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Abstract

We present a multi-donrain parallei computat,ional rnethod for simulation of unsteady flow past
a circular cylinder, including the two phuises of vortex shedding in the near and far wake. The
base computational method is a finite element fornrulation with the streamline-upwind/Petrov-
Galerkin (SUPG) and pressure-stabil izing/Petrov-Gnlerkin (PSPG) stabil izations. The multi-
domain method divides the computational donrain into arr ordered sequence of overlapping subdo-
mains. The flow field computed over a leacling sul,ldomain supplies the inflorv borrndary conditions
for the foilowing subdomain. N{eshes constmcted over the second and subsequent subdomains are
stnrctured, because these subdomains do not involve any objects. In computations over thqse sutr-
domains, a speciai-purpose impiernentation of the finite element formrilat,ion for structured meshes
is used to obtain much higher computational speeds compared to a general-purpose implementa-
tion. 2D and 3D mulli-domain computations for flow pa^st a cylinder are carried out to capture
the 't,wo phases of vortex shedding in the extended wake. The second shedding phase, where the
distance between the vortices is doubled, is ciearly seen in 3D computation.

1 INTRODUCTION

Recently we have developed the Multi-Domain
Method (MDM) [1,2] for paraliel 3D computation of
the unsteady wake flow in the far downstream of an
object and the influence of this wake on secondary
objects located far downstream. This cla^ss of prob-
lems pose a computational challenge because the two
cbjects are separated by a large distance compared to
the length scales ofthe objects, and therefore unsteadv
flows need to be computed accurately ovcr long wake
regions. A sirnilar computationzrl challenge is encotrn-
tered in 3D computation of a cla-ssical fluid mechanics
prroblem: unsteady long-wake flow behind a circular
cylinder. Our objective is to nrrmerically demonstrate
irclw the characteristics of the Karnan vortex street
change from the near wake of the cylinder to the far
wake. Although in this casc there is no secondary ob-
ject far downstream, the unsteady flow behavior stili
needs to Lle computed over long wake regions, and this
needs to be accomplished without exceeding the prac-
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t ical l irnits of our computational resources.

\\'c present in this paper the MDM designed for
conrputation of unsteady flow in near and far wakes
of a. circular cylinder. The base flow solver tech-
nique is a. finite formulation of the Navier-Stokes
equations of incompressible flows with the streamiine-
upwind/Petrov-Galerkin (SUPG) [3] and pressure-
stabil izing/Petrov-Galerkin (PSPG) [4] stabil ization.
These stabilization techniques provide a finite eiement
formulation that possesses good stability and acctrracy
properties even in problems with high Reynolds nurn-
bers and thin boundary iayers. An important conse-
qltence of t,his is to be able to prevent nurnerical os-
cil lations without introducing excessive numerical clis-
sipatiorr. These stabil ization techniquas also allow us
t,o use equal-order interpolation functions for velocity
and pressure without encountering the type stabil ity
problerns normally encountered in using such combi-
nations of interpolation functions.

In the MDM, the computational domain is divided
into an ordered sequence of overlapping subdomains.
Subdomain-1 (SD-1) is used for computation of the
unst,eady flow arotrnd and in the near wake of the
cylincier. This subdomain is discretized with an un-
st,nrctured mesh, an<i the comprrl,ations are carried out
by using a general-ptrrpose implementation of the fi-
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nite eiement formulation. Subdomain-2,3, . .. , (SD-2.
3, . . . ) are used for computation of the r.rnsteady wake
florvs in regions beyond the region covered by SD-1.
Since these subdomains contain no ob.jects thel' are
discretized b1' using highly-refined stnrctured rneshes.
This enables us to capture the long-wake flow accu-
rately. Because the meshes used in these subdomains
are structured, a special-purpose implementation of
the finite element formulation based on analytical int,e-
gration is used. This special-purpose implementation,
with proper optimization, yields much higher compu-
tational speeds compared to the general-purpose im-
plementation.

