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Control of Circular Cylinder Flow by the Use of Dimples

P. W. Bearman* and J. K. Harveyt
Imperial College of Science, Technology and Medicine, London SW7 2BY, England, United Kingdom

Measurements are reported of the drag coefficient and Strouhal number of a dimpled circular cylinder over
the Reynolds number range from 2 X 104 to 3 x 103, The ratio of the depth of the dimples to the diameter of the
cylinder is 9x10-3, In common with sand-roughened cylinders, the dimpled cylinder has a lower critical
Reynolds number than a smooth cylinder. After the drag coefficient minimum, the Cp does not rise to the high
values that are typical of cylinders with sand roughness but is found to be closer to that for a smooth cylinder.
Over a Reynolds number range from about 4 x 104 to 3x 105, a dimpled circular cylinder has a lower drag

coefficient than a smooth cylinder.

Introduction

CIRCULAR cylinder generates a high mean drag and

large fluctuating forces. Over the last 40 years or so a
considerable number of investigations have been carried out to
study ways of reducing these forces, either by controlling the
flow passively or by using some form of active control. Among
the passive control devices that have been studied are wake
splitter plates' and perforated shrouds.? The latter device has
been used to suppress flow-induced vibration of cylinders
caused by the regular shedding of vortices. The fitting of heli-
cal strakes? is another means of reducing the vibration levels of
circular cylinders excited by vortex shedding. However, a ma-
jor disadvantage of using strakes is that they increase the drag
force above the equivalent value for a plain cylinder. This
increase is particularly large at postcritical Reynolds numbers.
Perforated shrouds are interesting in that they reduce the drag
coefficient, relative to a plain cylinder, at subcritical Reynolds
numbers but they increase it at postcritical values.

There is a broad range of Reynolds number, spanning the
transition between the subcritical and postcritical regimes and
stretching far above it, where the flow around a circular cylin-
der can be influenced significantly by increasing the roughness
of its surface. For a cylinder with a smooth surface, placed in
a low-turbulence level stream, the start of the drag coefficient
fall, marking the beginning of the critical regime, occurs at a
Reynolds number of around 3x 10°. At Reynolds numbers
below this value, the application of an appropriate degree of
surface roughness can be a very effective means of reducing
the drag coefficient. However, as shown by Achenbach,* the
reduction in Cp, for a rough cylinder as the Reynolds number
is increased through the critical regime is less than that for one
with a smooth surface. In general, the rougher the cylinder
surface, the lower the value of the critical Reynolds number,
but the smaller the fall in Cp through the critical regime.
Achenbach also showed that in the high Reynolds number
postcritical regime a cylinder with a rough surface finish has a
higher drag coefficient than one with a smooth surface.

The flow around a sphere depends on surface roughness in
a manner very similar to the way roughness affects the flow
around a circular cylinder. As part of an investigation into the
aerodynamics of golf balls, Bearman and Harvey®’ compared
their measurements of the variation of Cp with Reynolds num-
ber for a dimpled golf ball with measurements of Achenbach®
for spheres with sand-grain roughness. The comparison is re-
produced in Fig. 1. Achenbach carried out a series of experi-
ments for spheres with various ratios of the average diameter
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of the sand grains & to the sphere diameter D. It can be seen
from Fig. 1 that, for sand-roughened spheres, increasing k/D
reduces the Reynolds number for the drag coefficient fall but
that after the minimum the Cp increases rapidly again with
increasing Reynolds number. The increased Cp with increased
surface roughness in the postcritical regime is thought to be
due mainly to the effect of the roughness on the development
of the turbulent boundary layer growing on the sphere. Com-
pared with a smooth surface, the roughness causes a thicken-
ing of the boundary layer, which leads to an earlier separation
of the flow. Equating k to the depth of the dimples on a golf
ball, then for a typical golf ball the corresponding value of
k/D is 9x 103, For similar values of k/D, the results in Fig. 1
suggest that dimples cause the Cp to fall at a lower Reynolds
number than for a sand-roughened sphere. Also it is evident
that after this fall the drag coefficient remains almost constant
at about 0.25 for the golf ball, whereas for the sand-roughened
sphere it rises sharply after the minimum and asymptotes to a
value of about 0.4. Hence, by considering drag coefficient
values, it appears that in the postcritical regime the dimples
have a more beneficial effect on the flow development than
sand roughness.

