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Abstract : The shear layer evolution and turbulent structure of near-wake behind a sphere at Re
=11,000 and 5,300 were investigated using a smoke-wire visualization method. A laminar flow
separation was found to occur near the equator. The smooth laminar shear layers appeared to be
axisymmetrically stable to the downstream location of about x/d = 1.0 at Re = 11,000 and x/d =
1.7-1.8 at Re = 5,300, respectively. At Re = 11,000, the vortex ring-shaped protrusions were
observed with the onset of shear layer instability. Moreover, the transition from laminar to
turbulence in the separated flow region occurred earlier at the hiher Reynolds number of Re =
11,000 than at Re =5,300. The PIV measurements in the streamwise and cross-sectional planes
at Ke =11,000 clearly revealed the turbulent structures of the sphere wake such as recirculating
flow, shear layer instability, vortex roll-up, and small-scale turbulent eddies.
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1. Introduction

A sphere is considered as an idealized model of three-dimensional axisymmetric bluff bodies. Bluff
bodies usually cause massive flow separation, unsteady flow, and complicated vortex shedding.
Typical bluff bodies whose shape resembles a sphere include balloons, particles, towed sonars, bombs,
oil-storage tanks, raindrops, and the like. It is well known that a sphere does not have a fixed flow
separation point. Moreover, the separation point moves along the sphere surface depending on the
outer flow condition and boundary layer developed on the sphere surface. Because a sphere is a basic
body of which the flow structure is important for various practical applications, many visualization
studies on the flow around a sphere have been conducted.

The flow around a sphere shows a steady axisymmetric flow in the range of Reynolds number
20 to 210. The axisymmetry is then broken, and planar-symmetric flow appears until Ke=280. From
Re = 280, unsteadiness starts to occur in the planar-symmetric flow, and hairpin vortices are
periodically shed. In the range of Reynolds number 420 to 800, asymmetric flow is observed, and
unsteadiness continues (Taneda, 1956; Nakamura, 1976; Wu and Faeth, 1993; Leweke et al., 1999).
Many researchers have visualized the sphere wake in this Reynolds number range in order to study
laminar flow separation, symmetric flow pattern of near-wake, hairpin vortex shedding, and laminar
wake. On the other hand, from Re = 800, the prominent flow phenomena are large-scale low-
frequency vortex shedding and small-scale high-frequency shear layer instabilities (Kim and Durbin,
1988). A large-scale vortex is shed with a wavy shape, and turbulence occurs in the far field. At the
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critical Reynolds number of Re = 3.7 x 10°, the drag coefficient is rapidly reduced. This results from
the sequential laminar separation, reattachment, and turbulence transition of the boundary layer on
the sphere surface. The sphere wake becomes fully turbulent beyond this critical Reynolds number.
In the subcritical Reynolds numbers from 800 to 3.7 x 105, the drag coefficient has almost a constant
value, and the flow separates laminarily from the sphere. In addition, the Kelvin-Helmhortz
instability occurs in the separating shear layer, and the wake becomes turbulent.

In the subcritical Reynolds number regime, only a few visualization studies on the turbulent
flow around a sphere have been carried out. The turbulent flow around a sphere is not easy to
visualize experimentally. This i1s attributed to several factors such as the supporting difficulty of a
sphere in a wind tunnel test section, the large area of separated flow, the short time-scale of
turbulence, and the three-dimensional complicated flow structure. In relation to this, Taneda (1978)
visualized a sphere wake using smoke at Fe= 104~10¢ and observed the large-scale helical structure
of the sphere wake. Werlé (1980) employed the dye method to visualize the recirculating flow of wake
and the shear layer instability of a ring-shaped vortex behind a sphere at Re = 1.6 x 104. Kim and
Durbin (1988) reported that a vortex roll-up could not be observed in their visualization study on
sphere wake. Sakamoto and Haniu (1990) classified a flow pattern of sphere wake according to
Strouhal number in Re= 3 x 102~ 4 x 104 and observed vortex tube pulsations in the vortex formation
region. Recently, several numerical studies (Constantinescu and Squires, 2004; Yun et al., 2006) have
been conducted on the turbulent flow around a sphere. However, these works have difficulties when
it comes to the validation of their simulation results due to lack of experimental data. This implies
that there are still strong demands for a more detailed experimental observation of sphere wake in
the subcritical Reynolds number regime. In addition, as Meier (1999) pointed out, the unsteady 3D
flow fields need an advanced visual display of experimental results. Especially, recent advancements
in optical visualization techniques often lead to new insights in the analysis of complicated 3D flow
phenomena (Hwang et al., 2005).

