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Abstract : Tt is known that the flying characteristics of the golf ball is influenced by flying
speed, rotational frequencies and the dimples, etc. In this study, the drag and lift acting on
the test balls are measured using a three components loadcell by changing Reynolds
number and the spin rate ratio, the number and the depth of dimples. And the flow around
the balls is visualized by applying the oil film method and PIV in the stationary state. From
these results, the aerodynamic drag and lift coefficients of the balls in the stationary and
the rotational state are made clear.
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1. Introduction

The flying distance and the trajectory of a golf ball is known to be affected by initial velocity and the
spin given at the time of impact, the aerodynamic resistance and the environmental conditions
during the flying time. As far as the flight of the golf ball is concerned, Bearman and Harvey(1976),
Smits and Smith(1994) have written studies of the drag and lift characteristics, the spin rate decay,
and so on. But, there has been no study on the influence that the dimple structure on a spherical
surface has on its flying characteristics.

The aim of this study is to clarify the relation between the flying characteristics and the
number and the depth of dimples, in the case of the stationary and the rotating state. The number of
dimples is changed from 0 (smooth) to 504 using test balls. The drag and lift acting on a stationary
and a rotating test ball are measured by changing Reynolds number from 3.0x104 to 1.3x10% and the
spin rate ratio from 0.05 to 0.6 in a uniform airflow. And, these data are compared and examined.
Visualizing the flow around the test balls in the stationary state, the separation point and the flow
pattern are made clear.
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2. Experimental Apparatus and Method

2.1 Test Balls

The test balls are made of vinyl chloride and their diameter dis 42.6 mm having a similar diameter
to real Golf balls. The size and shape of dimples are shown in Fig. 1. In this experiment, the ratio of
the depth to width &/ (=0.096 remains constant and the number of dimples Npis varied from 104 to
504. And, in another case with Np =328, the depth of dimple k& is also varied (4/ =0.183). The main
specifications of the spherical surfaces are shown in Table 1.

Table 1. Specifications of spherical surfaces.

Np b[mm] | ¢[mm] | & [mm] c x
smooth - - -

104 3.897 b

184 2.043 3.528 0.338

328 0.650 b distance

¢ width
k: depth

504 0.297 3.046 0.292
328deep| 0.650 3.528 0.646

Fig. 1. Sectional-view of dimple.

2.2 KExperimental Apparatus and the Data Processing

Experimental apparatus is shown in Fig. 2. A frame covers the central part of the test section in the
suction type wind tunnel, providing a uniform airflow. A ball is fixed at the center of the test section
using a pilano wire, giving a tension on both fixed ends. The drag D and the lift L acting on the ball
are measured using the three components loadcell. In the case of the rotating state, the vertical shaft
connects to a motor at the lower fixed end. The diameter of the piano wire is 1/16 inch (=1.58 mm) in
the case of the stationary state and 1/32 inch (=0.79 mm) in the case of the rotating state, which have
a negligible interference effect on the drag measurement. In the experiment, D and L are measured
for the spin rate ratio & (=N /60U : the peripheral velocity to the velocity through the airflow),
changing the flow velocity Uin the wind tunnel ranging from 10 to 45 m/s and the motor’s rotating
speed Nranging from 1,000 to 4,000 rpm.
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Fig. 2. Measuring equipment. (outline and sectional-view)
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The resultant values are calculated by subtracting the values measured using only the piano
wire from those obtained in the experiment. 2 and L are estimated by taking the mean value of 1600
strain data at every 1.25X103 s interval using the strain gage capable of measuring three
components of the force. From these values, the drag and the lift coefficient Cp and Cy are calculated
based on the following equations.

D

Cp=r——s

P (1/2)4pU? @
L @

=)t

where A[m?] is spherical projection area, and p [kg/m3] is density.

2.3 PIV (Particle Imaging Velocimetry) and Visualizing Experiment Method

2.3.1 PIV Measurement Technique

First, the tracer particles (the smoke) are supplied from the intake before the test section of the wind
tunnel. The laser light sheet made of YAG laser (30mdJ, Double YAG, 150Hz) is projected to the test
section along the flow and the movement of the tracer particles is captured with CCD camera. Then,
the velocity vector and the vorticity are calculated by the correlation method from the particle
pictures and the wake of the ball is made clear.

2.3.2 Oil Film Method
The material of the oil film is made by mixing the liquid paraffin with the pigment like titanium
dioxide and adding the oleic acid. This oil film is brushed uniformly and thinly on the ball surface.

3. Experimental Results and Discussion

3.1 Characteristics of the Stationary Balls with Dimples

Fig. 3 shows the comparison of Cp for a ball with and without dimples in terms of Reynolds number
Re (=Ud/v; v kinematic viscosity). The values of Cp of the smooth ball become stable with 0.4~0.5
and this region belongs to the subcritical region. This result shows a good agreement with the other
results not shown here. Generally, the smooth ball reaches a critical region with Ke=3.5x105 and Cp
decreases to less than 0.1. For higher Ke, Cp approaches to 0.2 and the region becomes the
super-critical region.

