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ABSTRACT

The aerodynamics of a set of two-dimensional,
stationary elliptic cylinders with eccentricity of 0.44,
0.92 and 0.98 is studied experimentally during the organised
wake condition (R=2x104-105). The results indicate the effect
of eccentricity and angle of attack on mean and unsteady
pressure coefficients, Strouhal number and wake geometry,
the three important parameters in the aeroelastic instabil-
ity study. In conjunction with the available literature,
the information presented here attempts at providing better
understanding of'the'b1ﬁff body aerodynamics in the region
between the two extreme cases of circular cylinder (e=0)

and flat plate (e=wx).

The cylinder eccentricity and attitude has con-
siderable effect on vortex shedding frequency, with varia-
tion of the Strouhal number in the range 0.037-0.274.
Although basing Strouhal number on projected dimension or
wake width reduces its dependence on angle of attack, the
use of transverse distance between the separation points
provides, in addition, a smoother transition even at

higher eccentricities and smaller angles of attack.

The measurement of fluctuating pressure in the



narrow band around the Strouhal frequency showed substan-

tial dependence on the Reynolds number af zero angle of

attack, particularly for the ellipses of high eccentricity.
Considerable phase difference may exist between the pres-
sure signals, however, it has negligible effect on the

unsteady 1ift.

The thesis also presents analytical results on
the Tocation of shear layer separation as obtained using
Gortler's series in conjunction with mean pressure prdfi]e.
The analytical data compared favourably with the results
of flow visualisation through Schlieren technique. The
high speed movie of the near'wake region gave preliminary
information about the location of the first vortex and
the oscillations of the separating shear layers. The rise
and decay of the unsteady pressure in the vortex formation
region appeared to substantiate the visual observations.
In genera],'fhe wake geometry ratio varied around the

Kdrman stability value of 0.281.

The correlation of spanw{se results clearly empha-
sized the three dimensional character of the unsteady
aerodynamicé. In general, the spanwise variation of
fluctuating pressure is enhanced with increase in angle of
attack. The phase data suggest inclination of the vortex
line at the model to be <11°. Increase in angle of attack
results in improved alignment of the vortex line with the

cylinder axis.
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1. INTRODUCTION

The problem of self-induced oscillations of elas-
tically mounted blTuff bodies, when exposéd to a fluid
stream, is not new. Several instances of vibration and
subsequenf breakdown of smoke stacks, transmission lines,
aircraft wings, bridges etc., have been reported. The
nature of the forcing function, Strouhal number and wake
geometry represent three important parameters in an
aeroelastic instability study. The determination of the
corresponding information for a set of two dimensional,
stationary,elliptic cylinders in the Reynolds number range

of 2x10%-10°

-10° forms the subject of this investigation.

In general, the elastically supported bluff bodies
exhibit two distinct forms of aerodynamically induced
vibration transverse to the flow direction. In the first
type, commonly known as vortex resonance, the periodicity
of the organised wake due to vortex shedding coincides
with the natural frequency of the structure. This repre-
sents forced vibration since the sustaining alternating
force exists independent of the motion and persists even
when the motion is stopped. Although any bluff body of
arbitrary cross-section, when suitably mounted, would

exhibit vortex excited oscillation, the ayajlable }itera-

ture is largely confined to such studies on circular



cylinders because of the geometric simplicity of the
section. |

The second form of instability, referred to as
galloping, represents an important type of self-excited
vibration. The fluid forces which create a condition of
instability arise due to the fact that the cross-section
of the body 1is aerodynamically unstable to small distur-
bances. These forces result in oscillations which grow
in amplitude until the energy extracted from the fluid
stream balances that dissipated through various forms of
damping. " Galloping oscillations are referred to as "self-
excited" because the fluid forces that sustain the motion
are created and controlled by the motion itself, and if
the motion stops, the unsteady forces disappear. The main
features of galloping are that the vibration can occur in
a single degree of freedom and the steady-state amplitude
tends to increase with increasing wind velocity.

Strouha1] was the first to correlate the periodic
vortex shedding with the diameter of a circular cylinder
and fluid velocity. This was followed by the classical
study of Von Karman®, wake analysis by Heisenberg® and
experiments on wake geometry by Bénard4. Ever since,
academic and practical interest in the vortex shedding
phenomenon has resulted in many theoretical and experimen-

5'70, Kovésznay]1, Rosenhead

15-21

tal inVestigations by Roshko

12,13 14

, Schaefer and Eskinazi ', Gerrard and others.



Rosenheadzz, Wi]1e23’24, Marriszs, Morkovin26 and Slater

27
have reviewed this Titerature at some length. 'It would
be,therefore, sufficient to emphasize only the important
features of the available information relevent to the
present investigation.

Among the numerous papers written on the aspects
of fluid mechanics and dynamics of bluff bodies, only a
few are concerned with the actual measurements of unsteady

28 15

pressures. McGregor and Gerrard measured fluctuating

forces on stationary circular cylinders using a condenser
microphone system built into the model. The pressure dis-
tribution was obtained by turning the cylinder. Keefe29
carried out fluctuating force measurements with the help

of a carefully designed strain-gauge transducer which also

30 has also described a

acted as a test model. Molyneux
low frequency strain-gauge type transducer mounted inside
the model to measure pressures on oscillating wings. More

recently, HumphreysB], Fung32, Grove33 et al., Bishop and

Hassan34

, and Ferguson and Parkinson35 measured unsteady
loading on fixed circular cylinder over different ranges
of the Reynolds number.

The study of three-dimensional structure of the
wake, through flow-visualisation and/or correlation of
aerodynamic coefficients, associated with circular cylinder
has been reported by several 1nvestigators]8’3]’36_42.

In general, two-dimensional character of the flow was



maintained only over two to three diameters in the neigh-
bourhood of the central section. Both sharp edged
separation and oscillation of the model led to improved
correlation.

So far as the effect of turbulence on the unsteady
aerodynamics of a stationary circular cylinder is concerned
the investigation carried out by Surry43 appears to be the
most significant one. He observed that mean drag coeffic-
ient and vortex shedding f?equency are consistent with an
effective increase in the Reynolds number which now depends
both on intensity and scale of the turbulence. The fluctu-
ating 1ift is dominated by broadened Strouhal peak while
the unsteady drag is primarily due to streamwise turbulence
In general, the presence 6f turbulence resulted in the
reduction of spanwise correlation length.

The available information concerning bluff body
interaction with the separated flow of stable vortex type
is not lTimited to the cylinders of circular cross-section.
Investigations with square, rectangular, triangular and
hexagonal cylinders, Structural H and angle sections, as
well as several irregular geometries are also reported44'56
But it must be emphasized that the bulk of the literature
is indeed devoted to the circular geometry. This point is
well emphasized by the fact that the previous work on
elliptical cylinders seems to be limited to rather pre-

lTiminary unsteady pressure measurements by Modi and Heine49

]

.
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Strouhal number study by Schrammso, together with fluctu-
ating loading and vortex shedding frequency study
(e=0.60,0.80) by Modi and Wiland°’.

A comment concerning the related but somewhat
modified problem involving calculation of the boundary layer
separation would be appropriate here. Although Hiemen258,
Chiu59 and’Achenbach60 have provided experimental data for
two-dimensional stationary circular cylinders, the major
research efforts in this area have been analytic in character.
Sch]ichtingG] has presented an excellent review of this
literature.

The aeroelastic instability of bluff bodies_has
been under investigation in this department since 1958. The
review of the progress made has been reported in two survey
papers62’63. The investigation described here forms the
part of this continuing programme and intends to study,

experimentally, the effect of eccentricity of the cylindri-

cal bluff body on the fundamental parameters listed before.



2. PURPOSE AND SCOPE OF THE INVESTIGATION

A systematic study of the aeroelastic instability
of bluff bodies, which has been progressing in this
department for over a decade, has contributed to our under-
standing éf wind effects on buildings and structures. The
investigation reported here forms a part of this broad-
based programme.

The significance of elliptic geometry in such a
study becomes apparent when one recognises the fact that
a circular cylinder, in yawed condition, presents elliptic
cross-section along the relative wind. Furthermore, an
elliptic section represents a more Qenera1 configration
permitting realization of a wide range of geometrical shapes,
from circular cylinder (e=0) to flat b]ate (e=»), by a
systematic variation of eccentricity.

The project aims at studying the aerodynamics of
stationary, two-dimensional, elliptic cylindrical models
of eccentricities 0.44, 0.92 and 0.98. In particular, it
presents experimental results on:

(i) mean 1ift, drag and pitching moment;
(ii) variation of Strouhal number with Reynolds
number;
(ii1) mean and fluctuating static pressure .distributions;

(iv) fluctuating 1ift;

(v) wake geometry;



as functions of angle of attack and eccentricity. The
growth and decay of the fluctuating pressure in the wake
are studied in some detail to obtain information concern-
ing the position of the first vortex. In most cases the
Reynolds number range was confined to 2x104-105. When;
ever available, results for flat plate, circular cylinder

and w11and'564

data on elliptic cylinders (e=0.60, 0.80)
are included to permit comparison and establish trend.