Even rvith the MDM, the spatial and temporal dis-
cretizations generate very iarge sets of coupled, non-
linear equations that need to be soived at every time
step of the simulation. These nonlinear equation sys-
tems are solved with the Newton-Raphson iterations.
In turn, at each Newton-Raphson step, an equally-
Iarge, coupled, linear equation system needs to be
solved iteratively. These innermost iterations require
computation of matrix-vector products. Our preferred
methods for the computation of these products are the
element-vector-based [5] and sparse-matrix-based [6]
methods. In these iterations, we use a diagonal pre-
corrditioner, and to update the solution vector we em-
ploy the GMRES [7] search technique. These methods
have been implemented on parallel computing plat-
forms such as the CRAY T3E-900 and T381200 by
using the MPI programming environment. With these
iterative solution strategies and parallel irnplementa-
tions, the MDM can be very effectively used for sim-
ulation of very large-scale, long-wake flow problems.

With the NIDN,{, we computed two cases of florv

l )as l  a c i rcu lar  cv l inder .  Thc f i rs t  s imrr la l  ion.  i r t
Reynolds number (lBe) 300,',vas carried out to investi-
gate the effect of mesh refinement. Nfany' researchers
reported 18,9,10,11,12] 3D behavior behind a, circular
cylinder. 3D simulations in the near wake region rvere
presented in Kalro and Tezclul 'ar 113] . detail the 3D
effects and vortex sheddine in thc wake as far as 30
cliameters (d) downstrcanr. The seconcl sct of sirnula-
tions, in 2D and 3D,',vere carried out at, Re:140 1o
capture the rvake as far a-s 300d dorvnstream. Several
researchers [14,15,16,17] observed a second phase of
vortex shedding in the far wake. We were successful
in capturing these two phases of vortex shedding rvith
oul3D computat ion.

In Section 2, we review the governing equations.
Brief reviews of the base finite element formulation
and MDM are presented in Sections 3 and 4. The
nurlerical results from the investigation of the effect
of mesh refinement at fie:300 is presented in Section
5. In Section 6, we present the results from the cme
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at Rc:140. and rvith the simuiation domain extendins
irs f;rr dorvnsl ream as 300d. ttre concluding remarki
are providerl in Section 7.

2 GOVERNING EQUATIONS

The Navier-Stokes equations of incompressible florvs
for domain O r.vith boundarv f are rvritten as

rvhere p, tr. and .f are the density, veiocity and the
external force, respectively. The stress tensor o is
defined as

o (p ,u ) :  - p I  - l 2pe (u ) .  ( 3 )

Here p, .f and p are the pressure, identity tensor and
the viscosity, respectively. The strain rate tensor e(u)
is defined as
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,  ( *  i  u ' v u -  / )  -  Y  ' o  : o  o n  , r 2  ( 1 )' \ d r  " /

V . u : 0  o n  f )  ( 2 )

e(u) :  
| { fo" l  + (vu)r)  . (4)

Both Dirichlet- and Neumann-type boundary condi
tions are accounted for:

u :  g  o n  f n ,

r t . o  :  h  o n  1 6 .  ( 5 )

Here 1'n and l-;. are cornplementary subsets of the
boundary f, n is the unit normal vectot, and g and
h are specified functions. A divergence-free velocity
field is specified as the initial condition.

3 FINITE ELEMENT FORMULATION
WITH STABILIZATION

The dornain f/ is discretized into sub-domains f/",
c - I,2,' '  '  ,frel rvhere n"l is the number of elements.
\\re define t,he finite element interpolation function
spaces S{i for velocity and 5} for pressure, and the

corresponding test fLrnction spaces Y!" andV!:

s' ; :  
{uhluh 

e lu1h1e7) ' 'o ,  uh :  gh on

v ! r -  
{ - h l - h  

e  [ n 1 h 1 a 1 ) ^ ' o ,  t o h : o  o n

s l :v ! . .=  luh lah  e  H lh@)\ .

