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In this paper, we experimentally investigate the effect of surface dimples on the exit dynamics of a sphere at constant
velocity. The experiments were carried out for two different kinds of spheres, i.e. a sphere with dimples and a smooth
sphere. The experiments were performed at different traveling speeds (or Froude numbers). The force required to move
the sphere was simultaneously measured in order to estimate the drag force coefficient, the entrainment force coefficient
and the force during the cross-over.

The exit dynamics of an object is an interesting fluid me-
chanics problem. The early research on exit dynamics was
carried out by Havelock (1,2,3), in which the impulsively start-
ing motion of a sphere was studied using the linear theory,
with constant velocity and constant acceleration, respectively.
Greenhow and Lin4 carried out fundamental studies of non-
linear free surface effects both experimentally and theoreti-
cally at constant velocity. Further, Greenhow and Lin4 have
shown that the upward movement caused an elevation of the
free surface that looks like a bump. This elevation or bump
eventually breaks downs in a chaotic manner, which is termed
waterfall breaking.

Haohao et. al.5 carried out the LBM (Lattice Boltzmann
methods) simulations of the exit dynamics of a sphere at a
constant velocity. They have shown, a strong dependency of
free surface elevation on Froude number below 4.12. The wa-
terfall breaking is a function of the Froude number. On the
other hand, the Reynolds number is the dominant parameter
when the sphere moves beneath the water’s surface. Ni et.
al.6 through the simulation of a fully submerged spheroid wa-
ter exit and demonstrated that the moment at which the free
surface breaks up from the body can be delayed by making
the object blunter.

Truscott et. al7 experimentally studied the behavior of a
buoyant sphere that pops out to the water surface under the
action of the buoyancy. They have shown that the vortical sig-
nature of the sphere is highly dependent upon the Reynolds
number. Wu et al.8 experimentally observed that for a fully
submerged sphere, the height of water elevation increases with
the Froude number. In the case of a partially submerged
sphere, the water drains out from the sphere surface at the end
of the exit stage as a water column stage. The height of the
water column increases with the increase in Froude number.

In the present study, we investigate the effect of surface
dimples on the exit dynamics of the sphere, which is miss-
ing from the literature. Two non-dimensionalized numbers
are varied in this experimental study i.e. Froude number and
Reynolds number.

The experimental setup is shown in Fig. 1. It consists of
rack and pinion mechanics which were attached to a frame,
water tank, sphere, and a high-speed camera. The sphere was
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FIG. 1: The schematic of Experimental Set-up. The sphere
was screwed into a carbon fiber frame. The frame was

attached to the force whereas the force sensor was attached to
the rack and pinion mechanism. C1 was a high-speed camera

used to record the motion.

attached to the frame. The force sensor was positioned be-
tween the frame and the rack and pinion mechanism. The ex-
perimental setup was previously used and described by Ashraf
et. al.9 in their experimental study of the exit dynamics of a
square a sphere. The experiments were carried out for two dif-
ferent spheres i.e. smooth sphere (diameter, a = 65 mm and
density, ρ =139 kg/m3) and a sphere with dimples like a golf
ball (diameter, a = 71 mm and density, ρ =110 kg/m3). The
sphere with dimples has 4 mm dia circular dimples, which
have a depth of 0.5 mm and a pitch of 7 mm. The dimples
are distributed uniformly all over the ball. Both balls are com-
mercial hockey balls.

The sphere started moving from rest and at a depth of
y = −30 cm (y = 0 was set when the center of mass of the
sphere is located at the water-air interface at rest) from the
water surface. The sphere motion started with a constant ac-
celeration of 4 m/s2. Therefore, a certain traveling distance
was needed to reach the set-point constant velocity, e.g. 12.5
cm is required to reach a vertical velocity of 1 m/s.

