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Abstract

In order to investigate théhreedimensionalflow around freespanning, tandem marine
pipelines,Large Eddy Simulations (LES) with Smagorinsky subgrid scale model are performed using
the opersource code OpenFOAM. Two circular cylinders in tandem arrangement are placed in the
vicinity of a rigid, horizontal, plane wall. The cylinders are immersed in a steady current with a
logarithmic boundary layer profile at an intermediate, subcritical Reynolds number (Re = 131 x 10
The nondimensional distances between the cylinder centee2 and §L/D = 2 and 5) and the gap to
diameter ratios are G/D = 0.6 andvihere gap G is the distance between the bottom of the cylinders
and the wall

The present results are analysed through the
the details of the fl ow fheelrdess ulnt st haee evwaekoammpoafm tetah
results of the flow around tanhdein/ ®yEi Bdand bn g
at chosaetn Lg/alp s5 2, t the frleawthelhomegs tegt me, and
shedding regi me. Compared with the case of a si
tandem cylinders at G/ D = 1a@/eD osn Psaybidecindils e awisdt e o
itheraction with the wall than in the case of one
the spacing between the two cylinders, giving it

KEY WORDS: tandem circular cylinders; wall praity; Large Eddy Simulations; wake flow,
OpenFOAM.

1.  Introduction

Circular cylinders are commonly wused in engin
i solated or in interaction with othemwnfobphattDr
|l egs are onlythemeuexampl dsi vean marine environm
and cables represent cylindrical structures expo
is the Reynol ébff whea mHd estJ,t hRrke fr eld stream velocity,
angd s the kinematic viscosity of the fluid. CI| ass
cylinder in stwéady,r eswasécdp mes ¢éRetve dom na [11d mi marn gfi
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with two fiwekleorgtimmat futcly devel oped vortex st

and turbulent boundary | ayer.

Due to the wide spread of engineering applic
i mmer aend uinh i mited fluid is a wel./ explored fl ui ¢
physi cal phenomenon and the previously publ i sh:i

experiment al resultsdesmamofsit o m [fclen ttue gfs haegeome ¢ ¢ 1SN
|l mage Vel ocimetry @PIWwimagasawnr dmerntghht on the tul
wake of the Maqny pitdie rstf ddi es were also published
Dynamics (ICF®)s Rer maamgpetshemet eatddi rmeensi onalLasgeaedi
Eddy Simulations (LES) results were presented by
et al. [7, 8] and Direct Numeri cal Simulations (

l al |l mrfeximeuwmstliyoned structures, circular cyl i
t het sdamspd ,est hestame dyhbhmeater deore flramadd oinn aan dt

umi form incoming current in otherwise unlimit
mpl ex, involving an interaction between the v
ear |l ayers. Re i s againl ami mtauproboutl aemtt pvaorr a neext es
undary | ayers on the wupstream cylinder. The p
amatic influence on the flow behaviour around
t wedrmnttielenirnsdecentres (tlh/eD,spalcimngcalalte i) and R
assified sever al di fferent fl ow regimes. Three
attachmenteddidn,g hweeiglicenet h e sfeiccoantdi osnt edpi voifd ecsl atshs
ow regimes in the -csruibtcird[aliXdeanl sit adoesrrii tnigc atlh ea nsdu bpc
ed i n thet hper erseelnat isvteu dyys H eed dyien g / rDe g inmet heael Icoows
om h ontdhe Indssfiea | | L/ D of the fiesshewdi nggf mem & hj{
l .nder

0O c =S o0 ocooTwnw O —~+ —
< - »w —o — ®d® T 0 0O O S

Al t hough | ess exploredltimamert he hfel édvyolavr mad eordh n &
configurations recentlyemsdeievedpeirgmefnit @adntst atdt
in attempts topeds aasbbtipgdthbeftawdem cylinders.
documéarmtkiessconti nuities in the base pressure and
downstream dwleimo changes in flow patterns aroul
Zdravkovich [13] dedicated a | arge chapter of t|
categorisation of thdeifnl ewf meds é il het deadni bssolL
and averaged velociAlami etcdaarlr.iogbds 8Bduvte da bsyy sPtlevima t
subcritical flow regi tnbfel upcrteusaetnitnign gf |tuhiedl viaonrdcaetsi c
7withllsmangrementder t hai sccacpnitdhneuu t amred peird of mé ¢
experiments ati sRever2@00 aamge di fferences in fl ov
where the shear |l ayers from hherapmtSecrgd mntd gali .n dfe
reported about the narrow and the wide gap flow
ranbgeet ween 1000i Bndi MGOP| UYf the studi ecsriwe,rcealc oRec
ranging ftroon8". IxAxldde® ai l ed review of the experi men
and various modern measur ementwhovasu npnuabrliissende dt h
understanding of the fl owqaradund almerngerc¢i rexyploasre d
flowEus was -wank & hfel mveapatterns, the intermediate
respect to Re

The complexity of the flow around the tande
comput ad 9 owrad e sr. The previously publ i sheD resul
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simul ati ons at |l ow Re. To naadfei nd ame el Mintetna | f eotr
simulate fl ow around tandem cRel i=ndenideaadd HIi/00 O=e tz

all2plesenting detailed vorticitfyocaReu+ralt0oOnanar

Recentl vy, t he devel opment of both mor e S 0|
supercomputers enabl ed tfhaes th ipgrhoegrr elsest i unm e ehr o fir lteaswi
met waditilizkeld ticn rhodel tahdemml owl andend at L/ D =