"The flow field was also examined visually through
Schlieren technique in conjunction with high speed photo-
graphy to provide, at least, qualitative understanding of
the complex phenomenon. The position of the separating
shear Tayer as given by flow visualization is compared
with the analytical results obtained using Gortler series
so]ution65 approach.

Since the influence of wind tunnel walls on the

aerodynamic coefficients is not well established, the

results presented are uncorrected for that effect.



3. MODELS AND SUPPORTING SYSTEM

Three elliptic cylindrical models, each 27 inches
long, were designed to span the wind tunnel cross-section
thus approximating the twq—dimensiona] flow condition.

The constructional details of a typical model are shown

in Figure 3-1 and physical parameters are listed in the
table below. As Wiland's data have been quoted extensively
throughout the thesis for comparison, the geometrical

features of his models are also included.

Table 3-1 Model data

e a/b Material Weight Number of Skin
In./In. 1b. Bulkheads (Thickness

in.

0.44 5.0/4.5 Plexiglas 1.81 7 0.020

*0.60 5.0/4.0 Aluminum 4.20 7 0.020

*0.80 5.0/3.0 Plexiglas 1.45 7 0.020

0.92 5.0/2.0 Plexiglas 1.38 7 0.015
0.98 5.0/1.0 Plexiglas 2.00 Modular -

Construction

*Wiland's mode]s64

Although the present set of experiments employ models under
stationary condition, the dynamic tests planned for future
required careful consideration of weight and strength. The
model design permitted them to be mounted on the wind tunnel
balance or supported by the existing air bearing system for
measurement under vibrating condition. The pronounced
slenderness of ellipse with €=0.98 required slightly differ-
ent constructional technique. Here plexiglas modules were

accurately finished and bonded together.
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The central bulkhead of each model carried 32 pres-
sure taps (dia.=0.025 in.) equally spaced around the circum-
ference. In addition the model was provided with 8 pressure
taps in spanwise direction as indicated in Figur? 3-2. The
pressure taps are connected to 5 ft. long "Intramediac”
polyethelene tubings of inside diameter 0.066 in. which
are broughf out from the bottom end of the models
(Figure 3-1).

The models were tested in a Tow speed, low turbu-
lence, return type wind tunnel where the air speed can be
varied from 4-150 ft./sec.with a turbulence level less
than 0.1%. A Betz micromanometer, with an accuracy of
0.2 mm. of water, is used to measure the pressure differ-
ential across the contraction section of 7:1 ratio. The
fest section velocity is calibrated against the above
pressure differential. The rectangular cross-section,

36 in. x 27 in., is provided with 45° corner fillets which
vary from 6 in. x 6 in. to 4.75 in. x 4.75 in.to partly
compensate for the boundary layer growth. The spatial
variation of mean velocity in the test section is less
than 0.25%. The tunnel is powered by a 15 horsepower
direct current motor driving a commercial axia]fiow fan
with a Ward-Leonard system of speed control. Figure 3-3

shows the outline of the tunnel.



Figure 3-2

Notation for model and wake geometry
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E
4. TEST PROCEDURES

4.7 Instrumentation and Calibration

Most of the instrumentation used for the experimen-
tal programme, e.g., wind tunnel balance, manometers,
filters, rms meter, etc., constitute standard equipment in
any aerodynamics laboratory and hence needs no elaboration.
However, a brief account of the unsteady pressure and wake
geometry measurement procedure would be appropriate.

In 1963 Datametrics Inc. of Waltham, Massachusetts
developed a pressure transducer called Barocel Modu]af
Pressure Transducing system. It is a high precision sensi-
tive instrument consisting of a stable capacitive voltage
divider with a stainless steel diaphragm separating the two
pressure chambers. When exposed to a pressure signal, the
~diaphragm deflects attainfng a voltage Tevel determined by
its relative position between the plates. With Barocel
appropriately arranged in a bridge circuit, the output
voltage is determined by the ratio of capacitance of the
diaphragm to each of the stationary electrodes. It can
now be read on any of the 8 sensitivity ranges (5V d.c.
full scale) which have a linearity of #0.1% and stability
of x0.1% over z15°F ambient temperature changes. The

prestressed diaphragm has a natural frequency of 2500 cps



14
and fhe transient response of the pressure sensor head is
less than 2 ms. to a step pressure input. From experiment
the Helmholtz resonator frequency of the cavity and connec-
tion on one side of diaphragm was found to be approximately
210 cps.

The Barocel is accurately calibrated for steady
pressures; However, for fluctuating signals transmitted
through relatively long, small diameter tubes considerable
attenuation would occur. Therefore, the output electrical
signq] required calibration against known input fluctuating
pressure at the model surfaé;. This was achieved using
the calibration system developed by w11and64. Figure 4-1
shows the ca]ibration plot for the transducer in terms of
attenuation as a function of signal frequency.

The wake survey was carried out using a disc probe

66

constructed by Ferguson in accordance with the design

67 It was mounted on

discussed in detail by Bryer et al.
a 1 in. hypodermic needle which in turn was connected to

a 14 in. long, 1/4 in. diameter sting. The mean pressure
calibration results for the probe are shown in Figure 4-2.
The measurements indicate the probe to be relatively
insensitive to a pitch of £5° and Yaw of *20°. The wake

traversing gear designed by Ferguson66

was used to position
the probe at a desired Tocation in the wind tunnel test
section. The accuracy in positioning the probe was approx-

imately 0.02 in.
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4.2 Balance Measurements

For force and moment measurements, the models were
mounted on the wind tunnel balance through a bracket. To
ensure nearly two-dimensional flow condition, the clear-
ance betweeﬁ the tunnel ceiling and the model end was kept
to a minimum (=1/32 in.). Having set the model at a pre-
selected value of angle of attack, the wind tunnel speed
was brought to the desired value and the 1ift, .drag and
pitching moment results recorded. The procedure was re-
peated at several wind speeds to study Reynolds number
dependency. The angle of attack was varied systematicaT]y
over the range 0-90° in the step of 5° except near the ends
of the interval where finer changes were required to estab-
lish trend.

68 the inter-

As indicated by Pankhurst and Holder
ference from wind tunnel walls during steady flow conditions

may be subdivided into:

(i) Solid blockage;

(i1) Wake blockage;

-
ot

(iv

)
)

(iii) Lift effect;
) Interference due to static pressure gradient;
)

(v) Wall-boundary layer interference.

In case of an elliptic cross-section model, symmetric-

ally placed in a flow field, (iii) does not exist. For the
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wind tunnel at the University of British Columbia, the wall
boundary layer thickness in the test section is relatively
small partly due to the filleted corners which compensate
for boundary layer growth. Furthermore, the pressure inte-
grated and balance measured aerodynamic coefficients showed
good correlation (Figure 5-1). Thus, (v) appears to be
neg]igib]é. Similarly, for the tunnel (iv) was found to
be of minor significance (<1%). Therefore solid and wake
blockage represent major wall interference on model
aerodynamics.

Approximate correction to the drag coefficient
was obtained using the method described by Whitbreadsg.
It amounts to 13%, 14%, and 17% for ellipses of e=0.44,
0.92 and 0.98, respectively, at a=90°. At o=0 it i§ 12%,
6% and 1% for e=0.44, 0.92, 0.98 respectively. For the

64 (e=0.60, 0.80) these corrections

ellipses tested by Wiland
were in the range of 8-12%. As suggested by Whitbread the
same correction can be applied to the 1ift and moment

coefficients.
4.3 Mean Static Pressure on Model Surface

The mean pressure distribution was obtained using a
Lambrecht manometer. Hypodermic needles were introduced
in the tubing connecting the pressure tap to the manometer
to minimize oscillation of the alcohol column caused by

the fluctuating component of the static pressure. The
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pressure on the model was measured relative to the total
head in the settling section of the wind tunnel to facili-
tate reduction of the data. This eliminated the effect
of atmospheric pressure changes during the tests and pro;
duced a pressure differential which was always positive.
The tests were conducted over a range of wind speed and

angle of éttack.
4.4 Vortex Shedding Frequency

The Strouhal frequency was determined by display-
ing a fluctuating pressure signal on a storage oscilloscope.
A band pass filter was introduced in the circuit to elim-
inate extraneous noise. The models were tested for vortex
shedding frequency variation with angle of attack and
Reynolds number. In general, the signals were stronger
for ellipses at higher angles of attack. With “the

slender ellipse of e=0ﬂ98, the system fajled to record

any signal for a<12°, probably, due to poor response’
characteristics of the pressure transducer at high frequency.
The flow visualisation study indicated the presence of well
defined Karman vortex street, even at a=0°, for the same

ellipse.
4.5 Fluctuating Pressure on Model Surface

Fluctuating pressure, relative to the mean static

pressure at the tap in question, was measured using the
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instrumentation set-up shown in Figure 4-3. Due to large
seemingly random amplitude modulations of fluctuating
pressure, it was necessary to present the results as time-
average values. Under certain conditions it was necessary
to average results over several minutes to obtain repro-
ducible results. This was accomplished through the use of
true rms voltmeter which converts the fluctuating pressure
signal into an equivalent D.C. output‘level. An external
r-c damping circuit was used to reduce the variation of the
signal caused by amplitude modulations. The final steady
d.c. level was measured on a vaccum tube voltmeter. Because
of the extremely high input resistance of the latter no
measurable voltage drop occurred over the damping resistors.
The extent of the amplitude modh]ation was obtained by
determining the average peak signal over more than 2,000
cycles as recorded on a storage oscilloscope.

