are given in Section 2.3.)

3. The vorticity, €, may be zero in large subregions of S
and the velocity, V, is irrotational in these regions.

4, Vorticity anywhere in S creates velocity everywhere in
S.

5. The disturbance velocity decays as the reciprocal of the
distance from the vorticity-bearing subregions.

6. Equation (3) is a purely kinematic relationship; in de-
riving it, one does not need to make any assumptions regarding
the velocity field other than V is continuous, and DivV = 0.
Consequently, Eq. (3) is valid for ‘“viscous’’ as well as ‘‘in-
viscid’’ models of flows,

In the model of attached unsteady flow past an airfoil, one
postulates a priori that all the vorticity is in the following three
subregions: a thin layer of fluid adjoining the surface of the
airfoil, the wake (a free shear layer emanating from the trailing
edge), and the interior of the airfoil itself. Thus, instead of
having to integrate over the entire flowfield, one only needs
to integrate over three relatively small subregions.

By using the vorticity-transport equation and the no-slip
condition on the surfaces of the solid bodies, Wu and Sankar
(1980) also obtained the following equation expressing the
temporal conservation of ‘‘total vorticity’” (i.e., circulation)

i)
L\ aas= 4
i ), 2ds=0 @)

where the integral is carried out over the same region as the
integral in Eq. (3). Equation (4) is also valid for viscous as
well as inviscid models of flows.

2.2 Boundary Layer Adjoining the Surface of the Air-
foil. It is assumed that the flow in the layer adjoining the
surface of the airfoil is accurately predicted by the boundary-
layer theory, a theory that provides an asymptotic approxi-
mation for high Reynolds numbers to the solution of the Na-
vier-Stokes equations. However, in some cases of strong blade-
vortex interaction, the boundary-layer approximation could
break down locally when vorticity in the stream passes very
close to the surface of the blade. In boundary-layer theory,
the pressure predicted by the outer (irrotational) flow on the
surface of the airfoil appears as the driving (forcing) term in

Ex

0

Fig. 1 Airfoil and the coordinate systems: (a) before discretization; (b)
after discretization. o represents a node point (where two panels join)
and " is a control point (where the no-penetration condition is imposed).
The spacing is nonuniform; smaller panels are used near the leading
and trailing edges. (e,, e,) are base vectors in the local frame, and (Ey,
Ey) are those in the global frame.
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the governing equations and the tangential component of the
velocity given by the outer flow at the surface of the airfoil
appears in the boundary (matching) condition. Thus, according
to this theory, the outer flow must be known before the flow
in the boundary layer can be obtained. But it is also true that,
if the flow (specifically the vorticity) is known in the boundary
layer and wake and if the motion of the airfoil is known, the
corresponding outer flow can be computed by means of Eq.
(3). The flow created by the vorticity disturbs the oncoming
freestream in such a way that the no-penetration and no-slip
conditions are satisfied by the resulting velocity field.

In the vorticity-panel approach, one first integrates Eq. (3)
across the thickness of the boundary layer, using the boundary-
layer approximation for the vorticity, and then lets the bound-
ary-layer thickness approach zero. The contribution of the
boundary layer in Eq. (3) is .

Vo, 1) L S M__@ dSy(r0) o)
27 Sp ll'_l'ol
L Yllrg), N —r0)
=5 e, X (S)C Ir—ro |2 dilrg)  (5b)

where V, is the velocity induced by the vorticity in the boundary
layer, S, is the region of the boundary layer, e, is a unit vector
perpendicular to the flowfield chosen so as to form a right-
hand system with the base vectors in the plane of the flow,
the line integral is carried out along the contour of the airfoil
C, ! is the distance along C measured from the lower trailing
edge, and .

8D
v(/, t)e,= lim l:— S Q, n, t)drz] (6a)
ol
L]
¥, H= lim [S du dn] =u(l,0%, 1)

Re— o 0 an

50
—u(l, 0, Yy=Au(l, t) (6b)

where Re is the Reynolds number, 6 the thickness of the bound-
ary layer, # is the coordinate in the outward-pointing normal
direction on the contour of the airfoil C, Au is the velocity of
the fluid relative to the surface of the airfoil and is positive in
the direction of increasing /, u(/, 0", t) is the velocity at the
outer edge of the boundary layer, and u(/, 0, ¢) is the velocity
of the fluid in contact with the surface.

Hence, the thin boundary layer is approximated as a bound
vortex sheet of strength —+v on the surface of the airfoil. If
the no-slip condition is imposed on the surface, v is the tan-
gential component of the velocity of the fluid at the edge of
the boundary layer relative to the nearest point in the surface.
The normal component of the relative velocity is zero if the
no-penetration condition is satisfied.

The line integral in Eq. (5) is evaluated first by dividing the
contour of the airfoil into a number of short straight elements
(see Fig. 1) and then by approximating y as a linear function
of position along each element. The values of v in adjoining
elements are equal at the common point where the two are
connected, the so-called node.

The calculation of the velocity induced by the vorticity on

" the individual elements is facilitated by introducing a local

coordinate system. The origin of the local frame of reference
for element / is placed at node i, the local x-axis runs along
the element, and the local y-axis points outward from the airfoil
into the flowfield (see Fig. 1). For a typical element i, the
transformations between the two frames are

O1-[ o o (53]
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SLad e
ey —dz d1 EY

where (x, ) are coordinates in the local frame which has the
base vectors (ey, e,) and (X, Y) are the corresponding coor-
dinates in the global frame which has the base vectors (Eyx,
Ey), (X;, Y) are the global coordinatés of thie node that serves
as the origin of the local frame, and

dv=(Xi 1 —X)/Al;

dr=(Y;.1— Y)/A ()
where

A=A (X =~ XD+ (Vi1 - Y ©

is the length of element i.
The two linear basis functions

f=1- (100)
and
fz(E)=i (10b)
Al
are used to describe y on each element:
Y&, D =Gi(1)1(&) + i1 (1)12(8) 08))

where 0 < £ < Al, G; and G;, are the values of v at nodes
iand i + 1, and A/, is given by Eq. (9).

From Eqgs. (5), (10), and (11), it follows that, in the local
frame, the components of the velocity induced by the vorticity
on a single element are given by

1 (Y s, Dlye,—(x—£)ey)
v (X, y, ¢ =_S =22 X X d.
bl( y ) 2 0 (x_£)2+y2 E
= Gi{v 8+ Ulyzey] + Gy a8+ UZyley] (12)
where
1
le[=-2-m[Al,-—x)A0—0.5y In R}
1
vlyi=m[yA0_Ali+O-5(Ali~x) In R]
v ——I—(xAt9+05 In R)
2= oAl =Y
1
vzyi=M(Al,-—yA0+O.5x In R) 13)
where
A0=tan"l<)—c> —tan™' <£——Aé> (14)
J Y
and o
—AL) +
R= (x i) Yy (15)

P +y?

Using the inverse transformation of Eq. (7) one can obtain
the velocity induced by element / in terms of components in
the global frame:

ViulX, Y, t)=G[VixEx+ ViyEy]

+ G [VaxiEx+ VoyEyl  (16)

where
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ka:} _ d —dz] {kai} a7
Vivi da di| (Viyi
for k = 1 and 2.

2.3 Contribution to the Flowfield From the Rotation of
Airfoils. As discussed in the articles of Wu and Thompson
(1973) and Wu and Sankar (1980), the motion of the airfoil
also makes a contribution to the flowfield:

Vu(ra t )
_ L& omlvir) n(o)l - i) XnEl X (1)) o
21 J o Ir—ryl
(18)

where V, is the velocity induced by the motion of the airfoil,
n is the unit outward-pointing vector normal to the contour
of the airfoil C, v, is the velocity of the airfoil at ry. Equation
(18) can also be written as

1 _
Volr, 1)=5—-90x S R 3 dS4(10) (19)
2T Sy Ir— ro I
where S, is the interior of the airfoil, and
0=20, 20)

where o, is the angular velocity of the airfoil.

It follows from Eq. (20) that the rotation of the airfoil only
makes a contribution to V, when w, # 0, which explains why
the region S in Eq. (3) includes the flowfield as well as the
interiors of any objects in the flowfield. Here S includes the
flowfield, S;, and the interior of the rotating airfoil, S,, i.e.,

S=S/+5, Q1)

To expedite the numerical calculations, Eq. (18) is used
instead of Eq. (19).

2.4 Condition at the Trailing Edge and Vorticity-Shedding
Rate. The Euler equation can be applied on the flow side (as
opposed to the airfoil side) of the bound vortex sheet that
imitates the boundary layer, where viscous effects are ignor-
able, and written in terms of the relative velocity v. The equa-
tion takes the following form

0 1

%+'y —‘%-F [2;+ @, X T+ wg X (w, XT)] - €;= —;% (22)
whereris the position vector relative to the origin of the moving
coordinate system fixed on the airfoil, ¢; is the unit vector
tangent to the contour pointing in the direction of increasing
I, p is the pressure, p is the density of the fluid, a, is the
acceleration of the origin of the moving coordinate system,
and

w,=0e,

(23)

are the angular velocity and acceleration of the airfoil, re-
spectively, where # is the angle of rotation which is positive in
the counterclockwise direction.

Integrating Eq. (22) in the clockwise direction from the lower
to the upper trailing edge and then equating the pressures on
the upper and lower surfaces (no pressure discontinuity) at the
trailing edge lead to

2 2 ) AT
ua}i“} v, t)dl~20Sa] ——
. dt

w,=0e,;

= 24

2 dt @4

where the subscripts U and L denote quantities on the upper

and lower surfaces at the trailing edge, respectively, & vydl
c

is the relative circulation (i.e., circulation computed with the
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relative velocities) in the clockwise direction around the airfoil,
S, is the cross-section area of the airfoil and
I'= <§> Y, Ydl—268, 25)
c
is the absolute circulation around the airfoil in the clockwise
direction.

When the flow is unsteady, dI'/dt is not zero and the relative
velocities on the upper and lower surfaces must be different.
This difference is a manifestation of the vortex sheet (wake)
that must form there in an unsteady flow.

It follows from Eq. (4) that

ar dr,

d
dt(r +T,)= =0

2
dr dr (26)

where T',, is the circulation around the wake, and

I'+ T, =constant 27N

is the total circulation around the flowfield.
Then it follows from Eqgs. (24) and (26) that
_d_l:)! — _d_I‘ — M (28)
dt dt 2
where dT',,/dt is often called the vorticity-shedding rate. Vor-
ticity is shed from the airfoil and added to the wake as described
by Eq. (28).

To determine the vorticity-shedding rate, an understanding
of the flowfield in the immediate neighborhood of the trailing
edge is necessary so that vy, and vy, can be determined. For
unsteady flows, Giesing (1969) analyzed the kinematic char-
acteristics around the trailing edge by the conformal-mapping
method. Based on the assumption that the mean velocity at
the trailing edge is finite and nonzero, he showed that the
vortex sheet was shed parallel to the upper or lower surface
of the trailing edge depending on the direction of the shed
vorticity. Maskell (1971) came to the same conclusion later.
But Basu and Hancock (1978) pointed out that the Giesing/
Maskell model cannot reach the steady case as dI'/df in Eq.
(28) goes to zero because the stagnation streamline bisects the
trailing-edge angle in the steady case. They argued without
proof that, as dl'/dt — 0, the curvature of the streamline
emanating from the trailing edge tends to infinity.

The flow in the trailing-edge region has also been investigated
experimentally. Studies by Poling and Telionis (1986, 1987)
and the thesis of Poling (1985) contain extensive reviews of
earlier work. In their experiment, Poling and Telionis released
dyes of different colors into the upper-surface and lower-sur-
face boundary layers on a NACA 0012 airfoil oscillating in
pitch around the quarter-chord point. For reduced frequencies
in the range considered here, they observed that during most
of the downstroke, the shear layer emanating from the trailing
edge had the color of the lower-surface boundary layer while
a pool of the color of the upper-surface boundary layer formed
on the upper surface at the trailing edge. The observations
support the Giesing/Maskell model of trailing-edge flow. More
recently, Liu et al. (1990) studied the flow in the trailing-edge
region. In this experiment, they placed a rotating ellipse down-
stream from and below the trailing edge of a fixed NACA
0012 airfoil. They observed the unsteady flow near the trailing
edge of the fixed airfoil, and also concluded that the model
described above is realistic.

In the present discussion, the simulation of the flowfield in
the region of the trailing edge is based on the Giesing/Maskell
model. As illustrated in Fig. 2, the flow at the trailing edge
has the following characteristics:

1. When dl'/dt > 0, v, # 0 and yy = 0; the streamline

(for the velocity field relative to the moving airfoil) along the
lower surface of the airfoil leaves the airfoil smoothly (i.e.,

Journal of Fluids Engineering
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Fig. 2 Physical model of the trailing-edge flow used in the numerical
simulation: (a) clockwise circulation (I') around the airfoil is increasing;
(b) the flow is steady; (c) clockwise circulation is decreasing. The direc-
tion of the vorticity being shed is indicated on the trailing-edge stream-
line. v, and v, refer to the relative velocities on the upper and lower
surfaces at the trailing edge. The trailing edge streamline lies either on
or within the trailing-edge angle.

/7
element number «—vortex [y

(a)

Y (relative velocity)

.L/the portion of relative
2 velocity approximated
by the vortex 'y when

N1 N ar <

increasing 4
(b}

Fig. 3 Numerical model of the trailing edge: (a) a vortex point of cir-
culation I', is placed exactly on the trailing edge; (b) the piecewise linear
continuous velocity distribution. For the case shown, dlidt < 0 (T' is
the clockwise circulation around the foil), I'; = (1/2) v,Al,.

tangent to the lower surface), and its counterpart along the
upper surface has a sharp corner at the trailing edge (i.e., the
relative velocity along the upper surface is zero at the trailing
edge).

2. Whendl'/dt = 0, v, = yy = 0; the stagnation stream-
line bisects the trailing-edge angle.

3. Whendl'/dt < 0,+; = 0and yy # 0; the flow relative
to the airfoil comes smoothly off the upper surface and con-
tains a stagnation point on the lower surface at the trailing
edge.

In the numerical model discussed here, the values of the
relative velocity on both the upper and lower surfaces of the
trailing edge (yy and v;) are not directly calculated. Instead,
a vortex point of circulation T, is placed at the trailing edge
to approximately represent the nonzero, linearly distributed

_relative velocity given by Eq. (11) on either the upper or the

lower surface at the trailing edge (refer to Fig. 3). The rela-
tionship between T, and the relative velocities is given by

Hu Yuhly

Ft=S Yufa(§)dE = > v.=0, for T,>0 (29a)
0
Aly, Al

r=|  vif@d =25 qu=0, for <0 (99)
0

where Al and A/ are the panel lengths on the upper and lower
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surfaces at the trailing edge, respectively. From Eq. (29) vy
and v; can be calculated if I', is known.

It follows from Egs. (28) and (29) that the vorticity shed
into the wake during the time interval At is given by

2

2T
ATy="F At for T,>0 (30a)
NG : :
212
ATy=—~"— At for T,<0 (30b)
AL

Hsu and Wu (1986, 1988) developed an alternative to the
above model of the trailing-edge flowfield. After applying the
momentum equation to a small control volume at the trailing
edge, they concluded that the trailing-edge flow does not have
to be tangent to one of the surfaces. However, in arriving at
their conclusion, they did not impose Eq. (28). When Eq. (28)
is imposed, the Giesing/Maskell model and the Hsu/Wu model
agree.

For the potential flow past infinitesimally thin boundary
layers, it is noted that, if the trailing-edge streamline is above
the trailing-edge wedge, the speed along the lower-surface
streamline is infinite at the trailing edge and there is still a
stagnation point on the upper-surface streamline.

When the reduced frequency and amplitude are sufficiently
high it appears that the vorticity being shed from the trailing
edge is strong enough to create a stagnation point on the
surface, slightly away from the trailing edge. And, in fact,
Ohashi and Ishikawa (1972) observed such a flowfield exper-
imentally. Such a flowfield can also develop at the instant
following an impulsive start. The simulation discussed here
also predicts a stagnation point close to, but not at, the trailing
edge both for the instant after an impulsive start and during
cyclic motion when the reduced frequency is greater than five.

Doing their experiment in air, Ohashi and Ishikawa (1972)
placed thin paper containing a solution of Nessler reagent on
one side of the trailing edge and released ammonia gas into
the boundary layer on the other side. The reagent changed
color during the motion, indicating that it came in contact
with the ammonia and suggesting that the flow turned the
corner instead of coming off the surface smoothly. However,
the reduced frequency and the amplitude had to exceed certain
limits before this happened. For amplitudes and frequencies
below the limits, the observations of Ohashi and Ishikawa also
appear consistent with the Giesing-Maskell model.

2.5 Discretization of Wakes. Ideally, the wake should be
modelled as a continuous vortex sheet emanating from the
trailing edge with the circulation being added according to Eq.
(28). However, the sheet wraps around and rolls up while
stretching. In fact, it seems that a discontinuity in the curvature
appears. This is a process that is difficult to simulate with a
continuous sheet (Rosenhead, 1931). Actually, the evolution
of vortex sheets is accompanied by the problem of instability.
Krasny (1986, 1988a,b) studied the stability of vortex sheets
and their simulations. Extensive work on this subject has also
been presented in the articles by Meiron et al. (1982), Moore
(1979, 1984), Pozrikidis and Higdon (1985), Caflisch (1988),
Aref et al. (1988), and many others.

An alternative to the continuous vortex sheet as a model of
the wake is the system of vortex points or vortex blobs. At
every time step, a vortex blob of circulation ATy given by Eq.
(30) is shed into the wake. Then the circulation around the
wake, I'y, is the sum of the circulations around the individual
vortices

M
Ty=>, Ty @31
k=1

where M is the number of vortices in the discretized wake, and
T’ is the circulation of vortex k.
The use of a system of vortex points to represent a continuous
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vortex sheet was first proposed by Rosenhead (1931), though
the concept of a vortex point was introduced much earlier by
Helmbholtz (1858). The system of vortex points is not without
a major problem of its own: eventually two vortex points are
convected close to each other, and then, as a result of the
singularity in the expression for the velocity field generated by
a vortex point, at the next time step they are convected very
far apart.

One of the methods to correct this irregular, seemingly cha-
otic behavior involves the concept of vortex blobs (see, e.g.,
Chorin and Bernard, 1973; Leonard, 1980; and Spalart, 1988).
The vortex blob distributes the vorticity of a vortex point over
a small, but finite, circular core by means of a so-called core
function and thereby eliminates singularities. For the numerical
results presented here, the following core function is used

d2
F(d)=1+d2 (320)
where
Ir—rgl
dzu_ (32b)
[

where o is the small radius of the vortex blob, r represents the
point in the flowfield where the velocity is being calculated,
and r; represents the point where the vortex is located. With
the core function described in Eq. (32), the contribution of
the wake in Eq. (3) is approximated by

r—ry
lr—rgl?

1 M
Vulr, 1) = — 5 X > TF(d)y—
k=1

1 M r—rg
=X Y Ty ———
2w * kZ Flr—re 12+ 62

=1

(33)

where Vy is the velocity induced by the wake and clockwise
is taken as the positive direction of T'y. Vortex blobs cannot
induce velocity on themselves.

However, this approach is not entirely satisfactory. Vortex
blobs collect in some regions and separate in others [refer to
part (a) of Fig. 6]; the result can be a very uneven spatial
distribution and, consequently, a very poor representation of
the wake. The numerical phenomenon corresponds to the phys-
ical stretching and coiling of the actual vortex sheet. The vor-
tex-blob simulation of the continuous vortex sheet can only
be improved by splitting the vortices as they begin to separate
(see, e.g., Mook et al., 1987, 1989). Splitting is discussed below.

The wake is viewed as a thin free shear layer in an inviscid
fluid. Associated with each element of its length are mean
values of thickness (averages over the elemental lengths) and
circulation (averages over the cross-section areas associated
with the elemental lengths). For each element of the wake in
a barotropic, two-dimensional, inviscid flow

D D
— (Q8A)=—(6T)=0
= (@5A4)=— (1) (34)
and, when the flow is incompressible, it follows that
D
Dt(aA) =0 and D= (35)

where (D/Df) ( ) is the substantial derivative, 64 is the cross-
sectional area of the element of the wake,  is the mean value
of the vorticity associated with that element, and 6T is the
circulation around that element.

When a system of discrete vortices is used to imitate the
wake, each vortex point (or vortex blob) approximates one of
the elemental lengths of the free shear layer, and the value of
the circulation around an individual point or blob is the éI" of
the corresponding elemental length. In other words, each cir-
culation in the system of discrete points or blobs represents
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Fig. 4 Splitting and combining schemes: (a) the original two vortices
with circulations I'y and I'; separated by the distance As, which is greater
than a critical length for splitting, are divided into three vortices as
indicated; (b) the original two vortices with circulations I'; and I, sep-
arated by the distance As, which is less than a critical length for com-
bining, are merged into a single vortex as indicated.

an elemental length of the free shear layer that imitates the
actual wake.

When the vortex sheet stretches, its thickness decreases while
its length increases [in such a way that (D/D¢) (64) = 0] and
oI remains constant. In the system of discrete blobs, stretching
is manifested when two sequentially shed blobs increasingly
separate as they convect. If the elemental lengths are to remain
approximately uniform as the wake stretches, then more ele-
ments will be needed to represent the stretched portion of the
free shear layer. The addition of more elemental lengths cor-
responds to the addition of more discrete vortices to the system.

Asillustrated in part (@) of Fig. 4, whenever two successively
shed blobs are convected apart by a distance greater than a
specified critical length, they are split into three. The new
vortex has the circulation equal to one third of the sum of the
circulations of the original two and is placed at the midpoint
between them. The circulations around the original two vor-
tices are reduced to two thirds of their original values. The
above procedure is repeated at each time step until no two
sequencial blobs are farther apart than the critical distance.

When two blobs are convected very close, they are combined.
The new blob has circulation equal to the sum of the circu-
lations of the original two and is placed at the centroid of the
original two (Spalart, 1988) as shown in part (b) of Fig. 4.
Blobs having circulations of different signs are not combined
because the denominator in the formula given in Fig. 4 can be
very small.

Sarpkaya and Schoaff (1979) proposed a scheme in which
the vortex points are repositioned in order to achieve uniform
spacing and the circulations are redistributed in order to main-
tain (approximately) the spatial distribution. However, because
no more vortices are added (i.e., there is no splitting), this
approach does not adequately account for stretching.

Pozrikidis and Higdon (1985) simulated the evolution of
thick shear layers of uniform vorticity. They expressed the
velocity field generated by the vortex layer as a line integral,
which they evaluated numerically. The computed velocity field
was used to determine the displacements of so-called marker
points on the boundary of the vorticity-bearing region. Then
the velocity field was recomputed, etc. Some of their results
show the shear layers forming regions similar to the vortical
structures obtained in the present simulation. However, in their
results the regions resembling the vortical structures have uni-
form vorticity instead of a spatial variation such as the results
presented here contain. ’

2.6 Aerodynamic Loads. For the 2-D problem consid-
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ered here, the pressure distribution on the surface on the airfoil
can be obtained by integrating Eq. (22) from the lower trailing
edge

d SI y()?-vi

pl)—p= —p&,—t , ydl+ 5

{
+ S [a,,+wa><r+wa><(wa><r)]-e,dl} (36)
0

where p;, is the pressure at the trailing edge. It is not necessary
to know p, in the calculation of the aerodynamic loads because
D, is only a function of time and the aerodynamic loads are
obtained by integrating the pressure around the closed contour
of the airfoil. When the airfoil is stationary, a,, w, and w, in
Eq. (36) are zero.

2.7 Equations for the Unknowns and Numerical Proce-
dures. If the contour of the airfoil C is approximated by N
panels, then there are N + 1 nodes, with the lower trailing
edge being numbered 1 and the upper trailing edge being num-
bered N + 1. The element size is nonuniform in the present
scheme, the elements near the leading and trailing edges being
smaller than those in the mid-chord region. The approximation
of the very last portion of vy by a vortex point becomes more
accurate as the panels adjoining the trailing edge become
smaller. The number of elements in Fig. 1 is 18, but all the
results presented here were computed with 36 or more.

