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RANS-based wall-modeled large-eddy simulation investigation
for flow past a sphere with coherent structures at
subcritical Reynolds numbers
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Abstract: There still remain many challenging topics for CFD to numerically simulate flow around a bluff
body at subcritical Reynolds numbers, such as the high-fidelity resolving and capturing for instability
structures in the shear layer, as well as the periodic shrinkage and enlargement of the recirculation region.
This paper presents the development of a RANS-based wall-modeled large eddy simulation method (RANS-
WMLES) to provide a high-fidelity CFD tool for numerically simulating such complex flow phenomena
around a bluff body. Such a new method is different from traditional hybrid RANS/LES models. In particular,
for the new method the transition from RANS to LES can be achieved through a filtering parameter f, which
is only related to local grid parameters. Moreover, the transition can be pre-controlled through two

customizable parameters fi, and fi, for not only the transition boundary positions between RANS and LES,
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but also the ability of resolving turbulent kinetic energy. A series of numerical simulations for flow past a

sphere at subcritical Reynolds number Re=3700 show that the new method is capable of resolving and

capturing with high-fidelity temporally/spatially developed coherent structures for such complex three-

dimensional flows around a sphere.

Key words: subcritical Reynolds number; flow past a sphere; coherent structure; K-H instability;
wall-modeled LES; hybrid RANS/LES
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Fig.3 Drag coefficient for flow past a sphere
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PANS" (£ =0.1) 0.217 0.65-071 / 89.79 224 0.396
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®2 Hfio =020, AXMEXRHSHGITENHEELILER.

Tab.2 Numerical simulation results of flow statistic parameters when f,, = 0.2

YiEs Ja Yrans fos Jin o o L/D Cq
0.721 2.97 0214 0.542 / 89.6 2.21 0.395
0.513 4.79 0.218 0.653 / 89.5 2.25 0.395
0.473 5.25 0.214 0.721 0.0175 89.4 227 0.393
20 0.449 5.79 0.215 0.716 0.0177 89.5 2.28 0.394
0.401 6.87 0.217 0.687 0.0173 89.5 2.26 0.395
0.361 8.03 0.217 0.683 0.0173 89.2 2.26 0.395
0.301 10.57 0.219 0.835 / 89.3 2.25 0.393
0.681 3.85 0.221 0.43 / 89.8 2.15 0.393
0.512 5.80 0.211 0.64 / 89.7 221 0.396
0.482 5.93 0.218 0.683 0.018 89.5 2.23 0.392
0.455 6.87 0.216 0.720 0.0174 89.5 2.25 0.395
o 0411 8.03 0.218 0.715 0.0175 89.1 2.26 0.397
0.374 9.52 0.221 0.733 0.0172 89.3 2.24 0.396
0.347 10.57 0.219 0.893 / 89.3 2.25 0.396
0.316 11.98 0.211 0.931 / 89.2 227 0.397
0.715 3.91 0.223 0.445 / 89.8 222 0.393
0.537 5.88 0.213 0.423 / 89.7 2.18 0.396
0.478 6.98 0.217 0.608 / 89.5 2.20 0.392
0.432 8.15 0.216 0.615 / 89.5 2.21 0.395
28 0.403 9.21 0.215 0.624 / 89.1 2.18 0.397
0.379 9.83 0.217 0.795 / 89.2 2.23 0.399
0.361 10.73 0.219 0.817 / 89.3 2.25 0.396
0.332 12.16 0.219 0.835 89.8 2.18 0.392
0.685 4.86 0.207 0.431 / 89.8 1.95 0.393
0.535 6.98 0.209 0.455 / 89.7 1.93 0.396
0.483 8.15 0.208 0.473 / 89.5 1.98 0.392
32 0.439 9.39 0.21 0.525 / 89.6 2.01 0.395
0.402 10.73 0.211 0.536 / 89.1 2.01 0.389
0.371 12.16 0.209 0.852 / 89.8 2.02 0.389
0.344 13.68 0.208 0.883 / 89.3 2.02 0.383