The present paper describes the results of experiments to
assess the effect of dimples on the flow around a circular
cylinder as it undergoes transition from subcritical to postcrit-
ical flow. The main aim of the investigation was to détermine
whether dimples can be used to control the flow in the same
way as on a sphere. This paper has been prompted by a recent
experimental and computational study reported by Kimura
and Tsutahara’ on the effect of spanwise grooves on the flow
around a circular cylinder. The width and depth of the
grooves, relative to the diameter of the cylinder, were chosen
to be similar to the diameter and depth of dimples on a golf
ball. In their experiments, which were carried out at a Rey-
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Fig. 1 Variation of Cp with Reynolds number for smooth and sand-
roughened spheres and a golf ball.
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nolds number of 2.2x 10%, just one groove was cut into the
cylinder. By rotating the cylinder it was found that separation
could be delayed by a few degrees on the side with the groove
if the groove was located at approximately 80 deg from the
front stagnation point. In addition, they computed the flow
around a circular cylinder with a single groove on each side, at
a Reynolds number of 1.2x 103, and also found a slight delay
in boundary-layer separation when the grooves were set at
about 80 deg. They speculate that their findings help to ex-
plain why the dimples on a golf ball are more efficient at
reducing drag than sand roughness.

The effect of circumferential grooves on the drag of axi-
symmetric bluff bodies had been studied earlier by Howard
and Goodman.? They also found that the grooves produced a
reduction in drag. Kimura and Tsutahara argue that the flow
near the wall is more energetic just downstream of a groove or
shallow cavity and that therefore the boundary layer can travel
slightly farther against an adverse pressure gradient before
separating. The position of the groove is critical, however,
because if the flow should fail to reattach at the downstream
end of the groove, then separation of flow from the cylinder
could be advanced instead. They suggest that the grooves will
be effective at delaying separation at higher Reynolds num-
bers and also when there is a turbulent boundary layer on the
cylinder. However, in any practical application it will be very
difficult to arrange for the grooves to be orientated in precisely
the correct positions to delay separation. Hence, to use this
technique, it is likely that a regular distribution of longitudinal
grooves would have to be cut into the cylinder surface. It is not
known, however, whether this type of surface would have any
better aerodynamic characteristics than a sand-roughened
cylinder.

Although there are differences beween the flow in a two-
dimensional groove and the flow in a dimple, we thought it
would be interesting to present our measurements for a dim-
pled cylinder. In the experiment to be described we measured
the drag and the vortex-shedding frequency of a circular cylin-
der into which was machined an array of dimples similar to
those on a golf ball.

Experimental Arrangement

Experiments were carried out in a low-speed wind tunnel
with a closed test section 1.37 m wide by 1.22 m high. The
freestream turbulence level in the tunnel was less than 0.2%,
and the mean flow was uniform to around =1%. A circular
cylinder with a diameter of 9.95 cm was mounted horizontally
across the test section. The cylinder surface was machined to
give rows of dimples across the span as shown in Fig. 2. Twelve
equally spaced dimples with a depth of 0.91 mm were ma-
chined around the circumference of the cylinder. The dimples
were shaped using a spherical cutter, and since they were
formed on a cylinder, they appear as ellipses. The major axis,
which is along the cylinder span, was 11.15 mm, and the minor
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Fig. 2 Sketch showing details of the dimples.

