
Technical Notes
TECHNICAL NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes should not exceed 2500

words (where a figure or table counts as 200 words). Following informal review by the Editors, they may be published within a few months of the date of receipt.

Style requirements are the same as for regular contributions (see inside back cover).

Side Force Suppression by Dimples

on Ogive-Cylinder Body

Y. D. Cui∗ and H. M. Tsai†

National University of Singapore, Singapore 117508,

Republic of Singapore

DOI: 10.2514/1.39176

Nomenclature

Cp = pressure coefficient, �P � P1�=q
Cy = side force coefficient, FY=�qS�
D = base diameter of cylinder
FY = side force
h = dimple depth
L = distance between two rows of dimples
P = surface pressure
P1 = freestream static pressure
q = dynamic pressure, 0:5�U2

R = radius of cylinder
Re = Reynolds number, UD=�
r = radius of cutting sphere to form dimple
S = model base area, �D2=4
U = freestream velocity
� = angle of attack
� = azimuthal angle around cylinder cross section measured

from the most leeward position
� = kinematic viscosity of fluid
� = density of fluid
’ = roll angle

I. Introduction

I T IS known that the vortex pair formed over the leeward side of
symmetric slender bodies becomes asymmetric when the angle of

attack is beyond a critical value, leading to undesirable large side
forces [1]. The proposed explanation of this phenomenon varies from
hydrodynamic instability hypothesis (including convective and/or
absolute-type instability) to asymmetric flow separation and/or
reattachment [1–4]. Over the years the needs for suppressing the
formation of side forces have led many researchers to propose
different flow control techniques and devices [5,6], such as strakes,
blowing and suction, boundary-layer trips, surface roughening, and

rounding of the ogive nose tip. The search for effective and robust
means in reducing the large side force is ongoing.

The use of dimples for flow control over a flat plate, circular
cylinder, or sphere has been reported [7–9]. In the present study, the
effectiveness of dimples in suppressing the large side forces over an
ogival cylinder body at high angles of attack was examined. To this
end, force and surface pressure measurements in a wind tunnel are
made to assess their effectiveness, combinedwithflowvisualizations
in a water tunnel to provide further insight of the flow caused by the
dimples.

II. Experimental Details

The experiments were made in the low speed wind-tunnel
(0:45 � 0:45 m test section) and water tunnel (1:0 � 0:75 m test
section) at Temasek Laboratories of the National University of
Singapore. Figure 1 shows the test rig used for the wind-tunnel tests.
The measurements were made at a freestream velocity of about
11:3� 0:1 m=swith a freestream turbulent intensity less than 0.4%,
corresponding to a Reynolds number of 2:6 � 104. For the experi-
ment, the model protrudes through a hole on the bottom wall of the
wind-tunnel test section (not shown in the figure). The sting (shaft) of
the model is connected to a stepper motor to provide roll movement.
Both the model and the stepper motor are fixed on an inclined angle
mechanism, through which the angles of attack can be adjusted by
the predetermined pin holes on it, with an accuracy of about 0.5 deg.
The entire mechanism is then mounted on a 6-degree-of-freedom
force balance (load cell), which in turn is connected to a rotation
gauge with resolution of 1=60 deg to adjust accurately the side-slip
angle. For force measurements, the factory calibration data were
used. However, the side force component was consistently checked,
showing the balance had uncertainty of less than 5% of the locally
measured value and drifted about 10% of the locallymeasured value.
We note that the impact of 10% drift on themeasurements is minimal
and in no way affects the trend of the measurements for different
angles of attack. For water tunnel experiments, a similar setup was
used except that it was set upside down to avoid interferences from
the free surface and for ease of capturing flow images through the
bottom window.
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Fig. 1 Schematic of the experimental setup for the wind tunnel used.
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For the present study, dimples are applied only to the front part of
the ogive-cylinder model because the apex region has the most
influence in controlling the flow. A smooth ogive-cylinder model
(model A) with a nose length of 3:5D (122.5 mm) and a total body
length of 16D (560 mm) was used as the baseline. Model B is
identical except for the dimpled surface applied to the front portion
(190mm in length) as shown in Fig. 2. Bothmodels weremade using
a rapid prototyping technique (Objet FullCure 700 resin) with a
stated maximum tolerance of about 0.1 mm. Only one dimple
arrangement is studied here. The dimples are formed with sharp
edges by “sphere cutting” with the CAD program. The first row of
dimples starts on the cylinder part at 4:7D (164 mm) from the tip of
the model. Eight equally spaced dimples were formed around the
circumference of the cylinder, and the same pattern is repeated with a
spacing (L), but in a staggered manner. Because on the ogive nose,
the local radius is not constant, the radius of the cutting sphere (r) and
the depth of dimple (h) are linearly scaled by the ratio of the local
radius of the ogive nose part to the cylinder radius (R). L is
determined by keeping the density of dimples (ratio of dimples area
to total surface area of the two rows, about 25.6%) constant. An
iterative process is needed to determine L. Hence both dimple depth
and diameter are functions of the local diameter of the nose.

