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Large Eddy Simulation of Flow
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Thermo and Fluid Dynamics,
Chalmers University of Technology,

SE-412 96 Giteborg, Sweden Large eddy simulation of flow past a rigid prism of a square cross section with one side

facing the oncoming flow at Re2.2x10% is performed. An incompressible code is used
employing an implicit fractional step method finite volume with second-order accuracy in

C. Norberg space and time. Three different subgrid scale models: the Smagorinsky, the standard

Associate Professor dynamic, and a dynamic one-equation model, are applied. The influence of finer grid,

Heat and Power Engineering, shorter time step, and larger computational spanwise dimension is investigated. Some

Lund Institute of Technology, Box 118, global quantities, such as the Strouhal number and the mean and rms values of lift and

SE-221 00 Lund, Sweden drag, are computed. A scheme for correcting the global results for blockage effects is
presented. By comparison with experiments, the results produced by the dynamic one-
equation one give better agreement with experiments than the other two subgrid models.
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1 Introduction U... An incompressible flow with constant fluid properties is as-
sumed. The Reynolds number is defined as=Red/v. All geo-

The flow around bluff bodies, such as cylinders and prisms, - - . . .
of relevance to technical problems associated with energy conv%(?mcal lengths are scaled with Scaling withd also applies for

sion and structural design and arises in many industrial applic e Strouhal number, Stfsd/U.., wherefs s the shedding fre-

tions and environmental situations. In recent years, researchet eegr?)f[ggrua;)l:ofecirgﬁz. g‘vvtgrgﬂ;ﬁencggﬂhégetﬁlgrggﬁé %'fg?;;geeb;:

attention has turned to the use of large eddy simulati&s) for . "
. poed _ the confined flow(blockage parametef=1/H). Velocities are
studying turbulent flow around bluff bodi¢&—4]. A LES work al)s_o scaled withJ,, , and physical times withl/U., .

shop was held in June 1995 in Germany, and the resuits are pu Six simulations were performed with different subgrid-scale

lished in Rodi et al[4]. One of the selected test cases at thi . ! - A
workshop is the flow around a square cylinder at zero inciden§1e°dels' the Smagorinsky model¢=0.1), the standard dynamic

. . : . ~~ Mmodel, and a new dynamic one-equation model. The influence of
(one side face facing the oncoming flpfor which LDV mea finer spatial and temporal resolutions, and the size of the spanwise
z;;eemLeEnésza;te t%eepg;%%]hgleR?nglocw vagrskgﬁgzliiregiraescttzségnension on the results for the dynamic one-equation subgrid
Large Eddy Simulation in March 1994. Seven groups took part ?nrgler?v?g:g ivr;'e.lfgb‘r’lfi investigated. Details on these simulations
the LES2 exercise, and the results of this exercise are reported%)&r? incompressible fiﬁite volume code. based on a fractional
Voke [6]. The reason for this focus on LES for the study of flow p '

around bluff bodies has to do with poor results when using stat%t-ep technique and emplc_)yl_ng a UOT‘St*?‘ggered grid arrangement,
as used. The scheme is implicit in time, and a second-order

. ; . W
tical turbulence models. Most probably this has to do with comx . - :
plicating factors such as a strongly retarded stagnation flow, mn%rank—Nlcolson scheme was used. All terms were discretized us-

. - X 2. . rg the second-order central differencing scheme, [€defor
sive flow separation, streamline curvature, transition from Iamln%

to turbulent flow, recirculation, vortex shedding, and perhaps m rt:"ﬁﬁir ddaetterlg.s;r :ﬁ]é'r;ec_gzlzgr‘]'tngrﬁglg%gtﬁ;: lﬁiﬁ %?éte?i&mth
important, the existence of inherent three-dimensional flow stru ’ : 9
tures[7,8]. The presence of sharp corners may also be a comp§

g_stribution was uniform with a constant cell si2g, outside a
cating factor in flow simulations, especially at high Reynold gion from the body, which extended two units upstream, down-
numbers.

gtream, and sideway@n the x andy directiong. The distance
The main objective of the present study was the examination féﬁ’m the cylinder surface to the nearest grid point defiaeSor
different subgrid scaldSGS models of LES of flow around a

calculations in this study$~0.008. The hyperbolic tangent
square cylinder at Re2.2x 10°. Another objective was to make al‘unctlon was used for stretching the cell sizes between these limits
critical evaluation of this selected flow case, in particular on t

dandA,). A uniform grid with a distance ofA, between nodes
effects of solid blockagéwall confinement
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as used in the spanwise directién direction, with spanwise

