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Fig.3 Incremental normalforce coefficientat C; =5.0 X 10~ 4 forsuc-
tion patterns Il and V.
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Fig. 4 Comparison of the surface flows of patterns III and V at
C,=5.0 X1074

sensitive to the suction surface geometry for a sufficiently high suc-
tionrate. This indicates that the broadbandnature of the instability is
retained.

III. Conclusion

Several conclusions can be drawn from the study.

1) A periodical surface flow control can produce a three-dimen-
sional perturbationthat leads to the formation of streamwise vortical
flow structuresin the separatedshearlayer. Though suction was used
in this study, boundary-layercontrols in general should achieve the
same effect when applied in a similar fashion.

2) The vortical structures cause a normally separated flow to re-
attach.

3) The control is most effective when applied near and upstream
of the natural separation.

4) The control device size, as measured in this particular case by
the combination of suction hole diameter, hole number density, and
associated porosity, is small.

5) Similar results are obtained over different control patterns,
indicating a broadband instability.
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Introduction

HE sphere can be considereda prototypical axisymmetric bluff

body, and understandingthe sphere wake is important because
of its relevance to a number of aerodynamic and hydrodynamic ap-
plications. In addition, vortex shedding from particles assumes im-
portance in particulate flows at high-particle Reynolds numbers be-
cause this sheddingcan have a significant effect on the enhancement
of turbulence.' In most cases particles can be modeled as spheres;
therefore, an in-depth study of the vortex dynamics in sphere wakes
would greatly improve our understandingof particle-turbulencein-
teraction.

The sphere wake is nowhere as well understood as its two-
dimensional counterpart, the circular cylinder, which has been the
focusof intenseexperimentaland numericalinvestigationsin the last
three decades? The relatively few studies of the sphere wake that
have been done to date show that the vortex topology and shedding
process is significantly different from that in the cylinder wake.>®
Our understandingof cylinder wakes is, therefore, not directly use-
ful in interpreting our observations of sphere wakes. In particular,
there are a number of states in the steady and unsteady sphere wake
that do not have a counterpart in two-dimensional wakes. These
include the nonaxisymmetric steady state (or double-thread wake),
which occurs at 210 < Re; < 270 (where Re, is the Reynolds num-
ber based on the diameter and freestream velocity), and the presence
of planar symmetry in the unsteady wake regime at higher Reynolds
numbers. From experiments;>~¢ stability analysis,® and numerical
simulations,’ it is known that the sphere wake becomes unsteady at
a Reynolds number of about 270. The unsteadiness first appears as
a waviness in the double-thread wake. As the Reynolds number is
increased to about 290, the wavy motion gives way to vortex shed-
ding wherein streamwise-oriented vortex loops are formed in the
wake at periodic intervals3~® A unique feature of the wake in this
regime is that it seems to exhibit symmetry about a plane passing
through the wake centerline. The presence of planar symmetry in
the unsteady sphere wake is in fact peculiar enough thatit is viewed
by some with a degree of skepticism. This skepticismis encouraged
further because of the lack of a detailed analysis of this flow regime.

The objective of the current Note is therefore to describe the
salient features of this vortex shedding regime. In particular, in this
Note we will 1) clearly and unequivocably establish that such a
flow regime does exist, 2) describe the structure of the vortices and
resultant forces on the cylinder in this regime, and 3) provide a
more accurate estimate of the upper extent of this regime and an
understanding of the bifurcation through which planar symmetry is
lost at higher Reynolds numbers. All of these issues are addressed
here through direct numerical simulations of the sphere wake.

An accurate Fourier-Chebyshev spectral collocation method has
been used for computing three-dimensional, unsteady, viscous in-
compressible flow past a sphere. The solution is advanced in time
by using a second-order-accurae, two-step, time-split scheme. The
current solver has been tested extensively by performing a series
of simulations of flow past a sphere in the Reynolds number range
50 < Re; <500 and comparing our numerical results with estab-
lished experimental data.” In addition to qualitative features, key
quantities such as drag coefficients, separation angles, and vortex
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shedding Strouhalnumbers show good agreementwith experimental
data throughout this Reynolds number range. Furthermore, exten-
sive tests have been carried out to demonstrate spectral accuracy
and adequacy of the nonreflective outflow boundary condition. A
detailed description of the solver and the validation study can be
found in Ref. 9.

