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THE VISUAL STUDY OF UNSTEADY FLOWS
AROUND AN ELLIPTIC CYLINDER
PERFORMING ROTATORY OSCILLATION

By

Svein Brendsund Hansen* and Sadatoshi TANEDA**

Results of visual studies are presented for uniform laminar
incompressible flow past an elliptic cylinder performing a rotatory
oscillation about its trailing edge. The flow patterns and the
transient period from start of oscillation to some later time, are
studied by means of flow visualization methods in a water tank
at Reynolds numbers between 35 and 273 and Strouhal numbers
between 0.3 and 2.38.

Key words: : Unsteady flow, Flow visualization, Integrated
streakline, Elliptic cylinder

1. Introduction

Viscous flow past an obstacle is one of the basic problems in fluid me-

chanics. Few areas have received more attention than that of flow past a
circular cylinder.
However, there have been presented numerous papers concerning these flow
patterns for steady state. Most of the problems related to steady flows are
now well understood. Due to the fact that all boundary layers which occur
in practice are, in a sense, unsteady, information about unsteady boundary
layers and unsteady flow patterns around arbitrary cylinders is very signifi-
cant to develop the fundamental understanding of fluid mechanics. However,
it can hardly be said that the unsteady motions, in general, are well under-
stood so far, but they represent the main trust of the current research
efforts.

The flow past an elliptic cylinder is of particular interest because of its
fundamental geometry. It is well known that an elliptic cylinder has two
extremes, a flat plate and a circular cylinder respectively. Recent studies of
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flow patterns related to an elliptic cylinder are those by S.Tanedal), H.
Honji 2, H.J.Lugt and H.J.Haussling®’, H.J.Lugt and S.Ohring4, A.Okajima,
H.Takata and T.Asanuma 5 and M.Tatsuno® .

By means of flow visualization methods in incompressible flow, two basic
hydrodynamic lines can be obtained, the streaklines and the streamlines.
A streakline is defined as the locus of all particles that have passed through
a given point. A pathline is the trace or trajectory of a given fluid particle
moving in the flow field. In steady flow, by definition, each particle coming
through a given point follows the same trajectory; hence, the streakline and
the pathline coincide. Since a streamline is defined as a curve that is every-
where tangent to the velocity vector, say in steady flow, the streamline is
everywhere tangent to the pathline and thus coincide with both the pathline
and the streakline. However, in unsteady flow the pathline, streakline and
streamline differ markedly from each other. It should also be noted that,
though the streakline is invariant with respect to the reference frame, the
streamline is not invariant, and therefore differ from each other in different
frames.
~ As well known, the separation point in steady state is the point of van-
ishing of the shear stress at the body. As noted by Moore?, Rott® and
Sears?, the vanishing of the wall shear stress hold no special significance
in unsteady boundary layers. They developed a model for unsteady separa-
tion point which is known as the Moore-Rott-Sears model, or only MRS
model. However, it is not gained full agreement about the definition of
unsteady separation point, and there are also many other definitions.

The only possible way to detect the unsteady flow separation is to place
tracer particles at the whole surface of the body, and visualize the lines
composed of all fluid particles which come out of the whole surface.
These streakline patterns have been denoted the “integrated streaklines”.
As reported by S.Taneda, H.Honji and M. Tatsunol9’, the -electrolytic
precipitation method is most useful to observe the integrated streakline.

In a recent paper S.Tanedal’ presented, among other things many clear
pictures of unsteady flows . around an elliptic cylinder performing a rotatory
oscillation about its center. He reported that two integrated streaklines
were shed from one position located near the trailing edge of the cylinder.
The purpose of this paper is to present the integrated streakline flow pat-
terns around an elliptic cylinder performing a rotatory oscillation about its
trailing edge and compare these with the work of S.Tanedal.

2. Apparatus and experimental methods

The experiments were carried out using a water tank 600 cm in length,
50 cm in width and 50 cm in depth. A carriage was run with a constant
velocity on rails above the tank. ‘The values of the test cylinder, which
was a 2:1 elliptic cylinder attached to the carriage, were ; the major axis
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UNSTEADY FLOWS AROUND AN ELLIPTIC CYLINDER

a=3.0 cm, the minor axis = 1.5 cm, ¢ = 0.866, the eccentricity ¢ being
defined as ¢ =+/1-(b,a)2. The focal distance ¢ = /a2 — b2 has the value
¢=2.599. The angular amplitude of oscillation ¢ was 30° and the mean
angle of incidence @ was 0°. The instantaneous value of ¢ is denoted as a.
The velocity of the carriage could be run with uniform velocity varried from
0 to 30 cm/s. Figure 1 shows the general arrangement of the apparatus.

CAMERA

=

TRANSMISSION )

CARRIAGE
MOTOR

| W
O 3

TEST CYLINDER

ILLUMINATED LAYER

b 5Ll

==

i

Fig. 1, Schematic diagram of the experimental apparatus.