18 comparing the simulations with the periodic
| engtvheranidcal (50 del ipp ail esAdamp akeabhtiemben) sever al
were conducted usilng2 Z]ars toansdtahryd elslg®DfF i bEKY subagr
is utitheedame as atnonmphaeRepbriees2etnzt »sxhlddyr,e t he cha
of the vortices shed from thelrcipPpeRiiywedtBeatdeeemh eq
Simul ati ower € DapEidS®H2,4]lhe vari atdalned!| t mellB&liatshsi c

Smag&ryi mubgridtecalmulmadel the fl ow aatoub/dDt=an8er
and Re =TaAnéémxoflOsqwas edicyd u.ansded sin [ 25]

A simple exa-mphaniorg as ufbrseeea piapeltihre pair@atms
i nflimgnda he fl ow arduhd wicconlay oyl thdessa bed ¢

In the case of a single circular cylinder placed
the wall, the key parameber Gi ®. t ihegppof oifdi amet
the i ncansi lmmg sfol[@2wpor Paonki mity to the plane wall
and its wake, resulting in two main fledwdirregiinmes
suppr e swvadfH, o w hies troe & thtea ppHaadhde twad Icyl i nder wake i
exceeds the critical wvalwue of about 0.3 [1], von
the bottom wall bcoewsn dpaerryi olda yce rs heexdpdde rnigen Movi ng t
wal | resul tesstiarbl g rsahndealt rod t he wake symmetry. A

subsides and the fl ow obtains the ch8tacteristic

Experi ment al measur ement s, Rwe r<e, a3p0d0r fi oirt mea dne 8 0
subcrReg i<d8forl®he comprehensive overview over p
[ 26All)ong with the traditional pointohmedd wmwemdnmiuss
in the cylinder wake. For the subcritical Re r a
Al per Oner et al. [28] anhddWasgwaemneé&é Tmamnn[l 9] .i mNd
using thAv&eggehdE&eise( RANS) model s. RANS result
Re =x L®Zhao et al 2afpd@10PngtetReak. 9pR2ENVDatl Rer easo
gua tative agreement with the experiments, but s
the -dihmersi onal ity of the flow or the specific f
at | ower R¢33]1aahd x el elr. BEd2Gahtte® Raen i nsi ght into
and the behaviour of the vortices.

Even though the phevi oals | gtoemfedn gtiuco adeedoarsal y s e d
the complexity of the engineering structures of
cylinder in the close vicinity of a wall. This t
t he i noffl utehnec ewa | | proximity on the flow around t
by Wang et al anf3#easUsemgnPs$ Vagf tfhlewi dnediysrua midc t
around the tandem cylinders at 1/ amd gd,ngatf roub
= 6.3 xfolcusing on theardd owakl or ¢ eB hzatigtfafcihtaireyhytas
Dhinakaran [ 35] and Harichandan and Roy [ 36] pu
tandem square icyiltywdefr saimpl amhe walcl at very | ow
used RANS to si mud attaen deme psicpoeulri naerso | ai d on t he
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focused on the enlarged scour behind the dbwnst
experi menlttialetstalld.i e[s38] presented LES of flow ar

wal | at smal | gap to diameter rati o, di scussi ng
alterations of theefll awef ivelk dsgAbtwmdatmetembd Cw & inin. e
performed LES around tandem circular cylinders i
1.31%x 10n the present study. For L/D = 2 and 5,
single cylinder at G/ D = 1 from the plane wall

as instantaneous and averaged values of the vort

used to depict géreerfdlowcharacteristics of t

The configuration of tandem cylinders in the
the offshore technol ogy,anfnomge samnslea @9 peddubmles .
paper focuses on the d&rl ocwy lairmoduenrds tiwo tthaen dveint icniirtcy
spacing and gap “baetbongs Re thé.Bahtegrmé&di ate, suk
to correspond to the-bopgdroant ipda pall i mersdw altinem $dewo g\ ohr
of about 100 m, the pipelines are on average exf
0.5 #B/.s MMhB3e di ameter of a pipeline can vary in s
commonly used 0. 76mm 16 Oa si cméchma)t la nads 0Q .40058 hra (c oisre
Re thus covers a variety of combinations a real

Based on the published numeri cal research fo
ofthe wall and two tandem cylinders in a uniform
the analysis of these problems. The detail ed exsz¢
the drag and the | ifn dhowed tvloatt ilcES ypraommwdi dQe £ rd
devel opment of the wake flow and the interaction
averaged values, obtained throwdh hsidmudafa tiséaronpd ealf
guasstieady stateover amaoypVoshex)sheddi ng tpheeri ods
overaltlai | s of t he Tplcyrsiitcearli ap hfeonro meentaer mi ni ng wh
developeed i ndtehicsg Mbltfaddy ar e

The flow is governédhéyspawoi kgyr parametLebDy ar

I n this study, L/ D = 2 and 5. The dtargrrefspabeéen
shedding refgDme, 2whrielsaul t s in wake proximity in
classified in both the extendfeodr btohdey caansde tohfe traena
in an infinite fluid)