As the sphere moves upward, it deforms the free surface.
The surface presents a bump whose size increases when the
sphere gets closer and closer to the top. We can define the
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FIG. 2: (a) Scheme illustrating the maximum depth of
deformation, y∗. (b) y∗ as a function of the Froude number.

depth y1 for which the bump elevation is 10% of sphere radius.
Figure 2 shows y∗ = y1/a as a function of the Froude number
for the two spheres with and without dimples. In both cases,
y∗ increases with an increase in the Froude Number for both
spheres which is totally expected. Moreover, the data for both
spheres exhibit the same trends. We can conclude that the
observation of the surface deformation cannot discriminate if
the surface is textured or not.

The bump deformation can be measured by image analysis.
We define h0 as the deformation size of the bump when the
sphere is located at y =−a/2. Fig. 3 shows the maximum el-
evation, h∗ = h0/a, achieved by the sphere as a function of the
Froude number. Similarly to y∗, the value of h∗ first increases
with an increase in the Froude number without any surprise.
However, above Fr = 0.8, the results obtained for the smooth
sphere and for the dimpled sphere are separated. The h∗, in
the case of a smooth sphere, is higher above Fr = 0.8.

To understand this change of behavior at high Froude, we
measured the force needed to keep the speed constant as a
function of the position of the sphere. The forces acting on
the sphere during its upward movement and interaction with
the free water surface are studied using a stain gauge sensor.

Fig. 4 shows the registered force variation as a function
of depth for a sphere with dimples at Fr = 0.71. The sphere
motion is categorized into 5 zones or stages, as shown in the
graph: (a) The acceleration phase: It is highlighted in orange.
The sphere moves from rest to acquire the constant velocity
priory set for each experiment. At the end of this stage, the
sphere starts moving upward at a constant speed. (b) The drag
force regime. It is highlighted in blue. The sphere moves
vertically in water at a constant velocity. The sphere expe-

riences the drag force in this stage. Just at the end of the
acceleration stage, the drag force is quite high, and then it
settles down to relatively constant values as can be seen by
the flat plateau. During this flat plateau regime, the drag force
Fd was measured. The net drag force is measured by taking
the average force acting on the sphere during this period. (c)
The crossing phase, highlighted in yellow. It is also a con-
stant velocity regime. The sphere starts crossing the inter-
face when its top is in first contact with the free water surface
and the crossing ends when the bottom of the sphere leaves
the water surface. The crossing-over force Fc is measured
by taking the difference of force at those spheres’ positions
i.e. y/a = −0.5andy/a = 0.5. (d) Finally, the sphere comes
out of the water. The entrainment force Fe is measured when
y/a = 0.5 minus the weight out of the water. It is equal to
the force acting on the sphere when it is completely out of the
water minus the weight of the sphere when it stops moving af-
ter the deceleration stage. The deceleration stage is depicted
in gray color. These regimes are similar to what has been
reported in the literature for the exit dynamics of a square a
sphere (see Ashraf et. al9). The force regime for a sphere
with dimples as a function of Froude numbers is shown in
Fig. 5. It shows that with the increase in Froude number,
the drag force and entrainment force increase whereas the
crossing-over force decreases. The crossing-over force is a
balance between the buoyancy, components of surface ten-
sion in the vertical directions, drag force, and weight of the
sphere. While other forces remain constant as a function of
the Froude number, the drag force however increases with the
increase in Froude number. It results in a decrease in the net
force acting on the sphere when it crosses the interface. Fig. 6
shows the mean drag coefficient, interface crossing over force
coefficient, and entrainment coefficient acting on the sphere.
The drag force and crossing-over force coefficients have been
calculated by dividing the net force by 0.5ρAU2, where A is
the cross-sectional area of the sphere, ρ is the density of water
and U is the vertical velocity of the sphere.

Fig. 6a show that the drag force coefficient is lower for
spheres with dimples with respect to the smooth sphere, espe-
cially at a high Froude number. It is not a new phenomenon
but a well-known fact that the surface dimples reduce the drag
force acting on the sphere10. This reduction in drag is due to
the dimples on the surface which causes the boundary layer to
transition from laminar to turbulent flow11,12. By creating this
turbulent boundary layer, the separation point decreases. The
dimpled ball experiences less separation and thus less drag.