2 Configuration and Numerical Details

The flow is described in a Cartesian coordinate systeyp) in
which thex axis is aligned with the inlet flow direction, ttmeaxis
is parallel with the cylinder axis, and tlyeaxis is perpendicular to
bothx andz, as shown in Fig. 1. A fixed two-dimensional squar o x| la
cylinder with a sided is exposed to a constant free stream velocit
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Table 1 Summary of computational parameters: (At) time step; (A,) uniform cell size down-

stream of the cylinder downstream the region of a stretching grid; (A,) uniform cell size at
upstream and sideways of the cylinder outside the region of stretching grid; (A,) spanwise cell
size; (A) computational spanwise dimension
Case SGS Grid At A, Ay A, A
SSM Smagorinsky 188105%25 0.025 0.25 0.16 0.167 4
DSM Dynamic 185%105%x25 0.025 0.25 0.16 0.167 4
OEDSM One-equation 185105x25 0.025 0.25 0.16 0.167 4
OEDSMT One-equation 1856105x25 0.0125 0.25 0.16 0.167 4
OEDSMF One-equation 26616125 0.025 0.16 0.10 0.167 4
OEDSMA One-equation 185105x49 0.025 0.25 0.16 0.146 7

dimensionA). The number of nodes distributed over one the cyhize the equation fo€ globally, but still with the constraint that
inder surface was set equal to 25 for all sides of the body and f6>0. This optimization leads to an integral equation for obtain-
all simulations except for the case OEDSMF, in which 33 nodeésg C, whose solution is very expensive and results in an increase
were usedsee Table L ) ) in CPU time[14]. In the present study, a new one-equation dy-

A uniform flow (u=1, v=w=0) was prescribed at the inlet, namic subgrid moddl15] is used. In this model, the modelég}q
which is locatedX,, units upstream of the cylinder. At the outlet,equation can be written:
locatedXy units downstream of the body, the convective bound-

3/2
ary condition IKegs J ( k12 Ksgs k Ksgs
+ — (UiKggd = — k +P, —
v oy g e ™ G| Craneasn | T Ples G @)
— 4 —_—
at Ue X 0 - -
=— 72U a_ _ockaktis = — )
was used for all velocity components. The valuelyf was set Pksgs_ TijUijs T 2C AksgsSj 2V5gSij
equal toU., . No-slip conditions were prescribed at the body sur- 155 o0
faces. Symmetry conditions simulating a frictionless wall S| M @
o2laxg  ax)
Ju  Iw
oy oy © =0 In the production term, the dynamic coefficiedtt is computed

) o in a way similar to that used in the standard dynamic model
were used at the upper and lower boundaries. A periodic bound@ty 14, i.e.,

condition was used in the spanwise direction. The normal deriva-

tive for the pressure was set to zero at all boundaries. The dimen- LM, PR
sionsX,, X4, andH were set to 7.4, 15.8, and 15.7, respectively sz’ Lyj=umu;—uu;
(see Fig. 1L Computational parameters are listed in Table 1. sy

—

K=kt 3L, M;=—AK"S,+AkLS,; 3)

—_—

3 Subgrid Scale Models )
When using LES in the context of the volume average approa\(’:vhhere Ly denotes thedynamicLeonard stresses and wheke
(box filter), the time-dependent, three-dimensional Navier—Stokes? T;; is the subgrid kinetic energy on the test leyeH]. The

equations are solved. In this method, the largest scales are qu filter width is computed from the::ell size, "e\’:(av)lls'
solved numerically, while the unresolved scales must be model@ad the test filter is twice as large, i.&,=2A

with a SGS model. The success of LES depends on how accuThe subgrid turbulent kinetic enerdy, is essentially a local
rately the SGS stresses are modeled. The most widely used Sts@ntity. Indeed, the Smagorinsky model is based on the assump-
model is the Smagorinsky modgl0]. In this model, the propor- tion of local equilibrium ofkgg, i.e., Pksgs_ eksgs=o. A slightly

tionality factor Cs in the SGS stresses is a constant value thgtter assumption for estimatii@f in the dissipation term would

must be specified prior to a simulation. The Smagorinsky constagi 15 assume that the filtered right-hand side oftijgequation is
Cs is usually given values between 0.1 and 0.2. In the prese&ﬁum to that of thek equation, i.e.,

study,Cg was set to 0.1. The weak point in this model is that it is
not suitable to use a constant that is not really a single universal 1 1
constant. This model is incapable of taking into account the re- P, —— ChI2=Py—= CLE* = (Ch) !
duction of length scales near solid walls and thus a damping func- ® A
tion is employed in the present stud@yl]. Also, this model is
‘acinati 1 A
absolutely dissipative and cannot account for backscatter. = Pe—P, +—(Ctyr? 4)
Dynamic models, which are capable of removing some of the K Tk TA N B | g2

drawbacks of the Smagorinsky model, are a suitable alternati Kn _— .
The first attempt to introduce a dynamic SGS eddy viscosiﬁc’te that C,)" has been kept inside the filtering process. The

model was developed by Germano et[dl2] and modified by allss_lpatlon canngt beknegatlve, which requires that we ﬁI‘bltto
Lilly [13]. One of the drawbacks of the dynamic model is th&ositive values, i.eC, =0.