Comparisons of results obtained with a single vortex at the
trailing edge and those obtained with a continuous distribution
of vorticity over the element at the trailing edge agree to two
places for 36 elements. The agreement can be expected to
improve when the number of elements is increased. The com-
parisons were made for an impulsive start; in this case, the
vorticity being shed from the trailing edge always has the same
sign, In other cases, such as an airfoil oscillating in pitch or
plunge, the vorticity being shed can change sign. As discussed
above, vorticity with different signs is shed from different
surfaces. Thus, for the oscillating airfoils, one must guess at
the beginning of each time step from which surface the vorticity
will be shed and then at the end of the time step check if the
assumption is true. If the assumption is not true, the guess
must be changed and the calculation must be repeated. The
use of a discrete vortex at the trailing edge can simplify the
procedure by eliminating the need to guess and speed the cal-
culations.

Because the vorticity over either the first or the last element
is concentrated in a vortex point of circulation I', at the trailing
edge [refer to Eq. (29)], G| and Gy, are both zero. In other
words, the vortex point of circulation I', at the trailing edge
accounts for the fact that either vy or v, is nonzero, depending
on the sign of dI'/dt. The values of the relative surface velocity
at each node, except the two at the trailing edge, G;, and the
circulation around the vortex at the trailing edge, I';, are to-
gether N unknowns.

With Eq. (11), the relative circulation around the airfoil
appearing in Eq. (24) is approximated as

1 N
$ vdi=3 3 G+ Gunal+T, (37)
c i=1

where N is the number of elements on the contour of the airfoil,
Al; is given by Eq. (9) and G; = Gy;1 = 0.

It follows from Eq. (5) that the velocity induced by the bound
vortex sheet on the surface of the airfoil at point r at time ¢
is approximated as

N pa—
Vb(r’ t)=2 Vbi(l‘, t)—ﬁ ezxw

7 (38)
~ Ir—F‘,I
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where V¥, is given by Eq. (16) with G; = Gy, = 0, and r, is
the position vector of the trailing edge.
The total velocity is

V=Vb+Va+VW+Vm (39)

where V,, V,, Vy are given by Eqgs. (38), (18), and (33), re-
spectively, and V,, is the velocity of the freestream.

It follows from Eqs. (27), (25), (37), and (31) that
i=N M .
(Gi+ Gi1)AL+T,—20S,+ » | Ty=constant  (40)
i=1 ' k=1

D | —

This equation is the principle of total-vorticity conservation
in the flowfield, and is linear in the G; and T,.
The no-penetration condition on the surface of the airfoil
is
(V=v)n=0 “n

where V is given by Eq. (3) or Eq. (39), v, is the velocity of
the surface of the airfoil, and n is a vector normal to the contour
of the airfoil.

Equation (41) is applied at the control point of each element
(in the present model, control points are the midpoints of the
elements as shown in Figs. 1 and 3). Then the number of linear
equations for the G; and T, that result from applying Eq. (41)
is N. With Eq. (40) which is the constraint on the circulation
around both the airfoil and its wake, there is a total of N +
1 linear equations for N unknowns. Consequently, an optimal
solution is obtained by minimizing the sum of the squares of
the errors at the control points subject to the equality constraint
[Eq. (40)] imposed on the circulation.

If there are more than one airfoil in the flow, Eq. (41) should
be applied on the surface of each airfoil, and the left-hand
side of Eq. (40) should be the circulation around the entire
flowfield.

At every time f;, a vortex blob with circulation Ty = Al'y
is released from the trailing edge into the wake. The vortex
blobs already in the wake are convected at the velocity of the
local fluid particles while their circulations remain unchanged.
The procedure produces a continuous pressure field in an in-
viscid fluid; thus, the wake is modelled as a region of inviscid,
rotational flow. During the time interval A¢, the displacement
of a vortex blob is given by

Ar=VAt (42)

The numerical procedure can be summarized as follows:

1. The initial flow is specified. As examples, the flow may
be steady for some specified angle of attack, or the fluid may
be at rest, or the flow may start from a previously calculated
unsteady condition.

2. The time is advanced one step.

3. The wake is convected and the splitting/combining pro-
cedure is implemented.

4. The position and velocity of the airfoil are computed
from the prescribed motion.

5. The values of v at the nodes, the G; (except for i = 1
and N + 1), and T'; are computed from the constrained-op-
timization scheme.

6. If desired, pressure and loads are computed.

7. The computation is returned to step 2.

To check the convergence of this method as the number of
elements on the contour of the airfoil and the size of the time-
step are varied, an impulsively started flow around a NACA
0012 airfoil at 10 deg angle of attack is tested by calculating
the velocities at the trailing edge and the circulation around
the wake at time ¢ = 1. For such a case, the relative velocity
at the upper trailing edge, vy, is zero while the relative velocity
at the lower trailing edge, v;, is nonzero.

In Table 1, the values of the relative velocity at the trailing
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Table 1 The velocity at the trailing edge as a function of the
time step, At, and the number of elements, N :

At N=36 N=T72 N=108 N=144
0.02 —0.4736
0.01 —0.4762 -0.4801
0.005 —0.4788 —0.4824 —0.4840
0.0025 —0.4796 —0.4840 —0.4856 —0.4864
0.00125 —0.4800 —0.4846 —0.4865 - 0.4876
0.000625 ~0.4802 —0.4849 —0.4869 —0.4881

Table 2 The circulation around the wake a function of the
time step, Az, and the number of elements, N

At N=36 N=72 N=108 N= 144
0.02 —0.4819
0.01 ~0.4735 ~0.4727
0.005 —0.4678 —0.4660 —0.4753
0.0025 —0.4653 —0.4620 ~0.4711 —0.4764
0.00125 —0.4641 —0.4601 —0.4686 ~0.4736
0.000625 ~0.4635 ~0.4592 —0.4674 —0.4722
v - ¢ -]
oo T— e e, _l
—_— "‘_‘
7} t

i quarter-chord point

Fig. 5 Airfoil pitching about its quarter-chord point

edge, v., at time ¢ = 1 are listed for different sizes of the time
step, At, and different numbers of elements, N.

In Table 2, the values of the circulation around the wake,
T'w, at time ¢ = 1 are listed for different sizes of the time step,
At, and different numbers of elements, N.

The blank boxes in Table 1 and Table 2 indicate that the
size of the time-step is too large to use with the corresponding
number of elements. The smaller the elements are (the larger
N is), the smaller the time step must be to obtain reasonable
results. As Af¢ decreases by being cut in half, v, and 'y have
only slight changes. And for the same time step, the results
obtained by using different numbers of elements are close. The
method gives reasonably convergent solutions as the number
of the elements increases and the size of the time step decreases.

The unsteady solution is nearly equal to the steady-state
solution after the wing has traveled 60 chords following an
impulsive start. The numerical value for the steady-state lift
is about eight to ten percent higher than the experimental value
for a Reynolds number of 10°,

3 Examples

In this section, some examples of numerical simulations of
wakes and blade-vortex interaction are presented. In all cal-
culations unless otherwise stated, NACA 0012 airfoils are used,
and all variables have been nondimensionalized by the free-
stream speed, V.., and the chord length, C, of the airfoil.

3.1 Wakes of Airfoils. An airfoil pitching around its fixed
quarter-chord point is represented in Fig. 5. The pitch angle,
0, (degrees), is positive in the clockwise direction and given by

0,= —10 deg cos(2kt) 43)

where k = wC/2V, is the reduced frequency and w is the
dimensional frequency. Initially, the flow around the airfoil
is steady. As soon as the pitching starts, the motion becomes
unsteady and the airfoil starts to shed vorticity from the trailing
edge.

First the reduced frequency is chosen as k = 2.77, so that
the present results can be compared with some experimental
results. In Fig. 6, the wake after one and one quarter cycles
of pitching is shown. Each dot in the wake region gives the

Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.108. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



-
N A
5 f
(%%
3, ‘ﬁ-
A 4
(b)

(c)

Fig. 6 Computed wakes of a pitching airfoil: the pitch angle is given
by Eq. (43) with k = 2.77. After one and one quarter cycles (250 time
steps), the airfoil is rotating counter-clockwise. Each point shows the
location of a vortex blob: (a) without splitting, 250 vortex blobs, (b) with
splitting and combining, 512 vortex blobs, and (¢} with splitting for a
smaller critical length, 3818 vortex blobs.

(d)

Fig. 7 Physical mechanism for coiling of the free shear layer under the
influence of the velocity it induces on itself: (a) undisturbed layer of
clockwise vorticity; (b) the layer after the introduction of a small dis-
turbance; (¢) and (d ) the subsequent coiling.

location of a vortex blob. In part (@) of Fig. 6 the splitting
and combining procedures are not used, and there are 250
vortex blobs in the wake after 250 time steps. In part (b) of
Fig. 6, the splitting and combining procedures are used for the

same time step used in part (@). The blobs are split (by using -

a critical length related to the shortest panel on the airfoil)
and combined at each time step, and there are 512 blobs in
the wake after 250 time steps. In part (¢) of Fig. 6, a smaller
critical length for splitting is used, and there are 3818 blobs.
Comparing the three wakes, one sees that the large-scale struc-
tures of the wake are about the same, but the splitting pro-
cedure provides more details. These results clearly show a
strong trend to converge, which is typical of all cases treated
by the method described here.
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V, = 0.3105 cos (17 1)
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Fig. 8 Wakes of a plunging airfoil: (a) the numerical result calculated
by Giesing (1968) where V, and V,, are, respectively, the vertical and
horizontal velocity components, (b) the flow visualization obtained by
Bratt (1950), and (c) the numerical result obtained by the present method.

The dark regions in parts (b) and (c¢) of Fig. 6, which contain
many vortices, are called regions of concentrated vorticity in
this paper. The points in parts (b) and (c¢) of Fig. 6 are not
connected; however, they are so densely packed that the rep-
resentation of the wake appears to be continuous.

The physical mechanism causing the regions of concentrated
vorticity to form is illustrated in Fig. 7. In part (a) an undis-
turbed sheet of clockwise vorticity is represented. In part (b)
a small disturbance is introduced. The elements of the sheet
above their original position are accelerated to the right under
the influence of the velocity field induced by the elements of
the sheet below their original position. Conversely, the ele-
ments below their original position are accelerated to the left.
The effect is to stretch the sheet (requiring the addition of
more vortices to maintain the spatial resolution when the sheet
is represented by a system of discrete vortices) initially and
then to coil, or to wrap, the sheet which eventually causes the
vorticity to collect. The direction of wrapping agrees with the
direction of the vorticity. In parts (¢} and (d) of Fig. 7, the
sheet is represented at subsequent times. During the stretching/
coiling process, vorticity is drawn into the region where the
disturbance was introduced from the portions of the sheet on
both sides; consequently, regions of rather concentrated vor-
ticity form. The strength along the sheet connecting two suc-
cessively shed regions of concentrated vorticity is very small,
practically zero. The regions of densely packed vorticity yield
smooth velocity fields, as shown later in another example.

The importance of splitting discrete vortices is further il-
lustrated in the case where the airfoil oscillates in plunge: the
vertical displacement, y, is given by

y=A sin Q4 (44)

where A is the amplitude of oscillation, @ = wC/V,, is the
reduced frequency and w is the dimensional frequency. In part
(a) of Fig. 8, which is taken from Giesing’s paper (1968), the
solution was computed by a source-panel method, where A =
0.3105 chord and @ = 17. The dots represent the positions of
the vortices shed previously at the trailing edge, and the line
connecting the vortices was faired in by Giesing. The sequence
in which the vortices were shed, some prior knowledge of the
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Fig. 9 Wake structures of a plunging airfoil: (a) the three regions ob-
served by Ohashi and Ishikawa (1872) in the frequency-amplitude space
where the wakes have distinct structures. The numerical results are
shown in (b), (c), and (d). (b)) A = 0.014,2 = 5;(c) A = 0.05,2 = 5;(d)
A = 0050 = 25.

wake, and clearly some imagination were needed to draw the
line. Similar results were obtained by Katz and Weihs (1978,
1981). The wrapping/stretching mechanism is clearly evident
and so is the need to add more vortices in order to preserve
the spatial resolution. In part (b) of Fig. 8, the flow visual-
ization obtained by Bratt (1950) is shown. Bratt introduced
smoke into the airstream ahead of the leading edge. Part (b)
of Fig. 8 served as a guide in the construction of part (a) of
Fig. 8. In part (¢), the wake computed by implementing the
splitting scheme is shown. The large-scale structures of the
wake seem to be accurately predicted by the numerical results.
Using vortex blobs, Krasny (1991) simulated some wakes. He
prescribed initial locations and distributions of circulations for
some vortex sheets and then computed their evolution. He
compared his results qualitatively with the observations of
Couder and Basdevant (1986) and found good agreement.
Ohashi and Ishikawa (1972) also studied the wakes behind
plunging airfoils. They heated the air that passed over the upper
surface of an NACA 65-010 airfoil. The resulting sharp gra-
dient in the density of the air downstream from the trailing
edge was observed by means of a Schlieren apparatus. They
observed three regions in the frequency-amplitude domain
where the wakes have distinct structures. These regions are
given in part (a) of Fig. 9. The numerically calculated wakes
are shown in parts (b), (¢), and (d). In part (d), the amplitude
of plunge (4 = 0.014 chord) is small and the frequency (2 =
5) is high; the structure of the wake is similar to the one shown
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Fig. 10 Wakes behind an impulsively started airfoil: (a) visualization
from the film loop (Wu and Thompson, 1973); (b} numerical result; (¢) a
time sequence of computed wakes behind an airfoil experiencing an
impuisive start followed by an impulsive stop.

in Region I of part (@). In part (¢), the amplitude of plunge
(A = 0.05 chord) is larger and the frequency (@ = 5) is the
same; the structure of the wake is similar to the one in Region
II1 of part (a). In part (d) the amplitude of plunge (4 = 0.05
chord) is the same as that in the previous case but the frequency
Q@ = 2.5) is smaller; the structure of the wake is similar to
the one in Region 11 of part (a). The calculated results follow
the same trend as the observations, but the calculated bound-
aries between the regions are neither clear nor in the same
approximate locations as the observed boundaries. The dif-
ferent airfoils used in the experiment and the numerical cal-
culation (NACA 0012 airfoil is used in the numerical solution)
is one of the reasons causing this discrepancy. It is also not
known how much influence the buoyant forces caused by heat-
ing have on the wake geometry.

In Fig. 10, the wakes behind an impulsively started airfoil
are shown. In part (@), one frame from a well-known film loop
(see the last reference) shown to beginning classes in fluid
mechanics is given. The experiment was performed by placing
powder on the surface of a fairly thin sheet of water flowing
across a smooth, nearly level, plane surface. The results given
in part (b) were obtained by considering the flow past a cam-
bered Karman-Trefftz airfoil. In both cases, the airfoil has
travelled about one chord. There is qualitative agreement.
Shown in part (¢) is a sequence of computed results for a
different airfoil that experiences an impulsive start followed
by an impulsive stop. Two counter-rotating regions of con-
centrated vorticity are clearly evident. These two regions are
migrating downward. The space between these two large-scale
regions of concentrated vorticity is nearly devoid of vorticity
because the vorticity is being drawn toward the centers of each
region, and the connecting vortex sheet is being stretched and
weakened. .

Now we consider again the case of a pitching airfoil (the
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Fig. 11 Computed wakes of a pitching airfoil: the same case as in Fig.
6. (a) After three and one quarter cycles; (b) after four and one quarter
cycles; (c) the disturbance-velocity field corresponding to the wake in
(b) above. Frequency and amplitude of the motion agree with those in
the experiment represented in Fig. 12.

(b)

Fig.12 Comparison between experimental and simulated wakes: pitch-
ing frequency and amplitude agree with those in Figs. 6 and 11. (a)
Photograph of the wake behind a pitching airfoil in a water tunnel (Wilder
et al., 1990); (b) the same as in part (b) of Fig. 11.

same case shown in Fig. 6), where the pitch angle is given by
Eq. (43) and k£ = 2.77. During each cycle two regions of
concentrated vorticity are created. In parts (@) and (b) of Fig.
11 the wakes are shown after three and one quarter cycles and
four and one quarter cycles, respectively. A comparison of
parts (2) and (b) shows that after three and one quarter cycles
the structure of the wake has nearly reached a steady state in
the area from the trailing edge to approximately 2.75 chords
downstream. The circulations around regions of concentrated
vorticity 1 and 3 are negative (counterclockwise) while those
around regions 2 and 4 are positive. The disturbance flowfield

Journal of Fluids Engineering

Fig. 13 Computed wake behind a pitching airfoil: the pitch angle is
given by Eq. (43) with k = «, and the amplitude and frequency agree
with those in the éxperiment of Booth (1987)
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Fig. 14 Computed wake behind a pitching airfoil the pitch angle is
given by Eq. (45). The numerical result agrees with the observation in
the experiment by Booth (1987).

corresponding to part (b), obtained by subtracting the free-
stream velocity from the total velocity field, is shown in part
(¢). Vorticity is obvious in the regions where the vortices are
densely packed and there is practically no evidence of vorticity
outside these regions. The centers of the regions of concen-
trated vorticity can be approximately located, and the hori-
zontal spacing between two regions of the same sign of
circulation (i.e., between 1 and 3 and between 2 and 4) is
approximately 1.25 chords.

Part (@) of Fig. 12 is a photograph by Wilder et al. (1990)
of flow past a pitching airfoil in a water tunnel for the same
reduced frequency and amplitude as in Fig. 11. Part (b) of
Fig. 12 is the same as part (b) of Fig. 11 and is put here for
comparison. Comparing part (@) with part (b) of Fig. 12, one
sees that the numerical method simulates the wake structure
very well, even in some of the finer details. The distance be-
tween the centers of vortical structures of the same sign meas-
ured by Wilder et al. is 1.2 to 1.4 chords, very close to the
numerical result (about 1.25 chords). Although a dyed streak-
line between the regions of concentrated vorticity is evident,
no experimental evidence of vorticity along the streakline was
found (that is, abrupt changes in velocity were not perceptible),
which is consistent with the numerical simulation. The vortex
layer has been stretched and in the process rendered thin;
consequently, the velocity generated by this portion of the wake
is quite weak. It should be noticed that, for both experimental
and numerical results, there are some small spirals on the weak
vortex layers connecting two adjacent big regions of concen-
trated vorticity. According to the numerical tests of Krasny
(1986), the computer round-off caused those spirals, and they
could be diminished by higher-precision arithmetic. Here the
splitting scheme might also be responsible for causing the spi-
rals and the agreement with the flow visualization might be
fortuitous. On the other hand, one cannot exclude the pos-
sibility that the numerical model accurately catches some true
characteristics of the flowfield.

Next the pitch angle is given by Eq. (43) and k = = in order
to simulate an experiment by Booth (1987), who used a pitching
airfoil to generate wakes. In Fig. 13, the wake with four regions
of concentrated vorticity, is shown after two and one quarter
cycles; regions 1 and 2 were generated during the first cycle
and 3 and 4 were generated during the second. The circulations
around regions of concentrated vorticity 1, 2, 3 and 4 are,
respectively, I', = 1.042, ', = —0.929, T'; = 1.059, and I,
= —1.106. WenotethatT', + T, = 0.113,T3 + Ty = —0.047,
and one can see that the vorticity distribution of the second
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Fig. 15 Computed profiles of the horizontal velocity component at the
three stations indicated in Fig. 14: As a result of the high density of
vortices in the wake, the profiles are smooth. The profiles are computed
by an inviscid model of the flowfield but exhibit what is often thought
to be a viscous core.

cycle is more nearly symmetric than that of the first cycle. It
is expected that, if the calculation were continued, the wake
would continue to become more nearly symmetric. Booth
measured the velocity behind an airfoil and numerically in-
tegrated his measurements to obtain the circulations around
regions of concentrated vorticity. His results for the circula-
tions, which are nondimensionalized here, are 1.12 and —0.992.
The numerical predictions are in good agreement with Booth’s
observations.

Corresponding to another of Booth’s experiments (1987),
the pitch angle for one cycle of the motion is given by the
following

—10° cos(wt) 0.0=¢=1.05

‘ 45)
—25.1607° | .—0.6026 ) 1.05<7=5.0

where the period 7 = 5.0. In Fig. 14, the computed wakes are
shown after one and a half cycles. The purpose of choosing
0, as defined in Eq. (45) is to create relatively isolated regions
of concentrated vorticity. They are generated by the rapid
sinusoidal variation of 0, from —10 to 10 deg in the first 20
percent of the cycle. The vorticity that is generated when 6,
linearly returns to — 10 deg during the remainder of the cycle
is much weaker, and the corresponding portion of the wake
does not roll up much. The vorticity generated during the first
20 percent of the cycle is negative (counterclockwise). As in-
dicated in the figure, the centers of the regions of concentrated
vorticity are about 5 chord lengths apart; this result agrees
quite well with Booth’s experimental results.

In Fig. 15, the horizontal components of the total (com-
puted) velocity are plotted as functions of vertical position for
the three different locations shown in Fig. 14. Because of the
high density of blobs in the regions of concentrated vorticity,
the computed velocity is smooth. The numerical simulation
shows a rather concentrated vortical flow. The value of the
nondimensional circulation for a path around the region of
concentrated vorticity is 0.712 for the numerical solution and
0.707 for Booth’s experimental results (when a freestream speed
of 15 ft/sec is used). Again, the agreement is quite good.

3.2 Blade-Vortex Interaction. First the interaction of an
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Fig. 16 Lift coefficient for the interaction between a vortex point and
an airfoil: The present numerical result, the result of turbulent flow was
computed by Hsu and Wu (1986), and the result of transonic flow was
computed by Srinivasan et al. (1986).

airfoil with a single passing vortex point (called simply a vortex
in this discussion) is investigated. Then the interaction between
a stationary airfoil and the wake generated by a pitching airfoil
is simulated.

The quarter-chord point of the airfoil is chosen as the origin
of the coordinate system, and the angle of attack is zero. At
the beginning, the flow is steady. Then a single vortex with
strength I', = 0.2 is introduced at the position x, = —5.25
and y, = —0.26 (five chords upstream from and slightly below
the origin) and convected downstream at the local particle
velocity. The flow becomes unsteady. The variation of the lift
coefficient Cy, (=L/(1/2)pV2C?) with the position of the vor-
tex is shown in Fig. 16. When the vortex is far from the airfoil,
asmall negative lift acts on the airfoil. As the vortex approaches
the airfoil, the lift becomes more negative and reaches its
maximum negative value just before the vortex reaches the
leading edge. As the vortex passes under the airfoil, the lift
increases, changing from negative to positive. After the vortex
passes the trailing edge, the lift decreases gradually toward
zero. As shown in Fig. 16, the present solution is in very good
agreement with the attached turbulent-boundary-layer solution
obtained by Hsu and Wu (1986) (marked Turbulent Flow in
the figure) and with the solution of the Euler equations for
transonic flow obtained by Srinivasan et al, (1986) (marked
Transonic Flow).

There have been several attempts to improve the model of
blade-vortex interaction by having the oncoming stream con-
tain a system of vortices. It appears that Hardin and Lamkin
(1984) were the first to consider a spatial distribution of vor-
ticity rather than a single vortex in the oncoming stream. Poling
et al. (1987) extended the single-vortex model by sequentially
releasing a series of vortex points from a fixed location up-
stream. Panaras (1987) modeled a finite, vorticity-bearing re-
gion by releasing a cloud of vortex points upstream from an
airfoil. The initial deployment of the points was prescribed,
and all had the same prescribed circulation. Lee and Smith
(1987) also released a cloud of vortex points upstream. Poling
et al. (1988) also considered the interaction between a cloud
of vortex points and an airfoil. They chose a distribution of
circulations in the initial arrangement that produced a velocity
field similar to their experimental observations (also similar to
the profile in Fig. 15). Renzoni and Mayle (1991) used a vortex
cluster of vortex points resulting from a pitching flat plate,
but they did not split the vortex points. Both Panaras (1987)
and Poling et al. (1988) considered flow past a Joukowski
airfoil, both used conformal mapping to obtain their results,
Poling et al. imposed the general unsteady Kutta condition,
but Panaras did not. Lee and Smith used a source-panel method
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Fig. 17 Blade-vortex interaction computed by Panaras (1987) at six
different times: The curves at the bottom show the pressure at points
1, 2, and 3 on the airfoil surface as functions of time.
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Fig. 18 Blade-vortex interaction computed by Lee and Smith (1987): (a)
cloud of vortex points at six different times; (b) details of the interaction
near the leading edge while the cloud is being split

(instead of the vorticity-panel method described here) and im-
posed the general unsteady Kutta condition at the trailing edge.

