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a) CFL = 0.2

b) CFL = 0.4

c) CFL = 0.6

Fig. 3 Comparisons of the resolution of the schemes for various CFL
numbers (——, exact; - - - -, ENO3; and , ENO3–ACM).

shows less diffusive behavior than ENO3 without the ACM for all
CFL values considered.

Conclusions
High-order terms in MFA-type ENO schemes are correctly de-

rivedin thisNote.The schemeis testedfor thepositive-andnegative-
propagating waves, which is essential to calculate the Euler equa-
tions. The correct formulation is also important in the extension
to higher-order schemes. To enhance the resolution of the ENO3,
the ACM is successfully employed to the MFA–ENO3 scheme. It
is shown that the MFA–ENO with the ACM gives numerical solu-
tions of high-order accuracy and high resolution near discontinuity
surfaces in � ows and regions of small-amplitude acoustic waves.
Finally, we conclude that the proposed scheme of ENO3 with the
ACM is useful in problems involving acoustic waves with disconti-
nuities.
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Shear Layer Instability
Induced Separation Control
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I. Background

W HEN suf� ciently removed from a solid surface, a separated
boundary layer resembles a free shear layer. A free shear

layer is subjected to several known instabilities.The computational
study by Pierrehumber and Widnall1 identi� es two instabilities:
1) a narrow-band secondary instability, termed the subharmonic
instability, that leads to the merging of spanwise vortices, and 2)
a broadband fundamental mode instability, termed the translative
instabilityby Pierrehumberand Widnall,1 that leads to a streamwise
vorticity concentration.Of the two, the subharmonic instability has
been studied more extensively because of its primary role in the
overall growth of a shear layer. In the present study, however, it is
the translative instability that is of interest.

The computational study by Lin and Corcos2 veri� ed that a two-
dimensional shear layer when subject to a spanwise sinusoidal per-
turbation will roll up into a series of steady, counter-rotating vor-
tices. The experimentalstudy by Lasheras et al.3 shows that a single
small three-dimensionalperturbationon the splitter plate upstream
of a free shear layer can lead to the formation of coherent, counter-
rotating, streamwise vortices spreading across the entire layer. The
scale of the vortices is comparable to that of the spanwise vortices
and contributes substantially to the entrainment process.

The preceding results indicate that streamwise vortices of sub-
stantial strength can be induced in a free shear layer, and the vor-
tices effectively transfer momentum from high-speed to low-speed
streams in a steady fashion. The � uid action is thus similar to that
desired of typical vortex generators. One main difference is that
the vortices are generated through an instability,with the separated
� ow itself providing the vorticity. The input requirement and thus
the interference on the base � ow potentially can be signi� cantly
smaller than typical vortex generators. This potential is illustrated
in the study by Lasheras et al.,3 where a small perturbation leads to
a substantial change in the � ow downstream.

II. Experiment Verifying a Separation
Control Concept

An experimental study was conducted in a 3 £ 3 ft closed-loop
wind tunnel to provide preliminary experimental evidence sup-
porting a separation control concept based on the preceding phe-
nomenon. Although several means of boundary-layer control can
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Fig. 1 Wing model with suction.

be used, suction is chosen for the present study primarily because
of its known effectivenessand ease of application in a laboratory.

A. Model
The model, shown in Fig. 1, is a symmetric wing with a 20%

thickness.A suctionsurface with a spanwise, periodicaldistribution
is implemented along the leading edge of the model. The surface
consists of a metallic, porous undersurface that provides the struc-
tural strength and a removable, smooth plastic sheet that forms the
outer skin. Small pin-sized holes on the plastic skin were used to
create different suction patterns. A vacuum pump outside the wind
tunnel provides the suction through a multistage, branching-�ow
network. For conveniencea simple sawtooth pattern, starting at the
model leading edge, was chosen to be the basic suction surface
geometry. The six suction patterns shown were tested. Geometric
parameters include the suction area ratio (SA) and sawtooth aspect
ratio (AR).

B. Experimental Techniques
Tests were conducted at a chord Reynolds number of 2:5 £ 105

usingtwo techniques:1) � ow visualizationand2)normal forcemea-
surement.The surface� ow was visualizedusing � uorescentoil.The
images were recorded using a video camera at a � xed position so
that the images of different models at various � ow conditions could
be compared directly. Selected images were subsequentlydigitized
for presentationand analysis.The normal forcewas measured using
an internal strain gauge balance. The mechanical (spring) contribu-
tion of the suction tube to the normal force was determined with the
suction on and the tunnel � ow off at each combination of angle of
attackand suction rate. Correctionswere then applied to the � ow-on
data. Note that the aerodynamic force on the exposed suction tubes
is included in the corrected data for the normal force. Because the
exposed tubes are fairly stiff, suction did not signi� cantly alter the
geometry of the tubes. Thus, the tube aerodynamic force was as-
sumed to be eliminated from the differencebetween the forces with
and without suction.