The cylind®r $Dameadpll®cdéddPomvaopbhbpepwh!lished
around a single cylinder in the vicinity of a p
bet ween the wall flow and the cylinder wake stil

mi |l d owahg t he ,prads eG/Y¢D b=e slo,bmpared to those of t
infiniAtG6/ Dl wi@.6, on t he aorteh eulnahomendds t t hegery | i mfdle

wal | | all owing the compldex iwntkewa tinidond ehkegt Waegrer
develop. Considering the relatively | arge spacin
compared to the case of a single cylinder in the



2. Numerical method andcomputationalsetup

2.1. Governing equations

I n the present study, LES of the incompressi
subegrciad e model . The -Sitnockoensp reegsusaithbiloen sNaavnide rt he mon
filtered form (i.e. after elimination of subgrid
M_q )

(2

E_'_H(Uﬂ,) = _]_‘@ nﬂ u_t‘”_ (2)

ut K roxp X % p

Wheu_i,e,ri[l, 2, 3] denoitteys ddimp dn dnter,ierdc raaggsl ssdadhmiwe s (e
spanwi se&i rfecti on, resyiestaseignéddeeco Fi peseelpect

density opfi st tehef Ifuild|grremr @ emstessaéhvemmdoen subgr i d
by:
t;=yu Uy 3)

The commonly usedelsuprgop ads esd ah i Shrmagedi naky hE
study to include the effect of aphper csxuibmgatiido rs,c ail ret

the turbulemt etddysubgrbdi s$yress is given as:
1 _

ty - 3 ijdkk[ =2.8n 4)

_ aug uo. ©

S ©
2(;1 M 2

wheltget ands for the Kronecekierordadlnt & I&enitsetshodfvsende e ii ¢
ofSand the slbgrid | ength
n =175 ©)
I=C, D (7)

S|=425s 8)

Dis the grid filter width, esti ntaitse dt lmes S rhaeg ocruib

constant, herei eaetoft oBleReanTfheIrsamill ayy et al . [
standard Smagorinsky model performs well in con
model s for similar typeownfthéowasétofwasheusicegkéé
of the plane wall [26], for tandem cylinders in
to the wal/l [ 8] .

All the simulations are performed wdigmmg itthhen o

(Pressure Implicit with Splitt-$nhgkes ©Opeatitons)
i n5][.4 For the time i-Ntegrabnomethmd|l pfhse€patkal
schdmecoheeacnd viechet grmdiientWhiulses Gawietahr | e xqelairci t
orthogonal scosedctfioon thAlel daff ftulse vabdwve mschemes
accuracy.

The code has been wvalidated trhoruonudg ha tshien gbleen cc
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cylinder in an infinite fluid ddaddaRen+4(trh&li xci
same as in thkhepdesantssobidyhe validation study
al . Th&] caepsabafl itthie( iLnE SOpneondee@&M)mi ned t hrough the |
coeff,ictitemtvBsr mged pr e sasnudr @&intaki ysgird baft i tome f 1 ow f i
wa kTehe riers gllotnjpar ed pwelvli owistily epulmansih@d mex p c al roe
Having in mind the similarity of the flow around
(from the perspecti ehleb$ ma debruel netmgede imo ditehl e | Gipge n F
is chosen for the present study

2.2. Computational setup

The LES simulations are performed on the 3D rectangular computational domain ex(ending
x-direction)from 10D in front of the upstream cylinder centre to 30D behind the downstreafihene.
crossflow height of the domain i95D+G, extendingin y-direction)from the rigid wall at 0.6D and
1D gap below the lowest part of the cylinders to 10D above the centre of the cylinders, see Figure 1.
The spanwise length (z direction) is set to 4D. The domain dimensions are ichagerment wittthe
previous research of the flow around a sirglinder in the vicinity of a plane wall atandem cylinders
in an infinite fluid as well as in the vicinity of a wakit Re = 1.31 x 1008, 26]. The domain dimensions
are comparable to sea previously published studies for tandem cylinders immersed in an unlimited
flow, where it was shown that chosen distances are sufficiently large to eliminateftblel faifects of
the boundariesThe deta# of the domain size choice are presemdd i 29.

i 95D
Ll y o
- &op

r G
10D L 30D

Figure 1. Computational domain definition sketch for the tandem cylinders in the vicinity of a plane wall. Inflow
profile with the logarithmic boundary laya¥D = 0.48. In the present study, L2 and 5, G/D = 0.6 and 1
(Sketch isnot in scale)

A bddywted, -wmesbctiswsredvOded into sever al zon
mai ntain the control over the element size in t|
shaopfe t he zones and the distribution of the el en
cases. Speci al attention is paid to the transit
order to obtain the smoont halnds ssionfultahte ommess h t(hFei gsu
the cylinders and the wall surface $8gridadaesancsuc

dis keptdar-dasindwhielreenot es the frictiddnsvehecnoyma
di stance from dhemewsai 6onalThmedhriese created by e

di mensi onal meshes along the spanwise (2) axis.
performed for these co@GbbDnatOotsanmd kkDP pa?amét |
l eading to the fully converged cases with up to
of the convergence studies is given in the follo
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a) Anmeshsecewsesvefr tipd achhemain in (x, Vy)
b) Details of the meshthe zones in the vicinity of cylinder 1. LID =5, G/D =1