The example of blade-vortex interaction computed by Pan-
aras (1987) is given in Fig. 17. The solid dots are vortex points;
the hollow dots are simply markers to help visualize the motion.
The cloud of vortex points is shown at six different times. The
cloud is split by the airfoil, and the portion going along the
upper surface arrives at the trailing edge a little before the
portion moving along the lower surface. The plots under the
airfoil give the pressures at three locations on the upper surface
as functions of time. :

Some results from another example of blade-vortex inter-
action computed by Lee and Smith (1987) are given in Fig. 18.
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Fig. 19 Blade-vortex interaction computed by Poling et al. (1988) at four
different times
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Fig. 20 Setup for blade-vortex interaction

In part (a), the cloud of vortex points is shown at six different
times. The cloud is divided by the airfoil, and the portion
moving along the lower surface arrives at the trailing edge
ahead of the portion moving along the upper surface. More
details are shown in part (b).

Some results from the blade-vortex interaction computed by
Poling et al. (1988) are shown in Fig. 19. Again the cluster of
vortex points is divided by the airfoil. The wake generated at
the trailing edge of the airfoil is also shown. In the cases shown
in Figs. 18 and 19, it appears that vorticity moving along the
lower surface arrives at the trailing-edge slightly ahead of the
vorticity moving along the upper surface, in contrast with
Panaras’s results. The airfoils and the initial distributions of
circulations are different.

The vortex-panel/core-splitting method can also be used to
achieve a partial numerical simulation of the BVI experiment
conducted by Booth (1986, 1987). In the experiment, the wake
generated by a pitching airfoil of chord length 0.75 interacts
with a stationary airfoil of unit chord downstream. As shown
in Fig. 20, the quarter-chord point of the pitching airfoil is at
(0.0, 0.0), and the quarter-chord point of the stationary one
is at (1.5625, —0.094), i.e., the horizontal distance from the
leading edge of the stationary airfoil to the trailing edge of the
pitching airfoil is 0.75 when both airfoils are at zero angle of
pitch. The case where the angle of attack of the stationary
airfoil is zero is considered here. The pitch angle of the os-
cillating airfoil is given by Eq. (45), which generates a relatively
isolated region of concentrated vorticity of circulation 0.534
nondimensionalized by the velocity of the freestream and the
length of the stationary airfoil.

In Fig. 21, the two airfoils with their wakes and the pressure
distribution on the stationary one are shown at different times.
In part (@) of Fig. 22, the history of the lift coefficient C, is
shown. At the beginning, there is positive (upward) lift acting

‘on the stationary airfoil because the pitching airfoil upstream

is at a negative angle of attack and deflects the oncoming stream
upward. For this steady state, the airfoils and the calculated
pressure distribution on the stationary one are shown in part
(a) of Fig. 21. The lift reaches its maximum value at t = 1.37
just before the strong concentrated vorticity generated in the
first 20 percent of the cycle reaches the leading edge of the
stationary airfoil as shown in part (b) of Fig. 21, where the
wake of the pitching airfoil is plotted with and without the
stationary airfoil present. In part (c) of Fig. 21, the wakes and
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Fig. 21 Pressure distributions on the stationary airfoil during blade-
vortex interaction: the pitch angle is given by Eq. (45). (a) Steady state
before the motion starts; (b) at time f = 1.37; (¢} at time { = 2; (d) at
time f = 3; (¢) at time t = 4.5. The inserts show both the airfoils and
their wakes in the upper view, and only the pitching airfoil and its wake
in the lower view. The wake can be seen enveloping the stationary airfoil.

the pressure distribution are shown at ¢ = 2. From the view
of the wake without the stationary airfoil present, one can see
that the vortex sheet generated by the pitching airfoil is en-
veloping the stationary airfoil and is stretching. The more this
vortex sheet is stretched, the weaker its strength is. The pressure
distribution on the upper surface is very rough in the region
close to the strong vorticity.

18 / Vol. 116, MARCH 1994

For the unsteady problem evaluating the pressure through
Eq. (36) involves the relative surface velocity v and both its
spatial and temporal derivatives. When the wake is close to
the surface, the gradient of the surface velocity can be very
large. Maskew (1980) suggested that additional subpanels be
put on the surface to capture the resolution of the velocity,
but no subpanels are added in the present model. As a result,
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Fig.22 Lift coefficient as a function of time: (a) computed by the method
described here; (b) computed by Lee and Smith (1987); (c) computed by
Poling et al. (1987); (d ) measured by Booth (1986)

the pressure distribution is rough; this roughness moves to-
wards the trailing edge as the concentrated vorticity convects.
In part (d) of Fig. 21, the pressure and the wakes are shown
at time ¢ = 3. The pressure distribution is very smooth. The
very weak vortex sheet (as the result of stretching) covers almost
the entire airfoil except a small portion near the lower trailing
edge. In part (¢) of Fig. 21, the pressure and the wakes are
shown at time ¢ = 4.5. The sharp rise in the pressure on the
upper surface is caused by the (weak) clockwise vorticity in
the wake coming very close to the surface.

In Fig. 22, the history of the lift coefficient is shown for
several different studies. The plot of C; in part (¢) was obtained
by the numerical scheme discussed here for the same conditions
used to make Fig. 21. In part (b), a sample of the result
computed by Lee and Smith (1987) is shown; in part (c), the
result computed by Poling et al. (1987) is given; and in part
(d), the experimental result of Booth (1986) is presented. The
results in parts (&) and (c) were computed by releasing a cloud
of vortices upstream. The one in part (@) is the numerical
simulation of Booth’s experiment in part (d ), the one in part
(¢) was computed with the conditions chosen in such a way to
imitate the experiment in part (d).

In the case (computed by Lee and Smith) shown in part (b)
of Fig. 22, the direction of the vorticity is opposite to that in
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the other cases shown in parts (@), (c), and (d) of Fig. 22.
When the sign is changed the result of Lee and Smith is similar
to the result obtained by the vorticity-panel method shown in
part (a). The jagged regions of the curve in part (a) of Fig. 22
correspond to the times when the wake actually brushes along
the surface of the stationary airfoil. Apparently, the re-dis-
tribution of panels nearly eliminated this feature from the
results of Lee and Smith. The mean-value curve (i.e., the curve
faired through the jagged regions) for the present vorticity-
panel results converged rapidly as the number of panels was
increased and the time step is decreased, which is typical of
all vorticity-panel results. Point A4 in part (a) of Fig. 22, cor-
responds to the end of the sinusoidal portion of the cycle
defined by Eq. (45).

The result of Poling et al. (1987) shown in part (¢) of Fig.
22 has the best qualitative agreement with the experimental
result of Booth. Booth gives only the increment in lift in part
(d) .of Fig. 22; the lift created by the initial negative angle of
attack of the forward airfoil has been subtracted.

The difference between Booth’s experiment and the nu-
merical simulations is most likely due to the separation caused
by the strong interaction. Separation can occur when strong
vorticity is close to the airfoil in some experiments. Telionis
and co-workers (1990) have observed a significant separation
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bubble that moves along the surface with the passing region
of concentrated vorticity. In Booth’s experiment, the Reynolds
number was first given as 85,300 (Booth, 1986) based on the
flow speed 20 ft/s. But later he found that the mean flow speed
was about 15 ft/s when the flow reached the stationary airfoil
(Booth, 1987). Then the Reynolds number should be 63,975.
At this Reynolds number, the boundary layer was likely lam-
inar when the separation occurred. The calculation of BVI for
viscous flow by Hsu and Wu (1986) showed that when sepa-
ration occurs the lift differs considerably from that corre-
sponding to attached flow. The numerical results presented
here are based on the assumption that the flow is always at-
tached.

4 Summary

A vorticity-panel method coupled with vortex dynamics has
been reviewed. The method predicts the rate at which vorticity
is shed into the wake generated by unsteady flow over an airfoil
and the subsequent development of the wake. The numerical
solutions are in good agreement with the experimental results
and support the argument that the evolution of the wake within
a certain distance behind the trailing edge is almost entirely
controlled by an inviscid mechanism.

The boundary layer adjoining the surface of the airfoil is
simulated by a vortex sheet, and the wake that adjoins the
trailing edge is simulated by a system of vortex blobs (a vortex
blob is in essence a classical vortex point with the singularity
removed). By requiring the pressures along the upper and lower
surfaces of the airfoil to approach the same value at the trailing
edge and the total vorticity to be conserved, one can predict
the rate at which the vorticity is shed at the trailing edge into
the wake.

As the discrete vortices in the wake begin to separate they
are split in such a way that maintains the total circulation
exactly and the spatial distribution approximately. The com-
putations clearly reveal a coiling or wrapping process that,
qualitatively at least, is in good agreement with flow visual-
izations done in both water and wind tunnels. Vorticity in the
wake is drawn into relatively isolated regions called regions of
concentrated vorticity. The velocity distributions through such
regions appear to have a viscous core, but the flowfield is
developed entirely by an inviscid model. The process resembles
diffusion, but happens much too rapidly to be explained by
viscous effects.

Numerical experiments show that the results obtained from
the method described here tend to converge as the time step
decreases and the number of the elements on the surface of
the airfoil increases. Moreover, the general unsteady algorithm
produces the correct steady-state solution when it is applied
to an airfoil that translates at constant velocity following an
impulsive start.

An inviscid panel method coupled with vortex dynamics for
numerically simulating the flowfield has potential as a model
of blade-vortex interactions.

The present perspective of unsteady, incompressible, at-
tached flow over airfoils is by no means exhaustive; it does
provide several points where one can begin a more thorough
study.
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layer flow within a channel was solved independently by three different methods:
the triple-deck method of marginal separation, the interactive boundary layer method,
and the full Navier-Stokes computation. From comparison of the results between

these three methods, the accuracy and appropriateness of each method was deter-
mined. The critical condition beyond which the steady marginal separation solution
of triple-deck method does not exist was related to a physical phenomenon in which

" the separation bubble becomes unsteady. Factors such as Reynolds number and
pressure gradient distribution which might influence the accuracy of the marginal
separation solution were also investigated.

1 Introduction

For a high Reynolds number flow over a thin airfoil, a region
of separated flow can appear within the adverse pressure gra-
dient laminar boundary layer near the leading edge. The sep-
arated flow will form a steady closed separation bubble if the
adverse pressure gradient is relatively weak. It is important in
many practical situations to predict the inception and the struc-
ture of the separation bubble since the development of bound-
ary layer separation may lead to dynamic stall. It is well-known
that both analytical (Brown and Stewartson, 1969) and nu-
merical methods (Werle and Davis, 1972) encounter a Gold-
stein-type singularity at the separation point when the boundary
layer equations are solved with a prescribed pressure gradient.
Although such difficulties can be avoided by solving the full
Navier-Stokes equations (Briley, 1971), computational require-
ments often prohibit its use as a powerful design tool.

Since the boundary layer assumptions are still valid when
studying thin separation bubbles, many numerical schemes
have been developed to avoid the singularity by modifying the
classical boundary layer computation to include the pressure
gradient as part of the solution. The typical triple-deck method
(Stewartson, 1974; Smith, 1982) and the interactive boundary
layer (IBL) method (Kwon and Pletcher, 1979; Veldman, 1981)
both suggest that the adjustment of the pressure gradient by
the displacement thickness can avoid the singularity. Still, sev-
eral iterations between the inviscid flow and the boundary layer
computation are required to obtain compatible solutions and
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of FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Division
October 7, 1992; revised manuscript received October 7, 1993. Associate Tech-
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may reduce the computational speed. We, therefore, seek a
more efficient technique to predict such thin small bubbles.

Stewartson et al. {1982) applied the triple-deck theory to
solve the laminar marginal separation flow, i.e., the situation
where the skin friction just vanishes but immediately recovers.
For marginal separation the triple-deck scalings were different
than those used in the typical triple-deck analysis. Considering
the local solution of the Navier-Stokes equations as Re— oo,
the wall skin friction was expressed in terms of the local pres-
sure gradient, the velocity profile at the marginal separation,
and a constant I resulting from an integration in the solution
procedure. In the study, they determined that T is related to
a parameter which will slightly increase the pressure gradient
beyond marginal separation. The greatest benefit of this an-
alytical method is that there is no iteration needed in order to
obtain the skin friction.

After the Stewartson et al. study, the triple-deck method for
marginal separation has been applied to study the quasi-two-
dimensional (Brown, 1985), three-dimensional (Duck, 1989)
and unsteady three-dimensional (Duck, 1990) boundary layer
flow. However, all these works are qualitative.

. The present work implements the triple-deck method based
on the Stewartson et al. (1982) study to investigate a small
separation bubble of a steady incompressible laminar flow.
Previous studies all considered a triple-deck analysis of mar-
ginal separation for infinite Reynolds number. However, in
practice we would like to study marginal separation at a finite
Reynolds number. Therefore, the primary objective of the
present work is to investigate the appropriateness of the triple-
deck method of marginal separation in practical problems. To
achieve this objective three different methods: the triple-deck
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method of marginal separation, the IBL method, and the full
Navier-Stokes computation are applied to solve the same flow
field independently at different Reynolds numbers. It was found
that the full Navier-Stokes computation did not yield a stable
solution of laminar flow at a high Reynolds number although
the IBL method and the triple-deck method still performed
well. Therefore, comparison between the IBL, method and the
Navier-Stokes computation is performed only at a low Reyn-
olds number to demonstrate the accuracy of the IBL method
in practical problems. Comparison is performed between the
triple-deck method of marginal separation and IBL method
for all Reynolds numbers to demonstrate the theoretical ac-
curacy of the triple-deck method.

The comparison between the IBL method and the full Na-
vier-Stokes computation was first made by Briley and Mec-
Donald (1975). Although they showed the results between these
two methods to be in good agreement, the required displace-
ment thickness for the IBL computation was not evaluated
from the global viscous-inviscid interaction. Instead, the dis-
placement thickness from the Navier-Stokes computation was
applied to the IBL computation. The IBL method therefore
relied on the Navier-Stokes computation result and was not
computed independently. When Cebeci and Stewartson (1983)

applied the IBL method to solve Howarth’s flow independ-
ently, they did not obtain a favorable comparison with the
results of Briley (1971). Discrepancy between the results was
attributed to the upper boundary condition specified by Briley.
Cebeci and Stewartson suggested that the upper boundary of
Briley was too close to boundary layer edge for a finite Reyn-
olds number and the free stream velocity should be disturbed
by the viscous-inviscid interaction. This hypothesis was never
verified by modifying the free-stream boundary condition of
the Navier-Stokes computation and showing favorable com-
parison between the results of the two methods. Since the free
stream boundary condition applied to the Navier-Stokes com-
putation will influence the calculation of the displacement
thickness, the second objective of the present work is to find
the boundary condition which in effect describes an external
flow. In this way the IBL method and the full Navier-Stokes
computation can be compared at the same flow conditions.

For easy comparison of the results from the three different
methods, a very simple water channel geometry consisting of
a test wall and a control wall is considered (see Fig. 1). A
laminar boundary layer develops on the test wall in the presence
of an adverse pressure gradient produced by a suction port on
the control wall. By adjusting the suction strength S one can
create marginal separation conditions.

2 The Methods of Solution

In the present study three different methods are used to solve
the same flow field independently. The classical boundary layer
calculation with a prescribed pressure gradient is first applied
to determine the conditions of marginal separation. The triple-
deck method then is used to calculate the skin friction in the
neighborhood of the separation. The composite solution of
skin friction will be made from the solution of the classical
boundary layer calculation and the triple-deck method. Sec-
ond, the IBL method is used in the region where the interaction
between boundary layer and inviscid flow is believed to be
important. Finally, the computation of the Navier-Stokes
equations is used as a third method to verify the solution of
skin friction near the separation point.

Nomenclature
a,, a4y, a3 ... = coefficients of streamwise velocity expan-
B sion at X=0
A = integral constant related to skin friction
¢ = average exit velocity
Cy = skin friction coefficient
C, = pressure coefficient
L* = characteristic length (m)
L; = pressure gradient length (m)
p = pressure
Py, Py, P, = terms of pressure gradient expansion
Re = Reynolds number
S = suction strength
t = time
u = streamwise velocity
U, V = scaled velocity
Uy, Uy, Uy = terms of streamwise velocity expansion
U* = dimensional streamwise velocity (m/s)
v = normal velocity
Vy, Vi, Va2 = terms of normal velocity expansion
W = width of suction port
X = streamwise distance from leading edge
Xy, Xe = start and end point of interaction region
X1, X, = start and end point of suction port
X, = marginal separation point
X = streamwise distance from separation point
X = rescaled X '
y = normal distance from wall

Journal of Fluids Engineering

Y = scaled normal distance from wall
I' = deviation from marginal separation condi-
tion
6, = displacement thickness
8" = dimensional displacement thickness (m)
po= integral constant
v" = kinematic viscosity (m?*/s)
7 = reduced skin friction
7, = reduced skin friction obtained from bound-
ary layer equations
7; = reduced skin friction obtained from triple-
deck with interaction
7, = reduced skin friction obtained from triple-
deck without interaction
w = over-relaxation parameter
N = decaying factor
Subscripts
Blasius = Blasius solution
¢ = critical condition
e = condition at the edge of boundary layer
m = condition at marginal separation
max = maximum value
top = condition at control wall
o = condition at inlet
Superscript
n = iteration number
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The Reynolds number used in present study is defined as

U.L*
ReL= V* (1)

where L* is the characteristic length which is equal to the
streamwise start location of the suction port. All variables are
nondimensionalized by the quantities which appear in the
Reynolds number. Dimensional variables are noted by a starred
superscript while the superscript is absent from all nondimen-
sional quantities. '

Since comparison between the methods is performed using
the skin friction, we define the reduced skin friction 7 and the
skin friction coefficient as -

1 ou 27

c—m | Cmears 2
7 Re” 3y " I=Rel? 2

2.1 Triple-Deck Method

Classical Boundary Layer Calculation. Before applying the
triple-deck method of marginal separation, the classical bound-
ary layer calculation with a prescribed pressure gradient is first
used to determine the conditions of marginal separation. Such
a pressure gradient is determined by the inviscid flow

_dp_ du,

dx ‘dx’

From the potential flow analysis, the inviscid surface velocity
u, for the present geometry is given by (see Pauley et al., 1988)

cosh [_(x;zxz_)ﬂ}

S S
A(x)=1-= \
te(x) ( 2>+(x2"x1)71'n [(x—x;)w]
cosh| ————

©)]

“
2

where x, and x, are the start and end location of the suction
port, respectively, and S is the suction strength defined as the
fraction of the through-flow which is removed through the
suction port. After transforming the boundary layer equations
in terms of Levy-Lee variables, the Keller Box scheme (1978)
is applied to solve the governing equations.

Noninteracting Flow Analysis. To apply the asymptotic
theory, the coordinate within the boundary layer is defined as
x=x,+ X and y=Rej '2Y, where x, is the marginal separation
point obtained from a classical boundary layer calculation with
a prescribed pressure gradient. Also, the velocities are rescaled
as u(x, y)=U(X, Y) and v(x, y) =Re; "V (X, V).

Without including interaction effects, the velocities and pres-
sure gradient are expanded as

U(X, Y)=Up(Y) + U (V)X + Uy (V) X*~ pUs ()X

+uVy (NX2+1/20205 (NX+ -+ (5a)

VX, Y)=Vo(Y)+ Vi ()X +pUy(Y)
—2uVo (NX—p2Ug (V) X+ (5b)
d‘;(;() =Py+ P X+P, X+ Py X3+ - - (5¢)

where p is an integral constant to be determined from the no-
slip condition. Uy(Y) is the velocity profile at the marginal
separation point which can be expanded as a power series in
Y. Other coefficients in Eqs. (5¢) and (5b) can also be ex-
panded as a power series in Y. Following Goldstein (1948),
through substituting these expansions into the boundary layer
equations and equating terms of the same order, the velocity
profile at the marginal separation point can be determined as

1 1 1
Ug(Y) == Y2 +—agY* +—ag Y+ O(Y").. 6)
2 6! 81
where
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= 2PoP, M

Also the reduced skin friction near the separation without
interaction can be obtained as a series expansion in X.

a2:P0

a .
Tn:—y,aZX—E“j—zp,Xz-F"' (®)

When only O(X) is retained and the no-slip condition is ap-
plied to Eq. (5a), the reduced skin friction at the wall becomes

1 a 172

' 8

=2} x. 9
T 3<a2> X ©)

it can be shown that 7, is consistent with 7, the reduced skin
friction obtained from the classical boundary layer calculation
at marginal separation, as X—0,. This implies ag can be de-
termined using the upstream boundary layer parameters a, and
The

Interacting Flow Analysis. A significant interaction be-
tween the inviscid flow and the boundary layer arises near the
separation region. As in Stewartson et al. (1982), the appro-
priate streamwise scale for the interaction region centered
at X=0is X=0O(Re™""). In the normal direction the flow
is divided into three decks: Y=O(l) for the main deck,
Y=0(Re*'% for the upper deck, and Y=0(Re ®) for the
lower deck. Following the work of Stewartson et al., the method
of matched asymptotics is used between the lower deck and
main deck and between the main deck and upper deck. A
rescaled nonlinear integral equation which describes the skin
friction in the neighborhood of the separation region is ob-
tained as

A =)‘(2—I‘+S 4 (X)X, (10)

: (K- X7
where A and X are the rescaled variables of 4 and X. The
arbitrary constant I' represents the departure of the disturbance
parameter from marginal separation. The reduced skin friction
with interaction is given as

r=ad (X). 11

where

fag? 5 310 (=142 U§ ()
a={>; 2470 q= 2%%(1/4)1Re'?

Composite Solution of Skin Friction. For practical appli-
cation and easy comparison with the results of the IBL, a
composite solution is constructed using the solutions of the
triple-deck method and the classical boundary calculation at
marginal separation. The composite solution of skin friction
7 is obtained by

(12)

(13)

where 7, is obtained from classical boundary layer calculation
while 7, and 7; are obtained from Eqgs. (9) and (11), respectively.

T=Ty+(Ti— 74)

2.2 Interactive Boundary Layer Method. In the classical
boundary layer calculation the pressure gradient is prescribed
a priori but in the IBL method the pressure gradient reflects
the displacement effect of the viscous flow in the interaction
region. Therefore, the actual inviscid surface velocity including
the displacement thickness effect is given as

_ _1_ b d(ue(f)al) d'f
ue,le(X)—ue(X)+1rS_m dax (x—%)

where 6, is the nondimensional displacement thickness and
u,(x) is calculated from Eq. (4). In the present study the ‘‘semi-
inverse method” is applied, i.e., the boundary layer is cal-
culated inversely but the inviscid flow is calculated directly
(Veldman, 1981).

The numerical procedure of the IBL method starts from the
classical boundary layer calculation. The inverse mode is first

(14)
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applied at the streamwise location x;, which is chosen where
the displacement effect is believed to be negligible. The same
condition is considered when choosing the end point x, for the
inverse calculation. The classical boundary calculation is per-
formed only once and the solution of the velocity profile is
retained at x, to serve as the initial boundary condition for
the inverse calculation. The Mechul function scheme (Cebeci
and Keller, 1973) is applied for the inverse calculation.

An initial prescribed 6, is needed to start the inverse cal-
culation. In the present study the Blasius solution is used as
the initial guess. The FLARE (Reyhner and Flugge-Lotz, 1968)
approximation, in which the momentum term udu/dx is ne-
glected wherever u <0, is applied when the inverse calculation
is carried through the separation region. From the inverse
calculation the inviscid surface velocity u,p. can be deter-
mined.

Subsequently, Eq. (14) is used to evaluate the u, v directly
with the same 8, prescribed for the inverse calculation. In order
to evaluate the Hilbert integral of Eq. (14), the limited region,
Xp<X=<X,, is used.

An iterative cycle is completed when the displacement thick-
ness is updated by the successive over-relaxation (SOR) for-

mula,
=1 —w)a7+w[5;'<—”ﬂ>]
i UeNv

where o is the relaxation parameter. w=1.5 is used in the
present study to accelerate the convergence. The convergence
criterion of the global iterative process is taken as

max |87 (x) — &7 (x) | <107 (16)

2.3 Navier-Stokes Computation. In the present study the
incompressible unsteady Navier-Stokes equations are solved
by a fractional-step method developed by Kim and Moin (1985).
Although the steady-state solution is of interest in the current
study, the time-dependent approach has been solved for three
reasons. First, the effect of free stream oscillations on a sep-
arated flow can be studied using the present method without
any modification. Second, for high Reynolds number flow the
convergence rate of a steady-state iterative procedure and a
time-dependent approach are similar. Finally, physical insta-
bility associated with eventual turbulent transition is easier to
distinguish in the time-dependent approach.