For any balls with dimples, on the other hand, it can be confirmed that there also exist the
subcritical, critical and super-critical regions in terms of Re. Putting dimples on a spherical surface
shifts the critical region toward the lower Re direction in comparison with the smooth ball.
Furthermore in the case of Np=104~328, as Np becomes larger, the critical region shifts toward the
lower Re direction. In the case when Npis 328 and over, the changes of Cpin terms of Re show the
same trend. The reason for this may be that the boundary layer near separation point on the ball
surface is disturbed by the dimples and changes to turbulent flow. Consequently the separation
point moves to the downstream(OKki et al., 1998). But, as for the mechanism that the critical region
moves by the influence of Np, more detailed research will be required in order to identify the exact
flow condition.

When Npis kept the same and only kis varied, the critical region also shifts toward the lower
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Re direction and Cp increases in the super-critical region as & becomes deeper. The reason for this
may be that as kbecomes deeper, the effect of the flow inside a dimple becomes larger. The flow near
the separation point may thus change to turbulent flow at the lower Re direction and this effect
would continue to higher Re region.
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Fig. 3. Change of drag coefficient to Reynolds number.

Figure 4 shows the change of Cp and Cr to Re for Np=184. In the subcritical region under Re
=6.0x104 and the super-critical region beyond Re =9.5X104, the fluctuation of Cr is small and the
value of C7 can be regarded as approximately 0. However, the fluctuation of Cr; becomes larger in the
critical region, especially in the regions of the transition from subcritical to critical and from critical
to super-critical. The reason for this increasing fluctuation can be considered as follows. In the
entrance of the critical region, the flow becomes irregular at the early stage of turbulence. This
phenomenon occurs first at the entrance of the critical region. By chance, the time when the
turbulence occurs is slightly different between at the upper side and lower side of the ball. This is the
reason why the value of Czbecomes maximum in this region. These transient phenomena continue in
the critical region. At the end of the critical region, the turbulence becomes a balanced state at one
side and at the other side it continues as an unbalanced state. So, the lift becomes large again in this
region. It is this asymmetrical flow in the critical region that produces the lift on the ball.
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Fig. 4. Change of drag and lift coefficient to Reynolds number. [Np,=184]
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3.2 PIV and the Observation by the Visualizing Experiment

Figures 5 (a),(b), and (c) are the figures analyzed by PIV and photographs taken by using the oil film
method, corresponding respectively to Re =4.3X104,8.5X104,1.2x105 for Np =184. Comparing them
with Fig. 3, the following results are obtained. From Fig. 5 (a) obtained by the oil film method, the
separation angle s (the angle measured from the horizontal plane) is 80° in the subcritical region. s
moves to 85~95° in the critical region as shown in Fig. 5 (b) and it becomes about 100° in the
super-critical region as shown in Fig. 5 (c).

In the figures, the flow velocity becomes slower as the color turns to blue from red, and the
direction of a vector is the flow direction. From the velocity distributions analyzed by using PIV, it
becomes clear that as Re increases for the same ball, the separation point of the ball moves
downstream and then the wake (the reverse flow region) lessens. Consequently, it is thought that Cp
also decreases. And, in the critical region, the asymmetrical pattern of the wake becomes large as
explained in 3.1.

l : separation point

1= 1E
= E
= B
(a) Re=4.3x10%, subcritical (b) Re =8.5x104, critical (c) Re=1.2x105, super-critical

[0s=80°, Cp=0.42] [6s=85~95°, Cp=0.32] [65=90~100°, Cp=0.20]

Fig. 5. Visualization around Ball by PIV and Qil Film Method. [Np=184]

Figures 6 (a), (b), and(c) show flow visualization results using the oil film method,
corresponding respectively to Np=0 (smooth), 184, 328 for Be=8.5x10%. From these photographs, it is
clear that dschanges according to NVp, changing the flow region. The change of 8sto Np for various Re
is shown in Fig. 7. From these results, it is found that 6sis about 80° in the subcritical region; it
ranges from approximately 80° to 100° in the critical region; and it becomes about 100° in the
super-critical region.

Figures 8 (a) and (b) are the photographs taken by the oil film method in the critical region for
Np=104. (a) is a photograph taken from the left side and (b) is a photograph taken from the right side
watching from the upstream. Comparing(a) with (b), it can be recognized clearly that in this case the
separation point on the left hand side surface of the ball moves to rearward further than on the right
hand side. From these phenomena, the flow of both sides becomes asymmetric and then the lift
appears as explained in 3. 1.
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(a) smooth, subcritical (b) ND =184, critical (c) ND =328, super-critical
[65=79°, Cp=0.44] [65=85~95°, Cp=0.32] [65=97~106°, Cp=0.24]

Fig. 6. Visualization of Separation Point by Oil Film Method. [Re=8.5><104]
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Fig. 7. Separation Point to Number of Dimples.

