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ARTICLE INFO ABSTRACT

Keywords: Flow over a sphere exhibits three-dimensional phenomena even at lower values of

Boundary layer Reynolds number (Re). Nonetheless, three-dimensional flow structures may also be

Gap ratio affected by boundary layers on the rough walls. For this reason, the effects of wall

Reynolds number proximity are very significant for the present case. Regarding these issues, flow

Sphere characteristics of a sphere have been examined for several gap ratios from G* = 0.01

Wall proximity to G* =2 at Re = 250. The influence of jet flow between the sphere and the wall has
increased by decreasing the gap ratio. Although symmetrical flow patterns have been
observed for G* = 1 and G* = 2, this situation is not valid for G* < 0.5 in the present
study. It is clearly observed in the wake regions for G* < 0.25 and the positive cross-
stream velocity components become more dominant, especially for G* = 0.1 and G*
= 0.25, respectively. The positive spanwise vorticity component becomes more
dominant; however, the negative one is more dominant for G* < 0.1 in terms of gap
ratios. For the case of G* < 0.05, the drag coefficients are less than Cp = 0.47 and
these values are so close to each other. For G* = 0.1, it is around Cp = 0.5 for the
present problem. By increasing the gap ratios, drag coefficient values also indicated
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0.25 and it is approximately Cp = 0.68 for G* = 0.5 as observed. On the other hand,
the values of G* = 1 and G* = 2 approached the values of the uniform flow conditions
and the effect of the wall proximity by the boundary layer of the bottom surface

1. Introduction

Flow characteristics around bluff bodies are
important for discussions about aerodynamics.
Viscous fluid flow over a sphere could be
evaluated as a simplified problem in terms of a
prevailing family of immersed bluff bodies
owing to its widespread applications [1].
Furthermore, flowing past a sphere indicates
three-dimensional phenomena even for lower
Reynolds number values [2]. The vortex
behavior with instability could show the nature
of the resulting flow and large scale shed vortices
around these bodies are related to the shear layers
separation from the spherical surfaces [3].
Therefore, investigation of flow past a sphere is
linked to various engineering applications and
the particle transport is considered due to its

modelling as a sphere [4]. The flow interference
is seen by the vortex shedding and pressure field
in the wake region [5].

Regarding previous issues, various studies on the
flow around a sphere are significant due to their
consideration in engineering cases and this
problem has been examined for the effects of
several flow parameters. Sweeney and Finlay [6]
observed the drag and lift forces of a sphere
attached to a wall for boundary layer effect.
Tsutsui [7] considered the turbulent boundary
layer influence on flow around a sphere Re =
83000. Different height values have been
evaluated for the problem. Martinez et al. [§]
considered forces of a sphere and a cylinder close
to a wall in a boundary layer. Mongruel et al. [9]
presented a study on the sphere approach to a
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wall. Liu and Prosperetti [10] considered the
influence of walls on a rotating sphere. Yahiaoui
and Feuillebois [11] scrutinized the lift effect on
a sphere moving close to a wall in terms of
parabolic flow. Dey et al. [12] studied the
turbulent wake flows of a sphere on a rough wall.
Rodriguez et al. [13] numerically investigated the
flow around a sphere. Homann et al. [14]
scrutinized the effects of drag and lift
fluctuations for a sphere and its boundary layer.
Hajimirzaie et al. [15] presented a study for flow
around a surface-mounted spherical body in a
boundary layer. Chastel and Mongruel [16]
observed the flow between a sphere and a
textured wall. Zhao et al. [17] examined the
vortex structures of a sphere by considering the
boundary layer effect at Re =4170. Experimental
study has been presented by van Hout et al. [18]
for the sphere wake immersed in a boundary
layer. Tee et al. [19] studied the motion of
spheres in a turbulent boundary layer. Numerical
simulations have been carried out by Yin and
Ong [20] for the wake flow of a sphere in a pipe
at lower Reynolds number values. Chandel and
Das [21] examined the effects of wall proximity
on the wake regions of a rotating and translating
spheres. Chizfahm et al. [22] numerically studied
the flow-induced vibrations of a sphere in terms
of free surface proximity. Feng et al. [23]
determined the effects of the wall on the flow
dynamics for a sphere in motion. Shang et al. [24]
simulated the flow characteristics around a
sphere on a flat plate for boundary layer. Shepard
et al. [25] considered the flow structure for the
junction of cylinder-sphere. Li et al. [26]
investigated the flow interaction between a
sphere and turbulent boundary layer. Kumar et al.
[27] examined the wall influence on the sphere
wake for the transverse rotation. Considering the
previous studies, flow charactistics of a sphere
have been examined for different gap ratios.

