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The flow field around a sphere in an uniform flow has been analyzed numerically for conditions
corresponding to the subcriticddminar separatiorand supercriticalturbulent separatigrregimes
spanning a wide range of Reynolds numbers*@10¥). Particular attention has been devoted to
assessing predictions of the pressure distribution, skin friction, and drag as well as to understanding
the changes in the wake organization and vortex dynamics with the Reynolds number. The unsteady
turbulent flow is computed using detached-eddy simulation, a hybrid approach that has
Reynolds-averaged Navier—Stokes behavior near the wall and becomes a large eddy simulation in
the regions away from solid surfaces. For both the subcritical and supercritical solutions, the
agreement with experimental measurements for the mean drag and pressure distribution over the
sphere is adequate; differences in skin friction exist due to the simplistic treatment of the attached
boundary layers in the computations. Improved agreement in the skin-friction distribution is
obtained for the supercritical flows in which boundary layer transition is fixed at the position
observed in experiments conducted at the same Reynolds numbers. For the subcritical flows the
Strouhal number, St, associated with the large-scale shedding is predictedCal$ along with

a higher frequency component associated with the development of the Kelvin—Helmholtz
instabilities in the detached shear layers. If in the subcritical regime the wake assumes a helical-like
form due to the shedding of hairpin-like vortices at different azimuthal angles, in the supercritical
regime the wake structure is characterized by “regular” shedding of hairpin-like vortices at
approximately the same azimuthal angle and at a much higher frequene$.GStthat is practically
independent of the Reynolds number and not sensitive to the position of laminar-to-turbulent
transition. © 2004 American Institute of Physic§DOI: 10.1063/1.1688325

I. INTRODUCTION is sufficient? DES is a nonzonal technique that is compu-
o o . . tationally feasible for high Reynolds number predictions, but
Prediction of flows that exhibit massive separation re-i5o resolves time-dependent, three-dimensional turbulent
mains one of the principal challenges to computational fluidy,gtions as in LES. Previous applications of the method have
dynamics(CFD). The main interest of the present study i peen fayorable, yielding adequate predictions across a wide
calculation of the turbulent flow over a sphere at high Rey-range of flowse.g., see Streletand references thergiand
nolds numbers. Perhaps the most well known feature of th Iso showing that the computational cost has a weak depen-

flowlqver a sphere is the occurrence of the drag crisis aroun ence on Reynolds number, similar to RANS methods, yet at
a critical Reynolds number of Re=3.710°, a manifesta- . . " e
the same time providing more realistic descriptions of un-

tion of the significant differences between laminar and tur- . . . -
bulent boundary layer separation. While the geometry issteady effects. In this work, DES is appll|ed t_o prediction of
simple, the flow field that develops around the sphere is comil'€ flow around a sphere for both subcritidaminar bound-
plex, possessing many of the aspects that are difficult to a@'Y layer separation; transition tq _turbulence occurs in the
curately capture in numerical models, e.g., transition fromSepParated shear laygrnd supercriticalturbulent boundary
laminar to turbulent flow, massive separation, large-scald2yer separationregimes. The goal is to assess the accuracy
vortex shedding in the turbulent wake, etc. Flow field pre-Of the modeling approach in predicting quantities such as the
dictions in this work are obtained using detached-eddy simuskin-friction and pressure distributions around the sphere
lation (DES), a hybrid technique which essentially reduces toand, related, the drag and side forces. Additionally, an impor-
a Reynolds-averaged Navier—StoKBANS) treatment near tant aim of the work is to assess the time-dependent features
the walls and becomes a large eddy simulatioBS) in the  of the solutions and the changes in the wake structure with
regions away from solid surfaces, provided the grid densityReynolds number.

As also true for the circular cylinder, the sphere is

aTelephone: 319 384 0630; electronic mail: known for its drag crisis, a reflection of the substantial dif-
sconstan@engineering.uiowa.edu ferences in separation of laminar and turbulent boundary lay-
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ers. Consequently, construction of the simulation and espepplied to a canonical configuration by comparing not only
cially the boundary layer treatment within a computation isthe prediction of integrated quantities, such as the drag, but
important. The simulation design employed in this effort par-also the time-dependent features of the shedding process.
allels in many respects the earlier calculations of the circulailhis work also allows us to gain some insight into the degree
cylinder by Travinet al? Both in this contribution and in the to which well-defined, though simple, treatments of the at-
cylinder simulations the boundary layer treatment of the subtached boundary layers influence the predictions.
critical flow is the same. Relevant to the present application For Reynolds numbers below the critical value .Rét
is the previous workon the subcritical flow over a sphere at is possible in experiments to trip the flow in order to induce
Re=10% in which DES predictions of the flow past a spheretransition to turbulence of the attached boundary layer prior
were adequate based on comparison to experimentéb the location where eddies are detaching from the sphere
measurementsas well as to LES results obtained using asurface. Similarly, for supercritical flows it is possible to in-
dynamic subgrid model. duce earlier transition of the attached boundary layers than
Prediction of flows in the supercritical regime increasesoccurs naturally in “quiet” conditions, by tripping the
the burden on the model, primarily through the need to preboundary layers upstream of the location corresponding to
dict boundary layer growth and separation, which is undenatural transition. Maxworth¥,for example, attached a thin
the control of a RANS model in natural DES applications.circular wire at a constant polar angle=55° (the origin
This increase in the empirical content of the modeling ap-corresponding to the upstream stagnation peion the
proach appears unavoidable—the cost of whole-domain LESphere. Drag measurements from the experimental investiga-
in the supercritical regime is not far from that of direct nu- tion of Maxworthy? are represented with a dotted line in Fig.
merical simulation because of the resolution needed to cat along with the classical curv€, = Cy4(Re) for the flow
ture the turbulence structurés.g., streaksinside the thin  over a spheré.Thus, over a range of Reynolds numbers
attached turbulent boundary layers. Even with wall-layer(Re<Re,), two distinct wake configurations are possible,
models, the computational cost of LES applied to high Rey<corresponding to either a laminar boundary separation or a
nolds number flows is not small and, in addition, wall-layerturbulent boundary layer separation. This is exemplified in
modeling remains a topic of considerable fundamental interFig. 1 and Table I, by the two calculations at-REP, one
est for which new modeling strategies are being actively(subcritica) which is very close to the drag value given by
pursued’’ Analogous to the cylinder, in the supercritical re- Schlichting® as expected, and onésupercritical which
gime the attached boundary layers along the sphere becoryeelds a lower dradtransition was imposed at=0°).
turbulent prior to flow detachment and the details of the tran-  Presented in the next subsection is a summary of some
sition process are complex. In the work reported below, af the features of the flow over a sphere based on experimen-
simple treatment of the boundary layers is applied in mostal investigations and a discussion of the previous numerical
casegfully turbulent from the stagnation pointan approach investigation of the flow past spheres. Following is then an
that leads to differences compared to measurements in preverview of the computational approach with a description
diction of the skin friction. Because of these differences,of the numerical method. Results from the computations are
some computations were also performed to investigate thpresented along with a summary of the findings from this
influence of laminar-to-turbulent transition by fixing the po- effort.
sition at which the turbulence model becomes active at a
position closer to where transition is observed in experi-”- BACKGROUND
ments. One of the contributions of the present manuscript is  The flow past spheres has been documented mostly us-
an opportunity to evaluate the simulation methodology asng lab experiments for several years with many studies con-
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TABLE I. Effect of Reynolds number and flow conditions on flow parameteys—subcritical regime{S)—
supercritical regime;(ft)—fully turbulent boundary layers. Experimental measurements from Achenbach

(1972.
Cq C.1Cy(%) ®s e

Re Cq expt. C,/Cy(%) expt. s expt. ¢, expt
300 0.6550.0032 0.63 42 11 113 .-
10%(s) 0.393-0.009 04 8.3 5.5 841 825 101
10°(s) 0.414+0.026  0.4— 2.2 1.8 81.%1 825 90

