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ABSTRACT

Numerical simulations of flow around a sphere are con-
ducted at two different Reynolds numbers (Re = 3700 and
10%) based on the freestream velocity and the sphere diame-
ter. The numerical method used for obtaining the flow over a
sphere is based on an immersed boundary methed in a cylin-
drical coordinate system. At Re = 3700, the shear layer is
elongated in the streamwise direction to form a cylindrical
vortex sheet and its instability appears at z/d =~ 2. The flow
behind the sphere is nearly laminar at @/d < 1 and contains
few vortices there. On the other hand, for Re = 10 the
shear-layer instability occurs right behind the sphere in the
form of vortex tube and the flow becomes turbulent in the
near wake. Therefore, at Re = 10?4, the size of the recircu-
lation region is smaller and the wake recovers more quickly
than that at Re = 3700. It is shown using the particle trac-
ing and vortex identification method that the shear-layer
and wake instabilities are closely related to each other. In
order to investigate the acoustic field around the sphere, the
Curle’s solution of the Lighthill acoustic analogy is applied.
With the far-field and compact-source approximation, the
acoustic source in flow around a sphere is regarded as a point
source. Due to the three-dimensional vortical evolution in
the wake, the acoustic field evolves in a complicated manner,
which is very different from that from flow over a cylinder.

INTRODUCTION

Flow structure and flow-induced noise around a sphere in
a uniform flow are of central interest in many engineering ap-
plications because the sphere is a representative bluff body.
However, their characteristics have not been well understood
as compared to those around a circular cylinder. Previ-
ous studies on flow over a sphere have been mostly based
on experimental methods, where vortical structures behind
the sphere were identified using flow visualization and the
high and low frequency characteristics in the shear layer
were obtained using a single hot-wire measurement (Kim

and Durbin 1988; Sakamoto and Haniu 1990). Recently,
only a few numerical studies have been made on turbulent
flow over a sphere (Tomboulides 1993; Constantinescu and
Squires 2000). However, the qualitative and quantitative
information on the turbulence statistics behind the sphere
is still limited in the literature, and thus the flow-induced
noise from flow over a sphere has not been studied in detail.
Therefore, the objectives of the present study are to investi-
gate the characteristics of turbulent flow over a sphere such
as a separating shear layer, turbulence statistics and wake
structures, and to predict the flow-induced noise using the
flow-field information and Lighthill’s acoustic analogy.

The present numerical method for solving the incom-
pressible Navier-Stokes equations is based on an immersed
boundary method in a cylindrical coordinate, where the mo-
mentum forcing and mass source are provided at grid points
inside the sphere to satisfy the no-slip boundary condition on
the sphere surface (Kim et al. 2001). Large eddy simulation
with a dynamic subgrid-scale model (Germano et al. 1991;
Lilly 1992) is conducted at two different Reynolds numbers
of Re = uood/v = 3700 and 10%, where uso is the freestream
velocity and d is the sphere diameter. The computational
domain used is =15 < z/d < 15,0 <r/d <15, 0< ¢ < 27,
and the number of grid points is 577 (z) x 141 (r) x 40 (¢).
Here, z, r and ¢ denote, respectively, the streamwise, radial
and azimuthal directions. A Cartesian coordinate system
(z, y, z) is also used in order to define the drag and lift
forces, where the lift force is composed of two orthogonal
(y and z) components. In order to investigate the acoustic
field around the sphere, the Curle’s solution (1955) of the
Lighthill acoustic analogy (1952) is applied.

ACOUSTIC ANALOGY

Lighthill (1952) formulated a linear, inhomogeneous
wave equation from the exact equations of fluid mo-
tion and showed that an unsteady flow region in an un-
bounded domain is acoustically equivalent to a distribution
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Table 1: Flow parameters of turbulent flow over a sphere:
Exp!, Kim and Durbin (1988); Ezp?, Sakamoto and Haniu
(1990); Comp!, Constantinescu and Squires (2000).

| [ Re [ Ca [ Cp [ 5% [ & ]
Present 3700 | 0.36 | -0.20 | 0.22 90°
(LES) | 10* | 0.40 | -0.28 | 0.18 90°
Ezp’ 3700 0.22
4200 -0.23
104 0.16
Exp? 3700 . 0.21
10% 0.18
Comyp?
(LES) | 10* | 0.393 0.195 | 84° — 86°
(DES) | 10* | 0.397 0.200 | 84° - 87°
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Figure 1: Vortical structure in the near wake: (a) Re = 3700;
(b) Re = 10%.