Here Hlh(Q) is the finite-dimensional function space
over f/. The stabiiized finite element formulation is

- lt n J '

(6 )
)

n l' n J '

(7)

(8 )
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For frrrther <letails txr the fbrrrnrlntion see Tezdrrvar f ,1] .

'1 THE MULTI.DOMAIN METHOD
-fhe 

full sirnuiation dornain is divided into an ordered
se(ll lence of overlappirrg subclonrains.

SD-l is rrsed for comprrtiLtion of the rurstca<h' f lorv
iiroLrncl t,he cr' l inder anrl in its rrcar rvitke. Tite in-
i lorv Lr,run<li lr l conrlit ions lbr t l i is srrbclonririn luc tlre
trecrstream con<iit ions. Tiris srrbrlorrurin is rl isc're'l ized
, t s i t r q  r r t r  u l s l  n r c l  t t r c d  t u e s l r .  . \  , l c r r c n , l - l l r l r p r l s e  i t r -

plenrentatiorr of the flnite clenrcnt fbrrnrriaticxr is rrsecl
for cornputations in this subdomain. An appropriatclv
positioned "outflorv laver" is selected in this srrbdo-
nain, dorvnstream of the c1'l inrlcr. This outflorv laver
is used for extractirrg flow data at evert't irne stcp.

SD-2.  3.  . . . ,  are r - rsed for  cornpi r t ,a t ion of  the un-
steadv florv in the rvake regions further dorvnstreanr.
These srrbdonrains .vould t1.'pically bc mrrch longer
t i r an  SD- l .  S incc  SD-2 .  3 .  . . . ,  con la i r r  no  o l t -
, jects. thev are cliscrctized h,, ' l1igll l '-rcfined stnrct rrled
tleshes. A special-purpose irnplenrentation of the fi-
nite eletnent formulation Ibr stnictured grids is rrseri
in  lhese srrbdomains.  This specia l -prr rpose.  opt inr izcr l
irnplernentation is based on anall '1 icai integrirt ion ovcr
finitc clement dorna,ins, ancl ena,bles rrs to compulc al
higher specds compared to rvhat we can get with the
gcneral-purpose impiementation. Frrrtherrnore. the
computat,ions over these srrbrlornii ins can also be ac-
complished bv rnethods other tharr the finite element
rne l  l r o r i .  Fo r  examp lc .  a  spec l ra l  r ne tho r l  r r r i g l r t  l r r -
n-rore desirable for computations rvith ver_v regular ge-
ornetries.

The lirne-dependent boundary corrciit ions at the in-
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florv lar.er of SD-2 rrre obtained bv parallel projectiorr
from the outflorv Iaver of SD-1. The inflorv laver of
SD-2 overJaps rvit ir outflorv laver of SD-1. In obtain-
ing the resrrlts reportcri ir this paper, rve spccif 'v the
velocit-v and pressure at, the {irst plane of t ire inflorv
laver. and the velocitv at, the second pLane. As we did
for SD-1. rve select il srritairlr. locatcd orrtflo'uv lir,r.er in
SD-2.

The computat,ion for dorvnstrearn subdomains, such
m SD-3. 4. .. .. are carried out in a fa.shicln sirnilar to
rvhat rve had for SD-2. \\Ie note that the compirtations
over these different subdomains can be performccl on
differcnt cornputational plat,forrns and essentiallv in
pariiliei. provided a ieading subdornain is a,t least orrc
tirne step i lhead of the follorving srrb<lornain. This par-
ir"l lelisrn is in :rddition to the one we have rvithin irrcli-
vidual subdornairrs.

For frrrther detaiis on thc NIDN{ sec l2i .