g4 ek DNSP A PANS®! (BB B4R 45 R, AR SO id 2R BB AU BT 52 2 W £ Re = 3700 F
B BRZEI ) K-H Ao T & A X EUEZ Xyt > 25093E RN . Bl UL, s AP LES FF 0 30 0 &
I T K-H AFeUE & XA, TS PP LES FHJR 56 &390 T K-H AfRvE & E XN, 7
BEFR LES JFJa a0 FH07 B G O, YU T 4 TR RANS 45 51 A7 B % AR N 09 i sl BEFEATT A 1)
HUfE

HE 2 AR, 24 fio = 0.2, ZEA MR yios « Vians X fia VAR, FIHASSC(New) WMLES #8411
BT AR TC R R A £, | A3 S A o0 . TEIRIUR B XK R L D RBH T 2B C A, Y45 SCRk Hp AR 5
DNS 7" % PANS i (B ZE R 3, 4 LES FFS i 0 BT K-H K MR A X 5 et
(Bl yiog = 281 32 AFPIE AL ), BLARTE RE 1o P RE 05 LA 3] — A e MRS 25 o AR I {1, (L H DR (H 5 5
PRt K-H AFE MR fo, A —E [FR, ZEMAE DL, 7ERE &% H I AN BB ER 21 ) — AN BB AR 2
157 BB R DA
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Y LES PR 507 B AT K—H AR M & AR KIS (B yr o = 2070 24 BRRE L), AETS M BERE
T ARG fin 2 £ FOA5 B, 5 RANS G5 52501 B S AR R )it S RE AR AT BE f, B 2 DI AF G
2 ATS, TE YT o = 2001 24 PHFPELL R, 24 £ > 0.5 Byt > 10.005F, )\ Welch fig 1% b B AR BEAS L
FEF|— A RS A AR I, (H AT R 5 52 PR A K-H RERE PRSI fi, AR —2, i A IS 5L T
RES I T IEAS RS 2] ) — MRS BRI

F UL AT UL, 24 LES FFJi i 507 B A F K-H ARFRE t & A XA, 7 £ = 0.2/ 544 T, MRk
FREAEHERA AR I foo B fin 5 B SRR 56—, fid 05555, yians < 10.06

FE2 3, 4T My = 24 B, FIFHAR SC(New) WMLES A58 AT A5 A0 I 7 35 5050 ik A B {E A
PIEE R S5 IRERW, TEEFATW fio LA E £ IVAEATT, FIFHASC (New) WMLES A58 fir 15 4
BRI JRBS 1 L A B A o0 TE PR I XK B Ly D R B g 2 8k Ca i, 245 Scik b A 56 DNSP! &
PANS® FS(EZE B —5, HEAY £, =025, fi, =0.439 Hyi . = 9-51IF, 7 AE M BE Rt 1% b v 3 1R
Fo X fu M58 0 HIERT UL, 3% LES JFJR 1 S0 BT K-H ANFRE R & AR XA, S AR 3% P R
HEB AR fon B fu 55 B, TS =551, B £, < 0.2,