Tomeasure the pressure distribution, three rows of equally spaced
pressure tapping holes are located at 80 mm (station 1), 140 mm
(station 2), and 210 mm (station 3) from the tip of the models, with
eight pressure tapping holes at the first station, and 16 tapping holes
at the other two stations. Note that stations 1 and 2 are located in the
region between two rows of dimples whereas station 3 is located on
the smooth cylinder part. The pressure measurements were made
using a unidirectional differential pressure transducer with a
measurement range of 0 to 1 in. ofwater with an accuracy of�0:14%
of the full scale, which translates into amaximum error of�0:005 for
the pressure coefficient at a freestream wind speed of 11:3 m=s.
Voltage data from the transducer were acquired using a National
Instrument data acquisition card at a sampling frequency of 100 Hz
over a period of 60 s.

III. Results and Discussions

Figure 3 shows the side force coefficient variation with roll angle
at various angles of attack for models A and B. It can be seen that the
side force for model A is small at �� 25 deg, but larger at
�� 30 deg. As � increase to 40 and 50 deg, the pattern of the side
force with the roll angle shows an abrupt switchover between the
positive and negative, indicating the existence of bistable states. The
overall force and pressure measurements for model A are consistent
with those of other studies [10,11]. For model B with dimpled
surface, the side force is significantly reduced even at �� 40 deg.
At �� 50 deg, the side force shows values comparable to those
without dimples but with a higher level of fluctuations. The
fluctuations observed at all angles of attack are randomlike but show

some correlations with the orientation of the dimples. A point where
the side force is small is also present unlike the distinct bistable state
of model A at �� 50 deg. It is clear that dimples, although
suppressing the side forces at high angles of attack, also introduce
fluctuations albeit of a smaller magnitude at low angles of attack.

To further investigate the influence of the dimples, surface static
pressures were measured. At the Reynolds numbers of the
experiment, it is known that the boundary layer on a smooth ogive-
cylinder body is in the laminar regime [10]. Note that the overall
pressure distributions for model A show the laminar separation
behavior with little pressure recovery (see model A in Fig. 4), which
are consistent with those of Luo et al. [11]. For brevity, only typical
pressure distributions for models A and B at �� 40 deg are shown
in Fig. 4. For model B, it can be seen that the pressure distribution is
asymmetric for the three roll angles, and larger pressure recovery
with a more leeward separation location compared to model A at
station 2, indicating the flow to be turbulent. The pressure
distribution changes with roll angles are also notable, which is due to
the fact that the dimple layout with respect to the azimuthal angle is
different when the model is at different roll angles. Though the

Fig. 2 Drawings of the front parts of models and sketch of dimples formation.
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Fig. 3 Side force coefficient variation with roll angle for models A and

B at various angles of attack with Re� 2:6 � 104.

AIAA JOURNAL, VOL. 47, NO. 4: TECHNICAL NOTES 1047



pressure distribution formodel B is not symmetric, themeasured side
forces are small, in contrast for the smooth ogive which shows
complete asymmetric pressure distribution and large side forces.
These results show that the existence of dimples on the front portion
of the ogive-cylindermodelmodifies theflowfield leading to reduced
side force at high angles of attack.