5 CYLINDER WAKE COMPUTATION AT
Re :300 :  EFFECT OF MESH
REFINEMENT

\Ve compmted thi,q problern first rvitli thc single-
rlornain and thcn rvith tire mtrlt i-domain rlcthod.

Irr the single-clorrrain courputation rvc usccl 1.he sarne
rnesh as the one Lrsed b1' Kalro and Tezdrn.ar f13] .
In lhe rnLrlt i-riori lain conlplrl ir1 i()rr \\,€r Lrsecl iL highly'-
rcfirrcd slnrctrrrcd rncsli (serc Fie.1). Thc ri iarrrctcr of
the cvlinder is 2 units, ancl the span lengtli is 8 tLrrit,s.
The centcr of 1he cviinder is iocal ccl a1 t he oligin of the
cornprrtationa.l domain. The upst,rearrr. rkxvrrst,rcarl,
and crossflorv (i.e. top and bo1,1 om laleral) bor-rnd-
; r r i e -  l r t c  l oca l cd .  r csp { . c l i v r . l . r ' .  a l  15 .60  (3 ( }A )  i t t r r l  l j
r rn i ls  f rom thc or ig in (sec Fig.1) .  The rnesh consists
of 197.9,18 nodes ancl 186,240 hexl.iredral clcrnent,s,
l.nd rcsults in 760.107 equat,ions. The boundarv con-
tlit,ions consist of uniforrn inflorv vclocit.v. zero-shear
stress and zero-normal velocity at lateral boundaries.
traction-frcc condition at the out,f lorv lrorrnrlarr', arrcl
no-s1ip corrdit ion on the cvlindcr. Thc orrtf lorv Lwer
is selecte<l in such a way that its upstrcarn plane is
locat,ccl 4 Lurit,s clorvnstrearn of the origirr.

In t,he mr-rlti-clomain compul,ation, t,he rvake sub-
domain (SD-2) st,retches 56, 8 and 30 rurits along
the strearrxvise. sparnwise. and crossflo',v directions,
r es r r cc l  i vo l r , ' .  S f ) - 2  r r e  t  ^  - - :  i  r  |  |  c '  - r 65  r r odesr \ . r t r \ \ r r t \  r . ! .  u u - -  r r r r i l l  l U l l J l t l J  U t  I ! I U U .

arrd 1.126,400 hex:rherlral elements, and results in
4,553.457 equations. Cornpared to thc rvake repiion of
tlie single-dornain rno<lel. thc nurnl>cr of clerrent,s in
SD-2 is arorind 3.3 and 1.8 times larger in thc stream-
rvise and crossflorv directions. and 2.0 t,irnes larger in
the spzrnrvise direction. The inflorv boundarv condi-
tions are extracted by' pro.jection from the solution ob-

rvritten as follorvs: find zh e 5.{i a,ncl ph e 5N such
t,hat Vtr.rr' e ){ and qt' e )lr:

. i , , * "  , ' (+ uh 'vut '  t )  a o
I-  

. l  n u , r u h l ,  
o t P t ' . u , ) r I q

-  
. [no"v  

.uh  r te

. f ,  [ ^ " ] .  [ r . ,u " "  pu l .v ru t ' i  r , , , , , vq" j
u  l o e  D ' " ' '
-  1  .  ! .

lr, (+ t uh ."r ') - v ' o(pt'.u'1 r'tf a rr

*  f  i  6 v  ' u l r t v  . u t ' r l  Q "
u  l o e

t'
:  I  u t " . h ' ' d ,  I -

.1 f,,
(s )
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Fig.1: Cylinder v,'a.ke computation at R€:300: etrect of mesh rcfinement. M€sh for the
sinsle-domah computation (upper) and for the multidomain computation (lower).
For visual cla.rity, the bottom tuame shows a diiuted '€rsion of the artual mesh,
codsmed by a fetor of 2 in the spmwise diretion.

n9

tained in the single-domain computation. Boundary
conoiL:ors sim:lar lo r l -ose for Lbc single-domai ' l  ,  o--
putation are imposed at the lateml ard downstrea-'r
boundaxies. For the pupose of cla.dty, the bottom
image in Fig.1 shows a lrlesh coarsened by a fa.tor of
2 in the spanwise dircction.