0.5

10°(S) (ft) 0.191+0.012 : 10.2 103+2 .- o -
4.2°10°(S) 0.093+0.010  0.085 13.1 13.0 1182 119 100 98
4.2°10°(S)(ft) 0.117-0.0096 --- 15.2 114+2 - o -
1.14 10°5(S) 0.080+0.0075 0.12 12.1 75 1262 120 98 98
1.14105(S)(ft)  0.102+0.011  --- 15.2 1172 - 0o -

centrating on qualitatively describing the flow using visual-and pairing processes that accompany transition to turbu-
ization techniques. Several quantitative measurements of tHence of the vortex tubes. Experiments clearly show that the
flow over a sphere have been reporté:'?These investi- two instability modes co-exist simultaneously up to a certain
gations were mostly interested in documenting the differenReynolds number in the subcritical regime. However, there is
flow regimes, studying the changes in the wake structure ansome disagreement on this particular value of the Reynolds
shedding mechanism with the Reynolds number, and propostumber. Achenbachdid not detect the high frequency mode
ing models for the vortical structure of the wake. With the beyond Re=6000, Sakamoto and Harlfufailed to capture it
exception of a recent investigatirof the flow past spheres beyond Re=1.5°10%, while in some experiments®® the
in the subcritical regime at Re5* 10%, none of these inves- presence of the two modes was detected up to RB. The
tigations contained detailed measurements of the near-walanergy content of the high frequency mode is relatively high
properties at subcritical or supercritical conditions that wouldin the detached shear layers.
enable a detailed study of the vortical structures in the wake There is better agreement on the values of the frequen-
and a full validation of the CFD calculations. cies (expressed in nondimensional form as a Strouhal num-
These previous works have shown that the topology antber) associated with these two modes in the subcritical re-
shedding process around the sphere vary significantly witlgime. The Strouhal number which corresponds to the
Reynolds number. Experimental investigations have showshedding(spira) mode remains approximately constant at
that for Re>270—-300 (Re-400 according to Refs. 14 and 0.18—0.2(depending on the investigatibi'® for Re>6000
15), a spiral instability mode is present. This mode is relatedvhen the transition to turbulence of the separated vortex
to the large-scalésinuous instability of the wake and is due sheet is completed. The vortex tubes shed from the separa-
to the coherent rotation of the recirculation zone, and conseion region stabilize and there is a return to a more regular
quently of the separation line on the sphere. This instabilityshedding pattern of the large-scale vortices from the forma-
manifests as a progressive wave motion with alternate fluction region up to Reynolds numbers close to the drag crisis
tuations produced by the shear present at the limit betweefr~10°). The structure of the large vortices shed in the wake,
the recirculation zone and the exterior fluid. The alternatehough not very clear in experimentas for Re>1000 the
fluctuations determine the periodic shedding of hairpin-vortex loops are known to diffuse very rapigllyseems to
shaped vortices from the sphere to form a completely lamimaintain a hairpin-shaped form similar to the one observed
nar wake. Most of the large-scale vorticity of the shed struc-at lower Reynolds numbers. Experiméritsonfirmed that
tures originates from the separation of the shear layers at thbere is little change in the wake structure and nondimen-
sphere surface. This mode is associated with the large-scas@onal parameters in this range. The Strouhal number corre-
vortex shedding in the laminar and subcritical regimes. Besponding to the Kelvin—Helmholtz instability is increasing
tween Re=300 and Re800, laminar hairpin-like vortices with the Reynolds number (Re800) mainly because the
are shed behind the sphere. A new instability that manifestshear layers become unstable to smaller wavelengths.
as an axisymmetric shedding of vortex tubes due to pulsa- The transition from the subcritical to supercritical re-
tions in the separated shear layer is pre$estarting at Re  gime is accompanied by development of a more compact
=800. The observed threshold value E&&00) agrees very recirculating regior(the length of the primarily recirculation
well with the one determined in other experimett$® This  zone is decreasingn the near wake. The drag coefficient
last mode is associated with the small-scale shear-layairops from values near 0.4-0.5 prior to the drag crisis to
Kelvin—Helmholtz instability on the periphery of the recir- around C4=0.07—0.09° In addition to Achenbach,the
culation region, and is responsible for the distortion of theflow over the sphere in the supercritical regime was investi-
large-vortex structures, shedding of the vortex tubes in aated experimentally by Tanefawho proposed a wake
guasi-coherent fashion, production of small scales and, evemrodel in which the vortex sheet separating from the sphere
tually, transition to turbulence in the detached shear layergolls up into an()-shaped structure to form a pair of coherent
Bakic!® was able to capture in his visualizations the roll upstreamwise vortices. Based on visualizations, Tatfed
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not observe periodic shedding similar to the one present ajfetermined at Re420. For instance, the DNS results of
subcritical conditions. This change in the wake structure in-Tomboulideset al?® and Tomboulides and OrsZdgqusing a
duces a lateral force on the sphere that tilts the wake relativgumerical method based on a spectral element-Fourier algo-
to the streamwise axis. As described in the Results sectionithm showed that the wake structure at=F%00 consists of
the present simulations confirm the presence of such a laterglsyccession of interconnected vortex loops. The vortical pat-
force and, consequently, the tilting of the wake, but also the@grn was similar to that obtained at R800 (regular un-
shedding of hairpin-like structures at a relatively high fre'steady shedding regimebut the planar symmetrsolution
quency (St-1.3), considerably larger than the one associis symmetrical in the plane of zero lateral forgaesent in
ated with large-scale vortex shedding in the subcritical retne Jatter was lost. Tomboulidest al2® did not detect any
gime (St-0.19). The main features of the flow remain gmai-scale turbulence in the wake in the simulation at Re
unchanged up to Rel.5*10°. =500. As the Reynolds number was increased to Re
=1000, their DNS calculation showed that the shear layers
IIl. NUMERICAL INVESTIGATIONS became unstable after separation and small-scale turbulence
structures were present in the wake. The Strouhal number
Most of the past numerical investigation of the flow pastasgociated with the spiral mode assumed a value of 0.202,
spheres have focused on investigating the flow in the laminaghjje the one associated with the Kelvin—Helmholtz insta-

steady and unsteady regimes, determining the onset of vortgyjir, was close to 0.36. Both values agree well with the ones
shedding and studying some of the flow features at relatlvelyeported in experiment$. The simulation also showed the

highgr Reynolds numbeftbefore transition to turbulencg oc- broadening of the velocity spectrum in the wake, correspond-
curs in the wakgwhen the coherent structures shed in themg to the transition to turbulence.

wake become less regular. There are relatively few time-accurate simulations in the

Most numencal Investigations in the laminar steac_jy andrhulent regime. Simulations performed in the subcritical
unsteady regimes used either finite-differences metfiotfs regime include the LES of Tomboulidest al?® at Re

T _ —22 . .
or finite-element approach%.?2In all these simulations the —2*10" in which a subgrid model based on renormalization

maximum Reynolds number was around=Re0. The flow r%1roup theory was used. They reported values of the Strouhal

configuration was not always the same, for instance i b iated with th : bili d ithi
Shirayam@’ the sphere was accelerated to the final velocitynum ers assomat_e with the two insta ||ty modes within
10% of the experimental valués:ithe shedding frequency

from rest, and in some of the calculations of Shen and'Loc .
the sphere was allowed to spin and the effect of the Magnu\év.as O'Zé vg:lle%sthe sgeflrz—léayerc;‘requgncy Wasd atr)ouncé 3.5,
im an of® use and an immersed boundary

force on the rotating sphere was quantified. However, most . S . . . o .
g sp d ) ethod in cylindrical coordinates in which a hybrid discreti-

of the investigations focused on the flow over a fixed spherén

in a freestream. The numerical methods to solve the NavierEatlon for the convective term@pwind differences in the