The purpose of this study is to investigate the
impact of gap ratios on the flow dynamics
surrounding a sphere at a Reynolds number of
250. As previously highlighted, the flow around
a sphere demonstrates three-dimensional
characteristics even at lower Reynolds number
values. However, the three-dimensional flow
patterns could also be influenced by the boundary
layers on rough surfaces. It is widely recognized
that there are few studies available in open

literature regarding the effects of wall proximity.
Nevertheless, it is essential to take into account
the boundary layer effects for spherical objects in
engineering applications.

2. Numerical Method

In the present study, as presented in Figure 1,
three-dimensional flow volume has been
established for flow around a sphere having a
diameter of D = 12.5 mm close to the wall in
terms of the different gap ratios ranging for 0.01
< G* = G/D < 2. The dimensions for the flow
volume are -20 < x* = x/D <40, -20 <y* =y/D
<20 and -20 < z* = z/D < 20. The sphere is at x*
= y* =z* = (0. Aerodynamic flow characteristics
have been considered for Re = Ux D v'! =250 by
the kinematic viscosity for air. Uniform velocity
has been used at the inlet. For the outlet of the
three-dimensional flow volume, pressure outlet
has been considered. As implemented for the
spherical surfaces, wall boundary condition has
been applied for both top and bottom walls.

— 20D
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Inlet > X

20D 40D

Figure 1. Schematic of the present study

In the current study, ANSYS-Fluent 2021 R1 has
been utilized for numerical simulations. The
continuity equation has been indicated by Eq. (1).
The momentum equations have been presented in
Egs. (2-4).

These equations are valid for three-dimensional,
incompressible flow and steady flow conditions.
Furthermore, body forces are negligible. These
equations have also been given similarly by
Mahir [5]. These equations for three-dimensonal
case have been derived from two-dimensional
ones [28, 29].

593



Sakarya University Journal of Science, 29(5) 2025, 592-601

du Jv odw _

wtoyten = (1)
ou ou ou 10P 0*u  90%u 0d%u
ua+va E:_;a V<ﬁ+a_yz+ﬁ) (2)
ov ov ov 10P 0%v 9%v 0%
ua+v$ sz—;@ V(W-’-G_yz-’-ﬁ) (3)
ow ow ow 10P *w  0*w  9*w
ua+v5+wa—z——;£ V<6x2+6y2+622) (4)

Velocity components have been used in these
equations. The variations of the velocity
components in respect to three-dimensional
coordinates have been taken into account.
Pressure, density and kinematic viscosity terms
have been included in the equations. For
pressure-velocity coupling, the coupled scheme
has been wused. Gradient, pressure and
momentum have been considered for spatial
discretization. The convergence has been
attained by 107 for these equations.

The grid structure has been shown for a sample
case of G* = 0.01 in Figure 2. For the grid
structures, element size has been defined.
Inflation has been applied by smooth transition
with the growth rate of 1.2 for maximum five
layers. For several element sizes, the number of
grid elements has been changed.

Figure 2. The grid structure

All grid structures have been compared by the
drag coefficient of a sphere at Re = 250 for
uniform flow conditions. The grid numbers of 1.6
x 10%, 2.9 x 10°and 5.3 x 10° have been tested.
The following results have been listed in Table 1.
The drag coefficients are Cp = 0.733 for 1.6 x 10°
grid elements, Cp = 0.734 for 2.9 x 10° grid
elements and Cp = 0.727 for 5.3 x 10° grid
elements.

Table 1. Drag coefficients with respect to the grid

numbers
Grid numbers Cp
1.6 x 10° 0.733
2.9 x 108 0.734
5.3 x10° 0.727

The grid element number of 2.9 x 10° has been
chosen for the numerical simulations since the
value is in good agreement in the previous results
as Cp=0.7[1], Cp=10.702 [2], Cp = 0.7 [3] and
Cp =0.702 [4] at Re = 250.

3. Results and Discussion

The present case has been examined by
considering the effects of gap ratios on flow
patterns around a sphere at Re =250. In terms of
gap ratios, the range of 0.01 < G* < 2 has been
taken into account. The numerical results of
pressure distributions, streamwise velocity
components, cross-stream velocity components,
velocity magnitude values, spanwise vorticity
components, vorticity magnitude values and drag
coefficient values have been presented with
respect to the change of gap ratios. The non-
dimensional legends have been given for each
situation.