The second-order-implicit Crank-Nicolson method is used
for the viscous terms while the pressure and the convective
terms are evaluated through the use of the second-order-explicit
Adams-Bashforth method. All spatial derivatives are approx-
imated by second-order central differencing on a staggered
grid. This leads to second order accuracy both in time and
space.

In the current study a rectangular computational domain is
used. At the inlet of the computational domain, the velocity
profiles are specified by the Blasius boundary layer solution.
The no-slip boundary condition #=0 and nontranspiration
condition v=0 are used on the lower wall. On the uppér wall
the no-stress boundary condition du/dy =0 is applied for the
streamwise boundary condition. For the transverse boundary
condition, except in the suction port region, several transverse
velocity distributions will be tested in order to eliminate the
internal flow effect. The convective equation u;/9¢t+ cou;/
dx=0 which was recommended by Pauley et al. (1988) for
unsteady boundary layer flow is applied to exit boundary con-
dition in the present study. The average exit velocity is used
for the convective velocity c.

The computational domain is set so that the separation so-
lution is independent of inlet and outlet boundary effect. The
height of the channel is set such that the boundary layer never
occupies more than 10% of the height of the channel to reduce
the internal flow effect. All computations contain 256 evenly
spaced grid nodes in the streamwise direction and 128 stretched

13)
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Fig.2 The solution r of classical boundary layer calculation for various

suction strengths near §= S, for W=0.0621

grid nodes in the normal direction. Half of the grid points are
clustered in the boundary layer on the test wall. The grid-
dependence of the solution was tested by doubling the number
of points in the streamwise or normal directions; for both cases
the changes in the velocity were less than 0.5 percent.

3 Results and Discussion

3.1 Marginal Separation. By adjusting the suction
strength S, one could determine the marginal separation con-
ditions from the classical boundary layer calculation, However,
due to numerical resolution it was difficult to find an exact
value of the suction strength which caused the skin friction to
vanish to zero at one point and then recover immediately.
Therefore, the marginal separation condition was defined when
S=S,, while the classical boundary layer calculation began to
predict separation as S=S,,+¢. The ¢ was chosen to be an
appropriately small positive value so that e<<Re;%”. The
marginal separation point was then defined as the point at
which the skin friction had the minimum value as $ = S,,,. Figure
2 shows that the reduced skin friction 7, decreases to a min-
imum point then recovers immediately at the marginal sepa-
ration condition as S = S,, but leads to a singularity when S> S,,,.

After the marginal separation conditions were determined,
the coefficients a, and @ of the series expansion of the marginal
separation profile then were obtained by fitting the curve of
the pressure gradient near the marginal separation point. ag
was chosen so that Eq. (9) accurately matched the slope of 7,
as X—0..

3.2 Comparison Between IBL Method and Triple-Deck
Method. In Stewartson et al. (1982), it was found that no
solution of A existed for Eq. (10) when I' was larger than a
critical value I'. and there were two or even four solutions when
0<T <T.. Further investigation of these nonunique solutions
was made by Brown and Stewartson (1983). However, only
the upper branch solution is consistent with the physical phe-
nomenon that the minimum skin friction decreases monoton-
ically when the adverse pressure gradient is increased.
Therefore, all composite solutions of skin friction from the
triple-deck method were carried out using the upper branch
solutions.

All computations of the IBL and the triple-deck methods
were carried out for Re, =1.21x 10°, 1.84x 10°, 1.84x 10°.
Two different suction port widths, W=0.0621 and 0.621, were
tested with the same suction port start location. Figure 3 shows
the comparison of reduced skin friction from the IBL and the

- composite solutions at the marginal separation conditions for

different Re; and W=0.0621. It is noted that although the
classical boundary layer calculation predicts marginal sepa-
ration, the elliptic nature of the flow described by the triple-
deck and IBL methods delays separation. To produce a sep-
arated flow the adverse pressure gradient must be increased
beyond the marginal separation conditions. This comparison
also shows that a higher Re; leads to a more favorable com-
parison between the triple-deck and IBL results. However, the
Reynolds number range which results in a favorable compar-
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ison between the triple-deck and IBL methods is far above the
conditions which produce a laminar boundary layer flow in
the present geometry.

The influence of suction port width can be noted by com-
paring Figs. 3(a) and 4 where Fig. 4 shows the results obtained
at W=0.621. It is seen that the wider suction port also leads
to a more favorable comparison when computations were car-
ried at the same Re;. Since the narrow suction port creates a
more severe pressure gradient, it is concluded that a more
gradual pressure gradient improves the solution of the triple-
deck method. In fact, from Eqgs. (8) and (9) one also can justify
this conclusion. Equation (9) was obtained when higher order
terms in Eq. (8) were neglected. This implies that
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Table 1 Summary of S, and Reynolds numbers for different
cases

W=0.0621 wW=0.621
Re; ReLp S, Re, ReLp S.
1.21x10° 8.37x10° 0.094 1.21x10° 1.95x10° 0.100
1.84x10° 1.29%10° 0.065 1.84x10° 2.98x10° 0.080
1.84x10% 1.29% 107 0.053 1.84x10° 2.98x107 0.069
a, >>——X a7

2a,

must be satisfied in order to obtain an accurate solution. Equa-
tion (17) can be rewritten as

P0>>P1X. (18)

Since X~ O(Re "), in order to satisfy Eq. (18) the Reynolds
number must be sufficiently large or the slope of the pressure
gradient must be gradual near the marginal separation point.

However, if an appropriate characteristic length is chosen,
then a criterion only dependent on Reynolds number will be
obtained. In order to describe the strength of the pressure
gradient, the characteristic length is defined as

*

L, Ap

L* " (dp/dx) max

where Ap is the pressure difference across the suction port,
{dp/dx)max is the maximum slope determined from Egs. (3)
and (4) at the marginal separation condition S= S,,. When the
Reynolds number is based on the pressure gradient length, it
is seen that the discrepancy between the IBL method and the
triple-deck method decreases as the Reynolds number in-
creases. Obviously, ReL is more appropriate to provide an
accuracy criterion for the triple-deck method. The values of
Re,, for the different cases tested are listed in Table 1.

Another noteworthy feature is the comparison of the critical
condition. Stewartson et al. (1982) commented that the solu-
tions of the fundamental equation of marginal separation cease
to exist when I' =T, where I',=~2.75. For the IBL calculation,
a convergent solution was also unable to be obtained when the
suction strength was larger than a critical value. Figure 5 com-
pares the solutions of skin friction between these two methods
at the marginal and critical condition. The comparison shows
that the solutions agree very well when the Reynolds number
is sufficiently large. This critical condition will be further com-
pared with the solutions of the Navier-Stokes computation and
related to a physical phenomenon. The results of critical suc-
tion strength S, for different Reynolds numbers and suction
port widths are summarized in Table 1.

(19)

3.3 Comparison Between IBL Method and Navier-Stokes
Computation. The comparison between the IBL method and
the full Navier-Stokes computation was only conducted for
Re, =1.21 x 10° to verify the IBL results in practical problems.
Since the effect of withdrawing flow from the suction port is
to reduce the transition Reynolds number, the computational
results showed that a stable laminar flow solution could be
obtained only at the lowest Reynolds number examined in the
present study.

When comparing these two methods, a difficulty was en-
countered in specifying the upper wall boundary condition for
the Navier-Stokes computation. This difficulty is similar to
that discussed in Cebeci and Stewartson (1983) in which the
IBL method was compared to the Navier-Stokes computation
of Briley (1971). In Briley’s study the upper boundary condition
at y=y, was specified by the potential flow. The viscous-in-
viscid interaction can be constrained by positioning the edge
of the computational domain too close to the outer edge of
the boundary layer. Apparently, the upper boundary condition
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caused the external flow condition of Briley to be different
than that of Cebeci and Stewartson and resulted in a different
flow field solution.

In the present study, the viscous-inviscid interaction was not
constrained severely since the upper boundary was set much
farther away from the outer edge of the boundary layer. How-
ever, a discrepancy between the IBL, method and Navier-Stokes
computation was still observed when the nontranspiration up-
per wall was applied to the Navier-Stokes computation. This
discrepancy was caused by the internal flow effect, i.e., the
flow velocity was accelerated due to the boundary layer dis-
placement thickness, since the IBL method applied here ac-
tually solved an external flow. The discrepancy between the
results of these two methods due to the internal flow effect is
demonstrated in Fig. 6. It is seen that the dimensional dis-
placement thickness 8* and the pressure coefficient C, of the
Navier-Stokes computation is smaller than those of the IBL
method. Obviously, the nontranspiration wall had confined
the boundary layer development and accelerated the flow ve-

locity so that separation was delayed as the suction strength

was increased. In order to obtain the same free-stream velocity,
which was applied to the IBL calculation, the internal flow
effect must be eliminated. A normal velocity distribution was
applied along the upper wall, except in the suction port region,
to eliminate the internal flow effect. Since the normal velocity
was not applied in the suction port, a wide suction port will
influence the accuracy of the results. Thus, only the narrow
suction port was considered here.

Since the internal flow effect is attributed to the boundary
layer development and the significant inviscid-viscous inter-
action due to the separation bubble, the normal velocity dis-
tribution must reflect these two effects. However, the inviscid-
viscous interaction due to the separation bubble will decay far
away from the boundary layer edge. Therefore, the normal
velocity of the upper wall was specified by

Utop = UBlasius + AU, — Unlasius) (20)
where vpqius Obtained from Blasius solution reflects the bound-
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ary layer development on a flat plate while \ (v, — Unjasius) T€-
flects the induced transpiration velocity due to the separation
bubble. Since v, is the normal velocity which was measured at
the boundary layer edge, Eq. (20) was updated at every time
step in the Navier-Stokes computation. X is the decaying factor
which can be determined from a potential flow analysis which
considers the flow outside the boundary layer to be inviscid.
The inviscid flow over a hump due to the increased displace-
ment thickness of the separation bubble was determined by
selecting the appropriate streamline produced by the inviscid
flow over a cylinder in a free stream. The upper wall deflection
streamline generated by the inviscid hump flow produced a
decaying factor of about 0.5. Figure 7 shows that the results
of the IBL method and the Navier-Stokes computation are in
very good agreement when Eq. (20) with A=0.5 was applied
to the Navier-Stokes computation. Even when the oscillations
of the skin friction curve occur, the mean skin friction distri-
bution still matches the solution of the IBL computation.
Comparison of the critical condition between the IBL method
and the Navier-Stokes computation was conducted in order to
establish the physical significance of the critical suction strength
found in Section 3.2. In the Navier-Stokes computation the
boundary layer became unstable near the reattachment point
when separation occurred at high suction strength and the
instantaneous skin friction curve formed oscillations near the
reattachment point. The oscillations propagated downstream
as ‘““‘waves’” and passed through the computational domain.
Following Pauley et al. (1990), the separation bubble was clas-
sified as steady when the oscillations of the skin friction curve

.did not pass through zero skin friction condition. For the

Navier-Stokes computation the oscillations of the skin friction
curve passed through the zero line at the critical value of
S.=~0.09. This situation was related to the onset of vortex
shedding at which the separation bubble becomes unsteady in
Pauley et al. From Table 1, the critical value at which the IBL
method was unable to converge is S.=0.094. From the fa-
vorable comparison of S, obtained using the Navier-Stokes
and IBL methods, it is concluded that the critical value of T
corresponds to the onset of vortex shedding.
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4 Conclusions

The present study compared the results of the triple-deck
method of marginal separation and the IBL method to dem-
onstrate the accuracy of the triple-deck method for marginal
separation. This comparison showed that the Re; range where
the triple-deck method can accurately predict the marginal
separation is above the laminar boundary layer flow conditions
for the present geometry. However, the Reynolds number based
on the pressure gradient length gives a more appropriate cri-
terion to describe the accuracy of the triple-deck method of
marginal separation. A geometry which can generate a suffi-
ciently gradual adverse pressure gradient may be sought to
improve the prediction of the triple-deck method for marginal
separation at Reynolds numbers which produce laminar flow.

The Navier-Stokes computation was carried out at a laminar
Reynolds number to verify the accuracy of the IBL method in
practical problems. The comparison between these two meth-
ods indicates that the internal flow effect in the present ge-
ometry alters the marginal separation solution. Once the
internal flow effect was eliminated, a good agreement of so-
lutions between these two methods was obtained.

From these two different comparisons the critical value of
T involved in the fundamental equation of marginal separation
is related to the critical value of suction strength beyond which
the separation bubble becomes unsteady.

Among these three methods studied, the IBL method is the
most suitable method for solving a flow with a small separation
bubble since it accurately determines the boundary layer sep-
aration solution at low Reynolds number and requires less
programming efforts and CPU time than the Navier-Stokes
computation.
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ward-facing step has been experimentally investigated. Results of LDA measurements

showed that normal mass bleed suppressed the reverse horizontal velocity, the reverse
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backstep.

1 Introduction

The air stream over a backward-facing step produces a sep-
arated flow containing a recirculation zone and a shear layer.
Such a flow pattern is intimately related to the performance
of various devices such as diffusers, airfoils, and combustors.
Although there have been many investigations of the flow field
behind a backward-facing step, the detailed mechanism of
mixing in such a flow, especially within the recirculation zone,
was not thoroughly explored. The reattachment length and
distribution of mean velocity and turbulent properties of such
flows without mass addition have been the primary focus of
previous research. Five factors influencing the reattachment
Iength were summarized by Eaton and Johnston (1981). Vary-
ing the upstream flow Isomoto and Honami (1989) discovered
that a significant parameter governing the reattachment length
is the turbulence intensity in the boundary layer at the sepa-
ration point. The maximum turbulence intensity in the bound-
ary layer was found to be inversely proportional to the
reattachment length. The reverse flow rate in the recirculation
zone was compared with the flow rate of the redeveloping
boundary layer by Etheridge and Kemp (1978), who estimated
that one sixth of the fluid present in the shear layer was rolled
into the recirculation zone. Kim et al. (1980) measured the
vertical distribution of mean static pressure at a fixed hori-

zontal position and found that the pressure was greatest in the

mainstream, moderate in the recirculation zone, and smallest
in the shear layer, quite different from the nearly invariant
pressure distribution of the flow over a flat plate.

*Data have been deposited to the JFE Data Bank. To access the file for this
paper, see instructions on p. 193 of this issue.
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flow rate, turbulence intensity, and Reynolds shear stress within the whole recir-
culating zone. An analysis of the distributions of vertical velocity and turbulence
intensity indicates that the interaction between the injected fluid and the main stream
began at 0.4 step height and became significant after 0.8 step height behind the

Richardson (1984) used wall injection to simulate fuel vapor
addition in a sudden-expansion combustor; he reported that
wall injection enhanced the turbulence intensity of the recir-
culating flow. de Groot (1985) used laser Doppler anemometry
to probe the complex turbulent flow over a two-dimensional
backward-facing step, finding that the maximum shear stress
at each axial location increased due to side-wall injection, and
that the reattachment length was insensitive to the injection
velocity. In addition, side-wall injection smoothed the distri-
bution of turbulence intensity and Reynolds shear stress in the
recirculation zone and reduced the reverse velocity. The effects
of wall injection on the behavior of mass and momentum
transport across a shear layer associated with a separated flow
are worthy of further investigation. For the attached flow case
Schetz and Nerney (1977) and Schetz and Collier (1984) in-
dicated that the velocity fluctuation level and turbulence in-
tensity in the turbulent boundary layer increased with increasing
rate of injection at the wall.

To study the interaction between simulated fuel vapor and
a recirculating flow for the purpose of improving our physical
understanding of combustor flows and of verifying existing
turbulence models, we took as our objective the examination
of the turbulence features in the recirculation zone and the
shear layer of a backward facing step with normal mass in-
jection from the wall downstream of the step.

2 Experimental Design

2.1 Test Rig. A schematic diagram of the wind tunnel
and instrumentation appears in Fig. 1. Experiments were con-
ducted in an open-circuit wind tunnel powered by a 75 kW
Roots blower with a speed controller. The blower provided a
maximum flow rate of 50 m’/min with a maximum static
pressure of 70 kPa.
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The dimensions of the test section were 5 x 20 cm?. The step
height was chosen to be 1.5 ¢cm, corresponding to an aspect
ratio 13.3 to ensure two-dimensional flow conditions (Ellzey
and Berbee, 1988). The configuration and dimensions of the
test section are shown in Fig. 2. The base of the Plexiglass test
section consisted of a porous stainless steel plate 20 x 30 cm?
with S-um pores. The air injected from the base plate into the
test section was supplied by a 1.5 kW compressor. The pressure
differences across the plate for various test conditions were in
the range 4.8 ~ 6.4 kPa, whereas the maximum pressure drop
in the recirculation zone was 0.1 kPa. Since the variation of
the pressure difference across the porous plate within the test
section was two-orders of magnitude higher than the variation
of the static pressure in the flow, the normal bleed rates over
the whole plate varied only 3 percent and thus assumed to be
uniform. The flow structures were investigated quantitatively
via the measurement of velocities and pressures.

2.2 Instrumentation. The velocities were measured with
a three-beam, 2-component backward-scattering LDA, which
was connected to a computer-controlled traversing system for
two-dimensional movement. The resolution of the traverse
system was 0.03 mm. The instruments were mounted on an
optical bench that was placed on a traverse table for major
movement.

The laser beam from an argon-ion laser (5 W), with radiation
mainly at wavelengths 514.5 and 488 nm, was split into two
beams. One beam passed through a Bragg cell to produce a
40-MHz frequency shift and was then split again, through a
color-selective beam splitter, into two beams, one of wave-
length 514.5 and the other 488 nm. The resulting two beams
and the original beam passed through a beam translator, a
beam expander and a convergent lens of focal length 310 mm.
The two axes of the blue beam of the optical probe were 0.128
and 1.625 mm, whereas those of the green beam were 0.135
and 1.713 mm. The backward-scattering Doppler signals were
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detected by two photomultipliers and processed by a coinci-
dence filter and two counter processors. A beam-waist adjuster
was used to improve signal strength. The seeding particles were
generated and heated before being introduced into the air stream
at the divergent section upstream of the screens in the wind
tunnel. The particles, with a diameter of the order of 1 um,
were made of 25 percent glycerin resolvent and a water solvent.
The static pressures near the base were measured with a
tube, outer diameter 1.5 mm and L-shaped, having eight 0.1
mm holes drilled around its end; the tube passed through the
side wall of the Plexiglass test section. The probe used in the
experiment was verified (Yang and Tsai, 1993) to be suitable
for pressure measurement in the flow field. The measuring
points were located at intervals of 1.0 H along the horizontal
direction. The measured data were transmitted through a dif-
ferential pressure gage and analyzed by a waveform analyzer.
Measurements of pressure fluctuation were made by a piezo-
electric transducer, a charge amplifier and noise filter.

2.3 Experimental Conditions. The principal parameters
of the experiments were the stream velocity ahead of the step
(Up=20~ 60 m/s) and the normal bleed rate of air (Q=0~ 540
liter/min). The corresponding Reynolds numbers based on the
upstream velocity and the step height, UyH/», were
(1.91~5.74) x 10*, Injection velocities of the air bleed were 0,
0.05 m/s, 0.10 m/s, and 0.15 m/s. Turbulence intensity of the
flow upstream of the step was 0.8 percent. The boundary layer
just upstream of the step was turbulent, having a maximum
turbulence intensity around 6 percent. The thickness of the
boundary layer before the step was 0.6 H at Uy=20 m/s.

Westphal and Johnson (1984) reported that a similar flow
structure could be attained if the spatial coordinate was nor-
malized by the reattachment length. We chose the length of
the recirculating zone, X,, as the reference of normalization,
and defined it as the distance from the step to the location at
which the mean horizontal velocity at 0.05 H above the wall
was zero. The LDA measurements were conducted across the
14 cross sections at 0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
1.1, 1.3, 1.5 and 2.0 X, away from the backstep. Velocity data
were conducted at every 0.05 Hin therange Y/H= —0.9~ +1.0
with the lowest location 0.05 H above the wall. The measurement
period for each data point was controlled to be less than 1
minute, '

2.4 Data Accuracy. 2048 measurements were normally
made at each measuring point. The corresponding maximum
uncertainties were 3.2 percent for mean axial velocity, 4.9
percent for mean normal velocity and 4.9 percent for turbu-
lence intensity at the 95 percent confidence level. The corre-
sponding maximum uncertainty for Reynolds shear stress was
13 percent. As the definition of the Reynolds shear stress is
-u’v’, it is estimated that a 5 percent error of the root mean
square quantities (z'%)'"? and (v'?)!"? causes about 13 percent
uncertainty of the Reynolds shear stress.

The signal processing was conducted with two burst-period
counters which used eight fringe crossings to determine the
period of the signal. The counters then applied a 5/8 com-
parison and a three-level validation circuit to minimize erro-
neous periodic readings. The coincidence interval between the
counters was of the order of nanoseconds to ensure the validity

- of the readings. The frequency offset of the Bragg cells was

large compared with the frequency shift from the flow velocity.
The cycle period of the data acquisition system was small
compared with the measurement period in the recirculating
zone. This allowed multiple readings on the same seeding par-
ticle, and the influence of the sampling bias is thus significantly
reduced. Furthermore, a two-dimensional weighting model
proposed by Johnson et al. (1984) was applied to the analysis
of the raw data and showed fairly good agreement with our
results. More than 2000 data points were taken for each pres-
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sure measurement; the sampling period was 500 us. The un-
certainty of the pressure data was estimated to be less than 5

percent.

3 Results and Discussion

3.1 Mean Horizontal Velocity.
the mean horizontal velocity profiles with and without various

normal mass bleed rates at Uy=20 m/s is shown in Figs. 3(a)
and 3(b). Curves for injection rates of 0, 0.5, 0.10, 0.15 m/s
are almost coincident at 0.2 X,. After 0.3 X, the mean velocity
is reduced near the wall as the injection rate is increased. This
trend agrees with that of Schetz and Collier Jr. (1984), Cebeci
and Mosinskis (1971), and de Groot (1985). As the horizontal
momentum is conserved, the mixing between the injected mass
and the recirculating fluid near the wall creates an increase of
mass, and thus results in a smaller horizontal velocity. The
affected area is, however, restricted to 0.3 H above the wall
(Y/H= —0.7) as a result of the velocity of the injected fluid
being significantly less than that in recirculation zone. This
behavior differs from that in the redeveloping region, in which
the greater rate of injection generates a smaller horizontal
velocity within the boundary layer but a higher velocity outside
the boundary layer.
Streamlines of the flow field with and without normal mass
addition are sketched in Figs. 4(a)-4(b), respectively. The

stream function is defined as
ov

a¥ =—

ax

The mass flow rate, equals to the difference between the two
stream functions, is calculated from the following equations.

S x2 y2 (2)

Udy
Journal of Fluids Engineering

A comparison between

v
d -
X+ o dy 1)

2

dv=— g Vdx+ S
1 x1 y1

N
_— N Tee—

V, =0.10 m/s. (Uncertainty in mean horizontal velocity is less

Fig. 4(b)
than 3.2 percent.)
Fig. 4 Streamlines of the flowfield when the upstream velocity is 20

mis

2

Z _Udy
1

Normal injection induces partial mass bleed from the recir-
culating zone into the redeveloping boundary layer down-

2

S AY = — Vi(xy—x;) + 3)
1

- strearh.
The effect of normal mass bleed on maximum reverse ve-

locity at various cross sections in the recirculating zone at
Up=20 m/s is depicted in Fig. 5. The mass bleed rate reduces
the maximum reverse velocities at each cross section. The great-
est reverse velocity occurs at 0.6 X, with values in the range
0.16Uy ~ 0.22U,. Divergence of maximum reverse velocities for
various mass bleed rates are prominent in the rear part of the
recirculating zone, but not significant in the leading part.
The dimensionless local reverse flow rate is defined as
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*

Y
Q,/UpH= — S udy/UoH @
-H

in which y* corresponds to the point of zero horizontal velocity
with negative horizontal velocity between y= — H and y*. The
distributions of the reverse flow rates (Q,/UpH) along the nor-
malized horizontal distance (Fig. 6) show that the maximum
reverse flow rates are located between 0.4 ~ 0.5 X,. The reverse
flow rate decreases as the wall injection velocity increases.
Differences in reverse flow rates for various mass injection
rates are small in the leading part, but prominent in the rear
part of the recirculating zone. Hence less mass is rolled up
from the main stream into the recirculating zone when the fluid
is normally injected.