numerical instability associated with the negative values and largeTo ensure numerical stability, lomogeneousalue of C¥ in
variation of theC coefficient. In the present study, to avoid nuspace Cf,,) is used in the momentum equations. This is deter-
merical instability owing to an extensive variation Gfin time mined by requiring that the production kfyin the whole com-
and space, spatial averaging in the homogeneatisection and putational domain remains the same, i.e.,

additional local averaging are performed Gn Furthermore, the

total viscosity is not allowed to become negative, iret,»,=0. (2CKAKLZS S Yxyz= 2CHonf AKEES,; Sij ) xyz- (5)

3.1 The Dynamic One-Equation Model(OEDSM). Gho- The idea is to include all local dynamic information through the
sal et al.[14] proposed a dynamic subgrid model without an assource terms of the transport equation kggs. This is probably
sumption of any homogeneous flow direction. They tried to optphysically more sound since large local variations in the dynamic
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coefficients appear only in the source term, and the effect of the C. Cp
large fluctuations in the dynamic coefficients will be smoothed out . C. T % (8)
in a natural way. In this way, it turns out that the need to average Le D¢

or limit the dynamic coefficient€* in Eq.(3) and (C5)""*in Eq.  Assuming that the shedding frequency is directly proportional to
(4) is eliminated altogether. the separation velocity, a corrected Strouhal number would simply
be St=St/|/a,. However, for the relatively low blockage ratios
under consideration<10 percent approximately, this simple
. procedure appears to give underestimated corrected Strouhal num-
4 Blockage Corrections bers[22,26,2Q. Compared to the mean separation velocity, i.e.,
Perhaps the most common scheme for correction of blockathe mean velocity in the outer parts of the separating shear layers
effects in confined incompressible high-Reynolds-number flogpringing from the frontal edges, the mean velocity at around the
around slender bluff bodies is due to MasKdlV]. From experi- trailing edges of the cylinder is probably more directly related to
ence, see e.g., Maskell, Modi and EI-Sherhjity,18), the upper the shedding frequenc27]. At least for low blockages, it is
limit for confident use of the scheme is ab@#10 percent. The believed that the blockage effects on the shedding frequency are
scheme requires as input the measured/simulated drag coefficeghificantly lower than the effective increase in the oncoming
Cp . the measured/simulated base suctioBp;, and the blockage velocity. In Bearman 28], for various bluff-body shapes, it is
paramete, i.e., the ratio between the projected area of the bodshown that the produc€pXx St is roughly proportional to K
and the cross-section area of the empty channel. For cylinderd). Based on this finding the following new but less severe
spanning across the channgljs equal to the ratio between thecorrection for the Strouhal number was applied:
diameter(the cross-stream projected dimensgiamd the channel

width. For the simulated case under consideratiee Fig. 1 8 St k-1 Co, ©)
=H~'. Following Maskell[16], the blockage-corrected value of St k.—1\Cp)’
the mean separation velocity squak%dls where corrected quantities on the right side are calculated from

k2=a+aZ—K2, 2a=k*+1-Cpp. (6) the Maskell method.

The corrected drag coefficienCf, ) and the corrected pressures  Results and Discussion

coefficients CF’C) around the body are then determined from All calculations were carried out on one processor of a SGI

Cob k¥ 1-Cp ORIGIN 2000 machine. The transient period before the fully de-
== =0y, (7) veloped state is achieved was about 50 time units. The CPU time
Co, ke 1-Cp, per time step and grid point was about 270" 4, 2.2x 104, and
where a,>1 is the ratio between the corrected and the actual9< 10 * CPU seconds for cases DSM, OEDSM, and SSM, re-
oncoming dynamic pressure. The corrected Reynolds numberfr%ee‘:"ger%- Jvtz)efgrugzgsOsfg&ra%%n;g&r tgng tsrfg%vléaDSSal\/llmruetstp\)Aé%
. B . - o , ) ) , -
simply Re=aqRe. It is worth noting thaCp /Cp=a, =1 tively. The reason why case OEDSM was cheaper than DSM in
—Cp BI(—Cpy), where (- Cpy) andCp_are constants. For un- yorms of CPU s that fewer iterations were needed at each time
confined flow at around the Reynolds number under consideratigiep, owing to better numerical stability. Global results of these
(Re=2x10% the ratioCp/(—Cpp=1.5[19-21], i.e., for low three models were compared with experimernisghooth flow
blockages and by using the Maskell schem(lfl.a@)’l. ones[22,23,5,21,25,29,3Gnd numerical results presented at the
Following Vickery [22], see also Bearman and Obas&f8], LES workshopLES1) [4] and in the LES2 exercidé] (Table 2.
Norberg[21], and Luo et al[25], the same correction as f@, A series of time- and spanwise-averaged resolved velocity, pres-
can be applied also for the rms lift and drag coefficients, i.e., sure, and turbulent stresses are also provided for comparison with