Pressure distributions of P* = P p! (Ux)? have
been presented from P* =-0.3 to P* =0.55 as in
Figure 3. The highest value has been attained at
the upstream of the sphere. This situation is due
to the flow stagnation. It is more obvious for the
cases of G* = 1 and G* = 2. On the other hand,
the values tend to decrease because of decrement
in the gap ratios. Moreover, the effective regions
indicated shrinkage as the sphere came closer to
the bottom wall. Because jet flow effect between
the sphere and the wall increased by decreasing
the gap ratio. Another influence is the increasing
effect of the boundary layer of the bottom wall.
Furthermore, flow separations from the upper
and the lower surfaces of the sphere have been
affected. This observation has been clearly
obtained by the minimum pressure zones. The
minimum pressure values have been attained in
the regions where flow acceleration is seen. The
increment of velocity values triggered the
pressure drops. It is attributed to the flow
separation from the upper and the lower surfaces
of the sphere. On the contrary, the decreasing gap
ratios caused the disappearance of the lower
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Figure 3. Pressure distributions and cross-stream velocity components with respect to the gap ratios

zones with minimum pressure values. Moreover, from v* = -0.4 to v* = 0.4 as in Figure 3. The
the values of the upper regions tended to decrease  peak value has been attained in the upper region
because of the same reason. of the upstream. On the other hand, the lowest
value has been obtained in the lower region of the
Cross-stream velocity components have been upstream. Damping of these clusters is valid for
obtained as v* = v (Ux)! for the values ranging  the symmetrical axis. For G* = 2, two positive
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Figure 4. Streamwise velocity components and velocity magnitude values with respect to the gap ratios

and two negative clusters have been observed in
the wake region. For these clusters, the positive
one and the negative one are smaller and closer
to the sphere. Similar situations have also been
seen in the case of G* = 1. However, this effect
has been diminished by the interaction of the
wake flow and the boundary layer of the bottom
wall. It is clearly observed in the wake regions
for the case of G* < 0.25 and the positive one
becomes more dominant especially for the cases
of G* = 0.1 and G* = 0.25 as in the graphics. On
the contrary, for G* < 0.05, the negative one has
been attained as more dominant because of flow
separation and jet flow diminishing the positive
one.

Streamwise velocity components have been
presented as u* = u (Ux)' and given in the range
from u* = -0.2 to u* = 1.1 as in Figure 4. The

maximum value has been obtained in the regions
where no effect of sphere is valid. On the other
hand, the minimum value has been attained in the
wake regions of the sphere for 0.5 < G* < 2.
However, for G* <0.25, it has been observed by
the interaction between the wake flow and the
boundary layer of the rough wall. What is more,
the size change in the region has been obviously
seen because of decrement in the gap ratios. The
wake length is nearly 2D for G* = 2 and it is
around 1.95D for G* = 1. For G* = 0.5, it is
approximately 1.9D due to the beginning of the
wall effect. Moreover, symmetrical flow patterns
have been observed for G* = 1 and G* = 2. This
situation is not valid in the case of G* = (.5 as in
the figure. For this reason, the wake regions have
been combined by the boundary layer of the
bottom wall. This effect has been clearly
observed up to even x* = 12.5 for G* <0.25 as
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Figure 5. Vorticity magnitude values and spanwise vorticity components with respect to the gap ratios

presented in the contour graphics. On the other
hand, these regions have shown shrinkage.

Velocity magnitude values have been attained as
Un* = Un (Ux)! from Un* = 0 to Un* = 1.1 as
in Figure 4. In the zones with no sphere effect,

the peak value has been attained. In the wake
regions of the sphere for 0.5 < G* < 2, the
minimum value has been obtained. Nonetheless,
it has been seen because of the interaction of the
wake flow and the boundary layer of the wall for
G* <0.25. The size change in the region has also
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been seen by the decreasing gap ratios. Even
though symmetrical flow structures are valid for
G* =1 and G* = 2, it is not observable for G* =
0.5 as in the figure. For this reason, flow patterns
have been considerably observed for G* = 0.25
because of the influence triggered by the
boundary layer. Based on this deduction, it
caused the combination of the wake regions and
the boundary layer of the bottom wall. On the
contrary, these zones have indicated shrinkage
via the decrement of the gap ratios.

Vorticity magnitude values have been presented
as ®* = o D (Ux)™! in the range from w* = 0 to
o* =25 as in Figure 5. The peak value has been
obtained by both upper and lower regions of the
sphere upstream. On the contrary, the lowest
value has been seen in the regions with no
vortices. The damping is valid for these zones on
the symmetrical axis. Nonetheless, its effect has
been diminished by the interaction of the wake
flow and the boundary layer of the bottom
surface. It is obviously seen for G* = 0.25 as
given in the figures. The maximum value one
becomes more dominant only in the upper zone
of the sphere upstream for the same case. What
is more, flow separation and jet flow affected the
patterns for the contour graphics. Another
influence is the value decrement and the
shrinkage for these clusters and it is due to the
gap ratio decrement between the sphere and the
wall.