The following scaling parameters will be used in the discus-
sions of the results: Cq D suction coef� cientD volumetric suction
rate/(freestream speed£ reference area) and 1CN D incremental
normal force (freestream dynamic pressure£ reference area).

The uncertainty in the normal force measurement was estimated
by repeated measurements of the model with different suction
patterns (with suction turned off). Between ® D 11 deg and ® D 15
deg, stall occurs for all of the suction patterns. The precise stall
angle of attack and thus the normal force behavior in this angle-of-
attack rangeare sensitiveto the variation in the leading-edgesuction
pattern. However, a fair consistency was revealed among different
suction patterns for ® less than 11 deg and above 15 deg. Based
on the results for all of the models tested over these ® ranges, the
overall standard deviation of 1CN is estimated to be 0.03. This de-
gree of uncertainty,althoughhigher than desired for quantifyingthe
wing performance, is deemed adequate for the purposeof providing
an indication of the � ow state. Furthermore, the repeatability for
individualmodels shows a much smaller deviation,which indicates
that a signi� cant portion of the overall uncertainty is because of
model-to-modelvariations.

C. Results and Discussion
Without suction a stall of the wing occurs at an angle of attack of

about15 deg.The corresponding� owvisualizationindicatesthat the
� ow has completely separated on the leeward surface. A rather dif-
ferent surface � ow pattern, shown in Figs. 2a and 2b, emerges when
suction is applied. Figure 2a was obtained by painting uniformly
with � uorescent oil a portion of the wing area aft of the suction. A
series of counter-rotatingvortex imprints can be seen on the surface
in between triangular suction areas. The � ow downstream of the
vortical imprints appears to be attached. Figure 2b shows a clear
picture of the vortical pattern, obtained by paintingwith � uorescent
oil a small area in between two triangular suction areas.

Flow visualizations are subject to interpretation and often can
be misleading. Thus the normal force was used as another inde-
pendent indication of the state of the boundary layer. Figure 3
shows the incremental normal force due to the perturbation. At
Cq D 3:0 £ 10¡4 , 1CN increases progressively from ® D 10 deg to
® D 19 deg, which is in agreement with the deduction based on
� ow visualizationsand again suggests that separation has been de-
layed because of the imposed perturbation. The values of 1CN

are signi� cant at high angles of attack. As shown using � ow vi-
sualization in Fig. 4, the effectiveness of the control is not highly

a)

b)

Fig. 2 Steady-state surface � ow pattern of the wing at ® = 15 deg and
Cq = 3:0 £ £ 10¡ 4 for suction pattern II.
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Fig. 3 Incremental normal force coef� cient at Cq = 5:0 £ £ 10¡ 4 for suc-
tion patterns II and V.

Fig. 4 Comparison of the surface � ows of patterns III and V at
Cq = 5:0 £ £ 10¡ 4.

sensitive to the suction surface geometry for a suf� ciently high suc-
tion rate.This indicatesthat the broadbandnatureof the instability is
retained.

III. Conclusion
Several conclusions can be drawn from the study.
1) A periodical surface � ow control can produce a three-dimen-

sionalperturbationthat leads to the formationof streamwisevortical
� ow structuresin the separatedshear layer.Thoughsuctionwas 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 � ow 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 combinationof 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

T HE spherecan be considereda prototypicalaxisymmetricbluff
body, and understandingthe sphere wake is important because

of its relevance to a number of aerodynamic and hydrodynamicap-
plications. In addition, vortex shedding from particles assumes im-
portance in particulate � ows at high-particleReynolds numbers be-
cause this sheddingcan have a signi� cant effect on the enhancement
of turbulence.1 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 intenseexperimentalandnumericalinvestigationsin the last
three decades.2 The relatively few studies of the sphere wake that
have been done to date show that the vortex topology and shedding
process is signi� cantly different from that in the cylinder wake.3¡8

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 < Red < 270 (where Red is the Reynolds num-
ber basedon the diameterand freestreamvelocity), and the presence
of planar symmetry in the unsteadywake regime at higher Reynolds
numbers. From experiments,3¡6 stability analysis,8 and numerical
simulations,7 it is known that the sphere wake becomes unsteady at
a Reynolds number of about 270. The unsteadiness � rst 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 intervals.3¡6 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 unsteadysphere wake is in fact peculiar enough that it is viewed
by some with a degree of skepticism.This skepticism is encouraged
further becauseof the lack of a detailedanalysisof this � ow 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
� ow 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
understandingof 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 � ow past a sphere. The solution is advanced in time
by using a second-order-accurate, two-step, time-split scheme. The
current solver has been tested extensively by performing a series
of simulations of � ow past a sphere in the Reynolds number range
50 < Red < 500 and comparing our numerical results with estab-
lished experimental data.9 In addition to qualitative features, key
quantities such as drag coef� cients, separation angles, and vortex
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