Table 2 Summary of global results including a comparison with previous LES and laboratory experiments. For LES, Hand A are
the lateral and spanwise dimensions of the calculation domain, respectively. For experiments (EXP), B and / are the blockage
parameter and the aspect ratio of the cylinder, respectively. For cases having B or H™1 within parenthesis the results have been
adjusted due blockage effects. A bold-faced value for the aspect ratio / means that the cylinder is terminated by end plates.
Please note that different free stream turbulence intensities (=<2 percent ) are used in these experiments
LES Re/1G H~! (percent A St Co —Cpp Cu Co
SSM 22 6.4 4 0.127 2.22 1.48 1.50 0.16
DSM 22 6.4 4 0.126 2.03 1.30 1.23 0.20
OEDSM 22 6.4 4 0.130 2.25 1.55 1.50 0.20
OEDSMT 22 6.4 4 0.129 2.23 1.54 142 0.20
OEDSMF 22 6.4 4 0.132 2.32 1.63 1.54 0.20
OEDSMF 23 (6.4 4 0.128 2.09 1.38 1.39 0.19
OEDSMA 22 6.4 7 0.132 2.27 1.56 1.46 0.17
LES1 '95[4] 22 7.1 4 0.07-0.15 1.7-2.8 — 0.4-1.8 0.10-0.27
LES2 '96[6] 21.4 5.0-7.1 4 0.13-0.16 2.0-2.8 — 1.0-1.7 0.12-0.36
EXP Re/16 B (percent / St Cp —Cpyp Cp Copr
Norberg[21] 13 (1.9 51 0.131 2.11 1.37 — —
Lyn et al.[5] 21.4 7.1 9.8 0.13 ~2.1 — — —
Norberg[21] 22 (1.6 51 0.130 2.10 1.37 — —
Bearman/Obasaji23] 22 (5.5 17 0.13 2.1 1.4 1.2 —
McLean/Gartshor¢30] 23 4.2 16 — — — 1.3 —
Luo et al.[25] 34 (5.0 9.2 0.13 221 1.52 1.21 0.18
Vickery [22] 100 (7.2 14 0.12 2.05 1.35 1.3 0.17
Lee[29] 176 (3.6 9.2 0.122 2.04 1.33 1.19 0.22
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experiments. The time-averaged quantities were calculated oveThe effects of Reynolds number can be expected to be of sec-
about 20 shedding cycles, except for case OEDSMT for which tloadary importance for the flow case in questi®0,21,23,33
time integration interval was about ten shedding cycles. Thehis can also be judged from the experimental results provided in
Strouhal numbers were calculated from the fluctuating lift signafable 2. However, the blockage is a most important factor when
The computed resolved quantities are decomposed into a tie@mparing global results. For instance, when comparing the cor-
(denoted by();) component and a fluctuatiddenoted by) com-  rected results of case OEDSMF with corrected experimental re-
ponent. For example, the resolved velocities are decomposed gofis at around the same Reynolds numable 9 the agree-
written asu; = (uj)+u; . ment for the Strouhal number St, the mean drag coeffidnt
and the base suction Cpy, is excellent. Without taking the block-
age effects into account there is only a fair agreement with experi-
ents, except perhaps for the DSM simulation which then com-
res rather well with the experiments. For all present
tmulations, the velocity increase at around the lateral boundaries
x>0 were in excellent agreement with the effective increase
the free stream velocity as predicted from the Maskell
ckage-correction schente,=1.1, i.e., the free stream veloc-

5.1 Comparison of Global Quantities. A summary of glo-
bal results from the present simulations including a comparis
with some previous experimental/simulation studies is provided
Table 2. Please note that for all simulations in Table 2 the rms |
and drag coefficients are calculated from the time-depende
spanwise-averaged forces on the cylinder. Conversely, for
laboratory experiments in this table the rms lift and drag coeffg-IIR

r

cients are sectional and measured at midspan of the cylinder.. ; . - .
this highly turbulent flow situation, the local fluctuating forces o tyin the simulations is about 5 percent too high due to blockage