(a) left hand side (b) right hand side

Fig. 8. Visualization of Side-view of Ball by Qil Film Method. [Np=104, Re=8.5><104]
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3.3 Characteristics of the Rotating Balls with Dimples

Figure 9 shows the change of Cp and CL toa for Np =184, with Re as the parameter. Re =4.3x104,
8.5x104 and 1.3X10° respectively belong to the subcritical, critical and super-critical region in the
stationary state. Based on this finding, it is considered that the difference of trend in Fig. 9 is not due
to the flow velocities, but due to the regions in the stationary state. Therefore, after this, the
aerodynamic drag and lift characteristics are examined for every region.

T T T T
0.5F
o 0.4+ 5
L 0o 0% _ 0% ¢
04l @ 0.2 _ﬁ@ 000 |
Q @)
O | N G -
0.3F A OF .
_ﬁf Re p L i
O 4.3x10
0.2f 5550 1
L | L | f | L | L | L
0 02 04 06 0 02 04 06
a a

Fig. 9. Change of drag and lift coefficient to spin rate ratio. [Effect of Reynolds number, Np=184]

Figure 10 shows the change of Cp and CLtoa , having Np and Fe as parameter. The following
results are obtained. In the subcritical region as shown in Fig. 10 (a), as & increases, both Cpand Cr,
tend to decrease after increasing a little for all parameters. As far as the smooth ball is concerned, it
can be confirmed that the negative lift (the negative Magnus force) appears at & =0.3. This result
agrees with the experimental result by Taneda(1957). The reason for this may be as follows. The flow
on the acceleration side becomes the laminar flow, and the separation point moves to the upstream
side. However, the flow on the deceleration side becomes the turbulent flow, and the separation point
moves to the downstream side. These phenomena are known as the phenomena to appear in the
critical region of the stationary state. In the super-critical region as shown in Fig. 10 (c), as &
increases, both Cpand CLtend to increase uniformly. And they are almost the same value in terms of
o . Moreover, when Np is 328 and 504, both plots overlap. The reason may simply be that the value
of Cpin terms of Ke agrees in the stationary state. In the critical region, as shown in Fig. 10 (b), both
Cpand (1 don’t show a clear trend as in other regions. Their value is scattered for all balls. However,
roughly speaking, it can be surmised that they tend to increase after decreasing as & increases. The
reason for this may be that the critical region is very unstable, where the value of Cp suddenly
decreases and the fluctuation of Ci is large.

Figure 11 shows the change of Cpand Crin terms of & in the super-critical region, when Npis
328 and kis varied, with e as the parameter. From this figure, as & becomes shallower, the values of
Cpin terms of & become smaller as in the stationary state: the aerodynamic resistance lessens. And
the values of Cr become larger contrary to the case of Cp. The lift is thus produced more easily. In
addition, when Fe is varied, the change of both Cp and Cr is similar in value in the ball with
shallower dimples. However, as Re becomes larger, the values of Cr decreases significantly with
deeper dimples: the lift is produced with more difficultly.

The present results generally show a good agreement with the trend of Smits and Smith(1994)
results. As for differences of the values in flow ranges, it is considered that they are affected very
significantly by differences of Np. But, to understand the mechanism by which the number of dimples
influences the flying characteristics, more detailed research will be required.
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Fig. 10. Change of drag and lift coefficient to spin rate ratio. [Effect of region]
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Fig. 1. Change of drag and lift coefficient to spin rate ratio. [Effect of depth, Np=328]

4. Conclusion

From the analysis of the experimental results, the following results are obtained.

(1) Putting dimples on a spherical surface shifts the critical region toward the lower Re direction in
comparison with the smooth ball. Moreover, as Npbecomes larger in the case of Np=104~328 and
kbecomes deeper, the critical region shifts toward the lower Re direction.

(2) In the case when Npis 328 and over, the changes of Cpin terms of Re show the same trend.

(3) In the critical region, the fluctuation of Cr. becomes larger, especially at the transition of the
regions from subcritical to critical.

(4) As Reincreases in the case of the same ball, the separation point of balls moves downstream, and
then the wake area becomes smaller. Consequently Cp also becomes smaller.

(5) The separation angle fsis about 80° in the subcritical region. It ranges from approximately 80° to
100° in the critical region, and it becomes about 100° in the super-critical region.

(6) The aerodynamic characteristic of a rotating ball with dimples is affected by the characteristics
(regions) in the stationary state.

(7) In the subcritical region, as & increases, both Cpand Crtend to decrease after having increased
a little for all parameters. And in the super-critical region, as & increase, both Cpand Cz tend to
increase uniformly.

(8) As the depth of dimples is shallower, in the super-critical and rotational state, the aerodynamic
resistance becomes smaller and the lift is produced more easily.
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