of quadrupole sources. When a solid body is present in the
flow, Curle’s integral solution (1955) to the Lighthill equa-
tion provides a theoretical framework for predicting the noise
of flow-body interaction. Also, in the case that the distance
between observation and source points is larger than the
acoustic wavelength, the far-field approximation can be ap-
plied. Furthermore, when the solid body and the source
region are smaller than the typical wavelength, the source
region can be regarded as a compact-source region. Thus,
the acoustic density (pc—1) or noise at the far field produced
from a compact-source region is approximated by

pe(Z,t) —1= %3&2 / n; Pi; (§,t — Mz)d%g
47 x2 Ot s i Pis )47y W
MEny 00| Tt Moy,
v ;
where
Tyj = puiuf + pli; — Lpé,-j - Tij, (2)

M2

Localized vertex roll up

Vortex ring

(b)

Figure 2: Flow structures in the near wake using particle
tracing: (a) Re = 3700; (b) Re = 10%.
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Figure 3: Instantaneous vortical structures on two perpen-
dicular planes: (a) Re = 3700; (b) Re = 10%.

1 [ou, Oui 2  8u
R el X —Ze—x, 3
Tij Re (E)zj + ox; 3 Y Bz, (3)
Py =pbi; —7ij (4)
and :
u; =u; — Uso01i- (5)

Here M is the freestream Mach number, T;; is the Lighthill
stress tensor, 7;; is the viscous stress tensor, the prime -y
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Figure 4: Time sequence of vortical structures with particle
tracing: (a) Re = 3700; (b) Re = 10%.

denotes the fluctuation quantity, T is the observation point
vector, § is the source point vector, x =| Z |, n; is the
directional cosine of the vector outward normal to a solid
surface, V is the computational domain and S is the sphere
surface.

Equation (1) includes two typical acoustic source func-
tions: a surface dipole and a volume quadrupole that are
generated from the surface of a sphere and the entire un-
steady flow region, respectively. The Mach number depen-
dence of the volume quadrupole is O(M) times larger than
that of the surface dipole. In this study, D,— and Q,J denote
the dipole and quadrupole source functions, respectively:

Dz(t) = g—/njpij(’j],t — M.’l‘)dzg, (6)
¢ S
. 82
Qij(t) = ﬁ/ Tij (5t — Mz)d®y. (M
v
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Figure 5: Drag and lift coefficients: (a) drag; (b) lift. ——
—, Re = 3700; ————, Re = 10%.

&)

Figure 6: Instantaneous vortical structures at Re = 425: (a)
tuoo /d = 543.2; (b) tuso/d = 555.0.

RESULT

Flow field

The present simulation results are summarized in table
1, together with those from the previous experimental and
numerical studies. In table 1, C; denotes the time-averaged
drag coefficient, C'pb the base-pressure coefficient, @&; the
separation angle, and St the Strouhal number associated
with the wake instability. Also, in table 1 LES and DES
denote large eddy simulation and detached eddy simula-
tion, respectively, and DES is a hybrid approach reducing to
Reynolds-averaged Navier-Stokes simulation (RANS) near
the wall and LES away from the wall. It is shown in table
1 that the present results are in good agreement with the
previous ones. Note that Cy at Re = 3700 is smaller than
that at Re = 104, which is consistent with the variation of
the base-pressure coefficient with the Reynolds number.

Figure 1 shows instantaneous vortical structures in the
near wake, where the vortical surfaces are identified using
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Figure 7: Contours of the noise due to dipole source at Re =
425 and M = 0.1: (a) z1 — z2 plane (z3 = 0); (b) z; — 3
plane (z2 = 0); (a) ®3 — z2 plane (z1 = 0); (a) £3 — z2 plane
(z1 = 50). Maximum values are fixed as 4.58 x 10~8 in (a),
(b) and (c), and 1.58 x 10~8 in (d).
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Figure 8: Phase diagram (Cy, C:) at Re = 425.

the method by Jeong and Hussain (1995). At Re = 3700,
the shear layer is elongated in the streamwise direction to
form a cylindrical vortex sheet and its instability becomes
manifest at /d & 2. The flow right behind the sphere is
nearly laminar. On the other hand, at Re = 10%, the shear-
layer instability occurs right behind the sphere in the form
of vortex tube and the flow becomes turbulent in the near
wake. Therefore, at Re = 104, the size of the recirculation
region is smaller and the wake recovers more quickly than
at Re = 3700.

Figure 2 shows the vortex roll up in the shear layer at
Re = 3700 and Re = 10? using particle tracing. For Re =
3700, the vortices roll up locally in the azimuthal direction
near the end of the shear layer, whereas for Re = 10% vortex
rings are formed right behind the sphere.