the cylinder are not fully correlated along the span and thus the''S adds to the Cr?d'tab'".ty for thg applied blockagge corrections
sectional rms forces are higher than the spanwise-averaged 01(1 gc- 4 In comparison W.'th experlment_s the rms lift and drag
From the present simulations the ratios between the spanwiSg€ficients seem to be slightly overpredicted from the OEDSMF
averaged and the spanwise-mean sectional rms forces were captiidlation, despite the blockage correction. Presumably, and
lated. For rms lift the ratio was about 0.99 for all cases except fgAS€d on the tendencies for the one-equation cases in Table 2, the
case OEDSMA, which had 0.97. The corresponding values fepmPbination of a larger spanwise dimension, a shorter time step,
rms drag were 0.72, 0.80, 0.76, 0.73, 0.71, and 0.69 for cas¥¥d @ grid refinement would bring the levels of fluctuating forces
SSM, DSM, OEDSM, OEDSMT, OEDSMF, and OEDSMA, re-(corrected for blockageeven closer to those indicated from the
spectively. When comparing OEDSMA with OEDSM, for whichexperiments €, ,=1.2-1.3,Cp,=0.2). However, such a mas-
the major difference is the computational spanwise lerigta7 ~ Sive simulation was not feasible on the available computer. From
compared toA=4), the spanwise-averaged rms lift and drag ar@nother point of view, note that any differences in predicted re-
reduced by about 3 percent and 15 percent, respectively. Hotts between, for example, cases OEDSM and OEDSMF will
ever, the correct comparison should be made on sectional for&&&ne not only from discretization errors, but also partly from the
for which reductions in rms lift and drag are only about 0.7 pegubgrid model. The reason is that the space discretization error
cent and 6 percent, respectively. The reductiorCi with an and the contribution from the subgrid model are connected to each
increase in the spanwise length is similar to that reported for REher, since the filter width is chosen As=(8V)*=,
=200-500 in the previous work of the present auth@$S1]. Since the lateral boundaries were treated as frictionless solid
When comparing OEDSMT with OEDSM, for which the onlywalls, the present simulations are indeed susceptible to a true
difference is the time stef\t=0.0125 compared tat=0.025, blockage effect. In this context, it should be noted that nfals?)
the only significant change ia 5 percent reduction in the rms lift. simulations in the LES1 and LES2 exercises employ lateral
Again this is in accordance with previous findings of Sohankdroundary conditions which represent a freestream condition
et al.[9] (Re=500,A=6). =1; v=0). Consequently, on global quantities, a direct compari-
Also please note that most experimental results in Table 2 aen with these simulations is questionable and is therefore omit-
corrected for blockage effectthese cases have origindlvalues ted. When taking into account the blockage, the DSM simulation
within parentheses Among these, all corrections are made usingame out worse in the comparison with experiments. The simula-
the scheme of Maske[lL7], as outlined in Section 4, except fortions using the new one-equation dynamic madeses OEDSM,
Lee[29] in which the method of Allen and Vincent82] is used. OEDSMT, OEDSMF and OEDSMAproduced similar global re-
In Lee[29] the rms lift and drag coefficients are not corrected fosults, which all, when taking blockage into account, compare fa-
blockage; theC,, andCp. values provided in Table 2 have beenvorably with experimentgTable 2. The SSM simulation pro-

adjusted for this effectd,=1.037). duced similar global results to the OEDSM, except for Strouhal
1F L L T — 0.0 T T i T

ssmo 0 mmeee B [ [

DSM — 1

OEDSM —_— % ] Cp asecssesssrey

OEDSMF _ - essasessss bt
{OEDSMA = - ol T -0.5 -

Bearman & Obasaju’82 & }

Norberg '93 .

1.0
/ psMm 0 ]
i - OEDSM .
! asl OEDSMF ]
OEDSMA B

Nakamura & Ohya 84 «
20l 1
- .* ]

[0y S T N S . L

A B C D A 0 . - 1

Fig. 2 Time- and spanwise-averaged pressure coefficient Cp around the cylinder (left) and versus x at centerline y=0 (right).
Experiments: Bearman & Obasaju  [23], Re=22X10°%; Norberg [21], Re=13X10%; Nakamura and Ohya [38], Re=67X10°. All
distributions around the cylinder (left) have been corrected for blockage using the Maskell scheme (Sec. 4)
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number and rms drag, which came out slightly lower. The goategative. As indicated above there may also in Lyn ef4lbe
agreement with experiments for all cases except DSM is furthgignificant effects due to the short aspect ratio, especially in com-
exemplified in Fig. left). In this figure all pressure distributions bination with the nonoptimum end conditions. Moreover, the on-
have been corrected for blockage effects. coming flow in Lyn et al.[5] is not fully described, the most
The selected experimental test case for the LES1 and LEBpstream station being only three diameters upstream of the cyl-
exercises is the LDV study of Lyn et dB] for which the block- inder axis. At this upstream positiox£ —3) the difference be-
age isp3=7.14 percent and the cylinder aspect ratio/is9.75 tween the free stream velocity and the centerline velo@ityy
(Re=22x10%). The measurements in Lyn et 4b] are carried =0) is reported to be “almost 0.1(see Lyn et al[5], p. 289. At
out at midspan of the cylinder and are restricted to one side of tHéS position &=—3, y=0) the present simulations gave out a
center line ¢>0), apparently without any check on the assume¥glocity difference of about 0.055. o _
symmetry of this procedure. Further, it can be noted that no endFrom the above it is clear that detailed quantitative comparisons
plates are used in Lyn et 45] to shield the central flow from the With the results of Lyn et al[5] should be made with caution.
tunnel wall boundary layers, which is of special importance whefowever, the basic flow geometry in combination with the high
using such a short aspect ratio, e.g., see Cowd8 and Reynolds number are believed to bf_s the most important factors in
Stansby[35]. In turbulent flow the required minimum aspect ratighe flow development of the shedding wake and thus in the fol-
for obtaining global results independent of this parameter is dWwing section some statistical moments of resolved velocity com-
pendent on the intrinsic degree of coherence of the near-cylindnents in the wake are presented together with corresponding
flow along the span. In this context, thene-sidedl axial correla- €XPerimental data of Lyn et &I5].
tion length of sectional lift or lift-related quantities can be used to
estimate the requiredminimum aspect ratio. The conservative 52 Comparison of the Computed Mean Flow With Ex-
guideline provided in Norberf4] is that the aspect ratidength- periments. The time- and spanwise-averaged streamwise veloc-
to-diametey should be greater than about five such correlatiggy (Ty,, and component velocity fluctuations squateeriances
lengths. Conceivably, with an optimized end plate design the rgere calculated along the wake center line=Q.5, y=0). In
quired aspect ratio can be reduced, a reasonable estimate woulgtige 3, (u),, and the square root of these variances, here referred
labm::] tr][ree sughRggrzrili’ggOE Ier;)gt[%]. Th? cr;v;lalbcor[[ek:.atltf)n to as rms velocitiegv pys= \/m URms= m Wawis
ength at aroun as been reported to be within four_ 7ooroi : ;
to five diameterg23,30. It should be emphasized that the comy (w'w")), are shown together with the experimental results of

