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Fluid Dynamic Effects of Grooves
on Circular Cylinder Surface

Takeyoshi Kimura* and Michihisa Tsutaharat
Kobe University, Kobe 657, Japan

It is shown that a groove on the surface of a circular cylinder affects movement of the separation point
backward and reduces drag even at Reynolds numbers of about a few thousand. Several types of circular-arc
cross-section grooves are studied using flow visualizations and numerical simulations. Whether these grooves are
effective depends strongly on their positions, and the most effective positions are about 80 deg, measured from
the foremost point. When they are effective, cavity flows are developed inside the grooves. This effect corre-
sponds to that of dimples on golf balls and will explain unique characteristics of the drag curve.

Introduction

N this study, a circular-arc groove on the surface of a

circular cylinder will be shown to have an effect on reducing
drag on the cylinder, and the effect is considered similar to that
of dimples of golf balls.

It is widely known that dimples of a golf ball reduce dramat-

ically the aerodynamic drag of the ball. The reason is also .

widely explained as the effect of roughness on the surface of
the sphere; i.e., it changes the laminar boundary layer to the
turbulent boundary layer, and the separation point moves
backward.

A careful measurement, however, of the drag on the golf
ball by Bearman and Harvey! shows that the drag curve of a
golf ball against the Reynolds number is different from that
of spheres with surface roughness,? as shown in Fig. 1. The
drag coefficients drop at the critical Reynolds number. How-
ever, as the Reynolds number increases, the drag coefficients
of the spheres with roughness increase again. Conversely, the
drag coefficient of the golf ball remains almost constant.
This implies that the dimples have another effect on the drag
reduction of the golf balls, in addition to promoting boundary-
layer transition.

The difference between the dimples and the roughness is
apparently the sizes of the two. The dimples have spherical
shape and are much larger than ordinary roughness scales.
Therefore, it is natural to consider that some cavity flow exists
inside the dimples. We expect that this cavity flow is the reason
the drag curve behaves uniquely; i.e., the drag coefficient re-
mains almost constant. The roughness thickens the turbulent
boundary layer and the separation occurs earlier, and then the
drag coefficient rises. However, the dimples will not alter the
flow pattern by the cavity flows inside them over a wide range
of the Reynolds number, from 6 x 10* to 3 x 10° (Bearman
and Harvey! obtained data up to this value, but the drag
coefficient is expected to remain almost constant at higher
Reynolds numbers).

Moreover, these cavity flows cause the separation point to
move backward. This will be explained by a two-dimensional
groove instead of three-dimensional dimples as follows. Here
we define the edge of the groove on the upstream side as the
leading edge and the other as the trailing edge. As shown in
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Fig. 2, if there is a cavity flow, then the boundary layer sepa-
rates at the leading edge and reattaches at the trailing edge, or
at some other point inside the groove. Although the boundary
layer flows over the cavity without touching the cylinder sur-
face, it does not suffer the strong shearing stress from the
surface and flow velocity decreases only slightly. This results in
a new type of boundary-layer control and causes the separa-
tion point to move backward.

If the cavity flows have the aforementioned effect, they are
effective for either the laminar or turbulent boundary layer.
When the boundary layer is turbulent, the two effects—turbu-
lent separation and cavity flows—are difficult to separate.

Therefore, in this paper, the experiments and numerical
simulations were performed at a Reynolds number of about a
few thousand, at which the boundary layers remain laminar.
The two-dimensional circular cylinder and circular groove
were used for convenience of flow visualization and numerical
simulation. The differences between the two- and three-dimen-
sional flows corresponding to the flows about golf balls are
discussed.

0.6

0.5

0.4

Cp

0.2

0.1

"T’Smoolh sphere

[ 11
108

Re

Fig. 1 Curves of drag coefficients for a golf ball and rough surface
spheres; reproduced from Ref. 1.
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Fig.2 Cavity flow in the groove.
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Fig. 3 Circular-arc grooves.

Flow Visualization

Flow visualization was performed using a circulating water
tank, which consists of a 2600 x 500-mm open channel and a
tank, both upstream and downstream of the channel. The
intensity of turbulence of the flow was about 2%. All of the
experiments for the visualization were done at a flow velocity
of 2.5 cm/s, which corresponds to a Reynolds number of 2200
based on the cylinder diameter. Also note that, for all of the
cases, the boundary layers downstream of the groove were
confirmed to remain laminar by measuring the velocity fluctu-
ations with hot-wire probe.

Three types of grooves shown in Fig. 3 were studied and a
smooth circular cylinder without grooves was also used for
comparison. All of the chord lengths of the grooves were
8 mm, and the groove mentioned by type 2 corresponded to the
geometry of the dimples used widely. Type 1 was slightly
deeper, and type 3 was slightly shallower.