Results

Here we will focus first on describing our simulation results for
Re, =350, which lies in the middle of the range where planar sym-
metry is indicated by experiments? In this simulation a mean ax-
isymmetric flow is obtained first. Subsequently,a small disturbance
in the form of a random (white noise) azimuthal slip velocity is pro-
vided for a short time. The disturbance grows in time because of the
inherent instability of the flow and eventually saturates. The simu-
lation is continued well beyond the time where a stationary flow is
obtained, and all results presented here are for this stationary flow
regime. [tis importantto reemphasize that the perturbationprovided
is random in space and therefore does not have a preferred spatial
structure or orientation.

Figure 1 shows two views of the vortex topology observed for
Re; =350 at one time instant. The vortical structures in these and
subsequent figures are identified by the imaginary part of the com-
plex eigenvalue of the velocity gradienttensor.'®!! Figure 1a shows
the three-dimensional structure of the wake, and vortex shedding
is characterized by the appearance of interconnected vortex loops
similar in shape to those observed in experiments.>*'> The most
striking feature observed in Fig. 1b is the apparent symmetry of
the wake about a plane passing through the wake centerline. Planar
symmetry in the unsteady sphere wake has been observed in ex-
periments in the range 300 < Re,; < 420 by Sakamoto and Haniu*
and was also observed in the simulation of Tomboulideset al.” at
Re,; =300. Although these previous as well as current flow visual-
izationsindicate planar symmetry, the extent to which this condition
is maintained in space and time has not been established, and this
is the first issue addressed here.

Because vortex shedding from the sphere is a nonaxisymmetric
phenomenon, it results in a side force that is analogous to the lift
force on a cylinder. The actual direction of the side force is deter-
mined by the azimuthal angle where the vortex loops are formed
in the near wake. Consequently, the direction of the side force can
be taken as a direct indication of the azimuthal angle of vortex for-
mation. The time variation of the drag and side force coefficient,
along with the angle of the side force (in radians), is plotted in Fig.
2. Note that the actual angle does not have any significance because
it depends on the initial disturbance and the subsequent evolution
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Fig. 1 Two views of the vortical structures observed in the wake
at Re; = 350. The vortical structures have been visualized by plotting
i =0.1 isosurface. Note that x is the streamwise direction. a) Perspec-
tive view of the wake that shows the interconnected loop structure of the
vortices. b) View along the plane of symmetry. The symmetry plane has
been indicated by a dash-dot line. The isosurface has been terminated
near the sphere.
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Fig.2 Time variation of drag coefficient Cp, side-force coefficient C;,
and side-force angle 6, for Re; = 350.

of the flow to the stationary state. Here the mean angle of the side
force has been subtracted, and furthermore, the angle has been am-
plified a hundred times to show its variation clearly. The variation
in the side-force angle is O(10~*), which is within the numerical
uncertainty of the solver. This indicates that the vortices are formed
at exactly the same location in every shedding cycle. The plot also
shows that, in contrast to the cylinder wake where the maximum lift
force is of magnitude comparable to the drag force,'? the side force
on the sphere is about an order of magnitude smaller than the drag
force. Another difference is that, unlike the drag force on a cylin-
der that oscillates at twice the shedding frequency, the drag force
on the sphere oscillates at the shedding frequency because in the
cylinder wake two counter-rotating vortices are shed per shedding
cycle, whereas in the sphere wake only one vortex loop is shed per
cycle.

Maintenance of planar symmetry requires that the vortices form
at the same azimuthal location in every shedding cycle and that the
subsequentdownstream evolution of the vortices not be susceptible
to nonsymmetric disturbances. Thus it is relevant to evaluate the
degree to which the plane of symmetry is maintained throughout
the wake. Because the azimuthal (or swirl) component of velocity is
zero at the plane of symmetry, the exact orientation of the symmetry
plane can be determined by computing the azimuthal angle of the
zero crossing of the azimuthal velocity. At each streamwise location
in the wake, the orientation of the plane of symmetry thus has been
determined at a number of cross-streamlocations and a mean orien-
tation angle computed by averaging over all cross-streamlocations.
The three-dimensional velocity field has been extracted at 20 dif-
ferent time instants over three successive shedding cycles, and the
preceding process of computing the orientation angle of the sym-
metry plane is carried out for all of these time instants. The overall
variation in the mean orientation angle of the plane of symmetry
over all of these time instants is @(10~*), which can be considered
numerically insignificant. Thus, at this Reynolds number, the condi-
tion of planar symmetry is maintained strictly throughout the wake
at all times.