Fig. 3 Dimpled circular cylinder mounted in the wind tunnel.

axis was 9.65 mm. This pattern was repeated in steps of
6.35 mm across the cylinder span, with every other set of dim-
ples rotated in the circumferential direction by half a dimple
spacing, so as to give a staggered arrangement. The density of
the dimples was such that 180 were machined into a length of
the cylinder equal to just under its diameter. The plan area of
each dimple was about 50% greater than the corresponding
scaled area of a dimple on a conventional golf ball, and the
density of dimples was half that of a normal golf ball.

By rotating the cylinder about its axis, we can place the
dimples in a variety of orientations to the oncoming flow. In
this investigation, the majority of the experiments were carried
out with the cylinder aligned such that a row of dimples was
placed symmetrically either side of the foremost part of the
cylinder. However, some measurements were made with the
centers of dimples at the front of the cylinder. Unless stated
otherwise, it can be assumed that the measurements reported
were made with the cylinder in the former orientation.

The dimpled cylinder was connected by rods to arms outside
the tunnel that were attached in turn to the wind-tunnel bal-
ance. A view of the cylinder in the tunnel is shown in Fig. 3.
The drag was measured on a section of cylinder 1.22 m long
and fitted with thin end plates 20 cm wide. The aspect ratio of
the cylinder between the end plates was 12.26. Outside the end
plates the supporting rods passed through dummy cylinder
sections connected to the tunnel walls. The vortex-shedding
frequency » was measured from the velocity signal obtained
from a hot-wire probe placed outside the cylinder wake at a
distance behind the cylinder equal to about a cylinder diame-
ter. The shedding frequency measurements are presented as
Strouhal number S where S = nD /U and U is flow speed. With
the cylinder in the test section, the maximum flow speed was
about 42 m/s, and this corresponds to a Reynolds number Re
of around 3x10°. The geometric blockage caused by the
model in the tunnel was 8.2%, and corrections were made to
the measured velocity by applying the method of Allen and
Vincenti.? Corrected velocities were used to calculate Re, S,
and Cp.

Experimental Results

Measuremnts of Cp vs Re for a dimpled circular cylinder are
plotted in Fig. 4. Also shown are results for a smooth cylinder,
due to Wieselberger,!? and measurements of Achenbach? for a
sand-roughened cylinder with £/D =4.5x 1073 and 9x 103,
Over arange of Re from 2 X 10 to 4 X 10* the Cp, values for the
smooth and dimpled cylinders are in close agreement. The
minimum value of Cp for the dimpled cylinder occurs at about
Re =10, and at the highest Reynolds numbers tested the drag
coefficient appears to be approaching asymptotically a value a
little above 0.7. A further set of measurements of Cj, vs Re was
made with the cylinder rotated through an angular distance
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Fig. 4 Variation of Cp with Reynolds number for smooth,!® sand-
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Fig.5 Variation of Cp with Reynolds number for two orientations
of the dimples.

corresponding to half a dimple spacing so that the centers of
dimples faced the oncoming flow. A comparison of these re-
sults with those obtained with the cylinder in its original orien-
tation is shown in Fig. 5. A marked difference in Cp is ob-
served at subcritical Reynolds numbers, with lower drag
recorded when dimples faced the flow, but at the highest val-
ues of Re examined the two sets of results are in much closer
agreement. A plateau in the variation of Cp with Re is seen to
occur between Re =6x 10* and 7 x 10%.

Measurements of Strouhal number plotted against Reynolds
number for a smooth and a dimpled cylinder are shown in
Fig. 6. The smooth cylinder values of S are due to Bearman!*
and show the characteristic variation of § with Re in the crit-
ical regime above Re =3 x 10° as first one separation bubble
forms on the cylinder and then the second one forms on the
opposite side. The variation of S with Re for the dimpled
cylinder mirrors the variation of Cp with Re. At low Re the
Strouhal number corresponds to that for a smooth cylinder,
and at high Re it approaches a value just above 0.25. In be-
tween, it reaches a maximum at about the same Reynolds
number as Cp falls to its minimum value.