The cylinders were made of nylon, 100 mm in diameter '

and175 mm in length. The clinder aspect ratio was not large
enough, and the blockage ratio was nonnegligible. However,
for estimating the effect of the grooves qualitatively or rela-
tively, these models were sufficient because all of the measure-
ments were done under the same conditions.

There was a free surface in the channel, and the upper side
of the cylinder was just at the level of the free surface. There
were no visible waves on the surface while the experiments
were being carried out. A 3-mm-thick thin plate of 300 mm in
diameter was attached to the lower side of the cylinder, and a
4-mm space was opened between the bottom of the channel
and the plate to avoid the boundary layer developing on the
bottom surface of the channel.

The positions of the groove and the separation point are
represented by an angle ¢ measured from the foremost point of
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the cylinder, as usual. On the cylinder surface, only one groove
is located on one side of the cylinder, so that the geometry is
asymmetric with respect to the flow direction.

Timelines about the grooves obtained using the hydrogen

- bubble method for ¢ =80 deg are presented in Fig. 4. It is seen

that a separating streamline detached at the trailing edge and
reattached at the surface in the groove forms a closed circulat-
ing cavity flow for types 1 and 2. However, there is no such
circulating flow for type 3.

Some streaklines obtained using the dye injection method
are presented in Fig. 5 for type 1. A red ink thinned with water

a) Typel

b) Type2

c¢) Type3

Fig. 4 Timelines about the grooves.
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Table 1 Positions of grooves and separation points (deg)
(At 90 deg, separation occurs at groove leading edge)

Type 6 50 60 70 75 80 83 85 90

Smooth 92.0

Typel 92.0 91.0 93.0 93.0 940 945 94.0 855
Type2 91.5 91.5 925 93.0 94.0 945 935 855
Type3 92.0 91.5 92.0 92.5 92.5 94.0 93.0 85.5

was used for the tracer, and it was injected through a thin
injector’s needle. Once the dye was injected, the needle was
removed so as not to disturb the flow. The separation points
are also seen clearly using the streaklines.
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The separation points and the positions of the groove are
presented in Table 1. The separation points changed their po-
sitions 4 or S deg during the experiment corresponding to the
periodic wake flow. The separation points presented in the
table are their average values. The resolution of the determina-
tion of the separation point was about 0.5 deg; therefore, the
angles in the table are shown at 0.5-deg intervals.

The grooves have no effect when the position is less than
75 deg. Among these grooves, the most effective is type 2 at
=283 deg.

The flows about the grooves when they are at the most
effective positions (83 deg) are sketched and shown in Fig. 6.

.

fy =90°

Fig. 5 Streaklines about type 1 groove.
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Closed circulating flows exist over almost the whole area of the
grooves for types 1 and 2. Although there is no circulating flow
for type 3, this groove is also effective, and the reason is
considered later.

Numerical Simulations
To confirm the effect of the groove on moving the sep-
aration points backward and to obtain more detailed infor-
mation of the flow, the two-dimensional Navier-Stokes equa-
tions were calculated numerically using the finite difference
method. Three flows were chosen, i.e., the flows about the
smooth cylinder and those about two types of cylinders; one of
which has the groove of type 2 presented in Fig. 3, and the
other has a much shallower groove with a depth of 1% of the
cylinder’s diameter (the groove is represented as type 4). The
position of the groove was chosen at 80 deg for both grooves,
and on each cylinder there are two grooves at the symmetric

positions with respect to the flow direction.
The mesh was constructed using the boundary-fitted coordi-
nates introduced by Thompson and Thames.* The physical
plane (x,y) is transformed into the calculation plane (£,n) by

aXge — BXg, + Yy + JHUPX:+Qx,) =0 (1a)
aYgs — By + Yy + JHPY:+Qy)) =0 (1b)
where
J=Xy, — X, )¢ (2a)
a=x+y? b)
B = XX, + Ve Yy (2¢)
v =x}+y¢ (2d)

I .

b) Type 2

g //<'

¢) Type 3

Fig. 6 Sketch of flows in grooves when most effective.
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Fig. 7 Grid for grooved cylinder.

Equations (1) are solved numerically with the boundary condi-
tion
x:fl(f,ﬂo)a y=.f2(£’7]0)

X = gl(éf’,m); y= g2(£’nm) (3)

where the subscript 0 refers to the value on the surface and o
is infinity. The parameters P and Q are introduced to control
the density of the mesh and were chosen as

P=0

Q = —4000 exp[ —0.1(1—10)] @

A closed curve p=const was taken on the surface of the
cylinder, including the bottoms of the grooves, and the num-
ber of the grid points were 111 X 121. The outer boundary was
taken on a circle with a radius 30 times larger than the cylin-
der’s. As shown in Fig. 7, the mesh was made dense near the
groove, and about 10 grid points were inserted in the 5 direc-
tion within the boundary layer.