3.2 Static Pressure on the Wall. Horizontal variations of
the static pressure coefficient along the wall for various in-
jection rates at U;=20 m/s are depicted in Fig, 7. The border
of the recirculating zone, separately denoted by arrows, is
located where the highest pressure gradients are. Static pressure
increases significantly in the front part of the recirculating
zone as the injection rate increases. The vertical pressure dif-
ference across the shear layer is therefore subdued and the
bending downward of the shear layer is prolonged. As a result,
the length of recirculating zone increases with increasing rate
of injection. Deviations among the distributions of the di-
mensionless static wall pressure, which correspond to different
injection rates, gradually diminish after the recirculating zone.

A similar trend for Up=60 m/s is indicated in Fig. 8. The
lengths of the recirculating zone are 6.57 H, 6.6 H, 6.67 H,
and 6.7 H for the injection rates 0, 180, 360, and 540 liter/
min, respectively. The value of the smallest pressure coefficient
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without mass bleed at Uy=60 m/s is almost the same as that
of 20 m/s. Deviations of both pressure coefficients and length
of the recirculating zone are smaller than those for 20 m/s.
The length of the recirculating zone for Uy =60 m/s is also
smaller than for 20 m/s.

The vortex shedding frequency is analyzed through the meas-
urements of pressure fluctuations. A typical spectrum of the
wall pressure fluctuation near the end of the recirculating zone
at Up=20 m/s appears in Fig. 9. The frequency of the vortex

- train, denoted by a symbol f*, is linearly proportional to the

upstream flow velocity no matter how much mass is injected
(Fig. 10). The dimensionless Strouhal number has a value of
0.0134. The frequencies of 1/2 f* and 1/4 f* may come from
the pairing of eddies. However, alteration of the injection rate
creates no obvious variation in the spectra.

The relationship between the length of the recirculating zone,
the injection rate, and the upstream flow velocity is shown in
Fig. 11. The length of the recirculating zone increases as the
injection rate increases. According to the wall pressure distri-
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bution in Fig. 7, normal injection raises the static pressure in
the recirculating zone. The pressure difference across the shear
layer is greatly enhanced with increased stream velocity. That,
in turn, decreases the length of the recirculating zone. The
influence of the normal injection rate is inversely proportional
to the inlet flow velocity. The length of the recirculatirig zone
between normal mass bleed rates 0 and 540 liter/min increases
0.5 H at Uy=20 m/s, but only 0.1 H at Uy=60 m/s.

3.3 Turbulent Features. The definition of turbulence in-
tensity is two dimensional and expressed as follows:

>l/2

u12+U/2

Turbulence intensity = ( > %)

60 -

‘ —
50 - //'
o - - |
. |
E 30 4 !
g 0D Q=0 liter/min !
g |
& 20 + Q=180 liter/min |
/ ¢ Q=360 liter/min
10 -
= A Q=540 liter/min
0 , —
0 20 40 60
Velocity (m/s)

Fi.g. 10 Variation of the fluctuating frequency in the recirculating zone
with various inlet velocities and mass bleed

The influence of mass bleed through the porous wall on tur-
bulence intensity is more remarkable than its effect on the
mean horizontal velocity, as depicted in Figs. 12(a) and 12(b).
The turbulence intensity near the porous plate is significantly
dampened when the amount of mass bleed increases. This trend
is similar to that found by de Groot (1989), but different from
that by Schetz and Nerney (1977) and Schetz and Collier, Jr.
(1984). The reduction of the turbulence intensity is obvious at
X/X,=0.2 and 0.3, which are near the step. The four curves
corresponding to the injection velocities of 0, 0.05, 0.10, 0.15
m/s converge at Y/H= —0.3, where the vertical velocity
changes from positive to negative. The reduction of the tur-
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Fig. 11 Effect of normal injection on reattachment length at various

upstream velocities. (Uncertainty in reattachment length is less than
+1.4 percent.)
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bulence intensity is limited in the region V'>0. The differences 0.02

among the four curves near the porous wall remain large for ® Q=0 liteymin

the profiles X/X,=0.4 and 0.5. The convergent positions move | O Q=180 tics/min

upward to the dividing streamlines of the step, which indicates oo g gi::’g - ACCEPTABLE DATA

that the injected fluid, with a smaller turbulence intensity, ’ N - i ENVELOPE

penetrates into the upper side of the recirculating zone. ' BY EATON & JONNSTON (1981)

The effects of mass bleed on the distribution of Reynolds

shear stress at Uy=20 m/s is depicted in Figs. 13(a) and 13(b).
Near the wall region (Y/H= —0.8~0.9) at X/X,=0.2, al-
though the velocity fluctuations may vary 100 percent for dif-
ferent conditions, no obvious change in Reynolds shear stress
was observed because of the negligible velocity gradient in that
region. The effect of mass bleed on Reynolds shear stress
becomes significant in the region of Y/H= —0.8~ —0.45and d
it decreases as the rate of mass bleed increases. The maximum 0 g 0'5 e i : e 2
gradients of Reynolds shear stress are located on both bound- ‘ '

aries of the shear layer; for example, at Y/H= —0.45 and Normalized Horizantal Position. X/Xr

Y/H=0.1 on the cross section of 0.2 X,. The shear layer Fig. 14 Eftfect of normal injection rate on maximum Reynolds shear
certainly retains high level of shear stress as well as a large  stress of each cross section. (Uncertainty in Reynolds shear stress is
velocity gradient and velocity fluctuation level. As shown in  '6s8 than =13 percent)
the figure, the distribution of Reynolds shear stress in the shear
layer region is diffuse and no clear trend is observed. The

Reynolds shear stress in the shear layer is expected to be un- The effect of normal mass bleed rate on the maximum Reyn-
affected as the velocity and velocity fluctuation in this region © ©olds shear stress along the axial direction at Up=20 m/s is
are unaffected by wall injection. Generally, the region near shownin Fig. 14. The previous data on the maximum Reynolds
the wall in the front of the recirculation zone is more affected  shear stress summarized by Eaton and Johnson (1981) are also
than that in the rear. The flow near the wall of the recirculation  indicated in the figure. All corresponding data from this work
zone has a negative dU/dY and is expected to display a negative  fall within the envelope, except for those at X;=0.6, 0.7 for
Reynolds shear stress. However, data cannot be collected very Q=0 and X,=0.8 for Q=180 liter/min. The results of the
near the wall because of instrument limitations. The flow field, cases Q=0 and 180 liter/min reveal that the peak values occur
therefore, displays no negative Reynolds stress except for a  at locations in front of those previously indicated by Eaton
few points near the wall in the front part of the recirculation  and Johnson, The distributions of the maximum Reynolds
zone. shear stresses are smoother for the cases of Q=360 and 540

2
o
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liter/min than for those with no normal mass bleed. The max-
imum Reynolds shear stresses are generally dampened due to
normal injection. The effects of the injection rate on the pro-
files of turbulence intensity and Reynolds number at U, =40
and 60 m/s were less significant, but qualitatively similar to
those at 20 m/s. '

4 Conclusions

Normal injection significantly affects the flow features of
the recirculation zone behind a backstep. The horizontal ve-
locity near the wall in the recirculation zone decreases with
increasing rate of mass bleed. Both the maximum reverse ve-
locities and reverse flow rates along the axial position in the
recirculation zone decrease when the normal bleed is intro-
duced. Reductions of the reverse velocities by various rates of
mass bleed are evident at the rear of the recirculation zone,
but ambiguous at the front. Normal mass bleed also induces
greater recovery of pressure in the redevelopment region and
reduces the pressure difference across the shear layer.

Concerning turbulent features, mass bleed through the wall
effectively suppresses the velocity fluctuations, the turbulence
intensity and the Reynolds shear stress within the whole re-
circulation zone. The fluctuations in the region of the re-de-
veloping boundary layer are however enhanced. Maximum
attenuation of turbulence intensity occurs at the cross section
near the backstep. The results for the vertical velocities and
the turbulent intensities at various normal bleed rates indicate
that the interaction of the injected fluid with the shear layer
of the recirculation zone begins at 0.4 X, and becomes appre-
ciable after 0.8 X,. The results also reveal that the peak values
of Reynolds shear stress are located in front of those previously
indicated by Eaton and Johnson (1981). The distributions of
the maximum Reynolds shear stresses were smoother for the
cases of larger bleed rates than for no normal mass bleed.

JFE Data Bank Contribution

The data presented in the figures of this paper have been
edited and deposited in the JFE Data Bank for the use of any
of the readers. The data included mean and r.m.s. fluctuation
of horizontal velocity, mean and r.m.s. fluctuation of vertical
velocity, reverse velocity and reverse flow rate in the recir-

Journal of Fluids Engineering

culating zone, wall static pressure coefficient, wall pressure
spectrum, reattachment length, turbulence intensity and Reyn-
olds shear stress. The files also include instructions on the data
format. To access the file of this paper, see instruction on p.
193 of this issue.
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Cavity Flow Predictions Based on
the Euler Equations

An Euler solver based on artificial-compressibility and pseudo-time stepping is de-
veloped for the analysis of partial sheet cavitation in two-dimensional cascades and
on isolated airfoils. The computational domain is adapted to the evolution of the
cavity surface and the boundary conditions are implemented on the cavity interface.
This approach enables the cavitation pressure condition to be incorporated directly
without requiring the specification of the cavity length or the location of the inception
point. Numerical solutions are presented for a number of two-dimensional cavity
Slow problems, including both leading edge cavitation and the more difficult mid-
chord cavitation condition. Validation is accomplished by comparing with experi-
mental measurements and nonlinear panel solutions from potential flow theory. The
demonstrated success of the Euler cavitation procedure implies that it can be in-
corporated in existing incompressible CFD codes to provide engineering predictions
of cavitation. In addition, the flexibility of the Euler formulation may allow extension
to more complex problems such as viscous flows, time-dependent flows and three-
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dimensional flows.

Introduction

The literature of the past several decades contains numerous
models and analyses of sheet cavitation for flows over simple
bodies such as airfoils. Some representative papers that de-
scribe a portion of this include Tulin (1953), Wu (1972), Geurst
(1959), Hsu (1975), Tulin and Hsu (1980), Schultz and Kueny
(1986), and Uhlman (1987).The classical approach to cavitation
analysis is to treat the liquid/cavity interface as a constant
pressure surface and to describe the flowfield by the velocity
potential equations. The resulting cavity predictions are gen-
erally in reasonable agreement with experiment, although the
application of potential methods to more complex configu-
rations is difficult. The objective of the present paper is to
incorporate cavitation models analogous to those that have
been used in potential flow analyses into Euler equation solvers
to provide a method for incorporating cavitation modeling in
modern CFD codes. A further reason for using the Euler equa-
tions is to provide a foundation for developing more complex
and physically complete cavitation models.

In the velocity potential approaches, the earlier workers used
conformal mapping to determine the flow field (Geurst, 1959;
Hsu, 1975; Tulin and Hsu, 1980), while more recently workers
have used surface singularity distribution methods (Uhlman,
1987). Some of these cavitation analyses have been based on

linear theories in which the constant pressure condition is en-

forced on the airfoil surface (Tulin, 1953; Geurst, 1959), while
others have used nonlinear theories in which the pressure con-
dition is applied on the cavity surface (Tulin and Hsu, 1980;
Uhlman, 1987).

The traditional approach that is selected with velocity po-
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tential methods is the indirect, rather than the direct, cavitation
problem. That is to say, the constant pressure condition is
typically implemented by starting from a prescribed cavity
length and allowing the level of the cavitation pressure to be
determined as a part of the solution. Thus, after the flowfield
has been obtained for a known cavity length, the level of the
pressure in the cavitation region is deduced. In principle, a
number of such inverse calculations for different cavity lengths
can be used to obtain a particular cavitation pressure, but this
iterative approach is seldom used. Researchers instead have
preferred to conduct parametric studies as a function of cavity
length. Although a bit more difficult, it is possible to formulate
velocity potential methods so that the cavitation pressure can
be specified and the cavity length determined, but the authors
are unaware of any application of this procedure.

In general, all velocity potential models require some sort
of closure condition at the trailing edge of the cavitation bub-
ble. This closure condition frequently takes the form of a
singularity or an afterbody shape that guides the flow back to
the solid surface in a smooth fashion (Uhlman, 1987; Buist
and Raven, 1990). This approximation to the local physics at
reattachment allows reasonable comparison with experiment.

In the present paper we use numerical solutions of the Euler
equations to replace the velocity potential methods. The so-
lution of the Euler equations is more CPU-intensive than that
of the singularity distribution methods that are used in the
potential formulation, but there are a number of types of
application for which the Euler methods appear to have an
advantage. For example, potential flow methods become dif-
ficult to apply in complex geometries when multiple bodies are
present, and they fail entirely in the presence of rotational
effects such as those that arise from nonuniform inflows. These
limitations are more easily overcome when using the Euler
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equations. Another drawback of potential flow methods is that
the indirect cavitation analysis effectively restricts the cavi-
tation models to two-dimensional steady flows. Extensions to
three-dimensional or unsteady flows will most likely require
direct solution methods based on cavitation pressure. These
are more easily incorporated in Euler analyses. There is also
the promise that the application of the Euler equations to
cavitation modeling may enable improved physics to be in-
corporated into the cavitation model (although in this initial
application, the cavitation model chosen is philosophically the
same as those used for the potential flow theories). For ex-
ample, the combination of cavitation models with the Euler
equations serves as a precursor to incorporating similar models
in the full Navier-Stokes equations allowing more realistic
treatments of the cavitation inception point and the cavitation
closure condition. Finally, an Euler based cavitation model
also provides a method for including cavitation in inducer and
pump-flow CFD codes that are currently being developed for
design purposes (McConnaughey et al., 1992).

Although the cavity model chosen for use with the Euler
equations in the present paper is analogous to those used in
previous velocity potential studies, the method of application
is somewhat different. For the Euler equations, the prediction
of a constant pressure region on the cavity surface is most
readily accomplished directly rather than indirectly. The pres-
sure is specified on the cavity surface and the length is deter-
mined by the computation. The Euler equations are solved by
an explicit multi-step method (Merkle and Tsai, 1986), that
does not require an a priori knowledge of the location of the
cavity. The cavity inception point as well as the cavity profile
are determined by enforcing both the constant cavitation pres-
sure and the zero normal velocity condition on the cavity sur-
face, To avoid numerical difficulties, an after-body like that
used in the potential flow models, is added in the closure region
where the flow behavior is not well understood.

Both linear and nonlinear cavity models are attempted but
it is shown that the linear model is not well-founded for the
Euler equations because of a lack of physical boundary con-
ditions. This shortcoming is circumvented in the nonlinear
application of the theory, and the results are in good agreement
with experiment and with velocity potential models, as is shown

below. In the nonlinear method, an iterative procedure is used'

to update the cavity surface and the computational domain is
re-gridded accordingly over the body/cavity surface. The cav-
ity conditions are always applied directly on the latest cavity
surface.

Besides comparing the predictions of the Euler-equation-
based cavitation model with experiment and with the predic-

cascade spacing and for different cavitation pressure levels.
The present analysis is limited to two-dimensional steady flows.

Governing Equations and Computational Procedure

The steady-state two-dimensional incompressible Euler
equations in vector form are

vV-V=0
\Z V)V¥ - Vp Momentum

Continuity

where the density has been absorbed in the pressure. When
written in a strongly conservative form in generalized coor-
dinates using the unsteady artificial compressibility formula-
tion the above equations become

0Q oE oJF
' = —t—=
6T+6£ an 0 M
where
17800
I'={ 0 10
0 01
and
p U 14
Q=\uyj, E=luU+yp]), F=|uV-yp
v vU-x,p vV +xep

Here B is the artificial compressibility parameter and U and
V are the contravariant velocities in the £ and 4 directions
respectively

U=uy,-uvx,

V=uvx;~uy;

The time derivatives and the artificial compressibility term
in Eq. (1) are added for computational purposes to enable a
time marching scheme to advance the flow variables in the
system. The resulting unsteady Euler system is solved numer-
ically by an explicit time-marching procedure. When the so-
lution converges, the time derivatives approach zero and the
steady state Euler solution corresponding to the specified
boundary conditions is recovered. The artificial compressibility
term has no physical meaning but its coefficient 8 is chosen
to scale the eigenvalues of the system to the same order of
magnitude so that efficient convergence rate can be achieved,
In general curvilinear coordinates, § is defined by:

tions of a similar potential-flow method, parametric studies (U+V)?
of the effects of angle of attack on single airfoils are presented = )
along with predictions for airfoils in cascade with different (x§+ xf,+y£+y,,)
Nomenclature
Q = vector of primary depen- B = artificial compressibility
¢ = chord length dent variables factor
C, = non-dimensional pressure u = x-direction velocity com- I' = modified identity matrix
E = £ flux vector ponent ¢, n = transformed coordinates
F = 4 flux vector Us = velocity at inlet p = fluid density
h = cascade spacing U = E-direction contravariant ¢ = cavitation number
L = selection matrix velocity 7 = Pseudo time variable
M = inverse of modal matrix v = y-direction velocity com- ? = boundary condition vec-
n = Pseudo-time step ponent tor
p = local static pressure V = g-direction contravariant
Do = total pressure velocity Subscripts
Pe = static pressure at far- X, y. = Cartesian coordinates ¢, n = differentiation with re-
field o = angle of attack spect to transformed co-
p. = cavitation pressure oy, 0, @3 = Runge-Kutta constants ordinates
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A four-step Runge-Kutta explicit scheme is used to advance
the solution in pseudo-time, given as

R ; ?_E_' ?E n
Q0 =Q alAT<3E+aﬂ>,

o anr (B PE)
Q= COAT 3 " oy
LLE AV QE éﬁv
Q Q ”‘O{3AT<a£+an>
aE oF\
n+l: n_ s T
Qr'=0 AT(ag“Lan) ©)

Here the constants «; through «; are set to the sequence
1/4, 1/3, and 1/2, respectively. All spatial derivatives are cen-
tral-differenced and local time stepping is used to achieve better
convergence rates. A fourth order artificial viscosity (Kwak et
al., 1986) of the form

s “
U

is added to prevent odd-even splitting in the numerical solution.

With the addition of the artificial time derivative, the gov-
erning Buler equations become hyperbolic thereby enabling
the use of the Method of Characteristics (MOC) to formulate
the boundary conditions in a manner analogous to compress-
ible flow. The mathematical theory of the MOC states that
only the information that propagates into the computational
domain from the boundary should be specified at the bound-
ary, whereas the information that propagates towards the
boundary from within the computational domain must be de-
termined from a subset of the governing equations inside the
domain. This equation subset is determined from MOC theory.

The MOC type of boundary can be formulated as (Merkle
and Tsai, 1986):

o9 9E oF\"
— L IM N AQ" = —AULM Y —+— 5
<6Q+ > 0 3t T an ()
Here the equation(s)
Q=0 ®)

represent(s) the specified boundary condition(s): The diagonal
selection matrix, L, which contains ones corresponding to the
characteristics propagating toward the boundary and zeros for
those coming into the domain, selects the appropriate subset
of equations after they have been premultiplied by the eigen-
matrix, M, of the system.

Applying the method of characteristics to the above flow
problems indicates that the inflow shall be determined by two
boundary conditions plus one characteristic equation. For the
present solutions we specify the total pressure and the inflow
angle. At outflow only one boundary condition is needed.
Hence, the static pressure along with two characteristic equa-
tions form the outflow boundary equations. On the noncav-
itating portion of the airfoil surface zero normal velocity is

specified augmented by two characteristic equations. Boundary :

conditions on the cavitating interface are given in the next
section.

Cavitation Model

The procedure for determining the shape and location of
the cavity interface is analogous to that used for potential flow
analyses. The interface location is determined by over-speci-
fying the boundary relations on it. The set of over-specified
boundary conditions includes those that are normally pre-
scribed on an inviscid solid surface plus the additional speci-
fication of the cavity pressure on the interface. With these

38 / Vol. 116, MARCH 1994

boundary relations specified, the interface location is deter-
mined as a part of the marching process.

In keeping with the potential flow models, both a “‘linear’’
and a ‘‘nonlinear”’ procedure may be used to enforce the cavity
conditions. These terms are used in a manner analogous to
that used in airfoil theory. (‘‘Linear’’ airfoil theory enforces
the boundary conditions on the chord line, while *‘nonlinear”’
theory enforces the boundary conditions on the surface of the
surface of the airfoil.) For the *‘linear’’ cavitation case, the
cavity conditions are transferred to the corresponding airfoil
surface so that the computational domain is independent of
the cavity size and shape. For the nonlinear procedure, cavity
conditions are applied directly on the cavity interface. As a
consequence, the boundary of the computational domain
evolves with the cavity in the nonlinear case, and regridding
is required when the cavity surface is updated.

For both the linear and nonlinear theories the cavitation
computations are started from a converged noncavitating so-
lution for the flow over the geometry of interest. The cavitation
model is then incorporated into the numerical analysis by
checking the pressure distribution on the airfoil against the
specified cavitation pressure. If the pressure at any point on
the airfoil surface drops below the vapor pressure, that point
is switched from a ‘‘solid wall’”’ point to a ‘‘cavity’’ point.
One or more time steps are then taken with the cavitation
pressure specified as the surface boundary condition at these
cavitating points. This boundary conditions allows the normal
velocity at the surface to deviate from zero.

After identifying the cavitating points and updating the ve-
locity, a first cavity profile is defined by integrating the stream-
line starting from the first cavitating point to the last one. The
upstream-most cavitating point fixes the location of the cav-
itation inception point. The resulting cavitation interface is
established by ensuring that the cavity profile is non-negative
at each grid point. Negative cavity thicknesses correspond to
the cavity interface moving inside the airfoil surface. Points
with negative cavity thickness are treated as noncavitating
points in the next time step. This check on cavity thickness is -
the primary technique that allows the cavity length to contract
if necessary as the iteration proceeds.

If the cavity ends with a finite thickness (this is the normal
condition), the cavity is closed by adding an afterbody (Tulin
and Hsu, 1980; Buist and Raven, 1990). The afterbody shape
chosen here is a cubic profile that merges smoothly with the
cavity interface and approaches the body surface tangentially.
The standard surface boundary condition (zero normal veloc-
ity) is applied on the afterbody. For all cases presented herein,
the afterbody length was empirically fixed as three times the
height at the end of the cavity, Comparison with data indicates
that this gives reasonable results.

Linear Cavitation Theory

The linear cavitation approximation is analogous to the clas-
sical linear theories that are widely used for airfoils under small
angles of attack. The cavitating region is identified from the
pressure distribution on the airfoil surface as discussed above.
The pressure at the interface is fixed at the vapor pressure and
the liquid-vapor interface conditions are transferred to the
relevant part of the body surface. The zero normal velocity

« condition is then relaxed and replaced by a combination of

mass injection and mass removal at such a rate that the desired
interface location becomes a streamline. Although this linear
cavity approximation has been widely used for velocity po-
tential methods, it introduces some difficulties into the Euler
analysis as is discussed below.

The difficulties arising in the linear Buler analysis are as-
sociated with the boundary conditions on the cavitating portion
of the airfoil surface. In the linear approximation, the cavity
interface position requires that fluid be injected through some
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parts of the airfoil surface (to accommodate growth of the
cavity) while it is removed through other parts (to accom-
modate thinning of the cavity). These regions of inflow and
outflow require corresponding inflow and outflow boundary
conditions. In an Euler solution based on artificial compress-
ibility, the number of boundary conditions to be specified
equals the number of inward-running characteristics at the
boundary.

The removal of fluid, which corresponds to an outflow
boundary, creates no difficulties because there is one in-run-
ning characteristic and one obvious physical boundary con-
dition, the cavity pressure. This boundary condition is
augmented by two characteristic equations corresponding to
the out-running characteristic lines. These three conditions
represent a complete set of boundary relations, and the nec-
essary outflow velocity is obtained from the computational
solution.