The photographs of the streamlines and the streaklines around the body
were obtained by means of the aluminium powder method and the electrolytic
precipitation method respectively. As to the aluminium powder method the
central horizontal plane of the water tank was illuminated from both sides,
and the movement of the aluminium particles was photographed by a Nikon
camera with a 135 mm lens from above. In the electrolytic precipitation method
a white colloidal cloud which was generated on the surface of the cylinder
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was used as the tracer material. The test body was covered by a metal used
as the anode. The intensity of the cloud depended on the metal. Tin emits
the thickest cloud and tin solder was used here. The generation of tracer
material could be easily regulated by varying the electric supply potential.

An electric motor together with an mechanically operated transmission
mechanism was used to obtain the rotatory oscillation. The frequency of
oscillation was 0.1 Hz. The Reynolds number was based on the major axis
as well as the Strouhal number. Figure 2 shows the mechanically operated
transmission mechanism used to obtain the rotatory oscillation. The cylinder
oscillation was started after the flow became steady with the elliptic cylinder
at the mean position. Figure 3 shows the motion of the test cylinder.
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Fig. 2. Mechanically operated transmission mechanism used to
obtain the rotatory oscillation.
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Fig. 3. Motion of the test cylinder.

3. Results of experiments

Figure 4 shows the streamline patterns and the corresponding streakline

patterns around a 2:1 elliptic cylinder performing a rotatory oscillation about
its trailing edge in water at rest at an oscillation frequency N=0.1 Hz. The
streamline patterns show two vortices generated upstream of the cylinder.
The point where the integrated streakline is shed from the body is oscillating
around the leading edge. At the extreme positions the integrated streakline is
shed almost from the leading edge. The dye is moved slowly downstream
from the cylinder. Downstream is defined as the direction from the leading
edge to the trailing edge at the mean position. Also the outer vortex is
moved downstream, though very slowly. This should indicate that a slow
jet is induced; the direction of the rotation of vortices is opposite to that
of vortices in a wake. Therefore it might be expected that there exists a
critical frequency at which the jet turns into the wake. It should be noted
that an induced jet in downstream direction will cause a thrust.

Figure 5 shows the streamline patterns and the corresponding streakline
patterns when a comparatively low free strem velocity is added, U=0.126
cm/s. The streamline patterns show that the outer vortex is washed away
downstream but the inner vortex is nearly at the same position as in the
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case of oscillation in water at rest. However, the streakline patterns show
no essential difference. The whole streakline flow patterns are moved a
certain distance downstream as compared with that in the case of oscillation
in water at rest without undergoing any change in shape.

Figure 6 shows the streamline patterns and the corresponding streakline
patterns at a higher value of the free stream velocity, U=0.259 cm/s.
The streamline patterns show the same vortex generated upstream of the
cylinder, but a change in position relative to the cylinder is observed. The
vortex is also connected to a stagnation point or a so-called “saddle point”
near the leading edge. It should be noted that this stagnation point is not on
the surface but at a certain distance from it. Also it should be remembered
that the streamline patterns are not invariant with respect to the transfor-
mation of the reference frame. However, the velocity of the elliptic cylinder
relative to a reference frame fixed to the mean position of the cylinder is
nearly O at the extreme position of the cylinder. The streakline patterns
show that the direction of vortex rotation is reversed. A wake may be
formed, but any clear vortex street can hardly be observed. Also here it can
be seen that the point where the integrated streakline is shed from the
body is oscillating around the leading edge, though without any increase of
amplitude. It should be noted that there is no clear correspondence between
the saddle point and the integrated streakline.

Figure 7 shows the streamline patterns and the corresponding streakline
patterns at U=0.5 cm/s. In the streamline patterns it can now clearly be
seen that the vortex generated upstream of the cylinder is moved downstream
relative to the cylinder due to the increace of the free stream velocity.
Otherwise, the streamline patterns do not show any essential difference from
that in the previous case. The streakline patterns show now that the
direction of vortex rotation has changed to be the same as for the vortex
street. There still exists streakline separated from the location immediate to
the leading edge, but covers the front region of the cylinder and therefore
become complicated ; the streakline patterns make a very small angle with
the surface of the body, and this makes it difficult to determine precisely
the point where the integrated streakline is shed from the body.

Figures 8.1 and 8.2 show the streamline patterns and the corresponding
streakline patterns respectively at U = 0.76 cm/s. The streamline patterns
show that the vortex generated upstream of the cylinder is moving down-
stream along the cylinder and is now nearer the trailing edge than the leading
edge. It should be expected that this vortex will reach the trailing edge with
further increase of the free stream velocity. The streamline patterns show
now for the first time a very clear vortex street in the wake of the cylinder.
What is very interesting is that this vortex street consists of twin vortices
when the elliptic cylinder is at the extreme position. However, the
streamline patterns for the flow past the cylinder at the mean position
show that the twin vortices are now separated and form a normal vortex
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street. The streakline patterns show very clear the vortex street, and also
a tail at the trailing edge is clearly visualized. This tail has a very
pronounced kink immediately behind the cylinder. The vortex which forms
the upper part of the vortex street is shed from the surface of the
cylinder when it is at the lower extreme position.