Stokes equations in these studies also varied widely frongegion of laminar accelerating flow, central differences else-

author to author. They included using fractional step algo_\évhfr;)#visﬁuszdéo cla(\)I‘lcu_Ire:;te the ﬂc.JW _past spheres betv;/]een
rithms with double time-steppin(Runge—Kutta with multi- <& > and Re=10°. The quantitative agrezr;ent at the
grid or alternate direciton implicit were used to integrate the!®Wer Reynolds number with the experimental dataeloc-

equations in pseudo-tineusing the velocity-vorticity form 1Y Profiles in the wakgwas good, while the predictions of

of the Navier—Stokes equations and semi-implicit algorithmdn€ drag coefficient, mean base pressure coefficient and shed-
for discretization, using the Galerkin method in the contextding frequency were within the experimental range at both

of finite elements or solving the compressible Navier—Stoke&€ynelds numbers. Seieit ?‘I-Z? performed DNS at a Rey-
equations at low Mach numbers. The results from these in?0ldS number of 5000. Their simulation was able to correctly
vestigations sometimes performed at exactly the same Rejredict the formation of the initially laminar vortex tubes in
nolds number did not always agree, showing that difference’® detached shear layers, as well as the subsequent roll-up,
in the numerical methods can affect the results even in thairing and transition of these vortices. They obtained good
absence of resolved turbulent structures. For instance, trgreement for global parameters, such as the streamwise
range over which the onset of vortex shedding was observedfad, the Strouhal number, etc. Recently, Sctifhider-
in these studies varies from 270 to 400, while experimentaformed several simulations at R&*10" using different sub-
measurements show a much narrower range of 270—30@rid stress(SGS models (Smagorinsky, dynamic and no
Very accurate algorithn3$?°based on a Fourier—Chebyshev mode). He used a finite volume method and local grid re-
spectral-collocation method were used to simulate flow pasinement in the detached shear layers to accurately capture
spheres and spheroids for Reynolds numbers up to 650 wittie formation of the vortex tubes and their subsequent evo-
and without external periodic forcing. The periodic forcing lution. The influence of the SGS model used on the mean
was produced by introducing perturbations in the surroundflow quantities appeared to be rather minor. Subsequently,
ing flow and was used to study the vortex shedding lock-orihe result¥’ were compared with experimeftand overall a
phenomenon, where the vortex shedding can lock-on to agood agreement with the experimental détaat included
external forcing frequency different from the natural shed-mean velocity and turbulent fluctuations profiles in the wake
ding frequency. collected at the same Reynolds number was observed. This
Some of the numerical investigations also studied thevas in contrast with the RANS calculatichdor the same
onset of the irregular vortex shedding mode, experimentallflow where the agreement was poor not only for the integral
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qguantities but also for the wake characteristics. Steadgtreamwise and spanwjsare at least on the order of the
RANS calculations in the subcritical and supercritical re-boundary layer thickness and the S-A RANS model is re-
gimes were reported by Drikal%?s_who used an artificial tained throughout the boundary layer, i.d=d. Conse-
compressibility solver in conjunction with a near-wéle  quently, prediction of boundary layer separation is deter-
model, and Koschest al>3 who used an unstructured finite- mined in the “RANS mode” of DES. Away from solid
pressure distribution around the sphere was limited. All cal-
culations showed that the “steady” numerical solution is not D% ~ Ch2
axisymmetric, however, the presence of shedding was not D_:Cbl[l_ftZ]Sﬁ_ Cwlfw_FftZ

. : 1
sented RANS calculations at R&0* using several models +—[V-((v+7)VD)+cpa(VD)?]. 2
(k-¢, k-w, S-A,v2-). The level of accuracy in the predic- o
tion of the main time-averaged flow parameters differed fro

. S ~ X
ments. Though time-accurate, the equilibrium RANS solu- v=vf,;, f,i=—5—=%, Xx=
. . . . . X tC
tion in these computations was practically steady-state in v
is less significant as compared to the flow past cylinders. ~ 0 p%
S:S+_fvz, fvzzl_

k%d?

Ql|

mI'he eddy viscosity, is obtained from

: 3

element scheme with no turbulence model. The success @boundaries, the closure is a one-equation model for the
these simulations in predicting mean quantities such as thgodified SGS eddy viscosity:
r

investigated, as the simulations were not time-accurate. Fi-
nally, in a related study, Constantinescu and Sqtfirpee-
model to model with the two-layek-& showing the worse
agreement with LES predictions and experimental measure- 3 7

v
flow past cylinders. This might be attributed to the fact thatexpressed as
the coherence of the wake structures in the flow past spheres

, 4
1+Xful ( )

IV. COMPUTATIONAL APPROACH . . - . .
whereSis the magnitude of the vorticity. The functidy, is

A. Detached-eddy simulation given by

DES is a nonzonal technique that can be applied at high 6 116 _
Reynolds numbers as can RANS methods, but also resolves —g 1+ Cus g=r+cu(ré=r), r=
time-dependent, three-dimensional turbulent motions as in " g®+ct, ' w2 ' 3252

LES. The technique is based on a modification to the length (5)
scale in the destruction term of the one-equation eddy vis-

cosity (S-A) model developed by Spalart and Allmards. The functionfy; is defined as

Essentially, DES reduces to a RANS closure in the attached B 2

boundary layers (using the S-A model and to a fi2=Cig €XP( = Crax ™). 6)
Smagorinsky-type subgrid scale model away from the Wall. The wall boundary condition =0 and the constants are
There is a single solution field, and the transition between thg, | —0.1355, ¢=2/3, c,,=0.622, k=0.41, Cyy=Cp; /K>
RANS and LES regions, all coupled by the Navier—Stokes, (14 ¢ )/o, c,,=0.3, Cu3=2, C,1=7.1, cz=1.1, and

equations, is seamless in an application sense, i.e., withogt, — 2 0. When the production and destruction terms of the
artificial transitions between the solution domains. Compareghde| are balanceihe flow is near equilibriumg the length

to URANS, for a fully three-dimensional flow DES is more scaled=CpesA in the LES region yields a Smagorinsky
expensive as typically the time steps are smaller and the grigddy viscositys = SAZ, which varies in both space and time.

N SOME Tegions of the flow h"?‘s to be reﬁned to capture therhe solution of the transport equation for the eddy viscosity
dynam.|cally important eddies in that regi¢e.g., the vortex accounts for transport and history effects analogous to dy-
tubes in the detached shear Iayer's that are not captured k?l%lmic formulations. The length scale redefinition away from
URANS), but t.he overall ncrease 1 ggnerally less than ON&slid boundaries increases the magnitude of the destruction
order of magmtudg The 'dlfference is higher for flows that INiarm in the S-A model, drawing down the eddy viscosity and
average are two-dimensional. L allowing instabilities to develop. Analogous to classical LES,

In the S-A RANS mpdeILa fransport equation is used ©he role ofA is to allow the energy cascade down to the grid
compufce a \_/vorkmg variabla, used FO fgrm th‘? turbulent size; roughly, it makes the pseudo-Kolmogorov length scale,
edd¥ V'SCOS'ty,’Ut' The DES formulation is obtaLr1gd by re- based on the eddy viscosity, proportional to the grid spacing.
placing the distance to the nearest wall, by d in the  The additional model constaftyes=0.65 was calibrated in
produgtion/dissipation terms and model parameters. The difﬁomogeneous turbulené®. Additional discussion of the
tanced is defined as model and implementation details can be found in Refs. 1, 3,

~ . . and 4. The sensitivity of DES to the value of the model

d=min(d,Cpesd), A=maxax,Ay,Az), @ constant Cpes was investigated by Constantinescu and
whereAx, Ay, andAz are the grid spacings. In “natural” Squire$ for the flow past spheres in the subcritical regime,
applications of DES, the wall-parallel grid spacin@sg., also finding that a valu€pegs=0.65 was optimal.
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B. Simulation overview <<0.557) consist of a uniform velocity U. For solutions

The incompressible flow around a sphere is compute&)f the subcritical flows the inflow eddy viscosity was set to

using a fully implicit fractional-step method. The governin ;ero with ”OT‘ZGrO va]ues ;eeded into the.wall<e. Th.e.revers—
9 y Imp P g g ing flow that is established in the wake region is sufficient to

equations are transformed to generalized curvilinear coordi- tain the turbul el d ¢ ; tion in th
nates with the primitive velocities and pressure retained agustain Ine turbulence moce! downstream ot separation in the
ubcritical solutions. Predictions of the supercritical flows

the dependent variables on a nonstaggered grid. Constant- X
nescu Zmd Patgvl plreviously employedg?he bagel numerical With fully turbulent attached boundary layers were obtained
method for computation of steady flows. The convectiveby seeding a small level of eddy viscosity into the inflow

. ._“condition, sufficient to ignite the turbulence model as the
terms in the momentum and turbulence transport equatio