The main objective of the present study is to investigate some questioned issues by visualizing
the instantaneous flow field of the sphere wake at Re = 11,000 and 5,300 using an improved
smoke-wire method and 2D PIV velocity field measurement technique, in which flow separation,
onset of shear layer instability, and small-scale turbulent eddies are visualized clearly. The
experimental observation obtained in this work would enhance the understanding on the turbulent
wake of a sphere and would be used for validating numerical predictions.

2. Experimental Methods
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Fig. 1. Experimental setup for smoke-wire visualization and coordinate system.
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Figure 1 shows the experimental setup for smoke-wire visualization in a closed-circuit wind
tunnel, of which test section size is 6.75L x 0.72W x 0.6H m3. The freestream velocity was fixed at U, =
2.2 m/s at which the turbulence intensity was below 0.08 %. The sphere models of 75 and 40 mm in
diameter, made of acryl, were used as a test model. The sphericity of the spheres was 0.6 % and the
surface uniformity was less than 0.1 %. The Reynolds numbers based on the freestream velocity and
sphere diameters (d) were Re= 11,000 and 5,300.

To support the sphere model in the wind tunnel, the two piano wires of 0.17 mm in diameter
were inserted through the sphere center in ‘X’ shape, facing upwards perpendicularly. The ends of the
four wires were fastened firmly to the frame of the wind tunnel with precise turnbuckles. The
blockage ratio of the sphere, including wires and frame, was below 2.5 %. The sphere supported at
the center of the wind tunnel test section showed no visible vibration in the streamwise and
cross-sectional planes at the freestream velocity tested in this study. The effect of flow disturbance by
the supporting wires was negligible in the consideration of wire diameter and location of
visualization planes. This method of supporting a sphere with fine piano wires was employed by
Sakamoto and Haniu (1995) in their water channel tests. Cannon et al. (1993) also used this method
to visualize flow around axisymmetric bodies in wind tunnel tests. If a sphere model was towed in a
towing tank, the passage way should be long enough to ensure a steady target velocity. For the case
of supporting with a rear rod, the sphere wake would be reattached to the supporting rod, distorting
the downstream flow field.

A nichrome wire of 0.1 mm in diameter was used as a smoke-wire. White smoke filaments were
generated by supplying electric voltage of 24 volt after coating Safex fog oil along the wire.
Instantaneous snapshots on the flow field around a sphere were obtained after placing the
smoke-wire at different locations before and behind the sphere model to closely examine the
separated wake flow.

The key factor in obtaining clear images of turbulent 3D flow is to make the exposure time as
short as possible, in addition to strong light intensity. The problem was resolved by using a pulse
laser having very short pulse width (Lee and Lee, 1999). A laser pulse of 7 ns width was irradiated
from a Nd:YAG laser(Beamtech, 50 mdJ) and passed through optical lenses to generate a laser light
sheet of 3 mm thickness. The illuminated flow images were captured consecutively with a digital
camera(Nikon D100) with exposure at F3.5 and a shutter speed of 13. A 60 mm micro lens was
attached in front of the camera. Using this experimental set-up, we could obtain clear streaklines of
flow around the sphere model.

In addition, to examine in depth the time-averaged turbulent structure of the sphere wake at
the same Reynolds number of Re= 11,000, PIV measurements were carried out in a circulating water
channel of 4.5Lx 1.0W x 1.0 m3 in physical size. The PIV system consists of a two-head Nd:YAG laser
of 125 mJ and a CCD camera of 2K x 2K pixels spatial resolution. For the streamwise plane
measurement, the streamwise center plane was illuminated simultaneously from both the upper and
lower sides of the test section to remove any shaded region. For the PIV measurements in
cross-sectional planes, the CCD camera was inserted into a water-resistant case and installed at a
far downstream inside the test section. The orthogonal in-plane velocity components (V}, V,) in the
cross-sectional plane were decomposed into the radial and circumferential velocity components

(Vi, V) in the polar coordinate. Five hundred pairs of PIV particle images were captured at a
sampling rate of 4Hz for each experimental condition. The two-frame cross-correlation algorithm was
employed to extract instantaneous velocity vector fields from the particle images.