) X : > n et al.[5] at the center line of the wake. Among the simula-
putational spanwise length of the simulatiofsarameterA)  jions and for the streamwise velocity, case OEDSMF is closest to
should not be confused with the experimental aspect (pticam-

) ) the experiments. The refinement in tke-y plane (OEDSMP
eter/) [37]. However, it should be remembered that also for threg 4 the increase of the spanwise ext@EDSMA) have opposite

dimensional(3D) simulations the parametek should be large effects on the predicted center line velocity. This seems to be
enough in order to capture all dynamically significant spanwiggnnected to a weaker recirculation region for case OEDSMA, as
flow features. _ the flow becomes less 2D because large spanwise flow structures
_ All experimental cases in Table 2 have a free stream turbulengg captured. For the present cases the position of zero velocity
intensity <0.5 percent except Lyn et a5] for which the up-  ajong the center linéhe wake closure poinbccurred at approxi-
stream free stream turbulence level is reported-aspercent. A mately one diameter downstream of the cylinder axis. This is in
shown, e.g., in Vickery22], Lee[29], Nakamura and OhyEB8],  contrast to the experiments of Lyn et f] for which the corre-

and Cheng et a[39] the effect of adding turbulence to the on-sponding position is<=1.4 (see Fig. 3 The recovery of the
coming free stream reduces the drag, the base suction, the flugfgyeamwise velocity in the intermediate wake levels off at ap-
ating lift, and the axial correlation length, respectively, effectgroximately 0.87, 0.81, 0.80, 0.75, and 0.70 for cases DSM,
which appear also to be dependent on the turbulence integt#EDSMA, SSM, OEDSM, and OEDSMF, respectively. These
length scale. The present simulations did not account for any gklues are higher than the experiment of Lyn ef&], which is

fect of free stream turbulence, as the inlet flow was prescribed g@sout 0.6. Other LES calculations also report a great disparity of
completely uniform and time independent. It is worth noting thaesults in the wake regide,6]. The reasons for this inconsistency
the effects of turbulence on the flow around a square cylindgy the simulated wake flow are unclear. However, the spatial reso-
appear to be similar to an increase in the afterbody lef@8h |ution in the wake region in combination with grid stretching and
Lyn et al.[5] report a mean drag coefficient 65~2.1(Table 2, the type of SGS model used seem to be important factors.

which is about the same as the blockage-corrected mean draghe predictions ofigys andv gys for OEDSM and OEDSMF
coefficient of Bearman and Obasdj23] and Norberg[21], for have relatively good agreement with experiments, especially for
which the free stream turbulence intensity is less than 0.1 percemé finer resolutionlcase OEDSMF (see Fig. 3. The DSM has
(0.04 percent and 0.06 percgrif the effect of free stream turbu- the lowest rms velocities, with larger discrepancies with experi-
lence was to be negligible in Lyn et gbB], the blockage effect ments. It can be noted that there was a correspondence between
alone would certainly produce a higher mean drag coefficient theiwe rms levels of near-wake velocity fluctuations and forces on the
is reported(the Maskell scheme predicts an increaseCig of  cylinder (see Table 2 There seem not to be any spanwise rms
about 12 percent for this cgs@n the other hand, without taking velocitieswgys in the literature for a direct comparison with the
into account the blockage, the effect of free stream turbulenpeesent results.