¢) Elementsiearthe surface of the cylinders. L/ID =5, G/D =1

The boundary c¢onadmet itomrsonagihe ekheeft tuadtiyh e Shepe ai f i
i mposi negrtahdeioeanetd ar y condi ti on ofgoarr vteHhemddatigisisierr e a
a boundahyckhgss0. 48 Tahe tweer tiindalnlfy edvepén ge mptr of i
deftdnas

.o o P ¢ I
ow IEITasd—hY w

I3

(%
0 —(—

K p T

H??_

Heme = i0s. 4tlhe von Kazmah ®moih8 ttameb ugehadbdesst ance of 1
bet ween the inflow and the upstream cylinder is

devel oped boundary | ayer Ubghei dbmacl|l pri@bnl be wr &

At t het hoeutplreets,sure and the normal gr pdliaeet of
i s defsi needs yonuned aryy bcondi ti on. The vertical sid
cyl ishakers, have the periodic botndar }xonarndiitoinon si
the surface of the cylinders and the bottom wall



Tabl e 1: Nupmefroirc atlh es ectase of tandew tchyDi=snd2rasf0adc8 D,seGltl

and 1. Convergence studies.
gap | spacing Total number Dimensionless
Case name Key parameter cD | LD of e!e'ments times t e p
(million)

G06 L2 m1 Mesh 0.6 2 12 0.00013
G06 L2m2 Mesh 0.6 2 16 0.00013
G06 L2m3 Mesh 0.6 2 20 0.00013
GO06 L2 | Mesh/timestep| 0.6 2 24 0.00013
G06 L2 m5 Mesh 0.6 2 29 0.00013
GlL5ml Mesh 1 5 12 0.00013
G1L5m2 | Mesh/timestep| 1 5 16.5 0.00013
G1L5m3 Mesh 1 5 21 0.00013
G1lL5 Mesh 1 5 25 0.00013
G1L5m5 Mesh 1 5 327 0.00013
G1lL5t3 Time-step 1 5 25 0.00033
G1L512 Time-step 1 5 25 0.00065
G1lL5t1 Time-step 1 5 25 0.00098

3.  Grid and timestep refinement studies

The grid anefpit hemedutdmees are performed for th
circular cylinders in the VicTme tgygyloifnderpd amree wpg
0.6 and 1 with the | ongitudinal spacing ma&tio L/
chosen to represent the diversity of the fl ow, i
the reattachkrendtdi aargd rtetlge mes .

The influences of the mesh-srefpi mgme mthadryd etdh ¢

val oés t h-eantdi repa@ceaged dr a@,ao®@efefpirceiseemtts t(he me:z

coefficients for the upstream and -mé angduocaw nes t(rremresn
of the splaicfet ave ¢ fafgie@d eepnrtess Nt t he upstream and t

respect.i vqgmga(ﬁmyvh efrhee compari son t-lamadu g @ @rgneadl i z
vel ocity pr of dwaekse iins aphres dteydteenddlreirshs e&@ft o m@ement i o
(&€)2 andi)lziddaef(fCi ci ents for tHihesH{MIUBAX ewlnejagw eF def
the drag force exerted on the wupstream/ downstr e:
over the cylinder surface. A i s:1=1 el PdA0)j, e omhesd ef r

Fiis the integrated |ibohefboceth&@hétutl medavelagke

I'n order t o rpedri fnetmddiyghied f grriecht meshes are cre
aforementioned G/ D and L/ D combinations. The mes
all zones. General characteristics of the meshes
the skewness of the el efmesnensulaarte oknespt Tthhee s9 azme off
cylinder surface and t hheeagldayse awal f osumhdos diensi |

keegpmxplDetails about itnhellabdees are given



I n the case with G/ D = 1 and L/ Db =abd Takl ece
suggesbnvkhRagence iihh ea pfeda.deBcehtewde en t he coarsest a
variations of all Yaoreifdtiicoresntosf alret hwitt hdsmdaldlghb. a n c
and do not show a steady trend. This behaviour s
for the coarser mesh cases. The overaldlg mensdh trheef
I i ft coebfoftihciceynltisndoefr s, wi t h dhsangeesr elf eotrvee ecno nlc% u
convergence is obttlamh®di andet amemesh( wase G1 L5,
sufficient grid resolution.

Thealsafe t he drag and the |lift coefficients wi
andD L7 2 are presedt&8d.i WHeFieguté&@de3mean fl ow coef
previ ouslgyr ipd ecsoennvteerdgence st uSly The &V &;,£,0 ahadnt
and @8 e wi%.hiGuiat0eD%i tHer 2, it i s Iimportant to
val ueissnfnort G cases of small L/ D = 2 (see Table 2
inir&hrough the mesh refinement. These results p
case GO0O6 L2 is sufficiently fine.