By contrast, the injection portion of the cavity surface cor-
responds to an inflow boundary for which there are two out-
running characteristics. The inflow portion of the cavity there-
fore requires an extra boundary condition in addition to the
cavity pressure. This additional boundary condition is difficult
to extract from the fluid dynamics, and an arbitrary numerical
condition must be provided. One approach we have tested is
to specify the total pressure of the inflow as equal to that
corresponding to upstream conditions. Although this appears
to be a plausible choice, it causes some problems in obtaining
solutions that are qualitatively realistic. A second approach,
and one that was used for the solutions reported in this paper
is to treat this inflow region as an outflow boundary with one
boundary condition and two differential relations from the
equations of motion. This approach provided reasonable so-
lutions so long as the linearized cavity was reasonably small.
This arbitrariness vanishes in the nonlinear procedure as is
noted below.

In addition to problems with boundary conditions for the
linear problem, the translation of the boundary condition to
the airfoil surface makes it difficult to apply an afterbody to
close the cavity, and all linear calculations were made without
a closure condition. As a result, the strong curvature in the
termination region of the cavity introduces a singularity into
the linear representation. This local singularity is difficult to
accommodate in an Euler solution. Additional effort to cir-
cumvent this difficulty was not made because it disappears in
the nonlinear formulation. Further, our primary emphasis was
on the nonlinear method and the linear method was used only
as a means to obtain the nonlinear solution.

Nonlinear Cavitation Theory

In the nonlinear theory the cavity boundary conditions are
applied directly on the cavity surface so the controversy of
“‘inflow’” and “‘outflow’’ is removed. The two boundary con-
ditions that are used for defining the cavity interface shape
are that the flow be tangent to the currently assumed cavity
shape (replacing the inflow/outflow condition for the linear
case), and that the pressure on the interface be equal to the
cavitation pressure.

The nonlinear approach is a sequence of linear solutions
performed over the most recently updated cavity surface, cou-
pled with modifications of the computational domain to in-
corporate the current cavity shape. In the limit of convergence
the flow satisfies the constant pressure condition and is tangent
to the cavity surface. As before, the cavity location is identified
from the pressure distribution on the airfoil surface and the
constant pressure condition is used to replace the zero normal
velocity condition for cavitating points. The finite normal ve-
locities on the current cavity surface are then obtained from
the linear solution as described above. These velocities are
subsequently used to update the cavity surface by tracing the
streamline emanating from the cavity inception point.
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Once an initial cavity geometry has been established, the
grid is again updated to include the change in the boundary
due to the cavity. The computation on this new grid at the
next time step follows a linear cavitation pattern. The non-
cavitating points on the body surface are treated in standard
fashion, while those points on the: cavitation interface are
treated as constant pressure points, with mass injection or
removal specified on the interface to adjust the flow to the
cavity pressure. The cavity interface shape is then updated by
again tracing the streamline emanating from the initial cavi-
tating point. As the iterative procedure marches forward, the
cavity surface evolves and the solution approaches a converged
one with both the tangency and the pressure conditions being
satisfied. Because each intermediate surface shape is an im-
proved approximation to the converged cavity shape, the
strength of the mass injection and removal goes to zero as the
calculation proceeds. Thus, at convergence, there are no re-
maining grid points with mass injection or removal. Conse-
quently, the boundary condition at convergence is the cavity
surface, and the combination of two characteristics and one
boundary condition on the surface is mathematically and phys-
ically correct.

Numerical experiments have demonstrated that this method
of enforcing the pressure on the cavity surface during the
iteration is more effective than using the predicted interface
shape for an ‘‘impermeable wall’’ calculation. For the cal-
culations presented here, grid updating was accomplished every
five to twenty time steps.

Results

Representative Euler predictions for leading edge cavitation,
mid-chord cavitation and cavity length are given below and
compared with experiment. In addition, comparison of cavi-
tation in a cascade of airfoils is compared with a panel method
solution, and parametric studies of the effect of cascade spac-
ing, angle of attack and cavitation pressure are presented. The
Euler calculations are computed on stretched grids of 262 x 91
nodes. Convergence to steady-state required nominally 5000
time-steps for all cases. The presence of cavitation slowed down
the convergence by 10-20 percent.

Leading Edge Cavitation Prediction

The first step in the validation of the cavitation model is to
compare with the measurements of Shen and Dimotakis (1989)
for a NACA66(MOD)+ a=0.8 airfoil. The airfoil geometry
and the near-field details of the C-grid used for the compu-
tations are shown in Fig. 1. The experiments were conducted
with the airfoil centered in a water tunnel whose walls were
five chord lengths apart. The presence of the walls was sim-
ulated in the computations by placing an inviscid boundary at
that location. This outer boundry condition implies that tunnel
wall boundary layer effects have been omitted. Calculations
show that wall blockage effects have a noticeable impact on
the airfoil pressure distribution as is noted below, but the
omission of tunnel wall boundary layers should not affect this
distribution materially.

To set the stage for the cavitation predictions, we first com-
pare the pressure distribution on the noncavitating (fully-wet-
with the experimental measurements.
Representative comparisons for an angle of attack of one de-
gree and chord Reynolds number of 3 X 10° are given on Fig.
2. As can be seen, the predicted pressure distribution is in
relatively good agreement with the measurements. (Note that
all the pressure taps were placed on the suction side.) Corre-
sponding computations for an isolated airfoil (which were also
verified by panel method potential flow solutions) demon-
strated the importance of the tunnel walls on the surface pres-
sure distribution, even at this relatively small blockage ratio.
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Fig.1 Details of airfoil geometry and C-grid used in CFD computations
for cavitating flow over NACA66(MOD)+a=0.8 airfoil. Grid size is
262 x 91.
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Fig. 2 Pressure distribution on a NACAB86(MOD) + a= 0.8 hydrofoit for
noncavitating flow. Comparison between Euler computations and ex-
perimental measurements from Shen and Dimotakis at one degree angle
of attack.

Overall, this comparison (as well as numerous others not pre-
sented here) demonstrates that our Euler calculation (in the
absence of cavitation) gives satisfactory agreement with ex-
perimental measurements and with potential flow theory. Con-
sequently, we next turn to predictions of cavitation on this
same airfoil.

Measurements for a Reynolds number of 1.2 % 10%, but an
angle of attack of four degrees, show a significant cavitation
region on the suction side of the airfoil for most tunnel pressure
conditions. A series of cavitation calculations for the four
degree angle of attack case were performed on a 262 x 91 grid
similar to that shown in Fig. 1, Details of the computed flow-
field for one such case corresponding to a nondimensional
cavitation pressure of o= (p,— p)/1/ 2pu? = 1.0 are presented
in Fig. 3. The final grid of the flow domain is shown in Fig.
3(a) which also shows the cavitation which also shows the
cavitation region. The deformed grid around the cavitation
bubble appears clearly in the figure. Details of the solution

40 / Vol. 116, MARCH 1994
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Fig. 4 Pressure distribution and cavity profiles on a

NACA66(MOD) + a=0.8 hydrofoil for cavitating flow. Comparison be-
tween nonlinear Euler computations and experimental measurements
from Shen and Dimotakis at four degrees angle of attack.

showing the pressure contours and velocity vector fields around
the cavity are presented in Figs. 3(b) and 3(c).

Detailed predictions of cavitation on this airfoil are com-
pared with experimental measurements in Fig. 4. Both the
airfoil pressure distribution and the computed cavity profiles
are shown in the figure. Four cases, the noncavitating con-
dition, and three cavitating conditions at different pressure
levels (cavitation numbers, ¢=1.0, 0.9 and 0.84), were carried
out and compared with experiment. For the cavitating con-
ditions the pressure levels in the cavity were taken from the
experiment. Cavity lengths greater than about //¢=0.75 were

‘not computed, since, as discussed by Shen and Dimotakis

(1989), the cavity becomes unsteady and oscillates for long
cavities.

The comparisons in the figure show the predicted cavity
lengths are in good agreement with the measurements for all
three cavitation conditions. The favorable comparison of the
pressure distribution over the remainder of the airfoil suggests
that the shape of the cavity is also well predicted. A further
characteristic of the predictions is the presence of a steep pres-
sure rise following the cavity termination region. This local
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Fig.5 Lift coefficient on a cavitating NACAB6(MOD) + a = 0.8 hydrofoil.
Comparison between nonlinear Euler computations and experimental
measurements from Shen and Dimotakis at four degrees angle of attack.
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Fig. 6 WMid-chord cavitation: Comparison of pressure distribution be-
tween nonlinear Euler computations and experimental measurements
of Shen and Dimotakis for NACA66(MOD) + 2=0.8 airfoil at one degreee
angle of attack.

minimum in the C, distribution and the ensuing pressure rise
is neither confirmed nor denied by the experimental data be-
cause no pressure taps were located in this region. However,
it is generally expected that such a minimum will be observed
(Shen and Dimotakis, 1989). Overall, these results indicate that
the model provides a reasonably accurate prediction of the
cavitation region for these experimental conditions.

Figure 5 shows the calculated lift coefficient as a function
of the cavity length for the above airfoil at four degrees angle
of attack. The calculated coefficients agree quite well with the
experimental measurements, although the computations slightly
under-predict the increase in the measured lift in the presence
of cavitation. Both the experiments and the predictions, how-
ever, show that the lift increases with increasing cavity length,
as expected.

Mid-chord CaVitation Prediction

Existing cavitation models usually pre-specify a cavity in-
ception point, such as the leading edge or the minimum pressure
location in the noncavitating solution. With a marine propeller
operating at its design point, the shape of the pressure loading
on the blade section generally resembles a rooftop with the
minimum pressure, and hence the cavitation location, occur-
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ring around mid-chord. The absence of a distinct minumum
pressure location makes it difficult to specify a cavitation in-
ception point accurately. Mid-chord cavitation is therefore
difficult to predict in codes based on potential theory.

In the Euler analysis, such a pre-specification of the cavity
inception point is not needed and the prediciton of mid-chord
cavitation becomes straightforward. Mid-chord cavitation is,
in fact, predicted rather well by our model as is demonstrated
by comparison with the measurements of Shen and Dimotakis
(1989). '

Shen and Dimotakis (1989) generated mid-chord cavitation
on the NACA66(MOD) + a=0.8 foil, by testing the airfoil at
one degree angle of attack and a Reynolds number based on
chord length of 3 x 10%. The noncavitating pressure distribution
for this case, shown in Fig. 2, has been discussed above. The
comparison between predictions and experiments for the mid-
chord cavitation condition are given on Fig. 6. The predictions
show quite good agreement with the experiments both with
respect to the location of the cavity inception point, and with
respect to the length of the cavity. In addition, the pressure
distribution over the remainder of the airfoil is in good agree-
ment with the experiments, again suggesting that the shape of
the mid-chord cavity is well predicted. The expected stagnation
pressure at the termination of the mid-chord cavity is also
apparent in the calculate pressure distribution even though it
cannot be clearly resolved in the experiment because of the
finite number of pressure taps and the resulting uncertainty in
the location of the cavity termination point. This capability
for predicting mid-chord cavitation represents an important
advantage of the Euler analysis over potential flow analyses.

Cavity Length Predictions

Each of the above cavitation predictions (Figs. 3-6) include
comparisons of both the cavity length and the airfoil pressure
distribution with the data of Shen and Dimotakis (1989). There
exist few other cavitation measurements that characterize the
pressure distribution over the entire airfoil. A limited number
of cavity length measurements have, however, been reported.
In the present section, we compare cavity length predictions
with the data of Shen and Peterson (1978) and Dong (1983).

Dong (1983) reported experimental measurements of the
cavity length on a NACA16009 hydrofoil for two incidence
angles «=3.6 deg and 4.6 deg. The relationship between the
cavitation number (o) and the cavity length as a fraction of
chord (//¢) is presented in the form of curves of «/o versus I/
¢. We compare our computational predictions with these meas-
urements on Fig, 7. The computations agree quite well with
the experiments when the cavitation length is less than about
40 percent chord. For cavities longer than this, the predictions
underestimate the length by a larger and larger amount. Part
of this discrepancy may be due to unsteadiness in the closure
region of these larger cavitation bubbles. The general trends
of the experimental behavior are, however, well predicted by
the Euler analysis.

Shen and Peterson’s experiments were performed on a pitch-
ing Joukowski airfoil to study the effects of airfoil motion on
cavitation inception. Although their emphasis is on pitching
airfoils, they also reported cavity length measurements at zero
reduced frequency for two angles of attack. The zero frequency

‘measurements were reported at a cavitation number ¢=1.13

for angle of attack of 3.8 and 4.3 degrees. These two cavity
length measurements are compared with computational pre-
dictions from the present method in Table 1. The measured
cavity lengths for these two angles of attack are approximately
25 percent and 40 percent chord respectively. The predictions
agree with these measured cavity lengths to within about 10
percent in both cases. At both angles of attack the cavity lengths
are under-predicted, indicating that the predicted trend of cav-
ity length with angle of attack is'in good agreement with the
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Fig. 7 Cavity length prediction: Comparison with experimental meas-
urements from Dong at 3.6 and 4.6 degrees angle of attack.
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experiments. Taken together, the predicted cavity length com-
parisons with the data of Shen and Dimotakis (1989), Dong
(1983), and Shen and Peterson (1978) give reasonable confi-.
dence in the ability of the Euler formulation to provide ac-
ceptable engineering predictions of cavitating flow fields.

Cascade Computations

Having presented validation comparisons of the Euler cav-
itation model against several sets of experimental data, we turn
now to looking at parametric predictions of the Euler model.
Our first parametric study is of the size and shape of cavitation
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Table 1 Comparison of cavity length predictions with Shen
and Peterson (1978)

o Experiment .Computations
3.8° 0.25 0.22
4.6° 0.39 0.355
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Fig. 9 Parametric study of the etfect of cascade spacing using Euler
analysis. NACAQ012 cascade at cascade spacings =1, 2, and 4 chord
lengths; angle of attack =5 deg Cp=1.0.

bubbles in a cascade. Because few measurements of cavitating
flow in cascades have been reported, we compare the Euler
cavitation predictions for this geometry with similar results
based on the velocity potential equations. For these compar-
isons, a two-dimensional potential flow code was used. This
code is based on a panel method that involves the represen-
tation of the potential function as a distribution of uniform
sources and piece-wise linear vortices (Feng and Lee, 1990;
Lee et al., 1991). The code has been extensively validated
against a large variety of analytical solutions and experimental
measurements in noncavitating flows and was extended to in-
clude both linear and nonlinear cavitation prediction capabil-
ities for single airfoils and cascades as part of the present work.

Figure 8 presents predictions from these two cavitation
models for a cascade with a spacing of 4 chord lengths. The
figure shows the agreement between the results of the panel
and Euler codes is, in general, quite good. The two pressure
distributions and the resulting cavity profile shapes are quite
similar to each other. The pressure rise around the airfoil
leading edge is milder for the cascade than for an isolated
airfoil resulting in a thinner cavitation bubble. Compared with
an isolated airfoil case, the cavity length is about the same,
but the maximum cavity thickness is some 40 percent less due
to the cascade effect.

For the panel method calculations the airfoil was represented
by about 100 panels. Panel refinement showed this resolution
was sufficient to obtain a panel-independent solution. The
panel method, however, requires substantially less CPU time
than the Euler code (which was similarly demonstrated to pro-
vide a grid-independent solution on the 262x91 grid) as is
typically the case between Euler and panel codes. The strength
of the Euler method is in its ability to solve the direct problem,
that is, requiring no presumptions about the cavity location,
as well as in applying it to problems where velocity potential
methods fail (as for example, in rotational flows) or experience
difficulties (as for example, in mid-chord cavitation calcula-
tions).

To study the effect of cascade spacing on the cavitation
performance, calculations were performed on the NACA0012
airfoil for three cascade spacings ranging from 1 to 4, each at
5 degrees of incidence. The predicted cavity profiles and pres-
sure distributions are presented in Fig. 9. The pressure peak
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Fig.10 Parametric study of the effect of cavitation pressure using Euler
analysis. NACAOD12 isolated airfoil at five degrees angle of attack.
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Fig.11 Parametric study of the effect of angle and of attack using Euler
analysis. NACA0012 isolated airfoil angle of attack=4, 5, and 6 degs,
Cp =1.0.

near the leading edge is further suppressed as the cascade
spacing is decreased, so that both the cavity length and the
cavity thickness are reduced. These results clearly show that
both the cavity thickness and the cavity length are strongly
affected by cascade spacing.

Effect of Cavitation Pressure and Angle of Attack

The effects of varying cavitation pressure and angle of attack
for an isolated airfoil were studied for a NACAO0012 airfoil.
The grid used in these computations is again similar to the
grid shown in Fig. 1. The farfield boundary in the isolated
airfoil cases was fixed at four times the chord length. Numerical
calculations are conducted for the single airfoil at three cav-
itation pressure levels and under three different angles of at-
tack. The results are presented in Fig. 10 and 11 which include
the pressure coefficients and the final converged cavity ge-
ometries for each case. The results indicate, as expected, that
the cavity grows with decreasing cavitation pressure and with
increasing angle of attack. Cavity lengths ranging from 30
percent to 70 percent chord are predicted for cavitation num-
bers 0.9, 1.0 and 1.2 (Fig. 10). Increasing the angle of attack
from 4 to 6 degrees likewise increases the cavitation length
from 30 percent to 70 percent (Fig. 11).

Conclusions

Cavitation is a widely existing hydrodynamic phenomenon,
that remains a persistent problem in hydraulic machinery de-
sign. The numerical model developed in this paper is analogous
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to the existing potential flow models, and presents good po-
tential to incorporate cavitation modeling in existing turbo-
machinery CFD codes. This makes the modeling of cavitation
in complex geometries, rotational flows or three-dimensional
flows more feasible.

The numerical approach uses an artificial-compressibility
procedure and pseudo-time stepping to solve the Euler equa-
tions with a finite difference scheme. It requires no presump-
tions of either the cavity length or the location of the cavity
inception point. Although we have demonstraied that the linear
formulation where the cavitation boundary condition is trans-
lated to the body surface may lead to difficulty, this difficulty
vanishes for the full nonlinear problem in which the cavitation
condition is satisfied on the cavity interface. The nonliner
calculation does, however, require re-gridding of the com-
putational domain as the calculation converges. In the con-
verged limit, the nonlinear problem satisfies both the cavity
pressure condition and the velocity condition on the cavity
interface.

Numerical solutions have been obtained for a number of
two-dimensional cavity flow problems, both for single airfoils
and cascades. Comparisons with experimental measurements
are presented for isolated airfoils for both pressure distribution
and cavity length. The results of computations show good
agreement with experimental measurements from several ex-
periments. Since experimental measurements of cavitation in
cascades were not available, comparisons are presented with
panel code solutions based on velocity potential theory for this
geometry. These comparisons are also in good general agree-
ment.

In addition to leading edge cavitation predictions, the Euler
code also provides the capability for accurate predictions of
mid-chord cavitation. This calculation is relatively difficulty
to predict with potential flow codes because of the absence of
a distinct cavitation inception point at which to begin the
bubble.

In summary, the Euler cavitation model provides good en-
gineering predictions of cavitation on airfoils and in cascades.
Further extensions from the current two-dimensional steady-
state analysis to three-dimensional and/or unsteady analyses
should be relatively straightforward for the Euler formulation.
In addition, this approach presents good potential for im-
proved physical analysis of cavitation, including the effects of
viscous forces which may lead to improved understanding of
cavity formation.
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Developing turbulent flow in a 90 deg curved duct of rectangular cross-section, and
an aspect ratio of 6, was investigated. Mean-velocity and Reynolds-stress components
were measured using a five-hole pressure probe and two-sensor hot-wire probes,
respectively, in the boundary layers on the duct walls to document the pressure-
driven secondary motion and the formation of a longitudinal vortex near the corner
on the convex wall. Special attention was paid to the three-dimensionality of the
flow exiting the two-dimensional contraction of the wind tunnel in order to provide
proper inlet boundary conditions for future computational work. The mean velocities
and wall shear stresses were measured at seven sections and turbulence measurement
were made at four sections. The data provide insights into the development of three-
dimensional turbulent boundary layers under the influence of strong streamwise
curvature, both convex or concave, and attendant pressure gradients, and clearly
elucidate the mechanism by which strong pressure-driven secondary motion results
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in a longitudinal vortex.

Introduction

Computational fluid dynamics (CFD) codes have come to
occupy an important place among methods of analysis and
design of fluids engineering systems and products. The vali-
dation of such codes for turbulent flows relies on comparisons
with carefully conducted experiments which highlight some
particular fluid flow phenomenon or influence, the central
uncertainty being the fidelity of the turbulence closure model
employed in the code. Among the factors that have defied
accurate representation in CFD codes are the influence of
streamwise surface and/or streamline curvature, and the de-
velopment and decay of secondary motion, by either the Reyn-
olds stresses or cross-stream pressure gradients associated with
curvature. Many experiments have been carried out to under-
stand the basic mechanisms involved, and some of the data
have been considered refined enough for use in CFD code
validation. This paper describes the results of an experiment
designed to elucidate the development of secondary motion
and vortices in turbulent boundary layers on the walls of a
curved rectangular duct.

*Data have been deposited to the JFE Data Bank. To access the file for this
paper, see instructions on p. 193 of this issue.

'Present address: KRISO, Daejon, Korea 305-606.

Contributed by the Fluids Engineering Division and presented at the Sym-
posium on Data for Validation of CFD Codes, ASME Fluids Engineering Meet-
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MECHANICAL ENGINEERS. Manuscript received by the Fluids Engineering Division
June 15, 1992; revised manuscript received May 13, 1993. Associate Technical
Editor: Ho, Chih-Ming.
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Curved ducts of varying lengths and aspect ratios have been
employed in the past to study the streamwise curvature effects
and secondary motions. A review of the literature indicates
basically two types of experiments. In one, developing flow in
curved ducts of ‘‘large’ aspect ratio has been measured to
study the effect of convex or concave curvature on a nominally
two-dimensional turbulent boundary layer. In some cases, at-
tempts were made to remove the attendant pressure gradients
and isolate the effects of curvature, while in others, the pressure
gradient effects were not documented and were generally ig-
nored. In some others, two dimensionality was either not doc-
umented or the channel aspect ratio was not large enough to
guarantee two dimensionality. Among experiments of this type
are those of Smits et al. (1979), Gillis and Johnston (1983),
Hoffmann et al. (1985), and Muck et al. (1985). These studies
in two-dimensional boundary layers indicate that convex cur-
vature has a stabilizing influence (reduces turbulent transport)

- whereas concave curvature has a destabilizing effect (increases

the turbulence). The differences between the two are not equal
and opposite, however, and no turbulence model has yet suc-
ceeded in representing the effect of curvature with precision.

The second type of experiments have been conducted mostly
in ducts of square cross section, with short or long straight
sections upstream of the curved portion, to study the evolution
of the secondary motion in developing and fully developed
flows. Representative experiments of this type are those of
Humphrey et al. (1981), Chang et al. (1983), and Iacovides et

MARCH 1994, Vol. 116/ 45
SME



al. (1990). Measurements in fully developed flow in a square
duct clearly reveal that the secondary motion arises from cur-
vature-induced pressure gradients which drive low-momentum
fluid from the outer (concave) wall on to the inner (convex)
wall. Strong and prolonged curvature leads to the formation
of longitudinal vortices on the convex wall. The principal dif-
ference between developing (boundary layer) and fully devel-
oped flow is that, in the former, the secondary motion is weaker
and confined to the boundary layers. The effects of surface
curvature on turbulence are obviously present in these flows
as well buit they are generally masked by those of the secondary
motion. Also, the stress-driven secondary motion that is pres-
ent in any straight upstream segment of the duct, interacts
with the much stronger pressure-driven secondary motion in
the curved section, resulting in a flow that is influenced by
many factors. Because of these complexities, square-duct ex-
periments have been used in CFD code validation to test not
only the numerical capabilities but also to investigate the per-
formance of turbulence models.

Developing boundary-layer flow in curved rectangular ducts
has not been studied to the same level of detail as that in a
square duct. Some preliminary measurements were made in
such a flow by Patel (1968) during the course of a study on
curvature effects in nominally two-dimensional turbulent
boundary layers. Mean velocity distributions measured at sev-
eral spanwise stations in the boundary layers developing in a
curved rectangular duct of aspect ratio six revealed not only
Goertler type vortices on the concave wall but also much
stronger longitudinal vortices on the convex wall some distance
from the duct corners. These latter vortices are induced by the
curvature-driven secondary motion. It was concluded that these
vortices had to bereduced in order to realize two dimensionality
of the flow along the duct centerplane. The authors are not
aware of any other experiments in rectangular ducts of similar
dimensions in spite of the fact they offer the opportunity to
isolate and study, in a single simple geometry, two important
flow features mentioned above, namely, the effects of stream-
wise curvature on the turbulence in a nearly two-dimensional
flow, and vortex formation from a pressure-driven secondary
flow. The latter feature is related to the so-called crossflow or
open type of separation of a three-dimensional boundary layer.
The present experiment is concerned with turbulent boundary
layers developing in a curved rectangular duct. A computa-
tional study was conducted in parallel (Kim, 1991) to guide
the experiments. As a result, special attention was paid to the
three-dimensionality of the flow on the flat walls downstream
of the wind tunnel contraction to properly document the flow
conditions ahead of the curved section. The data from this
experiment have been compared, by Kim (1991) and Sotiro-
poulos and Patel (1992), with two different numerical methods.
Therefore, the authors are well aware of the need to present
the experiment results in a form that is convenient for testing
and validating computational methods.