3. Results and Discussion

Figure 2 shows the instantaneous flow visualizations around a sphere model at Re = 11,000, which
were obtained with smoke-wire positioned (a) ahead of and (b) behind the sphere model. In order to
capture the separated flow region more clearly, the smoke-wire was positioned behind the sphere,
especially to visualize the recirculating flow in near-wake. In all figs, the flow direction is from left to
right. As shown in Fig. 2(b), the recirculating region formed behind the sphere is clearly visualized by
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smoke filaments convected upstream by reverse flow. Similar flow phenomena of this recirculating
flow behind axisymmetic bodies were visualized by Cannon et al. (1993) on the wake behind a disk at
Re =1.32x 104 and by Kim and Durbin (1988) on the sphere wake at Be= 3.2 x 10%. The abscissa x/d
in photographs represents the downstream distance from the center of the sphere model normalized
by the sphere diameter.

(b) Smoke-wire positioned behind a sphere
Fig. 2. Instantaneous flow fields visualized around a sphere at Re = 11,000.

In Fig. 2, the laminar flow separation occurs near the equator of the sphere model. On this
location of laminar flow separation, Achebach (1972) reported the separation angle as 82.5° by
measuring the shear stress in the subcritical Reynolds number regime. Constantinescu and Squires
(2004) and Yun et al. (2006) found that the separation angle is 84° and 90, respectively, by numerical
simulations. In Fig. 2(b), the laminar shear layer continues until x/d = 1.0 ~ 1.2. At this point, the
shear layer becomes unstable due to the Kelvin-Helmholtz (K-H) instability caused by a large
velocity difference at the interface between the freestream and sphere wake. Thereafter, the laminar
shear layer turns into turbulent flow. The vortex-ring shaped protrusions are observed at Re= 11,000,
which are very similar to those shown in the works of Werlé (1980) at Re = 16,000 and Yun et al.
(2006) at Re = 10,000. Meanwhile, Leder and Geropp (1993) observed the axisymmetric K-H
instability at x/d = 1.0, but the ring-type protrusions were not observed at Ke = 10,000. In the
visualization study of Hadzic et al. (2002) at Re=5 x 104, the K-H instability occurred near x/d~= 0.6,
and the laminar wake quickly changed into turbulent flow. This kind of wide scattering of flow
separation angle and onset location of shear layer instability seems to result from the difference in
freestream turbulence intensity, sphere supporting methodology, and different turbulence models
employed in the numerical simulations.

Figure 3 represents the visualized images of instantaneous flow around a sphere at Re = 5,300,
with installation of smoke-wire at three downstream locations. As shown in Figs. 3(a) and (b), the
flow also separates laminarily near the equator of the sphere model. The separated shear layers
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progress axisymmetrically and appear to be stable in the downstream flow field. The K-H instability
occurs near x/d = 1.7 ~ 1.8. The present results of the separation angle and onset location of shear
layer instability agree well with those of Sakamoto et al. (1990) at Re = 4,460. Moreover, the flow
separation angle is in good agreement also with that in the work of Seidl et al. (1998) at Re = 5,000.
However, the transition occurs a little earlier in their work.

(b) Smoke-wire positioned at x/d = 1.0

(c) Smoke-wire positioned at x/d = 2.2
Fig. 3. Instantaneous flow fields visualized around a sphere at Re = 5,300.

Comparing Fig. 2(b) and Figs. 3(a)-(b), the transition to turbulent in the separating shear
layers and the onset of wavy wake occur earlier at Re= 11,000 than at Re = 5,300. The vortex roll-up
breaks into small-scale vortices to feed the turbulent wake. Furthermore, the number of small-scale
vortices at Ke = 11,000 is more than at Ke = 5,300. This implies fast energy transport into the vortex
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formation region at a higher Reynolds number. It is also worthy to note that the turbulent wake past
the transition region exhibits strong fluctuations and a chaotic flow structure at Re = 11,000.