— cylinder 2 * cylinder 2

2r ] 2
"o o o ) o a2
o =

1r O 1F % L] * * *

0_5. b * * * 0570 o (o] o 07

or ol

15 2 25 5 15 2 25 3
a Number of elements oy Number of elements %107
c)
25 O cylinder 1| 1 251 cylinder 1 -
#* cylinder 2 - cylinder 2
2 1 2F 1
1.5 w 15F
= E
‘910 o o) o] o o
0.5 0‘5‘ - * * »
o al © o o o
* * * * *
12 14 16 1.8 2 22 24 26 28 3 32 34 1.5 2 2.5 3
Number of elements 0 g Number of elements x10°
Figure 3. The grid convergence study.

ax,an@,; G/D = 1, L/D = 5.

b)|_Caer s 2G/ D = 1, L/ D = 5.

cCc,an@,; G/D = 0.6, L/D = 2.

d) Ormsland Grmsz, G/D = 06, L/D = 2



Similar analysi-stép madeefgenthbesstiuegs Df mens
0.00098, 0.00065, 0.00033 and 0.00013 are wused i
1)In all sGomwrl aantti omwmber omse Kdpept mealnlt Cheimbw®r doe
exceed 0.02 in any caslel @ohud @ntt heru maern maoalnt ainns
approximately 0. 38, 0. 2\Wa,| uGktshéofmedn 0OdmM&g Fad ¢ e ¢
coefficients are presented in Figure 4, reveali:1

the varCyatrieomws Qhfi @c 58fs as shept idee nweas eeds7 %G t h

an@,with 9 %. It should be noticed that the chang
uni formly increasing or decreasing, but are in
convmeaegei s alreadgl aarpgpersa aqleeed wadnti | h f urt her refi
i mprovements in the mean forces. This conclusi on
who condusteef ansetiruedayt f or a sy hghdeandad fhpaladabdneemv i ¢
wall, with the same Re and G/ D as hetep andOre@ao
is thesefderedcaom fower tshuedrf i &ma&lnysif or

Tabl e 2: Mean fl ow parameters forl tahte Lt/aDnhd=e n2 caynid n5d,er
1. Convergence studies.
Case name Key parameter C_dl C_dz Cirms1 | Cims2
G06 L2 m1 Mesh 1.110| -0.191| 0.079| 0.431
GO06 L2m2 Mesh 1.107| -0.191| 0.0 | 0.435
G06 L2m3 Mesh 1.095| -0.210 | 0.08L | 0.415
GO06 L2 | Mesh/timestep| 1.107| -0.19B | 0.076| 0.455
GO06 L2 m5 Mesh 1.110/| -0.188| 0.052| 0.419
GlL5ml1 Mesh 1.388| 0.699 | 0.660| 0.948
Gl L5m2 Mesh 1.394| 0.651 | 0.681| 1.011
G1lL5m3 Mesh 1.388| 0.68 | 0.658| 0.959
GlL5 Mesh/timestep| 1.387| 0.631 | 0.611| 0.951
GlL5m5 Mesh 1398 | 0.616 | 0.660| 0.988
G1L5t3 Time-step 1.313 | 0.63 | 0.540/| 0.926
GlL5¢t2 Time-step 1.3 | 0.709 | 0.6 | 0.9%2
GlL511 Time-step 1.323 | 0.6& | 0.530| 0.896

I n order to further honmestcghtegritde i hél wakee
examiamedd t he streamwi se velbpni tybgoomegp &Bent fdoes p

investigated Eonfaburaasenasin this study, t he Ve
ful leyl odpeevd f |l ow. The streamwise velocity componer
15 equi dissetcatnitonesr odisstri buted and hse pavweyi asgyeedpl

streamwi se velocity-siectprosmsea tnefdt Hoavtedra ¢ yhlei mcd eorsss,
indicated in Figure 5ba.
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Figure 4rsté|'|1nec<nn'1\mezrgelnce study. L/(Dp = BD.DHODIEY)D= G11 L5
0.00065) (tpGt 050606833t ==an@. GAO LFP) .

a:an@_dz;

b)lcasrld rGns 2

The strongest influence of the mesh refinemen
at L/ D = 5 and G/ D = 1. A |l arge gap and spacing
cylinder to fully developargeswdrttinged ni mt ecrownepa"
vortical structures. Unli ke the flow around a si
the far wake, in the case of tandem cylinders, i
finehmecapturing the evolution of the vortical s

this study. The mesh refi nreemteinrtc ull eadtfd sotnh e ewmpysstbrne
cyl i adl@dawer streamwi sdevedpares hy Figure 5b. The

downstream cylinder wake shows | essslsiegnhstiltyi vd It o\

velocity recovel(¥igombebwapkeneemeshey profiles f

are i nodveagyr eggoment , pointing that the G1 L5 case
y

a)
T T
1.2 ] 12 T -
G/D =1, L/D = 5, coarsest mesh ——GfD = 0.6, L/D =2, coarsest mesh
AR G/D =1, L/D = 5, coarse mesh -] G/D = 0.6, L/D =2, coarse mesh
----------- G/D = 1, L/D = 5, intermediate mesh ———G/D =0.6, /D = 2, intermediate mesh
08} ——GID =1,L/D =5, fine mesh 08+ |——G/D =086, D=2 fine mesh
—G/D =1, L/D = 5, finest mesh ——G/D=0.6, /D =2, finest mesh
o 0.8 o 08
=2 =]
= g
3 04 g 04
s S
0.2 02
0 P W
02 -0.2
04 . . . \ . e . . .
0 2 4 8 8 10 0 2 4 6 8 10
b) x/D C) x/D

Figure 5. a) Definition sketch of thmositionsfor the mean streamwise velocity sampling.

b) Normalized timeand spanwis@averagedtreamwise velocity (kkadUc) profiles for G/D =1 and
L/D =5, gridrefinementstudy.