The freestrean v€locity is 1.0, a.nd the time step
size is 0.1- The number of nonlineax iterations per
time step js 2- In th€ GMRES update, the size of
the Krylov space is 10, without r€sta.rt. Thes€ com
putations were carded out on a CRAY T3F-900. The
computation, per time step, rcquifts 26 seconds on 32
prccessoG for the single-domain computatior, md 26

s€conds on 48 processors for SD-2.

Figure 2 sho*'s the velocity and pressure fbr both
computations. Figure 3 shows the vorticity iso-
sudaces from th€se computations. These flgures
clearly show that the solution on SD-2 capiures the
floq' features in geater detail, ard mintains these
fcarLLre- all rbe way Lo lhe oulflow boundary. Tbe
sparwise vorticity iso-surfaaes coresponding to the
Kaxman lortex a.re almcst stEight in vertical direc
tion in the neax wake. The in-plare voftices fblm
axch shapes in hodzontal plarcs. These two t ?es of
ronicps inlcra.t qilh ea.h orhpr. Th" spa wis" vor.
td would be bent by the in-plsne vortex. On the
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other hand, the in-plare vortex would not be bent
by th€ spa.nwise vortex, b€cause the in-plare vortex
is aheady cuved alld have similax distarce from the
center of the spanwise votex. Midway in SD-2, the
spa"'rv,'ise vortices b€come twisted. Nea-r the outflow
boundary, the sparwise vortices are broken doin, yet
the in-plane votices keep their arch shapes. Figure 4
shovrs the strcamwise component of the vorticity at
the centered hodzontal plane. In SD-2, the stream-
wise component of the vorticity shows la-rgest value at
around 23d. This location is close to where the span-
wise component of ihe vorticity starts brcal<ing down
in Fig.3.

These results show clearly that highly-refned
mesh€s axe requtued to accuately capture the wake

6 CI'I,INDER LONG.WAKE
CoMPUTIIIION A1' Re = 140

With the MDM, we computed the unsteady flo\v past
a circdax cylinder at R€:140 to capture the long-
\vahe flov behavior. The second phase of vortex
sh€ddhg ir the {ax wa-ke of a cylinder was fiIst re-
poted by Tareda [1a], fonowed by many other re-
sea'Ichem 112,15,16,171. The second phase sheddins is
rFporrFd aL R, 140, whi.h r. wirhrn t-minar regirF.

Fig.2: Cylinder Eale computation at Re=300; eFect of mesh reffnarent. Compa.rison of
lhe solutions obtained with the single-domain a.nd multi domain computations;
streamwise compon€nt of the velocity (upperleft), crossflow component of the
vetocity (upper right), sparwise component of the velocity (lowerleft), and prcssue
(low€r-risht) .
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Fig.3: Cylinder $€ke computation at Re=300: efiect of m€sh refinement. Vorticity
iso-sudai:es cotesponding to 0.6 valrc' obtained with th€ singl€-domain
computation (ieft), aJrd the multi-domain computation (righi).

Fig.4: CVlindex wa,ke computatiotr at -&e=300: efiect of mesh refn€metrt. ll1€ streanv,rise
compone$t of vodicity at th€ cestercd hodzontal plase, obtained with the
singledomain computation (upper), a.nd the multi-dornah compuiation (lower).

Cimbala [16] attributes tbis behavior to hyd&d]aamic
insta,bility, while Williamson [12] sussesb that this is
caused bs' the sensitivity of the Eake to sma.ll-scale
pertubations. 3D num€rica.l simulation of this prob-
lem is not a.r elsy tasl because of its lon8-wake dG
main er1€nding to 300d dow6trea.m.