. . . , . rA"?uid enters the boundary layers on the sphere surface. As
are discretized using a blend of fifth-order accurate upwin : T
shown below, this treatment is simplistic and only a rough

differences near the sphere walls and in the irrotational outer S

. . approximation to the boundary layer treatment on the sphere

part of the flow and second-order central differences in the . . . . -

: o . in the supercritical regiméquiet conditions and no tripping

sphere wake region following ideas proposed by Travmin experiments for which part of the boundary layer is not
et al*® and Strelets. Similar to the cylinder calculations re-

) T turbulent. As also discussed in the following section, the dif-
ported in these references, the switching insures that centrﬁi

aiff d th K : I rences in the DES predictions of the skin friction for the
Nerences are used over the wake reglon as wel as OVg:{upercritical flows compared to the experimental measure-

most of the detached shear layers. Upwind discretization i ents motivated simulations that attempted to more closely

applied over the small upstream part of the detached sheqtiic houndary layer evolution prior to separation. Calcula-
layers, in the irrotational regions outside the wake and in th?ions were performed in which the turbulent eddy viscosity
attached boundary layers on the back of the sphere. Thg,q gynpressed prior to the azimuthal location at which tran-
source terms in the S-A model employed in DES are treatedjsiop is apparent in the measurements.
implicitly. All other operators in the momentum and  1pe velocity components and turbulence variables at the
pressure—Pmsspn equation are .approxllmated using secongls\wnstream boundaryr €14.5 D, 0.55r< <) are ob-
order central differences. Extension to time-accurate calculgzjned using second-order extrapolation from the interior of
tions was ac_hieved using_a QOubIe—time—stepping algorithMyye domain. The value of 0.55corresponds to minimum
The approximate factorization of the momentum andgistortions observed in the region in which the shed vortices
pressure-Poisson equations and the use of the local-timeoss the boundary. No-slip conditions on the sphere surface
stepping procedure are made in pseudo-time, and thus do ngfe imposed. The pressure boundary condition on the sphere,
affect the time accuracy of the solution. at the upstream and downstream boundaries is obtained from
Solutions are obtained on a domain that extends from thehe surface-normal momentum equation. Periodic boundary
sphere surfacer0.5 D, where D is the sphere diamet®y  conditions are imposed on all variables in the azimuthal di-
14.5 D in the radial direction. The governing equations argection. On the polar axesgE0,7), the dependent vari-
solved on simple O-O grid withr(¢,6) the radial, polar, aples are obtained by averaging over the azimuth a second-
and azimuthal directions, respectively. The grid is created byder accurate extrapolation of these variables.
initially generating a two-dimensional mesh in an azimuthal  The convergence criterion at every time step was that the
planer-¢ and rotation around the polar axes. The grid pointsmaximum value of the nondimensional velocity and pressure
in the azimuthal direction are uniformly distributed. Most residuals should be smaller than 0D and U were used to
calculations were carried out on a baseline mesh ohondimensionalize the residual¥his insured a reduction of
1417101" 41 points in the (, ¢, 0) directions as well as on a more than two orders of magnitude for the norm of the ve-
grid with refinement in the azimuth to 14101"82 points.  |ocity components to reach incompressibility at each physi-
The first wall-normal grid point was within one viscous unit cal time step, and yielded an adequate damping of errors
from the sphere surfaced¢, <1, whereAr*=u Ar/v and  throughout the entire domain. An average of about 60 sub-
u,=0.04 U is used as a conservative estimate of the frictionterations were used to converge the solution per physical
velocity). The distribution of the points near the sphere wastime step.
dependent on the Reynolds number such that around 5-8 The temporal accuracy of the numerical approach was
points were within ten wall units in the turbulent wake re- establishetithrough comparison of the results from a simu-
gion for both the subcritical and supercritical calculations.lation at Re=300, in the(laminap periodic vortex-shedding
For instance, at Re10* the maximum grid spacing near the regime, with previous computational results and experimen-
sphere surface is roughly 9 wall units in the polar directiontal measurements. For the same Reynolds number the size of
and 21 wall units in the azimutksensibly smaller in the the computational domain was increased up to 30 D in the
turbulent wake because of the grid topolpg¥his insures radial direction. The resulting forces on the cylinderean
adequate resolution not only of the large-scale vortices in thgalue and amplitude of oscillatioprand the shedding fre-
wake but also of the vortex tubes in the detached shear layguency were practically unaffected by the change in the do-
ers. For the simulations of the supercritical flows a moremain size. For turbulent calculations, Constantinescu and
substantial fraction of the turbulent motions are modeled, irSquire$ previously compared DES to LES predictions ob-
turn providing a useful test of the predictive capability of tained using a dynamic Smagorinsky model for the flow past
DES at the higher Reynolds numbers considered. a sphere at Rel(?, finding good agreement between the
The conditions at the upstream boundary=(14.5D, 0  two techniques against experimental measurements. That in-
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vestigation also showed the essential role played by the tuusing the “turbulence index.?® For DES it is evaluated us-
bulence model, in that calculations attempted without anying i;=(1/k)u.dv/dn, wherex is the von Karman constant
explicit model were numerically unstable, with the instability andn describes the coordinate normal to the wall. The index
originating in the detached shear layers. is zero in a laminar region, followed by a sharp increase in
The present calculations were performed using a physithe predicted region of transition and in fully turbulent re-
cal time step of 0.02 D/U, which insures that a period corregions. In Table | the indicess] and (S) indicate the nature
sponding to the main shedding frequency corresponds to ajf the attached boundary layer at separatiaminar or tur-
proximately 220 time steps in the subcritical regime andbulend, while (ft) indicates that the boundary layer was tur-
around 35 time steps in the supercritical regime. The influbulent from the stagnation pointp(=0).
ence of the time step was assessed in separate calculations in For the subcritical solution at Rel0*, (lamina) bound-
both the subcriticdland supercritical regimes to confirm that ary layer separation occurs at an angle of 85° that is slightly
the unsteady features of the flow were adequately resolvethigher than the value of 82.5° measured by AchenBach.
Halving the time step from the value used to obtain the reBakic'® measured an angle of 80°—83° at a higher Reynolds
sults presented in the next section does not lead significamumber (Re=5*10%) very close to the range obtained in the

variations in the solutions. present subcritical solution at R40° (80.5°—82.5°). As
discussed above, the calculations at=R€" illustrate the
V. RESULTS important influence of boundary layer treatmélaiminar or

turbulen) that leads to different solutions due to the change
§n flow separation characteristics. As shown in detail in the
following, the subcritical solution at RelC® is very similar

Comparison between the predictions obtained at R
=10* and of the supercritical flow with fully turbulent

boundary layers at Rel.14°10° allows the assessment of to that obtained at Re10*, while the supercritical solution

the.chan_lg_]ﬁ s !nflthe flow Ir?r:n tge Slébcnt'lcal totsup;ercrl?c;alat Re=10° resembles the supercritical solutions obtained at
regime. Ihe infiuence ot he boundary layer treatmen Orhigher Reynolds numbers. As also summarized in Table I, in

Reynolqls numbers l_aelow the critical value is illustrated byy, o supercritical simulations separation was predicted over
comparing the solutions at the same Reynolds number, R§n azimuthal angle range gf,= 114°—120°(depending on
=10°, with either a laminar or turbulent boundary layer S

. ) X ) " he Reynolds number and the location at which the turbu-
separation, controlled in the computations via prescription o

. ) . ence model was actiyethese values being close to the mea-
the upstream eddy viscosity. For higher Reynolds numbergurements which indicate flow detachment around
(above the critical value Rgein experimentsthe effect of 119°—120°
laminar-to-turbulent transitiotas specified by the position at |

. 2 ) The prediction of the mean drag coefficient in the sub-
which the turbulence model becomes ackiieinvestigated b g

: ; critical regime is within the range of the experimentally mea-
by comparing the fully turbulent solution at Re.14 10 to sured values for each of the Reynolds numbers considered.