would presumably give &€ which is lower than is reported. In A connection between the velocity level in the wake and drag
Lyn et al.[5] the time-averaged drag coefficient is approximatednd pressure coefficients was noted. Case DSM, with a higher
from the integral of the time-averaged streamwise momentum flaenter line velocity level off, predicts lower drag force, whereas
at x=8. This procedure is highly questionable since the pressutes opposite trend is observed in OEDSM. As is seen in Fig. 2
field must also be accounted fgt0], especially so since the flow (right), the OEDSMF gives higher negative pressure at the center
is confined between walls. A check on the evaluation of cylindéine while the DSM has lower values. The maximynegative

drag from momentum principles was applied to the present simpressure is located at around=1, with values of—2.10 and
lations. The time-averaged drag calculated from a momentum bal1.66 for the OEDSMF and DSM, respectively. Such a differ-
ance between the inlet secti¢at x=—7.9) and sections behind ence is also observed in the pressure around the body, see Fig. 2
the cylinder &>0.5) was within £0.5 percent of the time- (left). In Fig. 2 (right) the experimental results of Nakamura and
averaged drag as calculated from the pressure and shear stre@bw@[37] for the static pressure variation along the wake center
acting on the cylinder. For all these downstrearpositions, the line at Re=67x10° (8=2.5 percent, aspect ratig =17, free
contribution from the streamwise momentum flux was in factream turbulence intensity 0.12 peroelmave been included for
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Fig. 3 Time- and spanwise-averaged velocity
line (y=0)

(U);,, and RMS velocities (VU U" Yz, (V' V') i KW' W'),,) at center-

comparison with present results, which in this figure are givesults of Lyn et al.[5] at two different streamwise positionx (
without any blockage corrections. Since the mean static pressar@.5,6.5). In general, small resolved shear stresses reduce the
within a highly turbulent flow cannot be measured with “anyexchange of momentum in thedirection, giving a less “full”
assurance of accuracy in laboratory flows¥1] the comparison velocity profile. This can also be seen in Figs. 4 and 5, where
with present simulations can only be made qualitatively. NeveOEDSMF gives a less “full” velocity profile than the other cases,
theless, the position of minimum pressure is believed to be acand that OEDSMF gives the lowest resolved shear stresses.
rately captured in these experiments and concerning this positiorFigure 4 shows the time- and spanwise-averaged normalized
there is a good agreement with the present simulations. Figureu?oulent eddy viscosity «,=v,/v) versusy at two different
(left) shows time-and spanwise-averaged pressure coefficiestszamwise positionsxE& 2.5,6.5). In the wake flow, the lowest
around the body, together with the experimental results of Norbalue of », (or v,) is predicted with the SSM and the highest
erg[21] for Re=13x 10° and Bearman and Obasdj3] for Re values with the DSM ax=2.5. Atx=6.5, all cases except SSM
=22%x 10°. All results in this figure have been corrected for blockare relatively similar. In the wake flow, the maximum level of the
age effects using the Maskell scheli8ec. 4. As is seen in this eddy viscosity for the DSM is approximately two and four times
figure, all cases except for case DSM compare favorably with tigeeater than the values for OEDSM and SSM, respectively. Over-
experiments. all, the lowest and the highest values of the eddy viscosities are
The time- and spanwise-averaged streamwise velocities verguadicted by the SSM and the DSM, respectively. Large subgrid
y together with experimental resulf§] at two different stream- viscosity generally increases the dissipation of the resolved flow,
wise positions X=2.5,6.5) are shown in Fig. 4. The best agreeand consequently dampens the resolved fluctuations. This can be
ment between the present results and experimental ones is forgken in Figs. 4 and 5, where high subgrid viscosity corresponds to
OEDSMF. As in most of the cases, the difference between tkenall resolved normal Reynolds stresgesse DSM or vice versa
SSM and the OEDSM results is relatively small. Of these casdsase SSM
again the DSM shows the largest discrepancies with experimentsBy studying all components of the normal Reynolds stresses in
Figure 5 shows the time- and spanwise-averaged normal ahé computational domain for different cases, it is observed that
shear Reynolds stresses verguggether with experimental re- the DSM predicts the lowest level for all components of the Rey-
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Fig. 5 Time- and  spanwise-averaged turbulent  stresses
Cu'u"Yyy V'V ) W W), {Uu'V"),) versus y at x=2.5 (top) and x
=6.5 (bottom ) (see Fig. 2 for legend )

nolds stresses. The DSM also predicts higher base and minimunfrigure 6 (left) shows the time history of the local dynamic
pressure coefficients at the center line of the wake as compatgfficientC* at two chosen points at midspan and center line of
with the other cases. It is possible to conclude that the lowg{e body ¢=0, y=0) for case OEDSMA. At the point located
Reynolds stresses correspond to a higher pressure region in dfie to the downstream face of the boety=(+0.7), the range of
wake flow. A higher base pressure gives a lower drag force. Thygyiation ofC* is most of the time=0.5. The range of variation of
the lower predicted Reynolds stresses for the DSM lead t0& i time is much smaller in the stagnation region upstream of

higher pressure region in the wake, which causes lower drag fo : : .
(see Table 2 Similar results are also reported by Mittal and Ball:[ﬁ(a body than in shear layers and the wake region. A similar