Fhst a 2D simula.tion was pefomed. The €ntire
domaitr was divided into two subdomains: one around
tt€ cylinder, and th€ other one in the &'ak€ domaii\
sterting a,t 2d dovnstr€am from th€ c€nt€r of the cylin-

der and exteDdins to 3004 Gee Fis.5). Both subdG
mains ha.v€ one element in the spa,llwise dircction.

The tust subdomaiD (SD1) contains the cylinder,
located at th€ origiD of the computational domair.
The radius alrd the span length are both one unit.
Th€ upstream, downsheam, a.nd cro€sflov,r boundaxi€s
a.re located, r€spectiv€ly, at 15, 60 and 20 ]]nits Irom
the o sin (see Fig.6). SD-1 mesh consists of 16,432
nodes a.I}d 8,000 hexa.hedral elements, and r€su1ts in
48,188 equations. The sane boundaxy conditio$ as
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Subdomain-1
Subdomain-2

100 200 diameter ol cylinder 300

Fig-5: 2D cylinder long-wake computation at Ae = 140.'Anangement of the tvo
subdomains. Frames do not shov the actual mesh€6.

Fis.6: 2D cylinder lons wake computation at ,4e: 140. Mesh for Subdomain 1 (upper),
and for the upsiream 1/8 of Subdoma.in-2 (lovd). For visual clarity, the lower
image shows a diluied veftion of Lhe actua-l mesh, coaIsoed by a factor of 2 in the
strea.rnwise and crcssflow dilections.
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q^@&
j

Subdomain-1

100

Fig.7: 2D cyhidcr lo g'wike computation at R€ = 140.
Subdomnin 1 Gpper) and subdomain-2 (lower).

200 diameter of cylinder 300

\,Ia8litude of the vorticity lbr

Subdomain-2

Fig.8: 2D cl,linder long-wake conpuLation at Re: 140. MaCnitude o{ the vorticitv for the
upstream haff of Subdomain-2 (upper) and downstream half of Subdon.iin 2 (ivith
smaller magnjtude of contorN) 0owd).

Subdomain-1

Subdomain-2

Subdomain-3

O 100 200 diameler ol cyrinder 300

Fig.g: 3D clinder iong wake computation at Re = 140. Anangement of the three
subdomains. Frames do not show the actuai meshes.
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Fig.10: 3D cylinder long-9/ake computation at Re = 140. Mesh for the tust subdomain
(upper), ad for the upstr€an 1/4 of the fi$t wake subdomain (lower).

e:==g@

ffi

those of SD-1 in the prcvions computation a.re us€d.
The outflow layer is also selected in the same vay as

The wake subdomain (SD-2) stretche.s 596, 1 and
40 units along the streamwis€, sparwise, and cross-
flow dircctions, respectiv€ly. SD 2 m€sh consists of
1,824,066 nodes and 905,920 h€xahedra,l elements, re-
sulting in 5,446,832 equations. Boundary conditions
similax to those for SD1 de imposed at the latem.l
a.nd domstrem boundaries. The inflow conditions

are extm.ted by projection from th€ solution over SD-
1. For th€ p]1rpose of claxity, the bottom image in
Fig.6 shoffs the upstrcarn 1/8 of SD 2, with a mesh
coaxsened by a faator of 2 in the strca.lwise aDd cross-

The free-strca.m r€jocity is 1.0 a'ild the time step size
is 0.1. The number of nonline:r iterations per time
step is 2. In the GMRBS update, the size of the Krylov
spffe iF 20, w rboul r€slai. Tb6e compurrr ions werc
carried out on a CRAY T981200. The computa.tion,
per time stepj requires 1.9 seconds on 16 processors
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@ subdomain-1