The experimental facilities are described, along with the
instrumentation and measurement procedures. Measurement
uncertainties were determined by the method of Kline and
McClintock (1953). The quantities measured include the dis-
tributions of surface pressure and shear stress, the three com-
ponents of the mean velocity vector, and all but one component
of the Reynolds stress tensor.

Experimental Apparatus

The experiments were conducted in the curved-wall wind
tunnel shown in Fig. 1. This open-circuit, suction-type wind
tunnel has a 90 deg bend. A 0.25 in (6.35 mm) honeycomb
and three 16-mesh screens are installed at the entrance, and
these are followed by a two-dimensional lateral contraction
with an area ratio of 6. The 5-ft (1.52 m) long straight upstream
section provides a well-developed, flat-plate type turbulent
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Fig. 1 Curved-wall wind tunnel; coordinates and location of measure-
ment stations

boundary layer before the start of the curved section. The 17-
ft (5.18 m) long downstream section enables the study of flow
recovery following the curvature and attendant pressure gra-
dients. The bend has an inner radius of 24 in (61.0 cm) and
an outer radius of 32 in (81.3 cm). The tunnel cross section is
rectangular, with a width of 8 in (20.3 cm) and a height of 48
in (121.9 cm). Thus, the duct aspect ratio is 6. In the design
of the tunnel, the dimensions were determined after careful
consideration of previous work on curvature effects on tur-
bulent boundary layers, and the need to isolate the effects of
curvature in the flow along the tunnel mid-section from those
of secondary motion and vortex formation at the corners. The
resulting configuration is versatile insofar as these effects can
be studied either in isolation or together. The present exper-
iments exploit both capabilities.

The boundary layers on all walls of the test section were
tripped by a one-inch (25.4 mm) wide, #80 sandpaper, just
downstream (12.7 mm) of the contraction. The air speed was
controlled by adjusting the fan speed and monitoring the pres-
sure difference along the contraction. A Pitot tube located in
the freestream at the station marked Ul in Fig. 1 was used to
calibrate the tunnel and establish the relation between the con-
traction pressure drop and the velocity in the tunnel, The wind-
tunnel reference pressure had a maximum variation of 0.6

. percent during a normal measurement time. A HP-1000 mini-

computer was used to control the experiments and collect the
data, and an Apollo workstation was used for post-processing
and plotting. A computer-controlled, two-axis, probe-travers-
ing unit was installed for rapid and accurate positioning of
pressure and hot-wire probes. The traverse had two stepping
motors which drive Unislide gears with an accuracy of 1/4000
in. The traversing unit was mounted on the top of the tunnel,
and could be manually moved from one section to another
along the tunnel.
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Table 1 Pressure distribution along the tunnel symmetry plane*
Upstream (straight) 90 degree bend Downstrearn (straight)
|V |V

X Cp X Cp X Cp X Cp X Cp X Cp
709 0169  -7.09 0.185 (.13 0062 006 024l 478 0089 471 0,189
-6.34 0,141 634 0.149 025 -0.105 0.2 0.249 488 0070 482 0.153
559 017 -5.59 0.125  0.38 0.145 021 0265 500 -0.046 495 0.129
484 0106  -4.84 0110 050 0189 031 0274 513 -003¢ 507 0117
409 0094  -4.09 0.102 063 0229 040 0285 525 -0.018 520 0.098
334 0086  -334 0.094 075 -0.253 0.49 0297 538 -0.006 532 0078
259 0082  -2.59 0090 0.88 -0.265 0.59 0.304 550 -0.006 545 0.066
1.84 0.074 1.84 0094  1.00 -0.277 0.68 0.312 563 0.006 557 0.046
1.22 0.082 122 0.106 138 -0221 078 0.301 575 0010 570 0.026
1.13 0.078 112 0102 75 -0209 0.87 0.309 588 -0.010 582 0010
1.00 0.074  -0.99 0.110 2113 -0.265 096 0.312 597 0010 595 -0.002
0.88 0074  -087 0.102 250 -0.269 1.06 0.305 659 0006 657 -0.010
075 0078  -0.74 0.114 288 -0249 115 0312 734 0022 732 -0.018
0.63 0078  -0.62 0.121 325 -0.241 124 0.312 809 -0.038 807 -0.034
0.50 0.070  -0.49 0.133 363 -0.261 134 0.301 8.84 -0.050  8.82 -0.042
038 0066  -0.37 0.145 400 -0241 143 0309 959 -0.058  9.57 -0.062
0.25 0.050 0.24 0.169 413 -0.229 1.53  0.285 10.34 -0.070 10.32 -0.062
0.13 0.034  -0.12 0201 425 -0.201 171 0289  11.09 -0.078  11.07 -0.074
003 0002  -0.03 0217 438 -0.173 181 0309 11,84 -0.082 11.82 -0.078
450 -0.153 190 0309 1259 -0.089  12.57 -0.058
459 -0.129 199 0309 1334 -0.129 1332 -0.097
466 -0.109 209 0309  14.09 -0.105  14.07 -0.100
218 0310 1484 -0.109  14.82 -0.101
228 0312 1559 -0.113 1557 -0.112
237 0305 1634 -0.113  16.32 -0.125
246 0301  17.09 -0.121  17.07 -0.113
256 0301  17.84 -0.093  17.82 -0.118
265 0301 1859 -0.117  18.57 -0.125
274 0285 1934 -0.129  19.32 -0.145
284 0207 20,09 -0.045  20.07 -0.137
293 0281 20,84 -0.149  20.82 -0.141
303 0293 2159 -0.1S7 2157 -0.150
312 0285 2234 -0.161 2232 -0.157
331 0293 2309 -0.173  23.07 -0.165
340 0301  23.84 -0.169  23.82 -0.172
3.49 0.297 24,59 -0.185 24.57 -0.181
359 0301 2534 -0.189 2532 -0.193
368 0301 2609 -0.193  26.07 -0.193
378 0.297 2687 -0.197  26.82 -0.193

387 0297

396 0.285

406 0.285

415 0.281

424 0.281

434 0.249

443 0257

4.53  0.205

* X denotes (hﬁ distance from the start of bend along the inside convex wall, divided by H.
Cp= (P~Po)/§ pUq?, where P, represents pressure at the inside wall at X=0.

Uniformity of the mean-velocity distribution at station Ul,
located 2 ft (61.0 cm) downstream of the turbulence stimulator,
was ascertained by traversing a Pitot tube. The velocity was
uniform outside the boundary layers, with a deviation from
the mean less than 1.0 percent. As will be discussed more fully
later, the two-dimensional contraction introduced secondary
motion in the boundary layers on top and bottom flat walls
of the tunnel. However, the boundary layers on the wider,
vertical walls were two dimensional over the middle 32 in (81.3
cm).

Figure 1 also shows the coordinates employed in the pres-
entation of experimental results; X is the longitudinal distance
along the inside wall, Y is the outward distance from the inside
wall, and Z is the distance measured downward from the top
inside corner. The origin of the coordinate system is located
at the start of the bend at the top inside corner. The mean and
fluctuating velocity components in the (X, Y, Z) directions
are (U, V, W) and (u, v, w), respectively. Thus, U represents
the longitudinal component whose direction follows the duct
curvature, while ¥ and W are the transverse components. The
reference station Ul is at X= —4.5 H, upstream of the bend,
H being the duct width. Station U2 is at X= —0.5 H, just
inside the influence of the pressure gradients induced by the
duct curvature. The following three stations are located at 15,
45, and 75 degrees along the bend, and are so designated. Two
downstream stations, D1 and D2 which are 0.5 H, 4.5 H
downstream of the bend, respectively, were selected to study
the recovery of the flow following the curvature. In the fol-
lowing discussion, all velocity components are nondimension-
alized by the freestream velocity (16 m/s) at station U1.

Mean-Flow Measurements

The mean-velocity field was measured with a five-hole pres-
sure probe. Using this probe, it was possible to measure the
three components of mean velocity at any location in the tunnel
without yawing and pitching the probe. The overall diameter
of the probe was 0.13 in (3.30 mm) and it had five 0.023 in
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(0.584 mm) holes: one on the flat surface facing upstream and
four equally spaced on 45 deg facets. All pressure measure-
ments were made with a Validyne pressure transducer (+0.125
psi range) which was calibrated against a micromanometer,
having a resolution of 0.001 in (0.0254 mm) of alcohol. The
pressure measurements were accurate to within 2 percent of
the freestream dynamic pressure.

The five-hole pressure probe was calibrated in the freestream
at station U1 against a standard Pitot tube, following Treaster
and Yocum (1979). A specially designed probe-holder base
enabled the probe to be yawed and pitched in desired positions,
in the range =35 deg, in 5 deg intervals. For each pressure
measurement, a sampling rate of 200 samples/second and a
measuring period of 3 seconds was used by suitably program-
ming the A/D converter of the computer. Thus, the mean
pressure was obtained by averaging 600 samples. The pressures
measured by the probe were converted to the calibration coef-
ficients defined in Treaster and Yocum, and the calibration
charts were used, with fourth-order polynomials for interpo-
lation, to calculate the yaw and pitch angles, velocity mag-
nitude, and static pressure. The velocity components were then
calculated. Errors from the approximation of the calibration
chart were estimated to be 1 deg in flow angle when the yaw
and pitch angles were less than 25 deg. Most of the measure-
ments were found to be within this range. The overall uncer-
tainty in the mean-velocity measurements was estimated to be
1.5 percent in the streamwise component (U/) and 3 percent
in the transverse components (V and W) of the reference ve-
locity.

Measurement of Wall Pressure and Wall Shear Stress

The pressure distribution on the tunnel walls was measured
by pressure taps. Along the centerline of the side walls of the
wind tunnel, 80 taps were placed on the inside wall and 106
taps were placed on the outside wall. The location of these
taps and the measured pressures are given in Table 1 and plotted
in Fig. 4. Additional pressure taps were provided in the span-
wise direction at several streamwise sections but these were
used mainly to check the flow symmetry about the tunnel
centerplane.

The wall shear stress was determined by employing two
different types of pressure probes at the same location. A total-
head tube with inner and outer diameters of 0.047 and 0.065
in (1.19 and 1.65 mm), respectively, was used in the manner
of a Preston tube. However, the static pressure at the same
point was obtained from a separate static-pressure probe. The
difference between the readings of the two probes was used,
along with the Preston-tube calibration of Patel (1965), to
obtain the wall friction coefficient. This method of determining
the static pressure (instead of using wall taps) enabled wall-
friction measurements to be made rapidly and at closely-spaced
positions. However, it should be pointed out that, due to the
relative insensitivity of the probes to yaw, this method gives
the magnitude of the wall shear but not its direction. This
limitation should be kept in mind in future use of these data.

Turbulence Measurements

A constant-temperature hot-wire system was employed to
-measure the fluctuating velocity components. At the beginning
of this study, it was thought that a triple-sensor probe could
be used to obtain all the necessary information in a single set
of experiments. However, more detailed consideration of the
flow to be measured soon led to the conclusion that commer-
cially available triple-sensor probes were much too large to
properly resolve the near-wall flow. Therefore, a miniature
two-sensor (X-wire) probe, whose overall size is less than 2
mm (DISA 55P61), was employed. The probe had a 1.25-mm
long, 5-mm diameter platinum-plated tungsten wires, giving a
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length-diameter ratio of 250. It was used in two orientations,
with the sensors in the X Y plane, and then in the XZ plane,
to obtain all except one (— W) component of the Reynolds
stress tensor. Each sensor was connected to a DISA 55P10
Constant Temperature Anemometer bridge operating with an
overheat ratio of 1.5, The probe was speed-calibrated to obtain
the calibration constants before and after each experiment.
This was intended to monitor the drift in the calibration due
to variations in ambient temperature or deposits accumulating
on the sensors. Since the wind tunnel is of the open-circuit
type, temperature increases inside the tunnel were usually quite
small (less than 2°C during a one or two hour period). How-
ever, the temperature was monitored and corrections were
made in the calibration.

The modified King’s law was used to relate the anemometer
voltage E to the effective cooling velocity U,:

2

Tw - Ta

where T, is the constant wire temperature, 7, is the ambient
temperature, A and B are calibration constants, and n=0.5.
The instantaneous effective cooling velocity was converted to
instantaneous in-plane velocity in the laboratory frame using
the cosine law and a constant directional sensitivity coefficient,
k=0.2, with cooling by the out-of-plane velocity component
ignored. The main source of error comes from the out-of-
plane velocity cooling. The overall uncertainty in the measured
Reynolds stresses was estimated as 5 percent in u? and 10
percent in other stresses.

The data-acquisition procedure was similar to that used for
the five-hole pressure probe. Voltages from the hot-wire sen-
sors and the tunnel temperature were sampled simultaneously
for 5 seconds with a sampling rate of 200 Hz, and processed
to determine the instantaneous velocity components and then
the Reynolds stresses. Although the hot-wire measurements
also yielded the mean-velocity components, the measurements
with the pressure probe are considered more reliable. There-
fore, only the pressure-probe data are presented for the mean
velocities.

=A+B(Uy)" M

Influence of Wind-Tunnel Contraction

From the measurements at station Ul it became apparent
quite early that the flow on the flat top (and bottom) wall was

influenced by the two-dimensional contraction of the wind -

tunnel. Figure 2 shows selected data. It is clear that a pair of
vortices exists inside the top-wall boundary layer, rendering it
highly three dimensional. As observed by Mokhtari and Brad-
shaw (1983), these vortices are induced by the lateral pressure
gradients that exist on the top wall of the wind-tunnel con-
traction. These gradients deflect the slow-moving boundary-
layer fluid toward the vertical centerplane more strongly than
the inviscid fluid outside the boundary layer, inducing a pres-
sure-driven secondary motion. The secondary flows collide at
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plane

the vertical centerplane of the top wall, forming a pair of
vortices with the common flow between them away from the
wall. However, in the present case, the roll-up process was not
sufficiently advanced to form vortices with identifiable cores
of velocity defect.

The data in Fig. 2 indicate that the secondary flow magnitude
reaches almost 5 percent of the freestream velocity, while the
longitudinal velocity contours indicate that the boundary layer
thickness at the center of the top wall is almost three times
that near the corners. This extraordinarily thick boundary layer
leads to the large vertical component of velocity near the center.
The contours of turbulent kinetic energy and the Reynolds
shear-stress — 7w, which is principally responsible for the
transport of X-momentum in the vertical direction, normal to
the top wall, indicate that the flow is approximately symmetric
about the vertical centerplane. A more careful study of the
secondary motion and the various contours indicates that there
may be yet another pair of counter-rotating vortices forming
under the primary pair. These secondary vortices produce a
flow towards the wall in the centerplane and lead to increased
axial velocity, turbulent kinetic energy, and Reynolds stress
very close to the wall.

The downstream persistence of the top-wall vortices ob-
served in Fig. 2 can be clearly seen from the friction coefficients
measured at stations Ul, U2, 15, and 45, which are shown in
Fig. 3. First of.all, the higher friction coefficient near the
centerplane at Ul is indicative of a local flow divergence as-
sociated with the counter-rotating secondary vortices men-
tioned above. By station U2, these secondary vortices have
disappeared and the friction distribution is that associated with
only the primary pair, the low friction at the centerplane being
due to the flow convergence induced by the primary pair of
vortices. There exists some asymmetry due to the fact that
some radially inward pressure gradient exists at station U2 (see
Fig. 4). This asymmetry is obvious at station 15, where the
curvature related radial pressure gradient drives low-momen-
tum fluid in the top wall boundary layer from the inside to
the outside corner. The effect of the thickened boundary layer
(due to the vortices) is still in evidence at station 15 in the dip
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in the friction coefficient. By station 45, however, there is little
evidence of the contraction-induced vortices.

Measurements similar to those shown in Fig. 2 were made
along the vertical side walls of the duct at station Ul. These
revealed that the boundary layers on the two walls were es-
sentially two dimensional except for a short region close to the
corners. The boundary layer thickness at midspan of the ver-
tical walls was 0.08 H (Re;=18,000), and wall friction coef-
ficient (Cy=21,/p UZ) was 0.0038. While these two integral
parameters are usually sufficient to prescribe the initial con-
ditions (under the assumption of a flat-plate boundary layer)
for the calculation of the subsequent flow, the observed con-
traction-induced vortical flow should be taken into account to
properly model the flow in the corners. The measured data
can be used to construct realistic inlet condition for such com-
putations.

Results and Discussion

The experiment was conducted with the freestream velocity
Uy, outside the boundary layers at the reference section Ul
(Fig. 1), of 16 m/s. In the presentation of results, this is used
as the reference velocity. With these values, the duct Reynolds
number, UyH/v=224,000 and the corresponding Dean num-
ber (UpRu/v)[ R,/ (R;+ 0.5 H)® = 95,000, where the hydraulic
radius R, =0.857 H and the inner radius of the duct R;=3.0
H. However, it should be noted that these are not particularly
meaningful for the developing boundary layers that are of
interest in the present situation. Instead, it is the state of the
boundary layer in the upstream section, at station Ul, say,
that determines the effects of surface curvatures and pressure
gradients that are imposed on the boundary layers as they
negotiate the curve and recover from it. At this station, the
boundary layers on the vertical walls have essentially the same
characteristics as they have developed in identical circumstan-
ces. Measurements indicated that, at the center of these walls,
the momentum-thickness Reynolds number, Ry= Uyf/», was
1650. The boundary layers on these walls were found to be
essentially two-dimensional in regions out of the immediate
influence of the corners. However, as described above, the
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Fig. 6 Wall shear stress distributions

boundary layers on the top and bottom walls are not two
dimensional. Measurements were made in the upper half of
the duct cross section, the symmetry of flow in the upper and
lower halves of the duct being assumed following some pre-
liminary measurements.

Mean Pressure and Velocity Fields. The pressure distri-
bution (C,=2(p— po)/p U3) along the channel walls in the plane
of symmetry, given in Table 1, is presented in Fig. 4, where
Do represents pressure at (0, 0, 3H) and U, is the freestream
velocity at U1, The pressure gradients induced by the curvature
are clearly seen. On the convex side, the boundary layer is
subjected to a favorable pressure gradient starting upstream
of the bend, and this is followed by an adverse gradient around
the bend exit. The boundary layer on the concave side is sub-
jected to pressure gradients of similar magnitude but opposite
signs.

The mean-velocity field measured by the pressure probe is
shown in Fig. 5. The longitudinal vorticity shown in Fig. 5(b)
was obtained by numerical differentiation of the measured
secondary velocity components and non-dimensionalized by
the freestream velocity at Ul and the duct width H. The top-
wall vortices are clearly seen, particularly in the vorticity plots,
at station U2 and they are still in evidence at station 15. There-
after, they are smeared out by the curvature-driven secondary
motion, which is directed from the outer to the inner corner.
The experiments indicate that, near the center of the duct, the
boundary layers remain relatively thin and there exists an in-
viscid region in which the velocity gradient is small, Near the
top wall, however, the boundary layer on the convex wall
thickens as it is fed by fluid coming down from the top-wall
boundary layer, and by station 75, there appears a longitudinal
vortex with its core approximately at Y/H=0.08 and Z/
H=0.7. Vortical flow now begins to fill the top of the channel.
The vortex on the convex wall grows in size and is pushed
away from the top. The vortex persists even after the end of
curvature. At station D2, the core of the vortex, identified by
low axial velocity and high longitudinal vorticity, is located
around Y/H=0.17 and Z/H = 1.0. Previous studies of the flow
in curved ducts of square section, mentioned in the Introduc-
tion, indicated two vortices forming near the convex wall,
colliding at the centerline, and lifting from the wall. In the
present case, however, the longitudinal vortex develops without
interference from a similar vortex in the other half of the duct.

The wall shear stresses are shown in Fig: 6. A circle, a triangle
and a square denote the values on the convex, concave and
top walls, respectively. As expected from the longitudinal ve-
locity contours of Fig. 5(a), flow symmetry about the vertical
centerplane is observed until station U2, where the radial pres-
sure gradient begins. In general, near the duct center, the
friction coefficient on the convex wall first increases due to
the favorable longitudinal pressure gradient and then decreases
due to the adverse pressure gradient near the exit. The opposite
is found on the concave side. The top-wall vortices are seen
at station U2 through the dip in the friction distribution. The
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Fig. 7 Longitudinal velocity (U) profiles

data also show similar dips on both vertical walls near the
corners. Unfortunately, the resolution of the velocity meas-
urements was not sufficient to identify these with corner vor-
tices. As the flow progresses downstream, the most prominent
feature of the measurements is a significant drop in the friction
coefficient on the convex wall. This begins around station 45,
where the minimum is located at Z/H = 0.45, and moves down-
ward to about Z/H=1.5 at station D2. At the last three sta-
tions, this minimum in friction is preceded by another local
minimum, and the entire spanwise distribution acquires a char-
acteristic shape. This shape of the friction distribution is as-
sociated with the flow convergence and divergence induced by
the longitudinal vortex. Yet another interesting feature of the
measured friction coefficients is found on the top wall near
the junction with the convex wall at station D2, The pro-
nounced trough in the local friction distribution suggests the
development of yet another vortex which arises from the strong
inflow towards the convex wall. The corner vortex rotates in
a sense opposite to that of the vortex on the convex wall
described above.

Figure 7 shows the profiles of the longitudinal velocity com-
ponent (U) across the duct, from the inner to the outer wall,
at six positions: Z/H=0.25, 0.50, 0.75, 1.00, 2.00, and 3.00,
the last being the symmetry plane of the duct. These results
represent only a small sample of the total database. The cor-
responding distributions of the transverse components (¥ and
W) are not shown. The velocity profiles at stations Ul and
U2 show flat-plate type boundary layers on the vertical walls
except at Z/H=0.25, which is under the influence of the sec-
ondary flow on top wall. The longitudinal velocity outside the
boundary layers at station 45 decreases from the inner to the
outer wall, as required by inviscid-fluid theory. Further down-
stream, at stations D1, much fuller longitudinal velocity pro-
files are observed in the outer-wall boundary layer in the two-
dimensional flow region near the duct center. This is consistent
with the effect of concave curvature, which acts to increase
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turbulent mixing, and leads to increased velocity close to the
wall and larger friction. This effect persists on the straight
wall, even after removal of the curvature. The longitudinal
vortex on the convex wall is seen through the profiles of U at
Z/H=0.50and 0.75 at station D1, and at Z/H=0.75 and 1.00
at station D2, which depict the two peaks commonly observed
in vortical flows.

Reynolds-Stress Distributions. The effect of surface cur-
vature on the boundary layers on the convex and concave walls
in the two-dimensional flow near the plane of symmetry of
the duct, and the growing three-dimensionality associated with
the vortex on the convex wall were already evident from the
mean-velocity field. These two effects combine to produce a
quite complex distribution of the Reynolds stresses. The hot-
wire measurements were made at four streamwise stations and
included all except one (—7W) component of the Reynolds
stress tensor. Figure 8 shows the turbulent kinetic energy (k)
and the five Reynolds stresses. At each station, profiles are
shown at six sections (Z/H =0.25-3.00) across the duct.

Figure 8 shows that, at the reference station Ul, there are
thin, two-dimensional boundary layers on the inner and outer
walls and a large inviscid core. The vortex pair on the top wall
is not seen at Z/H =0.25. Within the boundary layers in the
central portion of the duct (Z/H=10.75-3.00, say), the kinetic
energy and the primary Reynolds shear stress — %o behave as
expected, with peak values near the wall. The shearing stress
—uw is small, there being no transport of momentum in the
Z-direction if the flow is two-dimensional, the structure pa-
rameter (a; = —uv/k) attains a value of about 0.3, which is
generally accepted for fully turbulent flows, and the normal
stresses are anisotropic in the same way as in thin two-dimen-
sional boundary layers, i.e., > Www>vv. The standard flat-
plate turbulent boundary layer behavior over much of station
Ul and the details of the flow near the top provided in a
previous section are sufficient to specify proper inlet conditions
for a CFD code applied to calculate the subsequent develop-
ment of the flow through the duct.