The band pass filter attenuation was determined
for each wind speed and filter cut-off frequency settings
by using a sinusoidal signal from a low frequency function
generator.

The phase difference between the fluctuating pres-
sure at the model taps was obtained using function correlator
manufactured by Princeton Applied Research Corporation.

For cross correlation mode the phase is given by a simple

formula,
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Figuré 4-3 Fluctuating pressure measuring set up
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) 3.6 Ntf (4.1)
The effect of any phase change inherent to the instrumen-
tation was nullified by measuring all phase data with re-
spect to reference taps at 90° to the wind direction.

The schematic diagram of the phase measuring system is

shown in Figure 4-4.
4.6 Wake Survey

The determination of wake'geometry was accomplished
by examinihg the fluctuating bressure field, associated
with the vortices shed from the model, using the instrumen-
tation layout shown in Figure 4-5. Traversing the disc
probe lateral to the wake at various downstream stations
and recording the rms value of the pressure signal gave a
set of curves each having two peaks near the vortex centre
Tines. The distance between these maxima, at each y-
station, was taken to be a measure of the lateral spacing
between the two rows of vortices. It was convenient to
present the results of lateral traverse as a ratio of probe
to model tap rms signals. The selection of the model tap
for the ratio was somewhat arbitrary, but represented the
position on the model having a near maximum value of the
unsteady pressure. Variation of the peak pressure values

along the y-coordinate gave an indication as to the position
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of the first vortex formation and its decay in downstream
direction.

The longitudinal spacing between the consecutive
vortice; was obtained through recognition of the fact that
the distance corresponds to a 360° phase difference between
the fluctuating pressure signals associated with them.

Using a p?essure tap on the model as reference, the disc
probe was moved downstream near the centre line of a vortex
row. The phase data, obtained using the correlator, was
recorded as a function of downstream coordinate (y). The
process was continued until Timited by the travel of the
traversing gear (40 in.). The plot of phase vs. y-coordinate

gave continuous variation of the longitudinal spacing through

the relation

d o
Eﬁﬁ" (360°) : (4.2)

-~
I

The Strouhal frequency being known, the vortex velocity in
the wake was also determined. The wake traverse measure-

ments were confined to the midspan of the cylinder.
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5. TEST RESULTS AND DISCUSSION

5.1 Steady Aerodynamic Coefficients

The mean 1ift, drag and pitching moment experienced
by elliptic cylinders were measured over a range of Reynolds
number and angle of attack using the Aerolab six component
strain-gauge balance. The results are presented in Figure
5-T. It is apparent that over the wind-speed range inves-
tigated, the force ;nd moment coefficients are essentially
independent of the Reynolds number, except for the few

isolated discrepancies. Pertinent results for flat p]ate70,

circu]ars and e]]iptic64

cylinders as quoted in literature
are also included. The pressure integrated results, avail-
able for a=0, 30°, 60° and 90°, are indicated for comparison.
Their close agreement with the ba]ance.data suggests essen-
tially two-dimensional flow condition. A degree of
similarity between the Tift and moment plots together with
the presence of hump near oa=10° for slender ellipses is of
interest. The sudden drop in these aerodynamic coefficients
along the leeward side of the hump may be attributed to
the shift in top surface separation point from the vicinity
of the trailing end to the leading edge; This behavior
was confirmed during the flow visualisation.

In general, lift and pitching moment increase with

eccentricity and angle of attack reaching their peak values
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around 40°-55°. The maximum value of the mean 1ift for the
slender ellipse ofve=0.98 was found to be 1.0 which compares
with the flat plate value of 1.2. It is of interest to
note that o corresponding to the maximum Tift increases with
decreasing eccentricity (a]CL = 40°, 55° for e=«x, 0.44

max
respectively). On the other hand, OLICM =~ 45° and is

m
relatively unaffected by the cy]inder‘eci:ntricity. Beyond
this, 1ift and moment gradually decrease and vanish completely
at 0=90° due to symmetry.

As expected, drag coefficient increases with bluff-
ness in the angle of attack range of 0-45°. However, in
general, the trend is reversed beyond this point. The
maximum drag coefficient of 2.3 for e=0.98 is slightly
higher than the flat plate value of 2.12 reported by Fage

and Johansen70

, probably due to wall confinement. Using

the measured base pressure value for the cylinder with

e=0.98 at a=90°, Roshko's7 notched hodrograph solution pre-
dicts a value of CD=2.62, which is somewhat higher than the
balance data. The attitude of around 45° appears to play

.an important role in the steady state aerodynamics of the
elliptic cylinders. Besides attaining the stall accompanied
by the maximum rate of increase in drag, the elliptic models,
irrespective of their eccentricities, offer approximately

the same resistance as the circumscribing circular

cylinder.
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For a given ellipse, variation of the drag coeffic-
ient with:angle of attack can be reduced by basing it on
the projected height. However, the drag coefficient does
not become completely independent of the model orientation.
It may be emphasized that such a systematic study
of 1ift, drag and pitching moment coefficients as a func-
tion of aﬁg]e of attack and eccentricity of the ellipse,
though routine, has not been recorded in literature.
Only available data are for ellipses at zero angle of

attack as reported by Hoerner7].

They compare quite well
with the corresponding results in Figure 5-1(b).

Various other aerodynamic parameters such as flucu-
ating pressure, Strouhal number, wake geometry, etc., were
found to be substantially independent of the Reynolds

number. Therefore, the results presented henceforth are

for R=68,000 unless otherwise specified.
5.2 Mean Static Pressure Distribution

The mean pressure on the surface of the elliptic
cylinder was found to be essentially independent of the
Reynolds number over the range 2x104—105. Midspan pressure
distributions for the ellipses are shown in Figure 5-2.

The plots not only proved useful in the analytical determin-
ation of the separation points, but also provided data on

location of front stagnation and base pressure coefficient

necessary in evaluating wind tunnel wall corrections and
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separated shear layer velocity. They also served as a check
on balance data.

As the flow moves downstream from the stagnation
point along the contour of an ellipse, the pressure increases
negatively, attaining a peék value near separation points.
Beyond this, in the wake, the mean pressure remains approx-
imately uﬁiform. As can be expected, the pressure distri-
bution is substantially affected by the eccentricity and
angle of attack of the ellipse. However, it is of interest
to note that some definite trend can be discerned.

In general, the mean pressure increases negatively
with increase in angle of attack. For a=0, the steeper
change in pressure,in the immediate vicinity of the stagna-
tion point,with increase in eccentricity may be attributed
to the higher curvature of the nose. This leads to de-
creasing pressure Wfth eccentricity, however, the trend is
reversed following the separation as shown in Figure 5-2(a).
The behaviour, though not quite well defined, appears to
undergo complete reversal at higher angles of attack (Figures
5-2c,d). The transition in the trend seems to occur around
30°, where no well defined pattern can be established.

The variation of base pressure with angle of attack
and eccentricity is shown in Figure 5-3. The base pressure
increases with rise in eccentricity at o=0, with the minimum
value of -1.07 for e=072. However, this trend begins to

change at higher angles of attack, and at a=90°, the base
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pressure is more negative for the ellipses of higher eccen-
tricities. The flat plate data shown inAthe diagram do
not conform to this trend, probably, due to the difference
in the blockage ratios for the two sets of experiments.

The similarity between the base pressure and the drag
coefficient curve should also be recognised.