Figure 3(c) shows that the recirculating region filled with smoke filaments convected upstream
behind the sphere is observed until the location of smoke-wire at x/d= 2.2. This indicates clearly the
existence of reverse flow and the length of the vortex formation region. In the numerical results of
the work of Seidl et al. (1998) simulated at Re = 5,000, the reverse flow was observed up to the
location of x/d= 2.0 and disappeared just before the flow passes the location of x/d= 2.5. Therefore, it
seems that Fig. 3(c) reasonably agrees with the DNS prediction.
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Fig. 4. Spatial distributions of turbulence intensities of sphere wake in the
streamwise plane at Re = 11,000.
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Figure 4 shows the spatial distributions of the turbulence intensities measured using a 2D
PIV system. The streamwise turbulence intensity has the local maximum value at x/d= 0.85 and y7d
==+0.35, around which elliptic-shaped contours are formed inside the recirculating flow region. Their
magnitude is gradually dissipated as the flow goes downstream. In Fig. 4(b), the vertical turbulence
intensity has the local maximum value at x/d =1.2 along the wake centerline (y = 0). Leder and
Geropp (1993) measured the mean squares of fluctuating velocities (Ji* and@ at Ke=>5 x 104 using
an LDA system. Their results are similar with the present results except for the fact that the
maximum turbulence intensities of V¥ and F occur at x/d = 1.0 and 1.4, respectively. The spatial
distribution of (\/ﬁ - ) has large values in tilted elliptic-shaped contours as shown in Fig. 4(c), and
the local maximum value occurs at x/d= 1.05. The regions of large turbulent statistical values seem
to be closely related to the onset of shear layer instability in the near-wake behind the sphere
model. Especially, the location of the local maximum value (\/V:Z - ) in Fig 4(c) corresponds to the
onset location of shear layer instability in Fig. 2(b).
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Fig. 5. Contour plots of the total in-plane turbulence intensity(ﬁdVsz/ZUo (%) of sphere wake in
cross- sectional planes at Re = 11,000.

The spatial distributions of the total in-plane turbulence intensity( ;" + ;7 |measured using the
2D PIV system of three cross-sectional planes of x/d=0.8, 1.0 and 1.2 are shown in Fig. 5. It has large
values around the sphere periphery at x/d = 0.8. With going downstream, the regions of large
turbulence intensity move toward the wake center, and it has the maximum value at x/d = 1.2. These
PIV results confirm that the sphere wake is a three-dimensional flow and there exists shear-layer
instability in the cylinder-shaped region of sphere periphery behind the sphere model.

4, Conclusion

Turbulent flow around a sphere at Re = 11,000 and 5,300 in the subcritical Reynolds number regime
was visualized using the smoke-wire technique. Clear flow images were obtained by employing a
strong laser light sheet with a very short duration to irradiate the measurement planes. Laminar
flow separation occurred near the sphere equator at both Be = 11,000 and 5,300. The laminar shear
layer was axisymmetically stable to the downstream location of x/d=1.0 ~ 1.2 at Re= 11,000 and x/d
=1.7~ 1.8 at Re= 5,300, respectively.

In addition, the PIV measurements in the streamwise and cross-sectional planes at Re =
11,000 revealed the turbulent structure of the sphere wake. The PIV results of time-averaged
turbulent structures were consistent with the visualized flow showing the onset of shear layer
instability. At Ke = 11,000, vortex ring-shaped protrusions began to appear with the onset of the
shear layer instability. The transition from laminar to turbulent and the onset of wavy wake
structure occurred earlier at Re = 11,000 than at Ke = 5,300. Moreover, a greater number of
small-scale vortices as well as strong velocity fluctuations and more chaotic flow structure were
identified at Ke= 11,000. The detailed turbulent structure of sphere wake such as recirculating flow,
shear layer instability, vortex roll-up, and small-scale turbulent eddies were clearly visualized in this
study.
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