Comparison of the profiles of £ and —uv at stations U2
and 45 near the symmetry plane show the direct effects of
surface curvature. At U2, the profiles near the two walls are
quite similar, but at 45, they develop marked differences. Both
k and —uv are suppressed near the convex wall and greatly
amplified near the concave wall. For example, at station 45,
Z/H=3.00, the peak value of k near the concave wall is almost
three times that near the convex wall, and there is a similar
difference in the shear stress. It is again confirmed that pro-
duction of the turbulence energy is enhanced by the concave
curvature, while it is suppressed by convex curvature. How-
ever, as discussed in Richmond and Patel (1991), most com-
monly used two-equation turbulence models fail to predict this
asymmetric behavior of turbulence production in curved wall
boundary layers. The measurements of & and the individual
Reynolds stresses at the last station, D1, which is just down-
stream of the bend in the duct, continue to indicate the cur-
vature effects described above in the boundary layer near the
duct center (Z/H=2.00-3.00, say).

Although the evolution of the longitudinal vortex on the
convex wall near the top of the duct is evident from the tur-
bulence profiles at station D1 in the region Z/H=0.50-1.00,
the global features of the vortex are more conveniently visu-
alized from the contour plots shown in Fig. 9. It is clear that
the two shear stresses change sign in the region where the
longitudinal velocity contours are most distorted, indicating a
more vigorous transport of momentum and energy by the
vortex. A high level of turbulent kinetic energy is also observed
near Z/H=0.825, because the boundary layer fluid near the
convex wall is lifted outward by the vortical flow. The distri-
butions shown in Fig. 9 are typical of a longitudinal vortex
inside a boundary layer.
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Concluding Remarks
Measurements in developing turbulent boundary-layer flow

Station U1 Station U2 Station 45 Station D1 . ) .
2, 2 =B =B in a 90 deg curved duct of rectangular cross section with an
R | ol /=025 aspect ratio of six were presented and discussed. Despite the
o\ f a gy /) o \a ) ot s . .
o 2 B 2 relatively simple geometry this flow offers two challenges to
o N 1N I Kl physical and computational modeling. First, there is an ex-
X o \ /o LY i f=] \ e | © 00 o0 N N . . .
B = = = . tensive region of nominally two-dimensional boundary layers
WA F IR £ /| Am W =075 subjected to strong streamwise curvatures and related pressure
n 9 o [=} \ Ld o 5 0 .
o - = = 00 gradients, and second, the data document the development of
S i FISN A ok :f oA Q,,J ’ the pressure-driven secondary motion in the corner region which
E- - - 1 A7m200 eventually leads to the formation of a longitudinal vortex on
Z A 4 oA SN Ly SJi T the convex wall. The duct aspect ratio was such that these two
" . - p N o2 e300 features develop more or less independently, without inter-
EX T S AN , / E A [0 i action. Together, these features of a complex turbulent flow
00 05 10 00 05 10 00 05 10 00. 05 10 present a formidable challenge to any CFD code that claims
WM H L 1 a high level of generality. Calculations carried out by the au-
Fig. 8(d) Normal stress (w?) thors (Kim, 1991; Sotiropoulos and Patel, 1992) suggest that
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prediction of the details of such a flow require methods that
solve the Reynolds-averaged Navier-Stokes equations with an
advanced turbulence model capable of resolving the joint ef-
fects of curvature and pressure gradients.

The data were obtained in such detail, with respect to the
location of measurement points, that they can be used to test
or validate computational methods and turbulence models. In
particular, special care was given to documenting the flow at
an upstream section so that realistic upstream boundary con-
ditions could be provided for computational studies.

Data Bank Contribution

Data from this experiment have been deposited in the JFE
Data Bank. A fuller account of the data is given in the paper
““An Experimental Study of Boundary Layer Flow in a Curved
Rectangular Duct,”’ presented by the authors at the 1993 Fluids
Engineering Conference, FED-Vol. 146, Data for Validation
of CFD Codes (D. Goldstein, D. Hughes, R. Johnson and D.
Lankford, eds.) pp. 13-28. Annotated text of the conference
paper is included in the Data Bank to guide interpretation and
use of the data.
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Fluid Flow Behavior in the Curved
Annular Sector Duct

A numerical analysis of the axial and secondary flow behavior in a curved annular
sector duct is presented in the paper. The flow is considered to be fully developed

G. Yang laminar flow with constant physical properties. Five parameters have been identified

as major variables in controlling the flow behavior. The study indicates that with

M. A. Ebadian* a queratg Dean number and when {he sector angle is smaller than w/2, only two
s o Follow ASME vortices will appear in the cross section of the curved annular sector duct. When

the sector angle is larger than w/2, the vortex structure can be very complex, and
is often determined by other parameters, especially by the angle between the annular
sector duct centerline and the curvature radius direction, The friction coefficient of
the curved annular sector duct is affected mainly by the radius ratio, curvature, and
axial pressure gradient. The radius ratio of the inner/outer walls can affect the
vortex structure only when the radius ratio is very small. When the radius ratio is
larger than 0.6, the friction coefficient is only slightly higher than that of a straight
annular sector duct. Nevertheless, for the small radius ratio duct, the friction coef-
ficient can be tripled, as compared with a straight annular sector duct. Although
the holding pipe curvature and the axial pressure gradient cannot significantly change
the vortex structure of the secondary flow, they can however, remarkably increase
the friction coefficient by increasing the velocity gradient near the solid boundary.

Department of Mechanical Engineering,
Florida International University,
Miami, FL 33199

Introduction

Curved annular sector ducts are commonly applied in the
design of multi-channel compact heat exchangers, evaporators,
and condensers being used in the food, pharmaceutical and
chemical industries. For these applications, several annular
sector ducts are combined side by side to form a circular hold-
ing pipe, which is bent in the shape of a coil. Much research
has been conducted on the straight annular sector duct. Spar-
row et al. (1964) analytically obtained the axial velocity dis-
tribution and the friction factor for fully developed laminar
flow through an annular sector duct. Niida (1980) studied the
same problem analytically and expressed his solution in terms
of an equivalent diameter. However, to the authors’ knowl-
edge, few information is available in the open literature for
laminar flow in a curved annular sector duct.

In a curved duct, the centrifugal force on the order of w?/R
acts on the fluid particles, forcing them to flow outward
from the center of the curvature. Due to the nonuniform axial
velocity distribution in the cross section, secondary flow is
generated by the unbalanced centrifugal force and the pressure
gradient. The secondary flow in the curved duct enhances the
flow resistance, which results in a large pressure drop along
the curved duct when compared to a straight duct. Numerous
studies have been conducted on curved ducts. The early stages
of study on curved duct flow relied heavily on experimental
tests. Dean (1927) was the first to achieve significant progress

* The author to whom all correspondence should be addressed.

Contributed by the Fluids Engineering Division for publication in the JOURNAL
oF FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division
July 6, 1992; revised manuscript received August 17, 1993. Associate Technical
Editor: O. Baysal.
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in theoretical study of the curved duct. In recent years, Trues-
dell and Adler (1970), Akiyama and Cheng (1971), Austin and
Seader (1973), Collins and Dennis (1975), Dennis and Ng (1982},
and Berger et al. (1983) have numerically solved the fully de-
veloped axial and secondary flow in a curved duct with a
circular cross section. Cheng and Akiyama (1970), Mori, et
al. (1971), Joseph et al. (1975), Cheng et al. (1976), Ghia and
Sokhey (1977), Mille et al. (1985), and Kumar et al. (1989)
have studied fully developed flow in the curved duct with a
rectangular cross section. Thomas and Walters (1965), Takami
and Sudou (1984), and Topakoglu and Ebadian (1985, 1987)
have studied fully developed laminar flow in a curved duct
with an elliptical cross section. Ghia et al. (1987) studied the
curved ducts of square and polar sector cross sections by multi-
grid technique. They pointed out that there exists significant
difference between the flow patterns of the square and annular
duct. However, only limited cases of the annular sector duct
(small @ and constant, « = /2, correspond in this paper)
have been discussed in their paper. These previous studies
indicate that the secondary flow pattern strongly depends on

-the cross section configuration of the curved duct. There are

two major differences between the curved annular sector duct
and the curved duct studied previously. First, the curved an-
nular sector duct has both convex and concave boundaries,
while other curved ducts have convex boundaries only. Second,
in the majority of cases, the symmetry line of the annular
sector does not coincide with the direction of the centrifugal
force. This study demonstrates that these two differences can
profoundly change the secondary flow pattern in the curved
annular sector duct.
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The Governing Equations

Two geometry parameters are needed to determine the ge-
ometry of a straight annular sector duct: the sector angle and
the radius ratio of the inner and outer walls. However, for a
curved annular sector duct, the relative location of the sector
duct to the curvature direction of the holding pipe also becomes
a critical parameter. Figure 1 illustrates the definition of a
curved annular sector duct, where R; and R, indicate the radius
of the inner and outer walls, respectively; « is the relative
location. of the curved annular sector to the symmetry center-
line; Q represents the angle of the annular sector; and x and s
are the curvature and the centerline of the holding pipe, re-
spectively.

To make the governing equation more general, the following
dimensionless parameters are introduced:

rt s u*R, v*R,
r=—-,8=25", U= ’ - 3
R, R, v v
*
w
w=——, p=p*/(0v*/R}), e=kR,, r*=R/R, (1)
2Q(R:-R?
2(R —12():(2(11?)+R) 0<2m
=Dy/ (2 R,), Dy= o o ,
(R, ~R)) Q=27
De:d—pt-ﬁ— (kR )1/2:@61/2
ds* v ° ds ’

where the variables with superscript (*) indicate dimensional
variables. Subscripts i and o, indicate the inner and outer walls,
respectively. », p, and p represent the kinematic viscosity den-
sity and pressure of the fluid. D, and dj, indicate the dimen-
sional and nondimensional hydraulic diameters, and De
represents the Dean number. The governing equations in a
toroidal pipe can then be written as:

1 au I 6(rv)
130 ar =0 @
Nomenclature

* annular sector
ductor

symmetry center line

i~
/—curvature
direction

holding pipe

0
Fig. 1 Definition of the curved annular sector duct and the coordinate
system
To(u) 19(row) 10p 3 Jlou 10w o vu
r a0 r ar ) 6/2 ror 12602 uQ

+ wlwe sin(d + 6,) + we cos(@ +0,)8

ot P r6r60 30 3

19(uv) 1d(row) ap 1 3% Llov o u
F o8 r o \EFT A S A A
1av 0% 162(ru)
— whwe cos(8+9,) + 0+0 —_-
we ¢cos(0+ 8,) + we sin(d + 6,)8 — 612 r2 300r
4
1o(uw) 10(row)  De lM dw 1w
ra r o or o Y tReE e T e

14 1 a
+— — [wew sin(@ +0,)] —— — [Werw cos(@+0,)1, (5)

r o

where the angle 6, is applied to consider the relative location
of the annular sector duct.

Ag, AN, Ap, As, Aw coefficients, Eq. (14)

g, 4, A unit vectors in the 8, r, and s direc-
tions
b = function, Eq. (15)
De = Dean number, Eq. (1)
D, = hydraulic diameter [m]
d, = dimensionless hydraulic diameter
f = friction coefficient
p = dimensionless pressure
p* = pressure [Pa]
Q = function, Eq. (7)
R; = inner radius [m]
R, = outer radius [m]
Re = Reynolds number, D,w,/v
r, r* = dimensional and dimensionless ra-
dial direction coordinate
r* = radius ratio, R/R,
S = source term, Eq. (13)
s = axial coordinate
s* = dimensional axial coordinate
u, v, w = dimensionless velocity components
(u*, v*, w)/(»/R,)
u*, v*, w* = velocity components in the 8, r,
and s directions [m s™']
u*, ' = predicted velocities, Eq. (15)

54 | Vol. 116, MARCH 1994

Wy = dimensionless average axial velocity

w;, = dimensional average axial velocity
[ms™]

o = angle, Fig. 1

B8 = function, Eq. (8)

I' = coefficient, Eq. (14)

e = dimensionless curvature

6 = angle, Fig. 1

6, = angle, Eq. (6)

k = curvature [m~']

@ = viscosity

v = kinematic viscosity [m?s ]

p = density [kg m ™3]

¢ = general variable, Eq. (16)

@ = annular sector angle, Fig. 1

w = function, Eq. (9)

Subscripts

¢ = curved

i = inner

0 = outer

s = straight

Superscript
* = dimensional
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B, = <a—§> ©6)

O =ew[—u sin(@+8,) + v cos(d + )] (N
1dv u au )

b=re o ®

: ©

T 1—ercos(@+6,)

The boundary condition for Eqs. (2) to (5) is a non-slip
condition for all solid walls. The friction factor, f, of the duct
can be found by:

SfRe=2d3De/(wye'’?), (10)
where the Reynolds number is defined by:
D *

Re= hWb=2Wbdh, (11)

and the bulk axial velocity, w, can be calculated by:

2 Q a1

= db 12
= S S,# wRdR (12)

Numerical Analysis

The governing equations, Egs. (2) to (5), are nonlinear par-
tial differential equations, which can be expressed in the fol-
lowing general form:

19(ug) 10(rvg) (9% 139 15
rae r o <a;2 or #aaz>+s‘ (1

For the general dependent variables, ¢ = 1, u, v, and w, Eq.
(13) refers to the continuity and momentum equations. I" and
S are general diffusivity and source terms, respectively. The
SIMPLE algorithm is used as the starting point (Patankar,
1980). Due to the existence of source term, Q, in Eq. (2), the
Apg, Ay, As, An, and b in the pressure correction equation
have been changed to balance this source term:

W1
p

Ap=d, [Ar + 529 rABAr sin@ + OD)J

Ap=d, [ Ar+ % rAGAF sin(f + 90)}

(14)
€w
As=d; [ rAf— > rAfAr cos(6 + 60)]
As=d, [r,,AG — rAfAr cos(f + OD)J
b= — [(vf,r,,— Usrs)A0+ (ug_ u?v)Ar]
+ e[~ ul sin(0 + 0,) + vy cos(@+ 0,)IrAbAr.  (15)

The " and +* indicate the calculated value before the pressure
correction. During the numerical calculation, the following con-
trolling parameters were specified: radius ratio, 7, the dimen-
sionless curvature, €, and the axial pressure gradient (—dp/ds).
The iteration procedure will be stopped when the convergence
criterion is satisfied for all nodes:

| ¢" o ¢fj [
I ¢f‘ Hy

where ¢ refers to u, v, w, and p’. Subscripts, / and j, represent
the # and r coordinates, respectively, and superscript, &, rep-
resents the kth iteration. Under-relaxation factors have been
applied to obtain a convergent solution. Generally speaking,
the greater the Dean number, the smaller the relaxation factor.
The under-relaxation factors ranging from 0.1 to 0.8 have been

<1077, (16)

used according to different computation cases. After obtaining
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Fig. 2 Comparison of the dimensionless friction coefficient

the convergent velocities, #, v, and w, Eq. (10) is applied to
calculate the friction factor.

To assess the accuracy of the governing equations and the
validity of the associated computer program, the predicted
results have been compared with bench mark results from
Sparrow et al. (1964) for the case of the straight annular sector
duct. In this case, the dimensionless curvature, e, has been set
to equal zero. The present prediction agrees very well with the
results of Sparrow et al. (1964), and the maximum deviation
between these two results is less than 1 percent.

By setting @ = 360 deg and # = 0, the annular sector duct
reduces to a circular duct. To further verify the accuracy of
the computer code, the predicted results for the curved circular
duct have been compared with the other experimental and
numerical predictions. Mishra and Gupta (1979) experimen-
tally studied coiled duct flow, and the test data can be presented
by one equation in the laminar flow region for the circular

duct. \
fe DeRe
- 1+0.033 [Iogm <dp/ds>} .

Figure 2 shows the comparison of the current work and the
predicted results by Dennis and Ng (1982) and Mishra and
Gupta (1979). This figure reveals that the present numerical
results agree well with the results of the other research. Figure
3 shows the comparison of the axial velocity distributions in
an annular sector duct between the present investigation and
Ghia et al. (1987). In this calculation, parameter of @ = #/
6,0 = 7, = 0.5, ¢ = 0.1 have been applied. Figure 3(a)
shows the axial velocity distribution along the tangential di-
rection, where r = (r, + r;)/2. In this figure, lines indicate
the prediction results by Ghia et al. (1987) while the symbols
are the prediction by this study. Figure 3(b) shows the com-
parison along the radial direction, where # = « = . Inspection
of this figure indicates that an acceptable agreement can be
found.

Numerical experiments have also been conducted to deter-
mine adequate grid distribution for the present study. First,
the overall performance has been examined for three distinct
radius ratios and o angles: ¥ = 0.9, ¢ = 0; ¥ = 0.5, ¢ =
m;and ' = 0.1, @« = w/2. Uniformed grids of 15 x 15, 20

a7

X 20, 30 x 30, 60 X 60 (the grid number in the tangential

direction x the grid number in the radius direction) have been
applied. For the # = 0.9 duct, an additional grid distribution
of 80 x 20 is also tested due to the considerable difference in
length in the tangential and radius directions. During the cal-
culation, parameters, e = 0.2 and — dp/ds = 50,000, are used.
The major results are listed in Table 2. These data indicate
that a grid size 30 x 30 is adequate for the majority of cases.
Even for the case of # = 0.9, the deviation of the friction
coefficient between the results of grid size, 30 x 30, and that
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of the finer grid is less than 1 percent. Therefore, the major  secondary velocity distributions in an annular sector duct will
results that are illustrated in these figures are based on a grid  pe discussed in this section first. The effect of each major

size of 30 x 30. parameter on the flow behavior will then be discussed in se-
quence.
Results and Discussion , ' Figure 4 shows the typical flow patterns in the annular sector

duct with a = degree sector angle. ¢ = 0.2, —dp/ds = 50,000,
and ¥ = 0.5 have been used to calculate these figures. When
a = 0, Fig. 4(e) indicates that the centrifugal force direction
is from left to right, which coincides with the symmetrical
centerline of the annular sector duct. Due to the flow sym-
metry, only half-axial and secondary flows are presented in
this figure. The top half of Fig. 4(a) represents the axial velocity
2 distribution, while the bottom half represents a vector plot for
the secondary flow. Since high axial velocity is near the core
region, between the inner and outer wall, a northeast direction
flow in the cross section is generated by centrifugal force, as
seen in this figure. For mass conservation, the downward
(southeast direction) flow is generated near the inner and outer

As mentioned earlier, the five major parameters controlling
the flow behavior of an annular sector duct are: the sector
angle, the relative location of the duct to the curvature direc-
tion, the duct radius ratio, the dimensional curvature, and the
axial pressure gradient. The general behavior of the axial and

o1 ST v .\‘.‘ walls by the pressure gradient. As a result, two vortices are
De = 50 . \ created in each half-domain. The vortex near the outer‘wall

Do =100 — —— o is much stronger than the one near the inner wall. This figure

0] De =300 ==~ . also shows that the high axial velocity contours are pushed
toward the outer wall, which creates a large velocity gradient

0.5 T T T T along the outer wall region. Figure 4(b) shows the axial and’
0 02 04 06 0.8 1 secondary flows in a = degree annular sector duct when « =

. As in Fig. 4(a), only half-domains for axial and secondary
flows are plotted in this figure due to the symmetry of the
b) radial direction. flows. Centrifugal force drives the fluid flowing along the
middle of the duct, and two backward flows are generated in
the opposite direction near the solid walls. As a result, the high
axial velocity region is pushed toward the straight surface in
the right hand side, which creates two separate and symmetrical
velocity peaks in the cross section. Unlike the case in Fig. 4(a),
however, three vortices are detected in each half-domain in
Fig. 4(b). Two of them are near the inner wall and one is near

(r-ri)/(ro- ri)

Present

Ghia et. al

Study
1 De =50 ©
0 7 De=100 ——— ¢
De=300 —— - a
-0.5 T T T — T
Q 02 Q.4 0.6 0.8 1

(8-6))/(0,-9))
b) tangential direction.

Fig. 3 Comparison of the axial velocity distribution

Table 1 Comparison of the present results with Sparrow
et al. (1964)

,ﬁ_& JRe
R, Present Study Sparrow et al. (1964) Deviation
O.; 15.76 15.61 0.95 c) o = n/f2, 0 =m d) o = n/2, 0 =7
0. 16.98 16.86 0.77 . .
0.5 18.84 18.76 0.43 (axial velocity) (secondary flow)
0.7 20.87 20.84 0.14 Fi o
g. 4 General flow behavior in the curved annular sector duct {( =
0.9 22.92 23.00 0.35 0.5, —dp/ds = 50,000, ¢ = 0.2) (

Table 2 Independent test for fully developed flow

dp/ds= — 50,000, dp/ds= — 50,000, dp/ds= —50,000, ¢=0.2,
e=0.2, e=0.2 Q= _T #=0.1
Ixm Q=m, a=m, =05 Q=m, a=0, "=0.9 =ma=7,r=0
fRe Re fRe Re JRe Re
15% 15 26.13 598.3 6.45 25.06 347.3 41.48
2020 26.30 594.2 6.42 25.23 337.6 42.67
3030 26.47 590.4 . 6.38 25.40 337.6 42.67
60X 60 26.47 590.4 6.33 25.58 337.6 42.67
80 % 20 6.34 25.53
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a) 0 =7 b) O = ©n/2 c) 0 = w/4

Fig. 5 Etfect ot the sector angle on the secondary flow pattern
(' = 0.2, —dp/ds = 50,000, ¢ = 0.2, « = 0)

7(//4 w/2

Fig. 6 Effect of angle, «, on the secondary fiow pattern (— dp/ds =
50,000, = 0.2, = 0.2, 2 = 7)

.c)(x: d) a =

the outer wall. Figures 4(c) and 4 (d) illustrate the axial velocity
and vector in the cross section plots for the case of the annular
sector duct when o = 7/2 and Q@ = . Figure 4(c) shows that
the high axial velocity contours are pushed to the right hand
side by centrifugal force. Figure 4(d) illustrates that only two
vortices are generated in the entire domain of the curved an-
nular sector duct.

Figure 5 demonstrates the effect of sector angle, Q, on the
vector plot of the secondary flow. In the computation, # =
0.2, —dp/ds = 50,000, ¢ = 0.2, and o = 0 have been applied.
As seen in the figure, four vortices exist in the @ = 7 duct.
Asthe Q angleis reduced to n/2, the number of vortices reduces
to two. Upon further reduction of sector angle, 2, the number
of vortices still remain at two. When Q@ = ¢ (Fig. 5(a)), the
left-hand side wall is perpendicular to the direction of the
curvature. A secondary flow can be easily generated starting
from these straight side walls, which results in two vortices in
each half-domain of the cross section. When the Q angle be-
comes small, the side wall is almost parallel to the curvature
direction, as seen in Figs. 5(b) and 5(c). In these cases, the
high axial velocity near the symmetrical centerline region will
generate a stronger centrifugal force along the center instead
of being generated near the side wall region. As a result, only
one vortex will be created in each half-domain.

Figure 4 shows that the axial and secondary flow patterns
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Table 3 Friction coefficient changes with the « angle

@ 0 T T T
8 . 4 2
fRe 37.6 371 38.3 39.3

in a curved annular sector duct can be dramatically affected
with different o angles, which is due mainly in response to the
interaction of the irregular boundary and centrifugal force.
The ducts represented in Fig. 4 are three very special cases of
o = 0, n/2, and 7. In fact, the flow patterns in the duct with
other « angles are different from these three special cases.
However, one might express the flow pattern in some com-
bination of these three typical flow patterns. Figure 6 reveals
the effect of angle, o, on the secondary flow pattern for a
curved annular sector duct when @ = 7. The other controlling
parameters in this figure are: /¥ = 0.2, —dp/ds = 50,000,
and ¢ = 0.2. Figure 6(a) shows the typical symmetrical flow
for an o = 0 duct. As was discussed earlier, two vortices exist
in each half-domain. In order to clearly explain this phenom-
ena, these vortices are labeled by numbers, 1 to 4. In fact, the
vortices near the outer wall is much stronger than that near
the inner wall, which can be easily found by examining the
stream function in the bottom half-domain. As « rotat