t_hat obtained bY suppressir_\g the eddy vis<_:osity to_ the IocaAt Re=10" the predicted value i€,=0.393 compared to
tion corresponding to transition observed in experiments a&d:0.39_0_4i,9 in experiments while the DES prediction
fche same Reynplds number. The effect _of Reynolds numbea{t at Re=10° is Cy=0.414 compared t€4=0.40—0.48°
in the ;upercrltlcal regime for Rjd.qe“'“ is considered by for 10°<Re<Re,, with increase in the measur€}, gener-
Compa(;gng the fully turbulent solutions at Ré.2*10° and ally observed for higher Reynolds numbers approaching the
11410 drag crisis. The drag coefficient in the supercritical solution
at Re=1C° is sensibly lower compared to the one corre-
sponding to the subcritical on@®.191 vs 0.41}% a result of
Each simulation is integrated until a “statistically quasi- the change in the boundary layer separation characteristics. A
stationary state” develops. The transient to achieve this equisimilar trend was observed by Maxworthgver this region
librium required at least 30 D/U time units. The simulations(see Fig. 1 in which the boundary layer was tripped @t
are then integrated for an additional intery@80—60 D/U =55° in the experiment. The fully turbulent treatment in the
that is used to acquire statistics of the flow. For the subcriticomputations yields a drag coefficient for the supercritical
cal regime this corresponds to about 8—12 vortex-sheddingolution at Re=10° aroundC4=0.191 which is lower than
cycles, while for supercritical Reynolds numbers this correthe drag measuremeft€C = 0.27), consistent with the ear-
sponds to about 40—80 oscillatory cycles of the dominantier transition to turbulence in the simulations.
frequency. As shown in Table I, for the supercritical cases the drag
Some of the global features of the simulations describedoefficient predicted in the DES is in good agreement with
below are summarized in Table |, where the mean streanthe experiment3® The agreement is especially satisfactory
wise drag coefficientCy4, and its root mean squafem.s) at Re=4.2*10° where the DES result of4=0.093 from a
value, the ratio between the friction drag and the total dragcalculation in which transition was forced at=100° (by
C,/Cy, the(polan separation angle on the sphere measuredguppressing the eddy viscositis close to the experimental
from the stagnation pointp, (the interval denotes variations value of 0.085.Achenbacf? measured several values 18y
due to the sheddingand the polar angle corresponding to at Re=4.2*10° between 0.07 and 0.09. The agreement is
the end of transitiong,, are given along with the experi- somewhat less satisfactory at-Re.14° 10° for both simula-
mental measurements from Achenbd®B72. The location tions.
at which the turbulence model becomes active is estimated Solutions obtained at Rel0® demonstrate the influence

A. Statistical features
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force, the two lateralside force coefficients are shown.
Somewhat apparent in Fig. 2 (R&0% is a modulation in
the drag coefficient, similar to that observed by Tragiral 2

in the flow around a circular cylinder, though for the sphere
the modulation is not as pronounced compared to the one for
the cylinder(e.g., of the order of less than 5% for the sphere
compared to about 20% for the cylinglein fact, even larger
modulations were obtained in a study of the flow around a
flat platé® at 90°. Resolving accurately the low frequency
end of the spectrum associated with this irregular modulation
(especially in the subcritical regimevould require running
the code for 300-500 time units. However, as for the sphere

FIG. 2. Temporal evolution of the streamwise and lateral force coefficientsthe amp”tude of the modulation seems to be much smaller

Re=10"

of the type of boundary layer separation on substantially al
tering the location of flow detachment, e.g., from 81.5° for
the subcritical solution to 103° for the fully turbulent one.
For the higher Reynolds numbers, suppressing the eddy v
cosity in order to alter the location of transition results in a
slightly delayed separation compared to the fully turbulent
run (e.g., from 120° to 117° at Rel.14*10°). This also

contributes to the higher drag for the fully turbulent runs a

shown in Table | and Fig. 1.

The force histories in Figs. 2 and 3 provide a quantita-
tive measure of the chaotic nature of the flow resulting from
vortex shedding around the sphere in the subcritical (Re
=10% and supercritical regime (Rel.14 1C°, fully turbu-
lent boundary layer In addition to the streamwis&rag
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FIG. 3. Temporal evolution of the streamwise and lateral force coefficients

(a) Re=4.2*10°. (b) Re=1.1410°.

S_

than in the case of cylinders and flat plates, and the statistics
were calculated using samples containing around 10 shed-
ding cycles, we think that the statistics are reasonably con-

verged. In the results corresponding to the supercritical re-
gime the temporal variation of the side-force coefficients

iéj_isplays a predominantly lower frequency than occurs in the

variation of the drag coefficient, with in addition, larger de-
viations from the mean values.

Frequency spectra of the drag coefficient for the subcriti-
cal flow at Re=10* and turbulent separation cases with
=0° and ¢;=¢; (experiment at Re=4.2*10° and Re
=1.14 1P are shown in Fig. 4. In the subcritical regime the
main shedding frequency is predicted at a Strouhal number
of 0.195, in agreement with the measuretd?®range of St
~0.19-0.2. In addition to the vortex shedding frequency, the
spectrum also shows secondary peaks at1S8—2.4. This
higher-frequency component is also visible in the time-
history of C4 in Fig. 2, and is associated with the Kelvin—
Helmholtz instability in the detached shear layers. The com-
puted range of the shear-layer frequency is in close
agreement with the range of 2.0-2.5, meastfratithe same
Reynolds number.

At Reynolds numbers higher than the critical one, there
is a pronounced change in the general form of the temporal
variation of the drag as can be observed in Fig. 3 at both
Reynolds numbers, where only a single dominant frequency
is present. Indeed, the frequency spectra in Fig. 4 show that
for all simulations above Remost of the energy of the drag
fluctuations is concentrated around=8t3-1.4 which is
about seven times higher than the value associated with
large-scale vortex shedding in the subcritical regime. Figures
4(b) and 4c) also show that the spectra for the supercritical
solutions lack the high frequency peak associated with rollup
of the detached shear layers in the flow experiencing laminar
separation. This may be a consequence that in the supercriti-
cal regime there is no other instability mode associated with
a deterministic unsteadiness of the flow or, more likely, such
frequencies are too high to be resolved by the present simu-
lations. Flow visualizations of the turbulent separation cases
described later do not show the formation of vortex tubes in
the detached shear layers. And as also shown later, for flows
with turbulent boundary layer separation the wake reorga-
nizes into a configuration different from the subcritical solu-
tions.

Related to the temporal variation of the lateral-force co-
efficients a number of interesting observations can be made.
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FIG. 4. Power spectra of the streamwise drag coeffidignRe=10". (b) Re=4.2°10°. (c) Re=1.14"1(F.

Visualizations of the time history of the lateral force coeffi- which, if it were possible to acquire statistics over extremely
cients at Re=10% in two perpendicular plane&ig. 2) reveal long sampling times, would indicate that the average side
that the direction after which these vortices are shed, whiclfiorce is zero. As discussed below, the nonzero side force is
roughly corresponds to the direction of the resultant sideconsistent with the flow visualizations in Figs. 10-12 that
force on the sphere, oscillates with no regular pattern. Thehow the wake is dominated by the shedding of hairpin-like
r.m.s. values of the components of the lateral-force are pracrortices at approximately the same orientati@zimuthal
tically the same and over a sufficiently long interval theangle. An additional difference between the subcritical and
mean of both components are close to z@vithin statistical  supercritical regimes is that the r.m.s. of the side forces on
uncertainty. Unlike the behavior observed in Fig. 2 for lami- the sphere are 4—10 times smaller than the drag force in the
nar separation, the side force on the sphere in the flow expeubcritical regime, though these forces are comparable in the
riencing turbulent boundary layer separation is nonzero evesupercritical regime.

in the mean(see Fig. 3 for both Re4.2*10° and Re The power spectrum of lateral forces at=RE)* [Fig.
=1.14"10P) suggesting that the wake may have some pref5(a)] shows the presence of two dominant frequencies corre-
erential orientations during the vortex shedding. This featuresponding to St 0.06—0.08 and 0.15-0.16, which are lower
is analogous to the behavior observed in the nonaxisymmethan the one observed for the streamwise drag-(5195).