To further understand how dimples affect the flow around the
body,flowvisualization using dye formodel Bwasmade in thewater
tunnel. In the interest of producing clearer flow features, most of the
visualizations were at Re� 6000 which is 4 times smaller that the
wind-tunnel experiments discussed previously. It is noted here that
flow visualizations were also attempted at a Reynolds number about
of 20,000, with the overall pattern and flow features being similar to
those at the lower Reynolds number of 6000. But as is evident, the
images are less distinct due to the greater diffusion of the dye at
higher Reynolds numbers (not shown here).

Figure 5 shows the side views of flow visualization images at
�� 40 deg and 50 deg. It can be seen that at �� 40 deg the
vortices appear to be symmetric at the front part of the model and
become unsteady downstream of the model. This is clear from the
diffusion of dye filament in that the vortex core seems to become
turbulent. Note that the trajectory of dye (vortex core) is also
influenced by the presence of the dimples on the surface in a
meandering manner. It is also observed that at �� 40 deg the flow
structures for different roll angles are almost the same. However
when �� 50 deg, the vortex asymmetry is obvious, indicating the
side forces are related with the flow state (symmetric or asymmetric
vortices).

To further obtain clues about the effects of dimples, some dye was
injected into the flowfield through the pressure taping holes as shown
in Fig. 6. This method is not altogether satisfactory to view detail

Fig. 4 Pressure coefficient variation with azimuthal angle � at �� 40 deg, and roll angles as indicated for models A and B at stations 2 and 3 with

Re� 2:6 � 104.

Fig. 5 Flow visualization images at a) �� 40 deg and b) �� 50 deg
for model B at Re� 6 � 103.

Fig. 6 Flow visualization around dimples at �� 40 deg at two different roll angles for model B at Re� 6 � 103.
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flow structures but nonetheless offers us some insight of the flow. At
�� 43:2 deg, Fig. 6a shows that the flow (dye) from dye port 1,
entering the nearby dimple (dimple 1) almost at its center, flows
toward to the leeward side, and then turns around at the edge of
dimple 2. The dye from dye port 2 drifts downstream via dimple 2
and is ejected out of the dimple showing a helical flow path before it
wraps around the main primary vortex. With a small roll to
�� 50:4 deg, unlike the case of �� 43:2 deg, the dye from dye
port 1 now is sucked into dimple 3 after turning around near dimple 2,
where it is then ejected periodically. Also, the dye from port 2 passes
through dimple 2 and is ejected intermittently to form a vortexlike
structure downstream. The video clearly shows that the dye (flow) is
brought into the dimple and subsequently ejected in an intermittent
manner forming a small vortex structure. With different roll
orientation of the cylinder, similar flow behavior around the dimple
can be examined.

IV. Conclusions

Experiments carried out on a dimpled ogive-cylinder body show
that the side force can be reduced at high angles of attack up to 40 deg
with a symmetric vortex pair over the leeward side. The use of
dimples in reducing larger side forces is robust and is not sensitive to
the roll angle. From the force and pressure measurements as well as
flow visualization, the following observations are highlighted: 1) the
vortex flow is still the dominant feature, that is, the dimpled surface
does not destroy the coherence of the primary vortex pair; 2) dimples
trigger turbulent boundary-layer transition, and cause amore leeward
turbulent separation, leading to changes in local pressure distribu-
tion; and 3) the flow tends to be intermittently separated from the
dimple to form turbulent structures or the formation of small vortical
structures of the scale of the dimples, which in turn interacts and
modulates the primary flowfield.

No attempts were made here to optimize the dimple dimensions
and layout. Studies are needed to further understand the mechanism
of a dimpled surface in suppressing side forces, and to map the
regimes where dimple depths and arrangements canmore effectively
control the side force. Further studies are also needed to examine if
the effects of dimples on the side forces are sensitive to Reynolds
numbers.
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