Figure 9 shows the streamline patterns from the start of oscillation to
some later time. The free stream velocity is U=1.0 cm/s. The streamline
patterns show that before the start of oscillation a vortex street is formed
in the wake. After sometime the same vortex is generated upstream of the
cylinder, but now very near the trailing edge. The wake is changing in
time, and after some cycles of oscillation the wake turns into a flow of open
streamline patterns. Also the vortex generated upstream of the cylinder
disappear at some later time. The streamline patterns are the same at the
same phase of the oscillatory motion of the cylinder after a value x/¢=12.5
is reached, where x=U-t.

After this stage twin vortices are formed behind the elliptic cylinder at the
extreme position. Also a kink of the streamline patterns behind the cylinder
is seen.

4. Conclusions

The results of observations of the integrated streakline patterns and
the streamline patterns around an elliptic cylinder performing a rotatory
oscillation about its trailing edge have been presented. The main conclusions
are as follows:

1) There is no coincidence between integrated streakline patterns and

streamline patterns.

2) The saddle point appears in the streamline patterns, but there is no
clear correspondence between the saddle point and the integrated
streakline.

3) At a comparatively high value of the free stream velocity no
vortices appear in the wake after some time, and twin vortices are
formed behind the cylinder at extreme positions.

4) The integrated streakline patterns show a pronounced kink of the
tail generated immediately behind the trailing edge.

5) 1In all cases, an integrated streakline is shed from a point near the
trailing edge.
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Fig. 4, Streamline patterns and the corresponding streakline patterns around the
oscillating elliptic cylinder.

a=3.0 cm, b=1.5cm, N=0.1Hz, U=0.0 cm/s, 0=30°,
v=0.011 cm2/s, R.=0.0, S.=infinity

a) t=36.3s a= —30°

b) t=44.2s a= 0°

c) t=47.0s  a= —30°

d) 7=49.2s a= (°

e) t=51.8s a=
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Fig. 5.

a=3.0 cm, b=1.5cm, N=0.1Hz,
v=0.011 cm2/s, R.=34.4, S,=2.38
a) x/a=1.35 a= —3(°
b) x/a=190 a=  (°
c) x/a=1,98 a= —30°
d) x/a=2.10 a= (°
e) x/a=2,20 a= 30°

U=0.126 cm/s,

Brendsund HANSEN and Sadatoshi TANEDA

6=30°,
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Fig. 6.

a=3.0 cm,

u:0.0ll sz/s,

a)
b)
)
d)
e)
f)

x/a=9.64
x/a=5.37
x/a=5.57
x/a=10.07
x/a=5.81
x/a=6.02

b=1.

5cm, N=0.1Hz,
RC:7O.6' 51:1.15

a= 30°
a= 30°
a= 0°
a= —30°
a= —30°
a= 0°

U=0.259 cm/s,

0=30°,
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a
v

=3.0 cm,

=0.011 cm2/s,

¥/a=22.83,
x/a=18.67.
x/a=19.08,
%/a=23.50,
x/a=19.55,
x/a=19.95,

b=1.

5cm, N=0.1Hz,
R.=136.8, S.=0.6

a= 30°

a= 30°

a= 0°

a= —30°

a= —30°

= 0°

U=0.5 cm/s,

0=30°,
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Fig. 8.1 Streamline Patterns

a=3.0cm, 6=1.5cm, N=0.1Hz, U=0.757 cm/s,
0=30°, v=0.011 cm2/s, R.=206.5, S:=0.396

a) x/a=23.21, a= —30°
b) x/a=23.92 a=  (°
c) x/a=24.58 a= 30°
d) x/a=25.18 a= (°
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Fig. 8.2 Streakline Patterns
a=3.0cm, b=1.5cm, N=0.1Hz, U=0.757 cm/s,
0=30% »=0.011 cm2/s, R.=206.5. S.=0.396

a) x/a=24.02 a= 0°

b) x/a=24.52 a= —30°
c) x/a=25.33 a= (°
d) x/a=26.04 a= 30°
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Fig. 9,

Streamline patterns from start of oscillation to some later time.
a=3.0cm  b=1.5cm, N=0.1 Hz,

v=0.011 cm2/s,
a) x/a=().(
b) x/a=(.1
c) x/a=().83

Rc:272,7.
a= 0°
a= — {4°
a= —30°

St 203

U=1.0 em/s, 0=30%

d) =x/a=2,5 a= 30°
e) x/a=417 a= —3(°
f) x/a=583 a= 3(0°
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Continue
x/a=T7.5
x/a=9,17
x/a=10.83
x/a=12.5
x/a=14,17
x/a=15.83

a= —30°
a= 30°
a= —30°
a= 30°
a= —30°
a= 30°
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Fig. 9 Continue
m) x/a=17.5 a= —3(°
n) x/a=19.17 a= 30°
o) x/a=26.67 a= 0°
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