ric laminar shedding regime in low-Reynolds number spherdHowever, there is no high-frequency componéarbund St
wakes (288:Re<350) in which the lateral force in the =2.0) in the spectra of the lateral force coefficients that may
“shedding plane” exhibits a sinusoidal oscillation with a be associated with the shear-layer instabilities. This is ex-
nonzero mean while in the plane perpendicular to the shedlained by the fact that the vortex tubes that are shed at the
ding plane the lateral force is zero for all tim&sHowever, higher Strouhal number are positioned approximately in
in the supercritical regime, due to the turbulence, the direcplanes perpendicular to the freestream direction and the re-
tion of the side-force seems to mutate about some equilibsulting force on the sphere is oriented parallel to thiseam-
rium position. For example, in the fully turbulent calculation wise) direction. The power spectra in Fig(th show that for

at Re=1.14" 10° the mean ofC,(~0.005) is clearly different supercritical flows(e.g., Re=4.2*10° and 1.141C°) the
from the mean ofC, (~—0.080) andC, assumes negative main frequency associated with the lateral force oscillations
values throughout the time history as shown in Fig. 3. Thds around St 0.235, which is about six times lower than the
presence of a nonzero side force was observed in experimeBtrouhal number associated with the dominant frequency of
tal investigationg? This would in turn indicate a possible the streamwise drag. The fact that the lateral force oscillates
lock-on phenomenon around an equilibrium position deterat significantly lower frequencies than the drag is not limited
mined in the numerical simulations by the initial perturbedto the sphere, as for cylinders the lift oscillates at the shed-
solution. However, as discussed by Traeinal? in connec-  ding frequency while the drag oscillates at about two times
tion to the cylinder, it may be possible that there is an overalthat value??®

rotation of the wake occurring at a very low frequency The distributions of the pressure coefficigy and skin
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FIG. 5. Power spectra of the lateral force coefficiemtRe=10". (b) Re=1.141¢° (fully turbulent.

friction coefficient C, (averaged over time and azimuthal distribution ofC, at Re=1.14* 10° shows some variation in

direction around the sphere are plotted in Figs. 6 and 7 forne pressure downstream of separation. In contrast, the DES
both subcritical and supercritical SOIUt'OnzS' The skin-friction y e gictions are relatively flat, above the data for polar angles
coefficient was nondimensionalized py* JRe to allow a  hepveen about 120 and 150° and then slightly below the data
direct comparison between the changes in the distributions %r ©=150°. The mismatch above and below the pressure
C, over the sphere with the Reynolds number, and to be ablﬁ1easurements leads to a compensating effect such that the

bers different than those considered in the simulations. In th%ne ets this behavior of the pressure after separation. but
subcritical regime the experimental da@ Re=1.65 10° g P P '

. . ) ; : one can speculate that the flow after separation is influenced
(for quiet conditiong is used to evaluate the simulation at bv the transition region which is modeled with DES in
Re=10° and 1d. As the figure shows, significant differences . 9

are observed in the pressure distribution, these differencégANS mode that, of course, cannot capture the details of

mainly arising due to the state of the boundary layer prior totrans!t!on. Though nqt shown in F|g. 6, the eﬁgct of forcing
separation. transition at the location observed in the experiment does not

. o : result in important modifications of the overall distribution
Predictions opr for the subcritical solutions at Re p

=10 and Re=10° are in good agreement with the of C,, the only visible difference is a small decay ©f at
measuremenfsThe value and angular position of the mini- the end of the acceleration region and in the wake.
mum in C,, are accurately captured, while the back pressure In the simulations of the subcritical flows the distribution
(at o= 180°) is S||ght|y below the data. In the Supercritica' of the skin-friction Coefﬁcien(Fig. 7) is in gOOd agreement
regime the delay in flow detachment substantially deepen®ith the measuremeritaip to separation, while some dis-
C, compared to the laminar separation solution. The supei@greement exists in the turbulent wake region between pre-
critical predictions at Re10° appear to be quite close to the dictions and experiment. The contribution of the friction
measurements at Re.18* 10° (around the value where the forces to the total drag at Rel0* is approximately 8.5%. An
drag crisis occurs in quiet flowsFully turbulent DES pre- extrapolation of the experimental datmeasured at higher
dictions at Re=4.2*10° and Re=1.14"10° are essentially Reynolds numbers would indicate a value around 5.5% at
the same. The value and angular position of the minimum irRe=10*. The agreement for this quantity is also very good
the pressure coefficient is also accurately predicted in théor the subcritical calculation at Rel0® (2.2% vs 1.8% in
simulations compared to measurements. The experimentakperiment Figure 7 shows that the fully turbulent treat-
ment of the boundary layers at the higher Reynolds numbers
leads to relatively large differences between the simulation

P R o siborteal. (oW results and experimental measurements. As described by
i p— AR, 00 B il ) Achenbach, the process of boundary layer transition occur-
05F ! ring in the experiments is complex, Fig. 7 indicating, for

= Expt., Re=165,000, subcr. . .

i O Expt. Re<318,000, superer. example, that substantial regions of the sphere boundary lay-
ok e O e ers are laminar with a transition to turbulence in the vicinity
Sl of 90° prior to flow separation further aft. The DES predic-

i tion of the fully turbulent flow at Re1.14 10, for ex-

0.5F ample, yields a skin friction distribution far above the mea-

sured values with the ratio & ,/C4 approximately 15% and
sensibly higher than the measured value of 7.5%.
Also shown in Fig. 7 are skin friction distributions ob-

50 ol 50 tained from computations in which the eddy viscosity was
(& . . .
Pldee suppressed up to the position of transition observed in the
FIG. 6. Mean pressure coefficient. experimental measurements. Though a crude approach to
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“controlling” transition, the agreement with the experimen- B. Flow visualizations

tal d".ﬂ"’.‘ is clearty improved, especially fo_r Ré'z.k .105' The In describing the differences between the subcritical and
prediction captures accurately the relative minimum at the

start of transition C,=0.9, experiments sho.—1.1) as sup.ercriticall solut.ions it is helpful to del-ineate three main
well as the reIativeTmaximuqu=2.2 in both Tsimulation regmns(recwculgtlon, recovery, near-wake the wake. At
and experimentand location (=101°) where the attached Re=10' the.recwculatlon region extends betweel =0.5
boundary layer becomes fully turbulent. Following separa—and 2.2, while the recovery region covers thg range between
tion, some disagreement is noted in the predictio€of As ~ X/D=2.2 and 4.5. The recovery region is defined as the area
the Reynolds number is increased to *.1¢, the overall between thg end of the recirculation region anq the point on
distribution of the skin-friction coefficient is similar, though the Polar axis where the flow accelerates despite the adverse
the simulation substantially overpredio®, in the region Pressure grad!gnt. The shrinkage of the repwculatpn region
between the start of transition and separation. After separd? the supercritical flow was documented in experimefits.
tion, the accuracy of the predictions at the two Reynoldézor instance, the length of the recirculation region decreases
numbers is similar. The predictions (ﬂ:T/Cd at Re from 1.7 D at Re:104 to about 0.6 D at Re1.14 106 (fU”y
=1.1410° are not as accurate in that the predicted ratio igurbulent solution The same is true for the recovery region,
12%, while the measured value is 7.5%, but still somewhafor instance at Re1.14* 10° it extends between 1.1 and 2.4
better than the value predicted in the fully turbulent simula-D.

tion (15.2%. In contrast, at Re4.2*10°, the agreement Shown in Fig. 8 are contours of the instantaneous vor-
with the experimental value is very good at around 13% agicity magnitude in the sphere wake for the cases with lami-
shown in Table I. Overall, the disagreement in the predictiomar boundary layer separation at=RBE0* and with turbulent

of C. relative to the experimental data should not surprise, aseparation at Re10° and Re=1.1410° (delayed “transi-
RANS type models such as the S-A model cannot capturéion”to ¢= e, and fully turbulent casgsin the subcritical
accurately the transition in the attached boundary layers. regime the vorticity contained in the large-scale shed vortices

Re=10,000 subcr.