¢) Normalized timeand spanwis@veraged streamwise velocitymgad{Uc) profiles for G/D = 0.6, L/D
= 2, gridrefinementstudy.
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The smaller G/ D = 0Ovél andttéd® waRereflutbhet bp:
The velocities betweemnadhegooigd s cmlduetriso m ries tehsusse rstm
the interaction of t hfel dw.unKiaguwr d abSce rssh cawmsd tthhaet s
slightly higher velocities in the spacing and th
ar e, however, smal |, l eading to the conclusion
suf ficient resolution.

4. Results

I nfl uences of two parameters, the distance be
pl aneamwaldxamined in this chapter. Four combinat
and 1 aresetpapgame tdelteai | s of the numerical cases

t herelii sndiaedy publ i sheadaydlbhomudter tshe nwatlile,e mti hcei npiatrya n
i hhditsudy are chosen such t hatedt hecp e seartmyrmarneesdu | t
casasingle cylapader wal bsantdotandem cylinders in

Through the comparisons, one should*ksegdg in |
in thijbselsothugdssy to the sUdDPCCTi¢i RAlL<mMdow pHOdgicmsel y
(trandssintdaarym e rrse gian@e0,0 < Rese<e 4[02]0)0. The Fraemuharing
separation at the upstream cynleianrd ecry |a nnakiétDh amaskiet
vorttexlfendi s al so t he frlewiidnef omvheease daxhert ed on a si
fl ow are compar atcihvaenlgye[sil @ dherRypirteisweentt o etstud t s ar e

t o ptrheevyipouubslli shed studies of the flow in the subc

In the case of tandem cylinders at L/ D = 5, t
the von Karman vortex shedding deveyllopnsd ebrot[hl 89 n.
wake of each cylinder c¢close to a wall is thus ¢
vicinity of the wall. On the other hand, a singl
of G/ID = 1, exgéenia¢nwakeoml yemati ons due to the
present case of two cylinders with | arge G/ D ca

infinite fluid.

I n Secttihen p4ekbempl aweslhi hst heeresc |laafs stifae catar em
cases of a singheklcaghdndbe tibnofdienmttod&yhbti Inddaetras iisn a
through the mean values and the time devel opment
the behavilow fadfeltdlse b&Skicnd otntse 4c Y1 iasnpiies odif fBiect DE u s
of the spacing ratio and the gap ratioavéhagmdai n
values of fl ow fiel ds, whilgdhtt hemtiondthantdaenaouds
and the dynamwia&eashit ndeeacéhtbel i nder
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Table 3: Numerical saip for the case of tandem cylinders close to the plane wall at L/D =2 and 5, G/D = 0.6
and 1.

Total number
Case namg G/D | L/D | of elements
(million)
Go6L2 | 0.6 | 2 24
GO6L5 | 0.6 | 5 24.5
GlL2 1 2 21
GlL5 1 5 25

4.1. Classification of the flow
Depending on thetdoglander e dws efaractnh etahse tphlea

wall, different typd@&scof dpivaegveitood solwy aprueb [oibst hae dn erde
gap to diameter ratio divides the flow around a
regi me. The exhpdr iBmamrmtmaln raend$le afsgdaaacvekdo vtihceh ic[rdi t i c a

0. 4-exReni nati on of the Walildeamftfiddtesd by Lbeeit wete nall
narrow gap regime suppresses the voradxvaheddiyng
vortexgshepdsn Accegdiag worf2X] shedding occurs
influence of the Dwesl 10.i6s mumainie dosesrressch ta thvrd U gelx s h e
an elongated wake¢ hddefwladdt d263dwaVntf Gemd > 1, the
|l ayer vanishes both upstrsead ahd fHibwwt har@ommdp & r a

a single cylinder in.the infinite fluid ([1] and

The fl owaademmcdyilricnwdleakrs mi ned fluid is coarsel"
the critical spacing ratio. At spacing ratios s
upstream cylinderarigersspRarce nge d, Vol led e lgAehi3g p me n
example of more detailed classification is prese

cyliwdehbB between 1 and 2 yield the extended bod
as a single elongane@ bhaoady5, At hle/ Dplsetrwam cyl i nc

downstream cylinder, l eading to the reattachmen
upstream cylinder i s not affected by the downs:
periodically on the downstream cylinder, resul ti

4.1.1. Drag andift coefficients
At L/D = 5, large distance between the tandem cylinders allows the development of vortex

shedding fronboth cylinders [8]. Tie mean flow paramets (C_dl ,Cims1) Of theupstreantylinder are

thereforecompared to the values for the single cylinder near a plane wall. According tiofE8§ingle
cylinderin the vicinity of the plane wall, decrease in Gads to a decrease in the values of the mean
flow parameters. [1] found that this influence subsides at G/D around 1. Measureyresitst al. [4T

and the numerical results by Abrahamsen Prsic et al. [8] for G/D = 1 confirmed this, finding only a small

decease inC, and Gms valuesfor a single cylinder close to a wallhe presend ; and Gms,2 Values

(see Table 4, case G1 L5) are in good agreement with the values presented by Alam et al. [15] for L/D
=5 at Re = 6.5 x and LES for the case of a single cylinder at G/D = 1 by Abrahamsen Prsic et al.
[26].
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Table 4: Mean flow parameters for the tandem cylinders close to the plane wall. Present study: L/D =2 and 5, G/D
= 0.6 and land peviously published results.