Discussion of Results

If, as for the golf ball, the roughness height & for the dim-
pled cylinder is taken as the depth of the dimples, then k/D
=9,1x1073. Comparing Cp values with those for a sand-
roughened cylinder with a similar value of k/D shows that
sand roughness induces the fall in Cp at a lower value of Re,
although the dimples cause the larger reduction. In the case of
the sphere experiments,® it was the golf ball that experienced
the earlier fall for a matching value of k/D. However, in
agreement with the golf ball measurements, the dimpled cylin-

der drag coefficient at high values of Re is substantially less
than that of the sand-roughed one. At the highest value of Re
investigated, the Cp for the dimpled cylinder approached a
value close to that for a smooth cylinder in the postcritical
regime.

The variation of Strouhal number with Re for the dimpled
cylinder through the critical Reynolds number regime shows a
much smaller value of S, compared with a smooth cylinder, at
the Reynolds number where the Cp is a minimum. The level of
S at the highest Re value examined is close to the postcritical
value for a smooth cylinder. It is interesting to note that for the
dimpled cylinder vortex shedding remained strong and regular
throughout the Reynolds number range examined. It did not
exhibit the weak and irregular shedding that is a characteristic
of part of the Reynolds number range spanning the transition
from subcritical to postcritical flow for a smooth cylinder.!!
It is tempting to hypothesize that by applying dimples to model
chimneys, for instance, full-scale flow conditions could be
simulated at Reynolds numbers as low as 3 x 10°.

Some attempts were made to examine the flow generated by
the dimples by using the surface oil flow technique and by
traversing a hot-wire probe just downstream of a dimple. The
small scale of the flow features being studied made it very
difficult to draw many definite conclusions. However, it is
thought that a pair of vortices trails back from each dimple
and that these vortices may help to energize the cylinder’s
boundary layer. The disturbance introduced by a dimple pro-
motes transition, and it is likely that, at a particular Reynolds
number, transition occurs at a fixed angular position across
the span of the cylinder. Similarly, separation is very likely to
be fixed by a line of dimples along the cylinder span. A surface
oil flow picture is shown in Fig. 7, and it can be seen that there
is a straight separation line across the region of flow visual-
ized. The flow is from top to bottom, and the separation
occurs close to the 90-deg point on the cylinder. An intricate
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Fig. 6 Variation of Strouhal number with Reynolds number for a
smooth!! and a dimpled circular cylinder (+).

Fig. 7 Surface oil flow visualization on a dimpled circular cylinder;
flow from top to bottom.
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surface flow pattern is observed just downstream of separation
with structures appearing to be linked between adjacent span-
wise dimples.

It is clear from Fig. 5 that the orientation of the dimples to
the approaching flow has some influence on Cp. The effect is
seen mainly in the subcritical regime where it is expected that
the cylinder’s boundary layer is laminar and that separation
occurs around 80 deg. As observed in the experiments of Ki-
mura and Tsutahara, separation may occur at the front of a
groove or be delayed until a little way after it, depending on its
orientation. Dimples may influence the cylinder flow in a sim-
ilar way. The reason for the small plateau in Cp observed in
the results plotted in Fig. 4 is not clear. It is not thought to be
due to the formation of a separation bubble because it is
difficult to understand how a two-dimensional bubble could
exist across a dimpled cylinder. It is more likely to be due to
separation being fixed at perhaps the front of a particular line
of dimples.

Conclusions

Experiments carried out on a dimpled circular cylinder show
that dimples cause the critical regime to occur at a lower Rey-
nolds number than that for a smooth cylinder. The values of
Cp measured in the postcritical regime are very close to those
for a smooth cylinder in postcritical flow, and they do not
attain the high values that are typical of sand-roughened cylin-
ders. It appears that dimples affect the flow around a circular
cylinder in a similar manner to the way that dimples influence
the flow around a golf ball. The dimples used were modeled on
those found on a typical golf ball, and no attempt was made
to optimize their dimensions. It is possible that larger reduc-

tions in drag could be obtained with another design of dimple
or with a different arrangement of dimples.
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