FIG. 8. Contours of the instantaneous
out-of-plane  vorticity = component
in an azimuthal planéa) Re=10". (b)
Re=10° (supercritical. (c) Re
=1.1410°. (d) Re=1.14"10° (fully
turbulen.
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is originating mainly from the separated shear layers whering motions around local pressure minima. For the supercriti-
the vortex tubes are forming. The Kelvin—Helmholtz rollup cal simulations the azimuthal plane chosen to show the eddy
of the separated shear layers just downstream of flow detachiscosity contours corresponds to the plane oriented in the
ment is resolved in the simulation at R&0* and the vortex direction of the lateral force. Though the unsteady flow over
tubes in the detached shear layers are visualized as succed-Reynolds numbers considered here seems to be driven by
sive patches of elevated out-of-plane vorticity in the de-the periodic growth of the wake and the release of hairpin-
tached shear layef$-ig. 8@)]. The overall structure of the like vortices, there are obvious differences in the character-
detached shear layers is similar to the one revealed by smokstic length- and time scales associated with the shedding of
and dye visualizations in experimenfs-3 The average size these vortices that are evident in Figs. 9 and 10 as one moves
of the vortex tubes increases with the distance from the sepdrom subcritical to supercritical conditions. The distribution
ration point. Pairing of the vortex tubes into larger structuresof the viscosity ratio demonstrates the ability of DES to pre-
in the detached shear layers can be observed in experimerdit zones of very low eddy viscosity in the region immedi-
and in the current simulation®ot shown via examination ately behind the sphere where the grid density is high and a
of the temporal evolution of the patches of positive andrelatively large percentage of the total stress is resolved. Vor-
negative vorticity associated with these vortices. ticity is fed into the wake through the detached shear layers

More information into the shedding mechanigespe- in both regimes, as in these regions the turbulence SGS pro-
cially in the near-wake region where the “quasi- duction is very higljsee also Fig. 1d)]. The relatively high
axisymmetric” character of the solution is 19ss provided values of the SGS viscosity observed in the large-scale struc-
by contours of the viscosity ratio;/v in Fig. 9 and by tures convected downstream prove the increased influence of
visualization of the vortical structures in the wake in Fig. 10the turbulence model on the solution in the near-wake, where
using the method of Jeong and Husé&imhich targets swirl-  the grid is coarsening.

Re=10,000 subcr.

0 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
(@) X-Y plane X-Z plane
Re=100,000 supercr.

FIG. 10. Visualization of vortical
structures using the method of Jeong
and Hussain(1995 (a) Re=10". (b)
Re=10° (supercritical. (c) Re

3 - 6 =1.14° 10 (fully turbulent.
1 1 1 Lo B e foo o fovcen SO ) . ! ) T XD

L
(®
Re=1,140,000 supercr. (fully turbulent)
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In the subcritical simulation in Fig. 18) the hairpin-like
vortical structures become apparent some distance from the
sphere, as near the sphere a compact vortical structure of &
fairly axisymmetric shape that corresponds to the presence of
vortex tubes in the detached shear layers is observed. Exami-
nation of the evolution in time of these structures shows that
the azimuthal angles at which the vortices are formed and

helical-like wake structure similar to what was observed in
experiments. Some patches of vorticity are separating from
these organized structures as they are convected downstrea
The helical-like wake shape is also evident in Fig@0The
overall form of the interconnected hairpin-like structures re-
sembles one corresponding to a progressive wave motion of
the wake.

Figures @d) and 1@c) corresponding to the fully turbu-  (b) | Re=1,140,000 x/D=1.5 Re=1,140,000
lent simulation at Re1.14* 1P show clear evidence of the
presence of large-scale vortex shedding in the supercriticallG. 11. Streamwise vorticity component in the crossflow planed/Bt
regime. The wake structure becomes more organized angl5 andx/D=4.0(a) Re=10". (b) Re=1.14'1C° (fully turbulent.
more compactsomething that was also observed in experi-

mental visualizations of the supercritical wakéhe large- : . . .
scale eddies are shed at a more rapid rate compared to t Er;other interesting feature visible in Fig. @is the forma-

simulation at Re=10* (recall that the dominant frequency in lon of a horseshoe vortical structure behind the sphere,

- L . which one can speculate is similar to that described by
the supercritical regime is much higher than the one associ: 0 o o :
ated with large-scale shedding in the subcritical reginiae 'Tanedé based on surface flovoil) visualizations. The di-

orientation of the shedding is less variable, as the wake aF;'_ectlon of the resulting lateral force on the sphere is along the

. S . _"approximate plane of symmetry of the horseshoe structure
ears to undergo mutations around some equilibrium direc- D :
b g q nd of the hairpin-like structures shed in the wake. Also ap-

tion. The shedding appears to be locked around a Certaﬁ;liarent in Fig. 9 is an increase in the coherence and organi-
azimuthal direction, at least for long intervals of time. TheP 9. 9

asymmetry is largest in the plane corresponding to the max'z_atlon of the vortical structures in the wake as the Reynolds

mum instantaneous lateral for¢glots shown on the left in numbe_r Is increased in t_he supercritical regime, _also consis-
. . - . - . tent with a greater fraction of the turbulent motions being
Fig. 10. In visualization experiments at supercritical condi-

tions, the shedding is not as easy to capture as for subcritic%?focdhe;ﬁd.st ?r']%hegg?g:?)Ifd;annusr.rt].girbr'\]ﬂ?ﬁ;vs\'hr']lg’r;h: r?;‘fel_c_t
conditions because the spiraling mode is absent. This m ging positi " P ' gl

explain why Taned® did not observe vortex shedding in aé/ible. T_h.e configuration of the near wake is similar in all
flow visualizations at ReRe,,. The present results clearly SUpif:;Eg?l g:;?é on the differences between the wake
indicate that large-scale coherent eddies are shed periodicaly { in the tw . be illustrated b o
and rather regularly into the wake, but in view of the above ructures in the two regimes can be fliustrated by examina
discussion the shedding process is of a different nature than
the one observed for subcritical conditions. We suspect tha
by refining the mesh in the detached shear layers and th
wake one will increase the range of resolved scales in the
flow, and the large highly organized vortical structures seen
in Fig. 10c) will be somewhat affected, but we are reason-
able confident based also on some mesh refinement studie
not reported here that these structures will maintain their
relative highly organized structure and they will continue to
be the dominant coherent structures in the supercritical wake (2) [Re=10000  x/D=1.5]
The turbulence spectra may become richer especially a
higher frequencies and very well resolved simulations may|
detect the shedding of small structures in the detached shez
layers.
A consequence of the fact that the vortices are shed a
about the same azimuthal angle is an overall asymmetry fo
the wake in the plane in which shedding takes place, an
effect observed in flow visualizatio8 The wake appears to
tilt relative to the mean-flow direction in that azimuthal

plal_we, W_h”e in the plane perpendicular tO_ it, t_he s_hape FeFIG. 12. Pathlines of the instantaneous flow in the crossflow plaxéDat
mains fairly symmetrigplots shown on the right in Fig. 0  =1.5 andx/D=4.0 () Re=10". (b) Re=1.14"1¢° (fully turbulent.

®) [Re=1, 140,POO x/D=1.5] [Re=1,140,000 x/D=4.0]
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FIG. 13. Contours of the averaged resolved Reynolds stresses and kinetic energy in an azimutiial plane (b) V,V,. (c) V,V,. (d) V,V,. (6) Kg.

tion of the distribution of the streamwise vorticity compo- the subcritical solution at the same downstream location.
nent (Fig. 11), and pathlines of the instantaneous solutionFurther downstreamx(D = 4.0), though the vortex patches

(Fig. 12 in planes normal to the freestream direction, shownare more diffused, the counter-rotating vortex pair corre-
at 1.5 and 4.0 D from the center of the sphere in the figuresponding to the cut through the legs of an earlier-shed hair-
There is a striking difference in the wake structure in thepin vortex remains a clear feature of the flow in that section.
solution at Re=10* and the fully turbulent solution at Re By comparison, the subcritical simulations do not exhibit

=1.14"1CP. Two concentrated patches of oppositely signedcoherent structures of similar organization in the near wake.
vorticity are evident in the supercritical solution &tD Comparing the two views of the instantaneous streamlines
=1.5, compared to the more chaotic and random pattern ifor the supercritical solution, the figure shows that the wake
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FIG. 14. Contours of the averaged subgrid scale viscosity and subgrid scale dissipation in an azimutia) pldoe (b) ¢, .

has the same orientatidgiven by the plane perpendicular to in experiments and in the present simulations with laminar
the direction containing the legs of these hairpin vorficds separation, is absent in the cases with turbulent separation.
x/ID=1.5 and 4, an effect that leads, as was already pointe@onsequently, the overall shape of the wake may not appear
out, to a mean nonzero side force. As expected, the dimene change significantly in time in experimental visualiza-
sion of the wake region in the subcritical case is sensiblftions.
larger compared to the supercritical case. For the supercriti-
cal simulation, the organization of the vorticity near the C. Subcritical vs supercritical turbulence statistics
sphere into a horseshoe-like structure is suggested by the
distribution of the instantaneous pathlifi€sg. 12b)] in the
section atx/D=1.5 (recall the sphere surface is atD
=0.5) where the figure shows a vortex sheet whose ends r
up into two counter-rotating vortices.