In Figure 5-4 is shown the dependence of the minimum
pressure points (approximate locations of the separation
points) on cylinder eccentricity and angle of attack. For
a=0, the separation appears to occur early for slender
ellipses, probably, due to small radius of curvature of the
lTeading edge. It is evident that the minimum pressure
point on the top surface moves forward, while that on the
lower surface moves rearwards with increase in angle of
attack, however, this trend reverses at higher attitude
(>40°). The effect of increase in eccentricity at «=90°

is to shift these points downstream.
5.3 Location of Separation Using Gortler's Method

The location of shear layer separation as indicated
by minimum pressure point should be considered only
qualitative. Numerous analytical methods have been

reported73, which approximately predict the mean position

of separation, e.g., Blasius series method74, Pohlhausen's

75

approach’”, Schlichting and U1rich's76 extension of

Pohlhausen's technique to the two dimensional case, etc.
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However, a relatively recent method by Gortler appears

to be quite promising. As against the apparent limitations
(use of only fourth degree polynomial by Pohlhausen,
restricted application of the Blasius series to cylinders
where flow starts with a stagnation point, mostly flat

77 and Tam"s78

plate relevance of Howarth's approaches,
and of course, poor convergence characteristics) of the
methods mentioned above, Gortler's approach represents

generalisation of the available series solution technique,

promises better
irrespective of
approach, which

of coordinates,

convergence and is applicable to the bodies
the leading edge condition. This series
does not involve any preferential choice

solves the dimensionless form of the

boundary layer equation

2 — -
Foon ® B(ENDT-(F )14 FF = 26(F F, - F.F ) (5.1)
;X
where, ¢ = 5 ! U(Xx)dx
0
e Yu(X)
You rAu(x)dx
0
Y(X,Y) = v VZE F(E,n)
. X
8(X) ZMLZ Fou(X)dx
(U(x)1= o

40
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As influence of the body geometry appears in the equation
through B8, Gortler referred to it as the "Principal
Function." Using measured pressure distribution, the
potential fiow field was represented by a series leading
to the determination of the coefficient in the principal
function expansion. Furthermore, representing dimensionless
stream fuﬁttion F(g,n) in terms of universal functional

coefficients Tead to the shear stress expression

2
o(x) = & g (g 0y (5.2)
/?_E—_ nn

The separation results obtained’using Gortler series
approach are shown in Table 5-1. The method appears to
work quite well for the ellipse of e=0.44 over the entire
range of angles of attack. However, for higher eccentricity
ellipses, it could be applied only at o=0. The failure of
the method at higher attitudes may be attributed to the
poor convergence of the polynomial representing potential

velocity distribution.
5.4 Separation Study Using Flow-Visualisation

To better appreciate the character of separation,
its visual study using semi-focussing Schlieren system79’80
was undertaken. An open circuit wind tunnel with 6 in. x
12 in. test section with a maximum speed of 20 fps was

used for the purpose. The models used were so proportioned



as to provide the blockage condition identical to that
observed during the test in the main tunnel. The Reynolds
number during this study was typically 20,000. The
required density gradient was obtained through streak-
lines of low density air introduced by placing a heated
probe (Nichrome V wires of 0.010 in. diameter) upstream

of the mode]. The position of the probe was adjusted with
respect to the model such that the streaklines were close
to the region of separating shear layers. The flow
patterns were photographed using 35 mm. still (Ashahi
Pentax SP) and 16 mm. high speed movie (HYCAM K30S1)
cameras.

To provide some indication as to the proper working
of the instrumentation, the well known case of flow around
circular cylinder was photographed (Figure 5-5). The
separation point was found to be at approximately 80°,
which is in fair agreement with the accepted value of 82°

58. The Schlieren photographs

as obtained by Hiemenz
showing the character of separation as a function of cylin-
der eccentricity and angle of attack are shown in Figure
5-6. The mean locations of the separating shear layers as
obtained through flow visualisation are compared with the
corresponding analytical data and experimentally obtained

minimum pressure points in Table 5-1. Pertinent results

from literature are also included for comparison.

42



Figure 5-5

Schlieren photograph of flow around a circular
cylinder, R = 17,000

43



o 0
a=o a=30
S =0.21 Su=0.2];8|=0.2]

:0.19;S|=O.24 $=0.23

Figure 5-6 Schlieren study of laminar separation on elliptic
cylinders:
(a) e =0.44



. > o)
a=6o0 a=90
Su=0.19;8|=0.25 S$=0.22
Figure 5-6  Schlieren study of laminar separation on elliptic

cylinders:
(b) e = 0.60

45



46

a=30

©)
a=60
SU= 0.16 ;S|=O.27

wa
nn
oo
N
w

Figure 5-6 Schlieren study of laminar separation on elliptic
cylinders:
(c) e =0.80



47

L A s T

0
0 a=30
=0.18 Su=0.08;S|=0.33

& o}
a=60 a=9o0
Su=0J5;S|=031 $=0.23

Figure 5-6  Schlieren study of laminar separation on elliptic
cylinders:
(d) e = 0.92



48

(@]
a=o a=30
SU=O'05 : S| =0.44

o (¢}
a=60 a=90
S,=0.12;5=0.35 $=0.22

Figure 5-6  Schlieren study of laminar separation on elliptic
cylinders:
(e) e = 0.98



Table

5-1 Comparison of analytically determined separation points and those
obtained experimentally

]

e o Position of minimum Analytically determined Experimental Values
pressure point separation values
Sy 51 Sy S1 Sy S1
0 0 *0.19 *0.23 *0.23
**%0.20 ***(Q .23
§0.23
+0.30
0.44 Q 0.19 0.23 0.21
30 0.17 0.20 19 0.24 0.21 0.21
60 0.20 0.20 23 0.24 0.19 0.24
90 0.19 0.25 0.23
0.60 0 0.20 0.24 0.22
30 0.14 0.22 0.16 0.29
60 0.16 0.22 0.19 0.25
90 0.19 0.22
0.80 0 0.16 0.20 0.22
30 0.11 0.28 0.12 0.31
60 0.16 0.25 0.16 0.27
90 0.22 0.23
+0.87 0 0.36
0.92 0 0.16 0.20 0.18
30 0.08 0.32 0.08 0.33
60 0.14 0.28 0.15 0.31
90 0.22 0.23
AD.94 0 0.19 v0.29 0.28
0.97 0 0.42
0.98 Q 0.16 0.21 (2)
30 0.03 0.44 0.05 0.44
60 0.11 0.34 0.12 0.35
90 0.23 0.22
+0.998] 0 0.46

*
_ Hiemen258,

ASchubauer82,

72

**FJlachsbart’“,

VMeksy

n81

75

***Pohlhausen’ ™,

5

§Gort1er6 , TSchlichting

76

and Ulrich’ ™,
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In general, the agreement between the analytical

and experimental data appears to be quite acceptable. As

can be expected, the separation occurs downstream of the

minimum pressure positions, however, the difference in

their Tocations abpears to diminish with increase in

eccentricity. Based on the trend, suggested by the re-

sults, coﬁcerning the dependence of shear layer separation

on the cylinder eccentricity and angle of attack, the

following observations can be made:

(i) At a=0 and e in the range of 0-0.80, the location
of the separation (s) is substantially independent
of cylinder eccentricity, variations being less
than 5% around the circular cylinder value. How-
ever, for slender ellipses with e greater than
0.80, the separation points move considerably
forward.  This is in agreement with the observation
concerning movement of the minimum pressure points
made earlier. It may be pointed out that the
analytical results of Schlichting and U]rich76

82 4o not confirm to this trend.

and Schubauer
(ii) As suggested by the experimental results, the

effect of increase in angle of attack, up to a

critical value, is to move the lower separation

point rearwards and upper separation point for-

ward. However, any further increase in o beyond
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the critical value reverses this trend. The
critical attitude for all ellipses was observed
to be in the range a=30°- 60°.

(iii) At a=30°, 60°, the separation of shear layer from
the lower surface tends to move downstream, while
that from the upper surface shifts forward with
fncrease in eccentricity.

(iv) In general, at a=90° the location of separation

points is relatively independent of eccentricity.

5.5 Strouhal Number

The vortex shedding frequency was measured in the

4-105 with the systematic

Reynolds number range of 2x10
variation in angle of attack. It was observed to vary
linearly with increasing wind speed thus indicating inde-
pendence of the Strouhal number over the Reynolds number
range investigated.

Figure 5-7(a) shows the variation of Strouhal
number, based on minor axis of the model, as a function of
angle of attack. In general, SZb decreases with increase
in angle of attack, the drop being more pronounced in the
range a=0-50° for the ellipses of high eccentricities. It
may be attributed to the fact that high eccentricity ellip-

ses at low angles of attack essentially behave as slender

bodies shedding vortices at high frequency. However, at



52
higher angles of attack, bluff body character predominates
leading to the almost uniform Strouhal number. This,
together with increase in the Strouhal number with re-
duction in eccentricity at higher angles of attack
(e>20°), suggests that basing the dimensionless frequency
parameter on projected height h may minimize its dependence
on bluffness. It is apparent from Figure 5-7(b) that, in
most cases, the Strouhal number is confined to the range
0.18-0.22 irrespective of the eccentricity and angle of
attack. It may be pointed out that the test results, being
uncorrected for blockage, are somewhat.higher than the
nearly unconfined flat plate values as given by Fage and
Johansen70. For the slender ellipse of e=0.98 at small
angles of attack (a<12°) no reliable Strouhal data could
be obtained due to minute pressure fluctuations and poor
response characteristics of the instrumentation in the
higher frequency range.