. . k . .
achandaf42] for circular and elliptic cylinders (Re525). variation of C* with time was also observed for cases OEDSM

and OEDSMH44]. Interestingly,C¥ has a negative value for all
5.3 Results for the One-Equation Subgrid Model. Three times and all spanwise locations in the stagnation region in front
subgrid-scale models were used in this study. Of these three me@the body. This is seen for=—0.7 in Fig. 6(left), for which
els, the one-equation subgrid model was successful in accountifig time-averaged value is equal+®.07. The negative values of
for the backscattering phenomenon of the inverse energy transfer or negative eddy viscosity, cause the SGS production term in
frqm the subgrid sqales to t.he resolved sp@ﬂéﬁ. In this section, _the turbulent kinetic subgrid energy to become negdtsez Eq.
this phenomenon is examined by studying the SGS productiqhy] such negative SGS production in the stagnation region in
Pie In the kg equation[see Eqs(1) and (2)]. When the dy- font of the body is also seen for case OEDSMA in Fig(léft).
namic coefficienC* [see Eq(3)] becomes negative, the produc-There are also negative instantaneGlis/alues with time in other
tion Py, becomes negative. This is in this study defined as backgions, e.g., in the free shear layers and in the wake. Thus, the
scatter. sign of the time-averaged SGS production term depends on
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Fig. 7 Time-averaged SGS production (<P’<sgs>f) and velocity gradient ({du/dx),) at midspan (z=0) for case OEDSMA.
Along centerline y=0 (left); at different streamwise locations versus y (right).

whether there is negative producti@imackscatteror positive pro- is between about 0.075 and 0.10 with a time-averaged value of

duction (forward scatter In the wake region, the time-averaged).083 for case OEDSMAdashed ling The time-averaged value

SGS production is positive and decreases in the streamwise diretef, . is 0.085 for the case OEDSM. This time-averaged value is

tion, see Fig. 7(right). The two peaks that appear in the SGSjifferent for different flow configurations. For example, the value

production in Fig. 7(right) aty=0.5 (corresponding to the top of for recirculating flow is reported to be 0.045]. For transitional

the cylindej are due to the refinement of the grid in this regionflow behind a backward-facing step, a value of 0.07 is fojut&].

As the grid in they direction in this region is very fine, it meanspye to the relatively small variation of the homogeneous time-

that a large part of the turbulence is locally resolved, which givefependent dynamic coefficient, no sign of numerical problems

rise to large velocity gradient and thus a laigg . was observed. It should be mentioned that the dynamic one-
As noted earlier, the local dynamic coefficie@tfor the dy- equation model has also been applied successfully to plane chan-

namic model has a large variation in space and . This nel flow and to the flow around a surface-mounted c.

large oscillation inC enters directly into the momentum equations

via eddy viscosity, which can enhance numerical instability pro® Conclusions

lems. It is also observed that the dynamic model produces mor

wiggles upstream of the body than do other modélg. These for a solid blockage of3= 6.4 percent is presented. Three differ-

extra wiggles are produced as a result of numerical problems as- . . ; .
sociated with the negative values and a large variation in the ae%t subgrid scale models: the Smagorinsky, the standard dynamic,

i .- . - . dnd a dynamic one-equation model, are applied. Among these
ge&mlctcoef_flttzlem. In the OtEDSM’ fﬂlﬁ IotcaLdIyn?nlz_lc ct_oefflcgent ree models, the lowest level of all components in the Reynolds

enters Into the source terms of the turbulent KINUC SUbgrgosg tensor is predicted by the dynamic model. This model also
energy equation. To ensure numerical stabilityhamogeneous

K KoA . -~ predicts higher pressure in the wake region. It is concluded that
value of C” in space Coy) is used in the momentum equationsghe ower Reynolds stresses correspond to a higher pressure re-
which is determined by Ed5). This procedure increases the nugion in the wake flow, which leads to lower drag forces.

merical stability by preventing large oscillations in the subgrid |y spite of the fact that the CPU time for each iteration in the
viscosity in the momentum equations. The time historif,is  case of the one-equation model is higher than for the dynamic
shown in Fig. 6(right). The range of variation otﬁom with time  model, the CPU time required at each time step is higher for the

SLES of the flow around a square cylinder at=R2x 10° and
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gssoc_:lated with the dynamlc mOdeI. that increase the number ﬁfB] Modi, V. J., and El-Sherbiny, S. E., 1971, “Effect of Wall Confinement on
|terBat|0nS for FonVer_gﬁnce at each tlmhe 5tep-| duced by th Aerodynamics of Stationary Circular Cylinders3rd International Confer-

y comparison with experiments, the results produced by the ence on Wind Effects on Buildings and Structu@aikon Shuppan Co., Ltd.,

namic one-equation model give better agreement with experi-  Tokyo, Volume 2, pp. 365-376.
y q g g p Y 20 .
ments than the other two subgrid models. Another important adt® Okajima, A., and Sugitani, K., 1984, "Strouhal Number and Base Pressure
. . . : Coefficient of a Rectangular Cylinder,” Trans. Jpn. Soc. Mech. Eng., Ser. B,

vantage of the dynamic one-equation model is that it does not 5, pp. 2004-2012.
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