As also discussed above, TanE¥daroposed a more
simple mechanism for the wake structure in the supercritic

regime, that wake formation consisted of the shedding of

vortex sheet, whose ends began to roll up and form a pair otf"Ched boundgry Iayers_at Re.14'10°). This is important
streamwise counter-rotating vortices in the wake. One shoulfiécause detailed experimental measurements over these re-

point out that the model proposed based on experimenteﬂ?ons are not available, partic_ularly in thg s_upercritical re-
visualization& is based on theoretical reasoning and that jt9ime. Contour plots representing the statistics of the mean
was not possible to clearly visualize the presence of thosESelved turbulent fluctuations, the primary shear stress and
counter-rotating vortices. The action of these wake vortice§€S0lved turbulent kinetic energy in an azimuthal plane are
on the sphere translates into a nonzero mean lateral forc8hown in Fig. 13, while the SGS viscosity and the SGS dis-
The present simulations point to a somewhat differenfiPations are shown in Fig. 14.

mechanism, in which the role of the two counter-rotating The distributions of the resolved part of turbulent fluc-
vortices is replaced by an array of hairpin-like vortices whichtuations and resolved shear stress show that the spatial extent
are shed at a relatively high frequency and at about the sanf the regions of high turbulent stress is much largey to
azimuthal angle over relatively long intervals of time. Thethree timegin the cases with laminar separation, especially
mechanism of producing the lateral force is essentially thén the streamwise direction. The areas of elevated turbulent
same, but the resultant lateral force is due to adding th&tresses and turbulence kinetic energy are located within the
contributions of the successively shed hairpin vortices. Théecirculation and recovery regions for both laminar and tur-
proposed mechanism has the advantage that is consistdmtlent separation, though the spatial distribution of these ar-
with the wake features observed in visualizatibhbut also ~ eas is different for the different components of the stress
with the ones present in the current simulations. It may bdensor. For example, high values of the streamwise fluctua-
likely that the failure to capture the presence of vortex shedtions V,V, and primary shear stre$§V,, are observed in a
ding was based only on examination of the general form ofegion in the aft of the sphere located at about 0.3-0.4 D
the wake. The spiral instability, which translates into a wakefrom the polar axis aligned with the freestream direction,
that undergoes a progressive wave motion that was observechile the fluctuations in the other two directions do not ex-

The present simulations may be used to further investi-
gate the differences in the flow structure, particularly in the
0ﬂetached shear layers and wake regions, between the sub-
critical and supercritical regime by comparing the distribu-
tion of the Reynolds stresses and other turbulent quantities
alpetween a simulation with laminar separation €R€") and
& simulation with turbulent separatioffully turbulent at-
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hibit elevated levels in this region. The streamwise length okrs due to the growth of Kelvin—Helmholtz instabilities in
this region forV,V, [Fig. 13d)] extends between 1.2 and these layerde.g., see the visualizations of Tan&daThe
4.5 D in the Iammar separation case and between 0.7 and 2areement between DES and experimental *datas satis-
D in the turbulent separation case. The upper value corrgactory in terms of global and local wake characteristics such
sponds approximately to the end of the recovery region iras streamwise drag, location of transition on the sphere, and
both cases. In the supercritical flow, high values of the sheathe distributions of the pressure and skin-friction coeffi-
stress are recorded over the whole separated shear layers,cé@nts. In the supercritical regime, DES accurately predicted
opposed to the case with laminar separation where, as exhe position of boundary layer separation and the distribution
pected, the values are relatively low over the upstream pauf the mean pressure coefficient over the sphere surface. In
of the shear layers. Analysis of the other supercritical simuthe fully turbulent cases the skin friction coefficient was not
lations showed that for Re4*10° the differences between predicted accurately compared to the experiment. Improved
the distributions of the primary shear stress in the wake disagreement was obtained when the model was activated near
appear almost entirely regardless the location at which théhe region where transition was observed in measurements.
turbulence model is activated. Though delaying activation of the model cannot represent
It is also interesting to note that the shape of the regionshe details of transition in the sphere boundary layers, this
of high values of a certain component of the Reynolds streseesulted in a clearly improved agreement for the prediction
tensor are not very different in the subcritical and supercriti-of the skin-friction coefficient. The main shedding frequency
cal simulations, if one takes into account the general shrinkin the wake appears to be insensitive to the location at which
age of the recirculation and recovery regions in the simulathe model was activated in the supercritical regime and, to a
tion with turbulent separation. The nondimensionalcertain extent, even to the Reynolds number. Time histories
components of the Reynolds stress tensor display compaf the forces and frequency spectra of the drag show that the
rable ranges at both Reynolds numbers. Overall, negligiblsupercritical solutions are chaotic and unsteady.
levels of the stress tensor are observed within the laminar Both simulations and experimental measurements show
regions and close to the sphere surface, indicating that DEthat the subcritical regime is characterized by the presence of
responds correctly to the local-strain rates. two main frequencies in the wake, one associated with the
Regions of elevated eddy viscosity are predicted in bottshedding at a Strouhal number=31.19-0.20 and one with
simulationg[see Fig. 14a)] over the downstream part of the the formation of the vortex tubes via the Kelvin—Helmholtz
detached shear layers as well as near the freestream-orientedtabilities in the detached shear layers at a much higher
polar axis atx/D~3.0 in the simulation at Re10* and at  Strouhal numbefe.g., St-2 for Re=10%). In addition, the
x/D~1.5 in the simulation at Rel.14°10°. This is fol-  shedding of the large-scale vortex structures takes place at
lowed by a mild decay with the distance from the sphere odifferent azimuthal angles, with the effect of a helical-like
the SGS viscosity in the wake at both Reynolds numbersiorm for the wake and the presence of a lateral force that
Figure 14b) shows the distribution of the turbulence energy averages to zero over relatively short time intervals. In con-
dissipation,s;. The variation of the SGS dissipation in the trast, simulations in which the attached boundary layer is
wake is characterized mainly by a sharp increase in the deurbulent at separation show that in this regime the wake is
tached shear layers. The elevated level of the SGS viscosigharacterized by the presence of a dominant frequency at
and strain rates in the shear layers are responsible for th&t=1.3—1.4. The orientation of the shedding appears to be
(absolute high levels of the SGS dissipation and the relativeapproximately locked on for time intervals that are of the
increase of the modeled part relative to the total shear stregsgder of 30—60 D/U which indicates a qualitative change in
observed in these regions. the shedding mechanism. However, it is possible that over
larger time scales the orientation of the shedding will
“sample” all azimuthal directions. The simulations accu-
rately captured the downstream change in the separation lo-
The flow past a sphere is known to undergo significantcation from 81° to 84° in the subcritical regime to
changes when transition from subcritical to supercritical flow114°—120° in the supercritical regime. The simulations also
takes place or the flow is artificially tripped at Reynoldsrepresented the relative shrinking of the wake with Reynolds
numbers below the critical value in experiments. In additionnumber and other features observed in experiments such as
to the abrupt reduction in the drag, the sphere wake reorgahe increased compactness and coherence, and the general
nizes due to the enhanced mixing of the flow. In this paperilting of the wake. Based on these findings a new model
predictions of the subcritical and supercritical flow over adescribing the organization of the wake in the supercritical
sphere were obtained using detached eddy simulation. Thegime was proposed. This model is consistent with the wake
DES predictions were able to resolve the organized motioffieatures observed in previous experimental visualizations,
in the near wake of the sphere and to capture many of thbut the wake structure is determined by shedding of hairpin-
features that characterize the subcritical and supercritical rdike vortices in a rather regular fashion at approximately the
gimes, as revealed by experimental investigations. same azimuthal angle from the sphere over substantial time
In the subcritical regime with laminar boundary layer intervals. These structures do not rotate significantly as they
separation DES was able to capture the large-scale sheddiage convected downstream. The two parallel legs of these
associated with the spiral instability of the wake, as well ashairpin-like structures rotate in opposite directions and in-
the formation of the vortex tubes in the separated shear layduce a force in the direction perpendicular to the plane in

VI. SUMMARY
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