Spanwise vorticity components have been given
as 0% = 0z D (Ux)! ranging from w.* = -24 to
oz* = 24 as in Figure 5. The highest value has
been seen in the lower region of the sphere. On
the other hand, the minimum value has been
observed in the upper region of the body. The
damping of positive and negative ones is valid on
the symmetrical axis. Nevertheless, this
influence has disappeared by the interaction of
the wake flow and the wall boundary layer. It is
clearly observed for G* = 0.25 and G* = 0.5 as
given in the figures. The positive one becomes
more dominant as in the contour graphics of the
present study. On the other hand, the negative
one is more dominant for G* < 0.1 because of
flow separation and jet flow diminishing the
positive one. With respect to the observations,
nnother effect is the changes for both value and

cluster size. The decreasing gap ratios is the
reason for these situations.

In Figure 6, the effects of the gap ratios on the
drag coefficient values have been presented. For
G* <0.05, the drag coefficients are less than Cp
= (.47 and these values are so close to each other
as given in the chart. For G* = 0.1, it is around
Cp = 0.5 for the present problem. For increasing
gap ratios, drag coefficient values also increased.
Moreover, Cp = 0.579 has been attained for the
case of G* = (.25 and it is approximately Cp =
0.68 for G* = 0.5 in terms of drag coefficient
values. On the other hand, the values of G* = 1
and G* = 2 approached the values of the uniform
flow conditions and the effect of the wall
proximity by the boundary layer of the bottom
surface disappeared.

0.8
I
,/O—’
e
e
s
0.7 ,/
o
/
///
S 0.6 cf/
/
/
05 | ¢
4
i
0 0.4 0.8 1.2 1.6 2
G*
Figure 6. Drag coefficients with respect to the gap
ratios

The drag reduction near the wall could be
explained by decomposing it into pressure drag
and viscous drag contributions. Drag due to
pressure dominates, however, viscous effects are
still inevasible for the current Reynolds number.
When a sphere is close to a wall, the wake
symmetry has been broken. The situation led to
the wake shrinkage. It is linked to the drag
reduction [30]. Moreover, pressure difference
between the upstream and the downstream has
been reduced. Decrement of drag due to pressure
has been seen and it indicated lower drag
coefficient near the wall. The drag owing to
viscous effects may increase slightly owing to the
wall-induced shear; however, it is still lower than
drag reduction due to pressure. For lower gap
ratios, the jet effect lost its ability to penetrate and
deflect the flow mechanism, owing to the
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attenuation triggered by the significant influence
of the near-wall boundary layer and the
proximity to the wall. It also included the
combination of reduced jet momentum relative to
boundary layer shear, suppression of vortex
formation and viscous effects near the wall.

4. Conclusions

Aerodynamic flow characteristics of a sphere
have been examined for different gap ratios from
G* = 0.01 to G* = 2 in the present study.
Numerical results for pressure distributions,
streamwise and  cross-stream  velocity
components, velocity magnitude values,
spanwise  vorticity = components,  vorticity
magnitude values and drag coefficients have
been presented at Reynolds number of Re = 250.
Gap ratios affected flow structures around the
sphere. A maximum static pressure occurs at the
upstream stagnation point. The effect of the jet
flow has increased by decreasing the gap ratio.
Another influence is the increasing effect of the
boundary layer on the bottom wall. Although
symmetrical flow patterns have been observed
for G* = 1 and G* = 2 by the streamwise velocity
values, this situation is not valid by the case of
G* = 0.5 in this study. It is clearly observed in
the wake regions for G* < 0.25 and the positive
cross-stream component value becomes more
dominant especially for the cases of G* =0.1 and
G* = 0.25 in the current study. On the contrary,
for G* < 0.05, the negative one has been attained
as more dominant because of flow separation and
jet flow diminishing the positive one. The
negative spanwise vorticity component value is
more dominant for G* <0.1 as observed. For G*
< 0.05, the drag coefficients are less than Cp =
0.47 and these values are so close to each other.
For G*=0.1, it is around Cp = 0.5 for the present
study. By increasing gap ratios between the
sphere and the wall, drag coefficient values also
increased. What is more, Cp = 0.579 has been
attained for G* = (.25 and it is approximately Cp
= 0.68 for G* = 0.5, respectively. On the other
hand, the values of G* = 1 and G* = 2
approached the values which are valid for the
uniform flow conditions.
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