It was decided to explore applicability of Roshko's
universal Strouhal number8, SR’ based on wake width and
shear layer separation velocity. The variation of SR’
based on measured minimum base pressure, wake geometry and
shedding frequency, with angle of attack and eccentricity
is shown in Figure 5-7(c). 1In general, the results collapsed
around the universal value of 0.164 except for the slender

ellipses of e=0.92, 0.98 at small angles of attack. Here,

as pointed out by Roshko, the theory does not apply directly
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probably due to the difference in the history of the
boundary layer development.

‘The dependence of Strouhal number on cylinder
bluffness canh be minimized further by relating it to the
boundary layer separation conditions. Figure 5-7(@) shows
the variation of SS based on transverse distance between
separatioﬁ points and velocity at the outer edge of the
boundary Tlayer around the separation point. Although the
possibility of collapsing the data on a single curve
appears to be remote, this manner of representation reduces
the excursion of data with b]uffness,even at high

eccentricities, as compared to Roshko's approach.

The Strouhal number results can be summarised con-

venientjy, as indicated in Figure 5-8. For clarity only
results corresponding to the extreme attitudes of the model
(a=0,90°) are included. It is appareht that up to e=0.80
the criterion based on projected height fares quite well.
However, for larger eccentricity cylinders, Strouhal number
based on separation pointé shows smoother trend at a=0

and is relatively uniform at a=90°.
5.6 Fluctuating Pressure Distribution

Midspan fluctuating pressure measurements were made
for o=0, 30°, 60° and 90° To determine the dependence of

fluctuating pressure on the Reynolds number, the latter was

4

varied from 2.5x10 —105. To better reflect the character
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of the flow four taps were used, two in the laminar and

two in the separated flow regions. The Reynolds number
dependency was conveniently expressed as a percentage
variation of the fluctuating pressure about a mean value

at a tap in question. The selection of the points depen-

ded on the location of the separation and hence varied

with cy]iﬁder eccentricity and attitude. The pressure

taps used are tabulated below and the Reynolds number

dependency of unsteady pressure is indicated in Figure

5-9.

Table 5-2 Positions of the pressure taps used in the
study of fluctuating pressure dependency on
the Reynolds number

e“ 0° 30° 60° 90°
0.44 *-5,11 L-8,12 L-11,16 L-13,14
‘ *5.21,28 $-20,31 5-20,28 5-3.,4
0.92 L-5,11 L-7,13 L-10,18 L-11,21
. $5-22,26 5-0,4 $-2,24 $-6,26
0.98 no well de- L-19,20 L-18,19 L-12,20
: fined signall| S-4,5 S-4,5 S-5,27

* | and S refer to the taps located in laminar and separ-
ated regions, respectively.

No significant Reynolds number dependency was noticed

except for the ellipses at zero angle of attack. Modi and

57

Wiland also observed similar behavior during the test

with elliptic cylinders of e=0.60, 0.80. For comparison
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these results are summarized in Figure 5-10(a). Test data
on circular cylinders as obtained by Gerrard]5 are also
included. The influence of the Reynolds number appears to

4 and increases with eccen-

be confined to the range 3-7x10
tricity. However, for circular cylinders, Gerrard observed
the Reynolds number effect to extend at least over the
range 2,060—]80,000 investigated by him. No conclusive
explanation concerning this phenomenon is available, but
it is Tikely to be associated with the measured base pres-
sure varjations (Figure 5-10b), which in turn may reflect
changes in separation condition.

In general, for the cylinder attitude and the
Reynolds number conditions under investigation, a decrease
in base pressure appears to be accompanied by an increase in
fluctuating pressure over the entire range of cylinder eccen-
tricity. For clarity fhis is shown separately in Figure 5-10(c)
for a few representative cases. How this would affect mean
location and unsteady movement of the separation points needs
to be explored. The measurement of instantaneous pressure
profi]eé, shear stress and/or flow visualisation studies could
throw some light on the excursion of separation points. As
can be expected, with increase in angle of attack the movement
of separation points is minimised leading to a reduced depen-
dency of fluctuating pressure on the Reynolds number.

Fluctuating pressure distribution at the midspan

station was measured for R=68,000 and cylinder attitude



Variation of CBObOUf mean, 7

I I I I I I | [
€ 15
a=o —-——- 0, Gerrard
50 SECEEEREEPEEEE 0.44 —
, —_— 0.60} Wil d57
"‘*'\-\ ran
40— N —_—— 0.80 —]
N — 0.92
30 - _\A_ -
\\
TS
. * \
20~ \ \//—__ -
\\ \
10} ST N T T T T Z
_r_---/-"""""\ -------------- \

O - / \\ —
"\~ ' ""'\"'""'T .......................................
—]0# \"\~\ -
-20F T —

-30 ] | | ] | ] ] ]
2 3 4 5 6 R 7 8 9 10 x 10*
Figure 5-10 Effect of the Reynolds number on aerodynamics of elliptic cylinder o
at o« = 0: (a) unsteady pressure &



I l I I
: 17 -
_1.2_/Ge”°fd @=0 —
. N A
-1.0%— . —
Py 8 .
(Cp)b © —
-0.8— —
o)
R 7
- _— 4 —
0.6 a 34000 anwé
v 40000 o
o 68000 6
-0.4f— o 102000 —
8
-0.2}— —
. | | | |
0 0.2 0.4 e 0.6 0.8 : 1.0
Figure 5-10 Effect of the Reynolds number on aerodynamics of elliptic cylinder

at o

(b) mean base pressure

69



66

-1.0~ | | | I | | —-0.35
¢ -
-1.4— —1-0.55
B
o | | (Cp),
o ' '
0
,,,,,,, tap s
-8~ T —-0.75
€=0.44 . .
-1.0—~ a=o0 —_— P 21 —-0.90
o
) ®
-1.2f— —-1.00
- T
------- -~ tap in laminar region tap N
tap in separated region
1.4 o (Cp)b ‘ —1-1.10
15,17
0.0l €=0,Gerrard | 1_0.50
tap at 120° position
~ 0.4 o —-0.90
tap at 60’position
08~ T —-1.00
e o
el 1 | 2 | |
4.3 4.4 4.5 4.6 4.7 4.8 4.9 5.0
' l
°9oR

Figure 5-10 Effect of the Reynolds number on aerodynamic§
of elliptic cylinder at a = 0: (c) correspon-
dence between unsteady pressure and base pressure



67

of 0, 30°, 60° and 90°. The results are presented in

Figure 5-11. Based on this data following remarks can

be made:

(1)

(i)

(i11)

The maximum fluctuating pressure occurs near the
region where the mean pressure approaches the

minimum value, i.e., close to the separation

. points. On the other hand, there are two positions,

approximately 180° apart, where the fluctuating
pressure tends to vanish. One would expect this
due to can;e11ation of pressures which are 180°
out of phase. As can be expected this effect is
less complete at the rear of the cylinder, probably
due to irregularities in the wake.

For a=0 and 30°, the level of fluctuating pres-
sure appears to increase with biluffness. However,
at higher angles of attack, the trend is not well
established because of the relatively smaller
variations in Cﬁ' with eccentricity.

In general, for a given ellipse, the haximum
fluctuating pressure increases with increase in
angle of attack (Figure 5-12). The fluctuating
pressure coefficient can attain a value as high

as 0.8 (e=0.60, a=9%0°).

It is interesting to note that the fluctuating
pressure increases as the mean pressure decreases.

Thus a curve presenting variation of the mean
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pressure on the surface of a cylinder follows

the trend similar to that of C5'°

The fluctuating pressure signals on the model sur-
face showed random amplitude modulation, which may be
attributed to the general instability of the separated
shear Tayer and associated vortices. Figure 5-13 shows
extent of the modulation, expressed as a ratio of the
maximum to average amplitude, on the model surface. The
~maximum value was obtained by monitoring the signal over
a period of three minutes. In spite of the apparent scatter,
a peak value attained by the ratio near the minimum fluc-
tuating pressure point»(diametrica11y opposite to the front
stagnation point) is quite distinct. The results also
suggest a trend towards reduction of modulation in laminar
region.

As suggested by several investigators]5’28’66’83
the amplitude modulation were found to be in phase around
~the model.