Figure 3 shows the instantaneous vortical structures at

(d)

Figure 9: Contours of the noise due to dipole source at Re =
3700 and M = 0.1: (a) 1 — z2 plane (z3 = 0); (b) 1 — 3
plane (z2 = 0); (a) z3 —z2 plane (z1 = 0); (a) x3 —z2 plane
(x; = 50). Maximum values are fixed as 7.51 x 10~% in (a),
(b) and (c), and 2.51 x 1072 in (d).

tuco/d = 415.0 (Re = 3700) and tuce/d = 380.00 (Re =
10%) using the vortex identification method by Jeong and
Hussain (1995). One can clearly notice that alternating
vortical structures exist in one plane but do not appear in
the perpendicular plane. In order to understand this phe-
nomenon, time traces of vortical structures are shown using
particle tracing in figure 4, where particles are released at
two (upper and lower) points very near the sphere surface.
The vortices, (1) and (2), that are generated by the shear-
layer instability persist in the far-downstream locations, re-
sulting in the waviness of the wake structure. Therefore, it
can be concluded that the wake instability is closely associ-
ated with the shear-layer instability for flow over a sphere.

Acoustic field

At low Mach number the dominant acoustic sources are
the temporal variations of drag and lift on the surface of
a sphere, as expected from equation (1). Figure 5 shows
the variations of drag (Cy = C) and lift coefficients (C; =
4/CEZ + C2) at Re = 3700 and 104, The variations of C4 and
C; at Re = 10* are larger than those at Re = 3700. Since
the lift fluctuations are also larger than the drag fluctuations
at both Reynolds numbers, it is expected that the intensity
of far-field noise from the lift fluctuations are larger than
that from the drag fluctuations.

In order to understand the characteristics of the flow-
induced noise, we first consider a relatively low Reynolds
number of Re = 425 and M = 0.1. At this Reynolds num-
ber, the vortical structures are completely unsteady and
three-dimensional, but the shear-layer instability observed
at Re = 3700 and 10* is absent (figure 6). Figure 7 shows
the contours of the dipole noise due to the drag and lift fluc-
tuations. Since the drag and lift change irregularly in time
even for Re = 425, the noise propagates into all directions in
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Figure 10: Phase diagrams at Re = 3700: (a) Cy vs. Cy (b)
Cr vs. Cy; (c) Cy vs. Cs.

a complicated manner. The noise due to Cy and C; on an
T2 — z3 plane is shown in figure 7(c), where the direction of
noise propagation follows the direction of time on the phase
diagram of Cy and C. (see figure 8).

Figure 9 shows the contours of the noise due to the drag
and lift fluctuations for Re = 3700 and M = 0.1. Figure
9(a) shows the noise propagation from C, and Cy, figure
9(b) from C; and C., and figure 9(c) from Cy and C;, re-
spectively. Therefore, as seen from this figure, the noise due

xjd
(d)

Figure 11: Contours of the noise due to dipole source at
Re = 10* and M = 0.1: (a) x1 — 22 plane (z3 = 0); (b)
z1 — z3 plane (z2 = 0); (a) #3 — z2 plane (z1 = 0); (a)
r3 — x2 plane (z1 = 50). Maximum values are fixed as
2.81 x 10~7 in (a), (b) and (c), and 7.81 x 1078 in (d).

to lift fluctuations is much larger than that due to drag fluc-
tuations. The direction of noise propagation also follows the
direction of time on the phase diagrams (see figure 10). The
noise from Cy and C, is shown at z1/d = 50 in figure 9(d),
where the directivity of the noise from the lift fluctuations is
almost maintained as compared to that at z; = 0 (see figure
9c). Also, the circular-shaped contours in this figure indicate
that the noise from the drag fluctuations little influences the
total noise.

Figure 11 shows the contours of the noise due to the drag
and lift fluctuations for Re = 10%. The noise propagation at
Re = 10* is more complicated than that at Re = 3700 and
the acoustic intensity is much larger at Re = 10% than that
at Re = 3700.

CONCLUSION

Numerical simulations of flow around a sphere were con-
ducted at Re = 3700 and 10%. The present simulation results
such'as the drag coefficient, base-pressure coefficient, sepa-
ration angle and Strouhal number were in good agreement
with the previous experimental and numerical ones. It was
found that the wake instability was closely associated with
the shear-layer instability for flow over a sphere and the
vortices that were generated by the shear-layer instability
resulted in the waviness of the wake structure.

The far-field and compact-source approximation for the
Curle’s solution of the Lighthill acoustic equation was
adopted to predict the noise from flow behind a sphere.
Since the drag and lift changed irregularly in time for both
Reynolds numbers, the noise propagated in a complicated
manner. The noise due to the lift fluctuations was much
larger than that due to the drag fluctuations. The direction
of noise propagation followed the direction of time on the
phase diagram between the drag and lift forces.
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