The Navier-Stokes equations are nondimensionalized and
formulated using the streamfunction ¢ and the vorticity w as

w, + (V/Iywp —Yrwy,)
= (1/ReJ*)(awy: — 285, + yar,,) + (1/Re)(Qw, +pw)  (5)
(1/12)(051!/52 - 26‘?”57] +’Y¢7m) + Q‘/’r] + P‘LE = —w (6)

The boundary conditions on the cylinder surface are

Yo=0 M

wo = = (y/I Wom ®
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¢) Typed

Fig. 8 - Equivorticity lines and streamlines at nondimensional time 20.
Note that the distance between two successive vertices is smaller for the
grooved cylinder than for the smooth cylinder.
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Fig. 9 Time histories of separation points on upper and lower sides.

Equation (8) represents the no-slip condition. The conditions
at the outer boundary are the freestream as

Il/oc:yooy woozo (9)

The integration of Eqs. (5) and (6) was done using Euler’s
explicit method and the successive over-relaxation (SOR)
method, respectively. For discretizing Egs. (5) and (6), central
differences of the second order

Of Sy —Siony

At 2h (10)
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b) Type 4
Fig. 10 Velocity fields about grooves.

ﬂ — fi+1J _2fi,j +fi41,j
af%,j h?

an

were employed except for the nonlinear convection term in
Eq. (5). For that term, the third-order Kawamura’s scheme?’

0N\ S+ 8y =i )iy
Fag),H 12

+ ~4fi1 H6fi; —Afia+Sfiny 12)
4h

was used in discretizing the differentiations with respect to £,

i.e., the direction of circumference. In Eqs. (10-12), g and f

are arbitrary functions of £ and 5, and they are not identical to

those in Egs. (3).

A flow Reynolds number of 1200 was chosen because low-
Reynolds-number flows are easier to calculate, and the drag
coefficient is almost the same® for Reynolds numbers from
1000 to 2500, so that the correspondence between experiment
and numerical calculation is acceptable. Of course, the details
of the flows will differ, but in this paper the effect of the
groove is proved rather independently by experiments and
numerical simulations; therefore, the Reynolds numbers in
both are not necessarily the same.

Equivorticity lines and streamlines for the three cylinders
are presented in Fig. 8. The Strouhal numbers of the wake
are about 0.25 for the smooth cylinder, 0.28 for type 2, and
0.27 for type 4. Roshko? has reported that the reverse number
of the Strouhal number and drag coefficient have a strong
relationship, so that the Strouhal numbers mentioned earlier
refer to the decreases of the drag coefficient for the grooved
cylinders.

The separation points are defined as points where the vortic-
ity on the surface becomes zero, and time histories of the
points are shown in Fig. 9. On the upper and lower sides, the
separation points for grooved cylinder are retreated by 3-7 deg
compared with those for the smooth cylinder.

The velocity fields about the grooves are shown in Fig. 10,
in which a closed circulating flow exists for type 2 but not for
type 4. The velocity distributions in the boundary layers for the
three cylinders are shown in Fig. 11. This shows that the veloc-
ities near the bottoms of the boundary layers downstream of
the grooves are larger than at the same point for the smooth
cylinder. The larger velocities correspond to the retreat of the
separation points. It is noted here that type 4 is effective al-
though it has no closed circulating flow, which corresponds to
type 3 in the experiments.

The vorticity distributions about the grooves are shown in
Fig. 12, where the vorticity at the corresponding occurrence of
the smooth cylinder is also shown for comparison. This figure
shows the equivorticity lines, then the reason for the aforemen-
tioned facts can be explained as follows. The vortices in the
grooves, even in the shallow groove without the circulating
flow, are smaller than on the surface of the smooth cylinder,
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which leads to smaller shearing stresses. Therefore, these
grooves are effective even if there are no circulating flows.

The preceding facts are a reminder of the laminar separation
bubbles at the critical Reynolds number, whose effect on the
reduction of the drag may be the same as that of a very shallow
groove, although one is concave and the other is convex.

It will be apparent that the shearing stress on the cylinder’s 19
surface increases when the grooves are effective and the drag
due to-the friction increases. However, the increase of fric- 295
tion will be much smaller than the decrease of drag due to
the pressure.