Case ame/author Re UD |G | Cy | Cp | Cima| Cimeo
GO06 L2 1.31x18 |2 0.6 1.11 | -0.19 | 0.08 | 0.46
GO06 L5 131x108 |5 0.6 1.07 | 0.53 | 0.12 | 0.40
G1lL2 1.31x108 |2 1 1.10 | -0.26 | 0.02 | 0.34
G1lL5 131x108 |5 1 1.39 | 0.63 | 0.61 | 0.95
. 3.55x10 | 2.09 b 1.0 -0.3
Igarashi [49 5 1. 30 4
. 2x10¢ 2 b 0.9-0. 3
Ljungkrona et al. [4B 5 1 20 5
6.5 x 10 2 b 1.0-0.20.00.5
Alam et al. [15] 5 1.20.20.40.7
Kitagawa and Ohts 2.2 x 10 2 b 0.80.00.10.5
[22] 5 1.1/0.5/0.2/1.0
Abrahamsen Prsic € 1.31 x 10 One 0.6 1.0 0.1
al. [26] cyl. 1 1.4 0.7
6.3x 16 2 0.6 0.0 0.0
5 0.6 0. 4 0.1
Wang et al. [34] 5 14 0.0 0. 1
5 1.4 0. 6 0.5

C,, isin very good agreement with [26], andg&; obtains exactly the same value as for a

single cylinder. It is thus concluded that, at L/D = 5, the mean hydrodynamic forces exerted on the
upstream cylinder are not affected by the presence of the downsiyiaderc

The upstreamcylinder in a tandem arrangemetibse to the plane wall is exposed tm
incoming flow with a smoothly developed boundary layer pro8ienilar to what a single cylinder
would experienceOn the other hand, the downstream cylindéemmersed in a highlyutbulent flow
and exposed tlarge vortices periodically shed from both sides ofubstreancylinder. This results in
a significantly lower value adhe mean drag coefficieat G/D = 0.6 and 1 (L/D =5 in both caseEhis
is also captured in the LES results for the tandem cylinders in an unlimited fluid presented by Kitagawa
and Ohta [22] and SainfRose et al. [24], as well as the maasnents of Ljungkrona et al. [18he
experimental results for the tandem cylinders in ibinity of the plane wall by Wang et al. [34] show
a similar decrease i€, compared ta single cylinderas well as the decreasing trend@jf, with

narrowing of the gap. At large L/D = 5, the present resutsn good agreement with the experiments,
within 10%.

The smaller L/D = 2 implies a stronger interaction between the cylinders. Experimental results
for the flow around tandem cylinders in an infinite fluid by Zdravkovich and Pridden [12] at Re = 3.1 X
10%, Igarashi [9] at Re = 3.55 x 10as well as Ljungkrona et al.g§fusing Re = 2 x 19 show negative

C_dzfor L/D < 3. Their results are in good agreement with the present values for thet GdBe= 1.
C_dz measured by Wang et al. [34] for the tandem cylinders with Re = 6.3obfidined positive value
for G/D = 0.6 and negatiwaluefor G/D = 14. However, the measur@ hassmallabsolutevalues
and thereductioncompaedto C_dl is significant, with thelecreasing trend for the decreasing, gegin

this study
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The time histories of the drag and the lift coefficients on both cylinders are presented in Figure
6. In the case with L/D =5 and G/D = 1, stropgriodic oscillations can be noticed for both &nd
Cu2 (Figure 6a), as well asiCand G (Figure 6¢). The amplitudes of both coefficients are more
prominent for the downstream cylinder and, while the time historyol@©ws some irregularities;,C
oscillates smoothly. This behaviour is ateportedoy Wang et al. [34] as well as by Kitagawa and Ohta
[22]. It confirms that, despite the presence of the wall, the case with G/D = 1 and L/D = 5 clearly behaves
as tandem cylinders in egshedding regimeAt L/D = 5, narrowing the gap to G/D = 0.6 results in
reductionof the G oscillations (Figure 6b) and a significant reduction of thea@plitude (Figure 6d)
This behaviour resembles the case of a singledst at G/D = 0.6 ([4 and [26]) C42 and G also
oscillate with reduced amplitudes (in agreement with [34]), but their periodicity indicates regular vortex
shedding from the downstream cylinder.

For both gap$G/D = 0.6 and 1)time series athe flow parametershow an inherent difference
of the casewith L/D = 2 and 5. The smaller spacing ratiadersperiodic Giand G, oscillations, while
only small amplitudes without regular periodicity are observed for the downstream cylinder. In case of
the isolated tandem cylinders at L/D = 2 Jj2the behaviour of the flow coefficients on the leading
cylinder is similar as in the present study. The flow around the downstream cylinder in the unlimited
fluid, on the other hand, shows clearer periodicity and larger oscillationstira@ in the pesent study.