Subdomain-2

for SD-1, and 26 seconds on 48 processo$ tbr SD 2.
Figure 7 shows the magnitude of the vorticity in

ttrcse computations. Figure 8 shows the magnitude of
the vorticity fo. the upstredr and dovnstrcm halves
of SD-2. We note that, becalr-se of the highly-refined
mesh, the solution over SD-2 captures vofiices which
ar€ much cleaier in th€ n€ax wake. No second phase
vorlex shedding is observed in the far wake, though
lhe Karmar vortex str€et is captured in the n€ar \vake.
From laboraiory experiments [15,16], the transiiion
. a r w F e n  r h F r F  r L u  p l 4  : .  F x p F d - J .  . n 0 J .  t - n J

Hovever in our simulation, vorticity decays rn that
rcgion (see Fig.7). This leads us to think that the
3D eflects are the cause of the second pha-se vofiex
shedding.

UIe also computed this problem in 3D, but with
three subdomains: ff$t one around the cylinder; sec-
ord one startins at 2d dolvnslream from the center ot
the cylinder and extendins to 155di and the third one

200 diameter of cylinder 300

staxtins at 1504 and er.lending to 3007 (see Fig.9).

The first subdomain (SD-1) has the same bound.ry
conditions and in-plane domain size as those of SD 1
in 2D compuliations. The difierence is that lhe span
length ofthe cylinder is 8 units. SD-1 m€6h consists of
213,E56 nod€s ard 201,600 hexahedral elements, and
rcsults in 822,479 equations (see Fig.10).

The upstream wake subdomarn (SD 2) strctches
306, 8 and40 units along the strcamwise, spanwrs€ and
crossflov directions, rcspectivcly. SD 2 mesh consists
of4,470,025 nodes ard 4,308,480 hexahedral elements,
. 1 n  ' - . . 1 . .  I  i 7 , i J b . - ' 7 7 e q u i i o n . .  T o p i '  q u q  c o n d i -
lions are obtained by projection from the solutioD over
SD-l. Bound.ry conditions similax to those for SD-l
ar€ imposed at the lateral and downstream bourd-
aries. The inflow layer is selected in such a vay that
its upstrean plalle is located 300 udts downstream of
the origin (10 units upstream of the ouiflov bomd
.  J )  F o  h ^ D U ' p o s e o I c l a r ' r y .  S D - ?  - e l  n F g . i 0

Fig.11: 3D cylinder long-wake computation at Re = 140. MaC.nitude of the vorticity for
Subdomain 1 (upper), Subdomain 2 (middle), alld Subdomain-3 (lower).

Fig.12: 3D cylinder long-wake computation at R€ = 140. Macnitude of the vorticity lbr
Subdomain-2 (upper) and Subdomain-3 (with smaller masaitude of contours)
(tower).
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Fig.I3: 3D cl,linder lon8-wake compuLaL:on aL fp - 140. Streamwise componenl of {he
vorticiry at the centercd horizortal plaie, shov,,n for Subdomai}2 (npper) and
Subdomain-3 (lower).

Fig.14: 3D cylinder long-wake computation at A€: 140. For Subdomajn-2 at the cent€red
hodzontal pla.ne, spanwise components of the velocity (with coDtour range
-5 x 10 e - 5 x 10-e) (upper) and residua.l (with contou m.nge -5 x 10-1'� -
5 x 10 1'�) (lower).

Fig.15: 3D cylirde! long-wa.ke computation at fi€ = 140. For SubdomaiD-3 at the centered
hodzontal pla.ne, spanwise components of the r€locity (with contou range
-5 x 10-11 - 5 x 10-11) (upper) and residua.l (with contow mnse -5 x 10-ra -
5 x 10 ra) (lo1^€r).



shorvs the rrpstrearn 1,14 of the SD-2.

The dorvnstream wake subdomain (SD-3) stretches
300, 8 and 40 units along the streamwise, spanwise,
and crossflow directions, respectively. The mesh den-
sity in SD-3 is the same as what',ve have in SD-2. SD-3
mesh consists of 4,382.449 nodes and 4.224,000 hexa-
hedral elements, and results in 17.192,513 equations.
The inflow conditions are obtained by projection from
the solution over SD-2. Boundary conditions sirnilar
to those for SD-2 are imposed at the lateral and down-
stream boundaries.