Gerr‘an*d]5

was probably the first one to measure
the 180° phase character of the pressure signals on the two
sides of a circular cylinéer. However, contrary to his
observation, Modi and Wiland®7 found considerable phase
difference between adjacent pressure signals, probably, due

to the adjustment of the flow field around the model

following the shedding of vortex and formation of the next
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vortex core. Hence, a systematic study of phase between
unsteady pressures as a function of eccentricity was under-
taken. The measurements were confined to the extreme
attitudes, a=0, 90°. Two pressure taps at 90° position

to the flow direction were chosen, each serving as a refer;
ence for ;aps‘on its side. This led to two sets of data,
which, theoretica]iy, should be identical but showed some
scatter perhaps due to minor discrepancy in the flow
symmetry. The results are presented in Figure 5-14. For
a=0, the phase change in general was found to increase with
increase in eccentricity and reached a value as high as
~65° for e=0.92. The effect of eccentricity appears to be
more pronounced in and near the separated flow region as
compared to the leading edge. It is of interest to note
that for cylinders at a=0, the signals from upstream and
downstream pressure taps are lagging and leading, respec-
tively, with respect to the reference located at 90°
position (taps O and 16). On the other hand, for o0=90°
almost all the pressure signals Tlag the reference (taps 8
and 24). Relatively large scatter in results near pressure
cancellation regions may be partially attributed to rather

weak signals, considerably distorted by the noise.
5.7 Fluctuating Lift

The unsteady 1ift experienced by the elliptic

cylinders was determined through the integration of pres-
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sure distribution plots presented earlier. The variation
of the fluctuating 1ift coefficient, C[.,
major axis of the ellipse, With angle of attack is shown

based on the

in Figure 5-15. Integrated values accounting for the
circumferential phase are also included.

Except for e=0.44, the elliptic cylinders, in
general, show the fluctuating 1ift to increase with the
angle of attack until the critical attitude of =70°-80° is
attained. Beyond this the fﬁuctuating 1ift tends to dimin-

ish. For e=0.44, C-,

3 | max Was found to be 0.58, as compared

42

to the circular cylinder value of 0.45. The substantial

magnitude of fluctuating 1ift for e=0.60, 0.80 (Cr

L'Imax = 1.0
57)

and 0.75, respectively would make them susceptible to
large amplitude oscillation during vortex resonance. It
is of interest to note that the circumferential phase has
negligible effect (<8% at a=0 and 90°) on the fluctuating
1ift. This may be attributed to the fact that, in general,
large pressure fluctuations are associated with small phase

differences and viceversa. Hence, the contribution to

the fluctuating 1ift is hardly significant.

5.8 Spanwisé Effects

51 36

As pointed out by Vickery” , Prendergast and

Feng42

, the spanwise correlation of the flow past the circ-
ular cylinder exists only for a finite length. For station-

ary models this was, typically, two to three cylinder
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diameters with increased two-dimensionality during model
oscillation. 1In general, the correlation length improves
for sharp-edged bodies, and is of the order of five to six
diameters for stationary square member in a smooth stream51.
Normally turbulence affects the spanwise correlation
adversely.

w{th this background, it was decided to undertake
a preliminary study of the effect of eccentricity and angle
of attack of an elliptic cylinder on the spanwise character
of the flow. The experimental program used three models
(e=0.44, 0.92, 0.98) at angles of attack of 30°, 60° and
90°. Each model was provided with a set of nine, equally
spaced pressure taps along its leading edge (Figure 3-2).
The model spanned the test section almost completely, with
no gap at the bottom and the top gap less than 0.015 in.
The distribution of the mean pressure as shown in Figure-
5-16 suggests negligible spanwise effect. The results for
a=0 are omitted as no spanwise dependency was noticed. On
the other hand, unsteady pressure and phase showed marked
variation with spanwise location. These results are pre-

42 results for

sented in Figure 5-17 and 5-18. Feng's
circular cylinder are also included for comparison. In

general, the variation of fluctuating pressure in spanwise
direction increases with increase in angle of attack, how-

ever, the forms of the plots remain essentially similar.

A degree of distorted symmetry about the midspan section
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can also be discerned in most of the cases investigated.
The maximum fluctuating pressure invariably occurred away
from the midspan. Similar behavior was also observed by

Gerrard15 and Feng42

for circular cylinder. The spanwise
variations were found to be as large as 80% (e=0.44,
0=60°) of the reference midspan value.

Tﬁe variation of phase between unsteady pressure
signals along the span is shown in Figure 5-18. Normally
the results were obtained for the leading édge as well as
the trailing edge by rotating the model through 180°. For
a particular case of e=0.98, the experiment was repeated
for R=33,000.

In general, the results did not show any well de-
fined trends as to the effect of cylinder eccentricity and
angle of attack on the spanwise variation of the phase.
However, 1in moét cases the two-dimensional character was
maintained only over a short distance around the midspan
section with the small aspect ratio effect becoming quite
apparent towards the endsﬁ The plots suggest odd or even
function type of symmetry about the midspan, however, due
to limited number of spanwise spatibns and inherently
unsteady character of the flow, no definite conclusions
can be drawn.

As time history of- the phase is associéted with the
spatial location of the vortex sheet, the average inclin-

ation of the core line with respect to the cylinder axis
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can be calculated. The inclination 6, based on the straight
line variation of the phase near midspan station, is shown
on the diagram. There is an indication that at high values
of a, the vortex line inclination diminishes suggesting

improved alignment with the cylinder axis. It is significant

51

to point out that Vickery found improvement in correlation

length fof square cylinder (5.6 D) compared.to the circular

cylinder results (3.5 D) of Prendergast36 and el Baroudi37.

18 results on three-dimensional character

4

Gerrard's
of the flow past a circular cylinder at R=2x10" should be
mentioned here. The hot wire measurements made three
diameters downstream and over a small axial distance (test
length = 9 in., model length = 20 in.) showed vortex lines
to be almost straight and parallel to the cylinder axis.
This behavior was confirmed through flow visualisation
using titanium tetrachloride. The random fluctuations in
the vortex line inclination, which was a]Ways present, was
found to be as large as *15°, however, it occurred at a
frequency an order of magnitude below the fundamental fre-

42 results with circular

quency. On the other hand, Feng's
cylinder at the same Reynolds number and present data with
elliptic cylinders at R=68,000 showed the presence of vortex

1ine inclination even when based on average phase results at

the fundamental frequency.

A comment concerning the effect of cylinder motion

40,41 39 42

as reported by Koopmann » loebes and Feng would be
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appropriate. For low amplitude (<<10% of the cylinder
diameter) forced and wind induced oscillations at low

3

Reynolds number (100-300), Koopmann4 reported vortex
line inclination of 17°. However, large amplitude
oscillations tended to promote alignment of vortex lines
with cylinder axis suggestfng improved two-dimensionality

of the near wake flow. Some of the results on three-dimen-

sionality of the wake are summarised in Table 5-3.
5.9 Wake Geometry

There appears to be rather scant information con-
cerning the organised wake associated with elliptic cylinder.
Modi and w11and57 presented preliminary results on its near
infinity character, i.e., uniform values of vortex spacings
attained five to eight 'diameters' (major axis) downstream,
for cylinders of eccentricity 0.60 and 0.80. However, no
attempt was made to explore the variation of wake geometry
as a function of downstream coordinate. This section dis-
cusses the results of a detailed investigation on the wake of
cylinders with e=0.44, 0.80, 0.92 and 0.98. To study the
dependence of various wake parameters on the attitude of
the models, the experiments were conducted at o=0, 30°,
60° and 90°. Since the Reynolds number effect in the range
3x104-105 is reported57 to be negligible, all the tests
were confined to R=68,000.

The results on phase variation in the downstream

direction showed it to attain a constant value suggesting



Average inclination of vortex line with respect to cylinder axis

Table 5-3
Eccentricity] Condition R Technique Inclination Investigator
e=0 stationary 50 phase measurement |aligned with the axis | Kovasznay!l,
using hot-wire for at least 30 dia- 1949
meters downstream
stationary <60 alumina flake sus+H 0 Tanedasﬂ
75 pension in water 10° 1952
" stationary| <100 hollow cylinder [0, in still water Phi]]ipsss,
<80 filled with dye, [0, in disturbed 1956
' in water water
stationary 117 red dye leaked 0 Hama86,
190 ~through small <10°, wavy 1957
: holes aligned
parallel to
cylinder axis
stationary 10%-3x107 use of fine silk |wave pattern with Humphreys3],
threads in wind- |cell size between 1960
tunnel 1.4D and 1.7D
stationarj‘?00-140 hydrogen bubble [0-30° Abernathy85,
flow visualiz- 1964
ation :
stationary 85 hot-wire 14° at 17.2 dia- Gerrard]S,'
. 4 anemometry meters downstream 1966
2x107 - 0 at 3 diameters
downstream
stationary 200 17.5° at the cylin- Koopmann4],
smoke ger and 33; at 14 1967
. . . iameters downstream
vibrating: 200 visualisation
wind in-
duced } 0
forced -~ |
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an uniform vortex velocity and longitudinal spacing. The
Timited reach of the traversing gear and poor strength of
the fluctuating pressure signal restricted the longitudinal
measuremehtslto eight diameters. Fortunately, this does

not represent a serious limitation as Frimberger'587

experi-
ments with circular cylinders, in air and water, showed

the wake éeometry to attain uniform dimensions around the
same distance downstream. The variation of longitudinal
spacing between vortices obtained using equation (4.2) is
preSented in Figure 5-19. The plots show a rapid increase
in spacing for the distance of two to three diameters behind
the cylinder, gradually approaching a constant value by
seven diameters. In general, a lower angle of attack is
accompanied by early attainment of uniform spacing. The
vortex spacing showed increase with increase in angle of
attack, the Targer change,.as expected, being associated
with high eccentricity ellipses.