Due to only mild effect of the wall aglatively large distance from the plane wall, G/D = 1, the
flow is comparable with the results for the tandem cylinders in an infinite fluid and a uniform current.
In[22], theyused LES to simulate thleow around tandem cylindersumlimited fluid with L/D between
2 and 5, at Re = 2.2 x 1Kitagawa and Ohta [22] and SaitRese et al. [24] report that the time
histories showed irregularities in the periodic oscillations@b€d G, similar to tke present study and
contrary to the uniformly oscillating drag coefficient for one isolated cylinder. However, in both studies
of the flow around tandem cylinders in an unlimited flaidingle dominant amplitude can be identified.

In the present studyplvever, G for the case with G/D = 1 and L/D = 5 shows alternating strong and
weak oscillations (Figure 6a)he coshedding regimealso called the impinging reginfigl], indicaes
astrong influence of the vortices shed from the upstream cylinder colliding with the downstream one.
Since the vortices shed from a single cylinder at G/D = 1 become deformed by the wall as they move
fartherdownstreanin the cylinder wake [26], the alteating amplitudes of & and G (Figure 6a and

6b) might be attributed to the asymmetric impingement. Details of the flow between the cylinders are
further discussed in Sectidn2.
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Figure 6. Time histories of the drag and the lift coefficients. L/D-black line, denoted as L2, L/D =%ed line,
denoted as L5. Upstream cylindeylinder 1)- thick line, downstream cylind€cylinder 2)i thin line.

a) and c) Gi2and Gy for G/D = 1.

b) and d) Gi2and Gy > for G/D = 0.6.

The time series of the lift coefficients for the cases with L/D = 5 are periodic, with slowly
varying amplitude. Comparingqs1to Gims2in the cases with G/D = 0.6 and 1 (Table 4), a signifigantl
larger amplitude is observed for the downstream cylinder. In cases with both G/D, despite the difference
in the amplitudes, both cylinders undergo vortex shedding at the same frequency. Taggégiment
with Alam and Zhou [5]) who concluded that, ithe case of tandem cylinders in the infinite fluid, the
vortex shedding from the downstream cylinder is triggered by the arrival of the vortices from the
upstream one. Vortex shedding at the same frequency from both cylinders is also observed in the
numeical results [22] and [23]. While the present results give largeaniplitudes than measured by
Wang et al. [34] for the tandem cylinders at G/D = 0.6 and 1.4, the overall behaviour is in good
agreement. Similar to the present study, they report pesdittations of ¢ for G/D = 1.4, with small
variations in amplitude, and significantly lower: for G/D = 0.6, with larger variations and less
periodicity.

4.1.2.Details of the wake flow

The periodicity in the wake of the downstream cylinder fiected in the energy spectra,
presented in Figure 7 for the cases with G/D = 1 and L/D = 2 and 5. The spectra are presented for the
energy sampledy a numerical probe at each tisiep in single poinbehind the downstream cylinder
(xD=25forG/D=1and L/D =2; x/D=55for G/ID=1and L/D =5, y/D=0.25, z/D = 2 in both
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cases) The frequenciesf) are normalizedf§) to correspond Strouhal number (3§ = fD/U.. Here,
the thin line denotethe Kolmogorow5/3 spectrum, sedathieu and Scott [g.

The energy spectrum of the downstream cylinder wake at L/D = 5 shows the energy maximum
at St = 0.2, indicating the presence of periodic vortex shedding. This value is in good agreement with
the masurements of Wang et al. [34], reporting St = OAlfther strong peak is visible approximately
at double St frequency for the case with G/D = 1 and L/D = 5 (Figure 7). The presence of the second
harmonic is in agreement with the tirseries of @, 2indicating the alternating high and low amplitude
(Fig. 6a).0n the other hand, the absence of any prominent maximum in the Strouhal famhiier=
2 confirms the previous discussion about the suppression of the vortex shedding from the downstream
cylinderin the narrow spaced tandem.

The mean streamwise velocity contours (Figure

of the wakes of tandem cylinders in the vicinity
cylinder ibsy ntohte adfofwencstterdeam one for the L/D = 5
with the single cylinder at G/ D =i tlihda®Bnydgtuhr eG/8n) ,
= 1 and L/ D = 5 (Figure 8c) shows the same type

accelerationnedthiehe yfllimweunddhe case with G/ D =
the same main chwaracbanidsti csngsethbglfhder at G
el ongated primary separation bubble deflected f
wal | bounda®reyhi mrda fhiel e yiamder wake.
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of the vortex schefddidg frequency. f

The wake of the downstream cylinder, on the
the conclusions in [16], the wake of the downst:r

somewhat broader and mor e dnedderasse d e(sasl ssoy nrmeeptorri!
attributed to the deformation of the vortices sl
encounter the bottom walilbhbhd&ewspsttree drh ec ylbivn dairs w
Gl IF5gé@) 8and GO0Qu)rpBP BHe near wakes of the downs
similarities. Thi s wsaikgeni fciocmgpnatr esdh otrot etnhien gu posft rtehae
case, and the absence of thealslechynumdsgr alecorcap
experimentally by Wang et al . o[n34]h.e Idtowinstt lewasn
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shaped by the strong vortices shed from the upst
t he downsdereawalke.l iThhe vicinity of the bottom wa
i ncoming vortices.
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