From Fig. 6b, It can be seen that the crossing-over coef-
ficient decreases with the increase in the Froude number. It
is the coefficient of the net force acting on the sphere while
crossing the interface. The crossing-over force coefficients
are similar for both spheres. Therefore, the surface dimples
have no effect on crossing over the interface.

Another that interesting value is the entrainment coefficient,
as shown in Fig. 6c. It is calculated by using the following
steps:

• Calculate the Entrained Force (Fe). We measured it
from the force plot as shown in Fig. 4.
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FIG. 3: (a) Scheme illustrating the maximum deformation of
the free surface, h∗. (b) h∗ as a function of Froude number.

FIG. 4: Sample force as a function of y/a position for sphere
with dimples at Fr = 0.71. It illustrates the different force

regimes acting on the sphere during its upward motion.

FIG. 5: Force as a function of y/a position for a sphere with
dimples at different Froude numbers.

• Calculate the Volume of the Sphere (Vs phere). The vol-
ume of the sphere, which is a characteristic property of
the object. For a sphere, the volume can be calculated
using the formula: Vsphere =

4
3 πa3, Where a is the radius

of the sphere.

• Relate the Entrained Force to the Volume of Water dis-
place by the sphere during entrainment. The volume of
water displaced by the sphere when the cylinder is out
of the water is calculated by the formula: Vdisplaced =

Fe
ρwater

. Where, Vdisplaced is the volume of water dis-
placed by the sphere, Fe is the entrained force acting
on the sphere, and ρwater is the density of the water.
It’s important to note that this transformation assumes
that the entrained force is primarily due to buoyancy
and that the volume of displaced water is directly re-
lated to the volume of the submerged part of the sphere.
Additionally, other forces (e.g. surface tension) effects
are considered negligible in the analysis.

• Calculate the Coefficient of entrainment (Ce). It is cal-
culated by using the formula: Ce =

Vdisplaced
Vsphere

It can be that at a low Froude number, there is very little
entrainment. However, as the Froude increases (Fr > 0.21),
the entrainment starts. Now with an increase in the Froude
number, the entrainment coefficient increases. Another thing
to be noted is that the entrainment coefficient is similar for
a sphere with dimples as compared to a smooth sphere up to
Froude Number, Fr = 0.8. However, after the Froude number
Fr = 0.8, the entrainment coefficient is higher for a smooth
sphere, which is similar to h∗ results. It basically means that
there is less entrained volume in the case of a sphere with dim-
ples. The reason for less entrainment again can be the transi-
tion from a laminar boundary layer to a turbulent boundary
layer in the case of dimples. The dimples convert the bound-
ary layer into a turbulent one. It means the wake size de-
creases in case of turbulent boundary layer13. As a result,
less fluid will be dragged along by the wake of the sphere and
so less fluid will be entrained by the sphere. Finally, from
all the results above, we can conclude that as soon as the
sphere moves upward at a constant speed, it starts elevating
the free surface water. The depth at which water surface el-
evation starts is a function of the Froude number. Also, the
maximum surface elevation is achieved, when the top of the
sphere touches the water surface. However, this maximum
surface elevation increases with the Froude number and rep-
resents the entrainment of the water. The sphere with dim-
ples has considerably lower entrainment as compared to the
smooth sphere at a higher Froude number. As a result, it has a
lower entrainment force coefficient too. The drag coefficient
is also lower for spheres with dimples, which is a well-known
phenomenon. This means surface dimples help the sphere in
exiting the fluid surface. A sphere with dimples popping out
of the water surface or fluid will pop out to a higher distance
because of the lower drag force and entrainment force coef-
ficient as compared to the smooth sphere. The crossing-over
coefficient is found to be similar for both spheres.
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FIG. 6: Force Coefficients as a function of Froude number.
(a)Drag Coefficient, (b) Crossing-over force Coefficient, and

(c) Entrainment force Coefficient.
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