The free-stream velocity is 1.0 and the time step
size is 0.1. The number of nonlinear iterations per
time step is 2. In the GMR.ES update, the size of the
Kr1'lov space is 20, without restart. Only for SD-3
computation, the number of nonlinear it,erations per
tirne sbep is three. These computations were carried
orrt, on a CR.AY T3tr-1200. The computation, pcr t inte
step, requires 9 seconds on 64 processors for SD-1, 35
and 51 seconds on 128 Drocessors for SD-2 and SD-3.
respectivelv.

Figure 11 sirows the magnitude of lhe vorticit l, at
the centered horizontal plane in ti iese computations.
Figrrre 12 sliows close-up vierv of the magnitude of the
vorticit l 'at the centered horizontal plane in SD-2 and
SD-3. SD-2 captures the transition of vortex shedding
near the outflo'"v bounclil,rv, in acidil,ion to the Kar-
man vortex street in thc near.,vake. SD-3 successfullr '
capturcs tire second pherse of vortex shedding. The
spacing betrveen t,he vortices in the second pherse of
vortex shedding is about t'nvice as large cornpared to
the spacing we see in the first phase. Fig.i3 shorvs, at
t,he centerecl horizontal plane, the streamwise cornpo-
nent of the vorticity in SD-2 and SD-3. In SD-2, the

lrattern of the in-piane vortices is sirnilar to the those
seen zrt Re:300.

The magnitude of the stream'"vise vortices in these
subdomains is very srnall, such as 5 x 10 ' and
5 x 10-11. respectively. \\ 'e compared at, the same
plane the spanwise components of the velocitt '  and
residual to confirm the true existence of these vortices.
This component of the velocitv creat,es the streamwise
vorticity and 3D effects. In Figs.14 and 15. rve com-
pare, at the centered horizontal plane. the spanrvise
components of the velocity and residual in SD-2 and
SD-3. The residual is much smaller than the velocitv.
For SD-2. the ma,ximurn contour vaiue for the velocity
is 5 x 10-e, and 5 x 10*12 for the residual. For SD-3,
the numbers are 5 x 10-11 for the velocity 5 x 10-14
for the residual. These observations impll' that the
span',vise velocity component we see is real, ancl rrot
numerical error. From t,hese verifications, rve can con-
clude that the stream',vise vorticitv comoonent wc see
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is also real.

From these results, we confirm the existence of
streamwise vortices, which is a 3D behavior, for
Revnoids numbers even as small eus 140. The mag-
nitude of these vortices is much smaller conrpared to
the other components of the vorticitv. The shapes
of these vortices at the centercd horizontzil plane are
similar to those in higher Reynolds nurnber (such m
300) flows. Comparison of 2D and 3D comprrtations
suggests that the in-plane vortices plal' zin important
role in producing the second pha^se of vortex shedding
in far dorvnstream. From these observations. we can
conclude that the second phase of vortex shedding is
generated by very small 3D effects.

7 CONCLUDING REMARKS

With orrr mrrlti-domain parallcl computational rne-
thod, rve were able to capture the details of trnsteaclv
rvake flo',v behind a circular cvlinder. At R.eynolds
number 300 we shorv that the rvake exhibits strong 3D
behavior. This 3D behavior includes in-plarre vortice-s
breaking the span'"vise (Karman) vorticcs. \Ve also
shorv that this ciass of flows involve 3D cffecls for cases
rvith R,evrrolds numbers as lorv as 140. For R.ey'noltls
number 140 rve also sho."v that at far dorvnstrcarn the
clistance betrveen the vorticcs approxin-ralelv doubles.
anrl a second phase of vortex shedding is generated.
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