The pressure distributions and the drags on the cylinder were
not obtained in the present simulation. The reason is that the
pressure is not single-valued around the cylinder’s surface
when Eq. (7) is employed for the boundary condition there,
although this condition is often used for this type of problem.
To make the pressure single-valued, the value of the stream-
function on the surface must be changed and suitably chosen.®
However, the calculation for converging this value was very
time-consuming. Then symmetricity of the upstream flow was
assumed and the error of the pressure was neglected in this
simulation. However, the jump of the pressure is within sev-
eral percent of the maximum value of p; — p.., where p;and p.,
are pressure on the surface and at infinity, respectively. There-
fore, the error in the flowfield at each point is very small, b) Type 4
and the separation points would be almost unchanged even
when the error was reduced. Conversely, the differences in the
drag among the cases presented herein are essentially very
small, so that the error is significant for comparing the drags,
and the calculation of the drag does not have physical mean-
ing. Then only the comparison of the separation points was
done, not the drag.

Discussion
The effect of a golf ball’s dimples was studied in a two-
dimensional model. Of course, there are many differences be-
tween the two- and three-dimensional flows. For example, in

¢) Smooth

Fig. 12 Vorticity fields about grooves.

the two-dimensional flow, inside the groove a closed circulat-
ing cavity flow can exist stably; in three-dimensional dimples,
the circulation cannot close inside the dimples, and the vortic-
ity lines will go outside as horseshoe vortices. These horseshoe
vortices are the main cause for the transition of the laminar
boundary layer to a turbulent boundary layer.

The results obtained in two-dimensional flow, however, will
hold qualitatively even in three-dimensional flows. Moreover,
the results presented herein will be useful for reducing the drag
on two-dimensional blunt cylinders, such as tall chimneys or
bridge girders.

The flow Reynolds number in this study was a few thousand
and the boundary layer was kept laminar. However, the effects
of the dimples or the grooves, as a result of cavity flows in-
side them, will create higher Reynolds number flows in which
the boundary layer ahead of the dimples or grooves is tur-
bulent, because the cavity flow will apparently be formed in
such flows.

Therefore, they will still be effective at the so-called trans-
critical Reynolds numbers, which are much higher than the
critical ones. Actually, the structures presented here suffer
huge aerodynamic force at this Reynolds number region, and
drag reduction at this region is very effective in reducing costs.

The effect of the grooves depends on their position. At
about 80 deg, they are most effective. In the experiment in this
study, the Reynolds number is small, so that the grooves have
almost no effect when their positions are less than 70 deg.
However, when the Reynolds number is much higher, the
grooves will have negative effects if they are in small angles

. because the separating streamline from the leading edge must
Fig. 11 Velocity distributions in boundary layers. clash in the bottom of the groove. This will significantly de-

¢) Smooth
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crease the velocity of the boundary layer. The drag coefficient
of the golf balls at the critical Reynolds number is not that
small compared with other spheres with roughness, as shown
in Fig. 1. This is because the effect of the dimples at good
positions is canceled by the negative effect by those in the front
face of the balls.

So far, the effect of the cavity flow inside the dimples or
grooves has been considered. However, it must be remembered
that when golf balls are traveling at ordinary speed, the most
important effect of the dimples on drag reduction is the same
as roughness, i.e., changing the boundary layer to turbulence.
It must be emphasized that the dimples or grooves having large
enough scale have effects other than roughness.

The separation points for the smooth cylinder—92 deg in the
experiments and 87 deg in the numerical calculations—are
larger than 80-85 deg of the laminar separation. In the exper-
iments, the blockage ratio is 0.2 and the effect of the sidewalls
will cause the large value of the separation point. Considering
this effect, it might be modified to a value similar to that in the
numerical simulations. However, they still seem large. Accord-
ing to Goldstein,” however, the abovementioned laminar sepa-
ration points are those at Reynolds numbers of about 104,
at which the drag coefficient is about 1.2, although the drag
coefficient is slightly lower and is about 0.9 at Reynolds
numbers of about 2000. Although the authors have no data
on the separation points at Reynolds numbers of about 2000,
they should be slightly larger than the ordinary laminar sep-
aration points. Therefore, the values obtained in this study
are reasonable.

In this study, no drag on the circular cylinder was obtained
directly either in the experiments or by numerical simulation.
However, the grooves were effective moving the separation
points backward; therefore, they must be effective reducing
the drag.

Conclusions

Cavity flows in a groove on a circular cylinder surface are
shown to be effective in moving the laminar separation point
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backward by flow visualizations and numerical simulations.
Conclusions obtained are as follows.

1) The grooves are most effective when they are at about
80 deg.

2) When they are most effective, there is closed circulating
flow over the cavity.

3) In shallow grooves there is no circulating flow detected,
but they are also effective.

4) The effect of dimples on golf balls is considered to be the
same as that of the grooves.
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