The vortex velocity was deduced from the relation,
) = fL (5.3)

Although, VV shows a trend similar to the Tongitudinal
spacing, it is relatively less depeﬁdent on the cylinder
attitude and eccentricity. In general, the effect of
increase in angle of attack and eccentricity is to delay

the establishment of near infinity values downstream.
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Figure 5-20 summarises the dependence of longitudinal spac-
ing at two extreme attitudes of the models. As can be
expected, the effect of eccentricity at 0=90° is relatively
small. On the other hand, the plots at o=0 show signifi-
cant dependence on eccentricity. At a given station, the
longitudinal spacing increases as the cylinder becomes

more s]ender, which also promotes early attainment of its
uniform value. For the ellipses of e=0.92 and 0.44, the
near infinity values were reached approximately three and
five diameters downstream, respectively. It may be
mentioned here that basing downstream distance and longi-
tudinal spacing on minor axis showed reduction in latter's
variation with e at a=0. In particular the near infinity
value of the parameter was found to be =4 except for e=0.92
in which case it was 3.2. For other angles of attack the
values ranged between 4.0 and 5.5.

Table 5-4 presents the results on uniform values
attained by longitudinal spacing and vortex velocity as a
function of cylinder attitude and eccentricity. It is
apparent that longitudinal spacing diminishes with increase
in eccentricity at small angles of attack. However, at
0=60° and 90°, no definite trend can be observed although,
in general, the variation is relatively small. The variation
of vortex velocity does not seem to follow any systematic
behavior and for the cases investigated its non-dimensional

value was confined to the range 0.77-0.97.
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Table 5-4 Varjation of longitudinal vortex spacing and vortex
velocity with eccentricity and angle of attack

e a=0 0=30° 0=60° a=90°
(Lr2a), | (Vv ), | (L72a) [ (v V), | (L7za) (v /v ), | (L/2a) | (v /v

0* 4.27 0.80
0.44 4.1 0.95 4.2 0.92 4.8 0.96 5.0 0
0.60% 3.2 0.86 3.9 0.93 4.4 0.94 4.6 0
0. 80 2.4 0.89 3.3 0.90 4.7 0.90 5.1 0.
0.92 1.3 0.86 3.0 0.97 4.7 0.92 4.9 0.
0.98 - - 2.8 0.96 4.5 0.95 4.8 0
b - - 2.8 0.84 4.5 0.76 5.2 0.

88 57 70

*Fage and Johansen ~, tModi and Wiland™", AFage and Johansen

66
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The lateral variations of the fluctuating pressure
amplitude in the wake at various downstream stations is
presented in Figure 5-21. As expected, the unsteady pres-
sure distributions are similar on both sides of the wake
for symmetrically oriented models. The wake centreline,
thus, coincides with the y-axis. However, for other orien-
tations, the wake is unsymmetrical with the higher peak
value on the side for which the separation of the shear
layer is more rearward. Similar behavior was also observed

by S]ater27

in his study with structural angle section. As
the vorticity rate associated with the upper and lower
surfaces of a body is the same88, the presence of higher
pressure peak on one side may be expjained by relatively
shorter distance and hence reduced dissipation suffered by
the corresponding vortex. Figure 5-22 shows the position
of the wake obtained by considering, approximately, the
1ocafion of peak fluctuation as the position of the vortex
core. However, as pointed out by Hooker89, the maximum
velocity fluctuations (and hence pressure variations) do
not occur along the path of vortex centres as some experi-
menters have asserted but rather develop in the neighbour-
hood of the core farthest from the street centreline.
Thus, the distance between the peaks as presented here
would overestimate the wake width By an amount equal to
the diameter of the vortex core. Based dn Schaefer and

14

Eskinazi's mathematical model for vortex street in
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viscous fluid showed correction in the wake Width to be
negligible (<1%) at the model and less than 5% eight
diameters downstream. It may be pointed out, however, that
the correction would fail far downstream as it does not
account for turbulence or wake instability which would
influence the position and growth of the vortex cores.

THe variation of the lateral spacing with down-
stream distance is presented in Figure 5-23 for varibus
ellipses as a function of angle of attack. It is
apparent that both the model geometry and attitude have
substantfa] effect on the spacing between the vortex rows.
In general, the spacing increased with downstream coordinate
except for the short formation region, and in some cases
failed to attain the uniform value within the limit of the
traverse. As pointed out by several investigators]3’70’9o,
vortices do not flow downstream indefinitely in parallel
rows but always move away from the centreline with increas-
ing y even when an intermediate sequence of vortices have
some uniformity of configuration. This pointvis well
emphasized by the wake width results for flat p]ate70,

91

circular and elliptic cylinders presented in Table 5-5.
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Table 5-5 Variation of lateral spacing with downstream
coordinate for several bluff bodies

circular cy]inder,* elliptic cylinder flat plate*
e=0,R=4,900 e=0.92,0=90°,R=68,000 | e=»,0=90°,R=31,000
y/2a w/2a y/2a w/2a y/2a w/2a
3.22 | 1.06 1.0 0.72 5.0 1.30
4.60 1.19 3.0 1.20 10.0 2.00
7.00 1.34 5.0 1.20 20.0 2.75
8.80 1.40 7.0 1.40

91 70

+Tyler” , *Fage and Johansen

Longitudinal and lateral spacing results may be com-
bined to obtain classical wake geometry parameter, W/L
(Figure 5-24). With 1ncréase in downstream coordinate, in
general, there is a drop in the value up to, approximately,
2-4 diametefs downstream followed by a region of constant
value and finally a tendency towards fise in W/L. 1In
particular for e=0.98, the ratio ranged between 0.4 to
0.6 at y/2a=1.0, diminished to =0.3 in the vicinity of
y/2a=4.0 and showed upward frend thereafter. This corres-
ponds reasonably well with Karmdn's observation of W/L
=0.36 behind the body approaching the value 0.281 farther
downstream. A rise in the wake geometry ratio when far

downstream is also reported by several investigators70’90
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in the flat plate and circular cylinder studies. In fact

Fage and Johansen70

, in their experiment with flat plate
normal to the flow, found W/L to increase by more than
100% over the downstream distance of 5-20 plate widths.
It is of interest to note that the location of minimum
wake geometry ratio seems to move downstream with increase
in eccentcicity of an ellipse. The wake width did not
show any well defined dependence on cylinder attitude.

The near infinity values for the wake width and
geometry.ratio as affected by cylinder eccentricity and
attitude‘are summarised in Table 5-6. The quoted figures
occur around six to seven diameters downstream. For a=0,
the wake width diminishes with increase in eccentricity,
however, the wake geométry ratio increases suggesting
greater reduction in longitudinal spacing. Essentially
the same behavior was observed at a=30°. No clear pattern
can be discerned at a=60°, however, at higher attitude,
there appears to be a complete reversal ih the trend of
(w/2a)00 observed earlier. Furthermore, the wake geometry
ratio remains reasonably close to Karman's stability
value of 0.281.

It would be appropriate to emphasize a degree of
similarity in the variation of (h/L)_, (W/L)m,sh and
(1/CDh) with model orientation. This is shown in Figure
5-25. - In general, they appear to attain the peak value

at a=0, diminsh with increase in angle of attack to reach



Table 5-6

Dependence of Tateral vortex spacing and wake geometry ratio
on eccentricity and angle of attack

e a=0 a=30° a=60° a=90°
(w/2a) (W/L) (w/2a) | (/L) | (w/za), | (W/L)_ | (w/2a)_ | (w/L)_

0* 1.3-1.8 0.24-0.28
.44 1.12 0.27 1.10 0.26 1.28 0.27 1.14 0.23
.60t 1.0 0.31 1.04 0.27 1.14 0.26 1.16 0.25
.80 0.90 0.38 0.96 0.29 1.12 0.24 1.20 0.24
.92 0.62 0.48 0.96 0.32 1.25 0.27 1.32 0.27
.98 - - 0.78 0.28 1.25 0.28 1.45 0.30
¢ 1.65 0.32

*Schaefer and Eskinazi14, TModi and w11and57, AFage and Johansen

Lt
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a minimum around 50° fo]jowed by a small rise over the
remaining range. Apparently, this suggests significant
relationship between the wake geometry and body aero-
dynamics. The use of universal numbers in such a study
by several authors may be attributed to the similar
observatiqn of wake-body interaction.