The experimental visualizations of Sakamoto and Haniu* indi-
cate that planar symmetry is lost at a Reynolds number of about
420, and this loss in planar symmetry is accompanied by large-
scale cycle-to-cycle variations in the azimuthal orientation of the
vortex loops that are formed in the near wake. However, these vi-
sualizations are mainly qualitative in nature and are not capable of
identifying the presence of small-scale variations from planar sym-
metry that mightappear at lower Reynolds numbers. Tomboulideset
al.” also noted the absence of planar symmetry in their simulation at
Re,; =500. However, no attempt was made in their study to pinpoint
the Reynolds number at which planar symmetry was lost. Perform-
ing a linear stability analysis to determine the Reynolds number at
which this bifurcationtakes place is also a nontrivial propositionbe-
cause the base state is not only unsteady but also nonaxisymmetric.
Thus, direct numerical simulation represents the most viable means
of obtaining a better understanding of this bifurcation process.

Here we have carried out simulations at Re,; = 375, 400, and 425
to gain a better understanding of the bifurcation that results in the
loss of planar symmetry. Each of these simulations has been contin-
ued to a stationary state, and the degree to which planar symmetry
is maintained is determined through flow visualization as well as
by analyzingthe variation of the side-force components. Numerical
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calculation of the side-force angle from these two components can
be difficultif the total side force approaches a small magnitude, and
this is indeed what we find for these three simulations. However, the
phase relationship between the two components can still be used to
analyze the degree of planar symmetry in the wake. In Fig. 3 we
have constructed a phase portrait by plotting the two side-force co-
efficients against each other for each of the four simulations, and
a number of interesting observations can be made. As expected,
Fig. 3a shows that the side-force components maintain a constant
phase difference for Re, = 350, indicating that the side-force angle
does not change with time. In contrast, we find that this phase rela-
tionshipis lost for Re, = 375 because the phase trajectory no longer
lies on a straight line, which indicates that the wake loses planar
symmetry at a Reynolds number between 350 and 375. This result
is not in line with experimental observations' that suggest loss of
planar symmetry at Re, =420. Figures 3¢ and 3d also show that,
as the Reynolds number is increased, the two force components
become increasingly uncorrelated, indicating complete loss of pla-
nar symmetry at Re;, =425. Finally, Figs. 3b, 3¢, and 3d do not
exhibit a limit-cycle-typebehavior, which would be suggestive of a
periodic variation in the vortex formation angle; rather, these phase
portraits indicate a highly complex and nonperiodic vortex forma-
tion process.
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Fig.3 Phase-plane portrait with the two side-force components plot-
ted against each other over a time interval corresponding to several
shedding cycles.
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Fig. 4 Vortical structures observed in the wake at higher Reynolds
numbers.

Finally, in Fig. 4 we have plotted visualizations of the vortical
structures for each of these simulations, and as expected, no plane
of symmetry can be observed. In addition, the visualizations in-
dicate that at Re; =375 and 400, even though planar symmetry is
absent, the cycle-to-cyclevariationsin the azimuthal angle of vortex
formation are relatively small. In contrast, at Re, = 425 we observe
large cycle-to-cycle variations in the vortex formation angle, and
this results in a twisting of the vortex street similar to that observed
by Sakamoto and Haniu* for Re, > 420. The fact that experiments*
indicate loss of planar symmetry only at Re, =420 is probably be-
cause the small-scale cycle-to-cycle variations in the vortex shed-
ding angle that appear at lower Reynolds numbers are difficult to
observe through experimental flow visualizations.

Conclusions

Direct numerical simulations of uniform flow past a sphere have
been used to establish that there is a regime where a strict condition
of planar symmetry is maintained in the vortex shedding process. In
thisregime, vortex loops are formed periodicallyin the near wake at
exactly the same azimuthal location, and furthermore, these vortex
loops maintain their orientation as they convect and evolve down-
stream. A series of simulations in the range 350 < Re,; < 425 indi-
cate that the upper extent of this planar symmetric regime lies some-
where between Re, = 350 and 375. This result is not in line with
experimental observations* that indicate loss of planar symmetry at
Re =420. Loss of planar symmetry at these lower Reynolds num-
bers is accompaniedby small-scale variationsin the azimuthal angle
of vortex formation, which could be overlooked in smoke or dye vi-
sualizations. However, at higher Reynolds numbers there are large
cycle-to-cycle variations in the vortex formation angle, and these
variationsresultin an extremely complex wake topology and vortex
shedding process.
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