The results of lateral traverse also provide
information about variation of peék fluctuating pressure
with downstream coordinate (Figure 5-26). It appears that
peak pressure amplitude attains a maximum value around
one diameter downstream. The pressure decay that follows
compares favourably with the analytical results obtained

using vortex street model of Schaefer and Eskinazi]4.

27 (structural

Ferguson66 (circular cylinder) and STater
angle section) also observed similar decay of unsteady
pressure in the wake. However, a systematic study of its
rise and decay in the downstream diréction and as a
function of cylinder eccentricity and attitude does not
seem to be reported in literature. In general, the increase
in angle of attack tends to move pressure peak upstream.
This may suggest closer formation of the first vortex at
higher angles of attack. Tﬁe behavior was confirmed
through flow visualisation.

Figure 5-27 shows typical frames from the high

speed 16 mm. movie of the near wake region. It provides

some information concerning the position of the first
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0.80

0.92

Figure 5-27 Visual study of near wake showing:
(a) position of the first vortex as affected
by angle of attack
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€=0.60

Figure 5-27 Visual study of near wake showing:
(a) position of the first vortex as affected
by angle of attack
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e=0.44 ;a=90"

e=0.92; a=60°

Figure 5-27 Visual study of near wake showing:
(c) unsteady character of shear layer
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. 21,92
vortex and hence the vortex formation length as
affected by cylinder eccentricity and angle of attack.

Several aspects of interest become apparent:

(i) The photographs suggest that the first vortex
is located around 0.75-1.5 diameters downstream
from the cylinder axis. This is in agreement
with the location of pressure peaks in Figure
5-26.

(ii) A comparison of vortex positions at a=0 and 90°
for a set of e11ipsé$ shows forward movement
of the first vortex at higher angles of attack.
This, in general, confirms the trend indicated
by pressure peaks in the wake. On the other hand,
no conclusive remarks can be made about the effect
of eccentricity at the same angle of attack.

(iii) The unsteédy character of the position of separ-
ation is quite evident. For circular cylinder it
was observed to be, approximately, over the range
of 70° to 88°. This movement is accompanied with
the periodic change in the inclination of separ-

ating shear layer.

These observations on the near wake should be considered
preliminary and hence only indicative of qualitative

features of the phenomenon.



6. CONCLUDING REMARKS 3

Based on the experimental results the following

general remarks can be made concerning the unsteady aero-

dynamics of the stationary elliptic cylinders:

(i)

(i1)

The mean 1ift, dfag and pitching moment show con-
siderable dependence on angle of attack and
eccentricity of an ellipse. However, they are
substantially independent of the Reynolds number
in the range 2x104-105. The balance results com-
pare favourably with the pressure integrated
steady aerodynamic coefficients thus indicating
two-dimensional character of the mean flow. The
plots suggest that the ellipse with eccentricity
of 0.98 is susceptible to galloping type of
instability in the vicinity of a=10°.
Eccentricity and the attitude of the model affect

mean pressure distribution on its surface substan-

vtia]]y. The location of minimum pressure on the

top surface moves forward while that on the lower
surface moves rearwards with increase in angle of
attack. However, this trend reverses at around

40°. The study of separating shear layer through

flow visualisation using Schlieren technique
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(ii1)

(iv)

confirmed this trend. The agreement between

the analytical data on the separation points,
obtained using Gortler's series solution, and

the experimental values appears to be quite
acceptable.

The Strouhal freguency increases linearly with
Qind speed in the Reynolds number range of
2x]04-105. Strouhal number exhibits considerable
dependence on the cylinder eccentricity and angle
of attack, ranging from 0.037 (e=0.98, a=90°) to
0.274 (¢=0.92, a=0). The variation of Strouhal
number can be reduced by basing it on the projec-
ted dimension, wake width or transverse distance
between separation-points. Roshko's criterion
provides satisfactory collapse around the value of
0.164 except for the slender ellipses at small
angles of attack. 'However, SS has the advantage
of offering the smoother trend even at Tow angles
of attack for e]jipses of high eccentricity.

The midspan fluctuating pressure distribution is
essentially independent of the Reynolds number
except for the ellipses at a=0 in the range 2.5x

4—]05. In general, for a given ellipse, the

10
maximum fluctuating pressure coefficient increases
with increase in angle of attack. The pressure

signals are always amplitude modulated although

123



(vii)
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the extent of modulation is less in the laminar
region. Considerable phase difference can exist
even between the pressure signals on the same
side of the model. For the slender ellipse of
e=0.92, at a=0, the phase change as large as 65°
was recorded. |

fn‘general, the fluctuating 1ift coefficient
increases with increase in angle of attack reach-
ing maximum vaiue around 70°-80°, beyond which it
tends to drop. Highest fluctuating 1ift recorded
was =1.0 for e=0.60. The phase between the pres-
sure signals has nég1ig1b1e effect on unsteady
lift data.

The unsteady aerodynamics of elliptic cylinders
exhibits three dimensional character, fluctuating
pressure and phase beﬁné substantially dependent
on spanwise location. Average inclination of
vortex lines was found to be around 0-11° with
improved alignment with the cylinder axis at higher
angles of attack.

Both longitudinal and lateral spacings between the
vortices are substantially independent-of the

4 5

Reynolds number in the range 3x107-10".

Longitudinal spacing between vortices increases
rapidly behind the model and attains a constant

value around seven diameters (limit of the traver-

sing gear) downstream.
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It increases with increase in angle of attack,
the larger change being associated with high
eccentricity ellipses. The vortex velocity has
relatively small dependence on attitude and
eccentricity of an ellipse.

The Tateral spacing continues to increase
with downstream coordinate, for some cases even
beyond the 1imit of traverse. At small angles
of attack, the effect of increase in eccentricity
is to diminish the wake width. However, at
a=90°, the trend undergoes a complete reversal.

A certain amount of similarity can be dis-
cerned between the variation of (h/L)_, (b/a)w,
Sh and 1/CDh‘with angle of attack.. This emphasizes
the interaction between wake geometry and body
aerodynamics. In general, the wake geometry ratio
remains close to Karman stability value of 0.2871.
The rise and decay of fluctuating pressure in the
wake suggests formation of the first vortex to
occur in the vicinity of one diameter downstream.
The flow visualisation confirms this observation.
The high speed photography indicates, qualitatively,
unsteady character of position and inclination of

the separating shear layers.



7. RECOMMENDATIONS FOR FUTURE WORK

The concept of a systematic change of eccentricity
to cover a wide range of géometrica1 shapes, though attrac-
tive, does not seem to have received sufficient attention
in the study of bluff body aerodynamics. Through the
investigation presented here come to light several areas
where available information is limited thus suggesting
possible course for future research. Some of the more

important problems are listed below:

(i) It would be useful to establish the Timit of
applicability of the Gortler's series approach-
for determining separation points, which, as
pointed out in the text, could be used only in
the analysis of cylinders at zero angle of
attack, particularly for high eccentricity ellip-
ses. The probable 1imiting factor is likely to
be steep pressure gradients on the surface of
the model at higher angles of attack. The use
of more terms in & series may extend the limit of
applicability of this approach. The study would

_require, obviously, measurement of mean pressurg“
distribution at finer interval of attitude.
(ii) The dependence of fluctuating pressure on the

Reynolds number at a=0 should be explored further,
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Although the preliminary results suggest correl-
ation between this behaviour and base pressure,
a detailed investigation is necessary to prove
it conclusively. Apparently, the phenomenon is
likely to be associated with changes in separation
and near wake condition. The measurement of
%nstantaneous f]uctuating'preésure or shear stress
wiih a view to establish excursion of the separ-
ation points, and the length of formation region
as discussed by'Gerrard21 may throw some light on
this unexplained behaviour. Flow visualisation
studies may a]sovprove to be of some use.
A systematic study of the three dimensiona]
character of flow around elliptic cylinders as a
function of end conditions, eccentricity and
attitude should provide information of fundamental
interest. The investigation of préssure correl-
ation length in spanwise direction and inclination
of vortex filament would supplement the existing
information on circular cylinder presented by

36 37

, el Baroudi™", Toebes39, Koopmann40’4]

Prendergast

et al.
A systematic study of wake associated with circular
and elliptical cylinders with particular emphasis

on far downstream behaviour would be relevent.
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(v) The aerodynamics and dynamics of elliptic
cylinders in vortex induced and galloping mode

of oscillations appear to be the logical exten-

sion of this study.
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