R3 Sy =24 B, AXWNEXRFSHSEITENBERUSER

Tab.3 Numerical simulation results of flow statistic parameters when y/ ., =24

Jo S YRans s i o 9? L/D Cq
0.535 7.08 0.213 0.643 / 89.7 221 0.396
0.483 8.26 0.215 0.653 / 89.5 2.23 0.392
0.439 9.51 0.214 0.686 0.018 89.5 2.25 0.395
0.25 0.402 10.89 0.217 0.663 / 89.1 2.26 0.397
0.371 12.34 0.221 0.886 / 89.2 2.26 0.394
0.344 13.89 0.219 0.894 / 89.3 2.25 0.396
0.321 15.56 0.223 0.891 / 89.2 2.27 0.393
0.516 7.59 0.213 0.425 / 89.7 2.18 0.396
0.473 8.83 0.217 0.608 / 89.5 2.20 0.392
0.439 9.84 0.216 0.611 / 89.3 2.19 0.395
0.3 0.398 11.63 0.215 0.625 / 89.1 2.18 0.397
0.381 12.81 0.216 0.807 / 89.2 2.19 0.398
0.356 14.56 0.219 0.815 / 89.3 2.25 0.396
0.337 16.21 0.217 0.823 / 89.2 2.15 0.397
0.523 8.47 0.209 0.453 / 89.7 1.93 0.396
0.501 9.02 0.208 0.473 / 89.5 1.98 0.392
0.35 0.465 10.15 0.209 0.485 / 89.6 2.01 0.395
0.433 10.89 0.205 0.535 / 89.8 2.01 0.389
0.416 11.63 0.207 0.831 / 89.3 2.03 0.388
0.379 12.76 0.209 0.851 / 89.8 2.02 0.389

BIYNE K-H AR P& AL (0 B AR, (FE 5 0L T X2 b . R, A T e vEwa i
WL BT V)2 K-H ANEae P 5 FRRE B R R REPE, T RANS A5 25 31 AT LES #5211 ) 3l
R E AT RN, I FLAE £, < 0.2, BIFEXTE0E 2 X IS 2 %70 80% Wi shREf#MTIE .
2 1 A0, SCHk T PANS 75755 DNS 7 BB BIEE FEEEAR—BL, 1 LES X fin o L/ DI CoHEEAS
PULER 5 DNS Jik Mg AR R 2E R, Ah, A DNS J5 k" Bl el B ag R A5 H R0 5 S5 i i o
Fno HIFE 2 TN, F A SC AR TS (9 (New ) WMLES J7 %, MY AERS RS DNS Jri:t K PANS Jyi:"
— 3 fis s fins fins 07 L/ DI C,HIZESRE, T HARREFRHS DNS J5ik—B00 £, I Z5 58

FEF% 4 th, 250 T ARG SR DNS 5965 LES k™ % PANS 71 (52 ks $icie, e it
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T B ytes =24 0% fio = 0.2, AR 3C(New) WMLES 757 Bt A THSE S i . by 26 T 41, AR 3C (New)
WMLES J5 ¥ BT V5 90 A% 50 2490 T DNS 5355 LES J73k™ J PANS 5™ (3 WM Ak, i
H R T F R 2 K5 /0 T DNS J7 ik AR e A 25 05, e /38R nl AR AR R RO R EAR A SR .

x4 AEImREEET AT EME LS

Tab.4 Comparison of number of meshes for different turbulent models

CFD %! DNS™ LES" PANS f,, =0.1"" PANS f,, =0.2"" (New ) WMLES
Rk K (x10°) 9.48 9.08 8.82 7.52 6.75

T I BN A RN B AR EE U, 1 Welch I5R3%, 45 H £, F1 fi, 9 (New) WMLES $U{E #5548
g M AT K-HARRRE X, x)D=1.0H.r/D=0.6, it N Point 4. M &5 B T & i X,
x/D=3.0Hr/D=0.6,ic°} Point B, [FA}, MR 2 BEUEBBIZER, X fi o fo Myt I 4 N5
Case A Xf i yro = 20, fiy = 0.449; Case B Xf i yiog = 20, fi, = 0.401; Case C X ¥ yig = 24, fi, = 0.455;
Case D Xf ¥ y; s = 24, fu = 0.374,

Point 4 Zb4% 153 B U, 1) Welch D3Rk, F2 % FH T BBk S8 85 V12 K-H A fRe a5 iy e
WS HIATRAE fin o XT Case A~D iX 4 A T, FIH (New) WMLES 30 {HAHLL T 15 U, 2 Welch Tj
RPN 4 FiR, A8 5 Kamble 2™ 1)1 PANS J7vE BOBUE 45 AT T ke, 459%0, 5
PANS J5 8k BB 15 45 5 —4E, 768 H (New ) WMLES 78U E L 115 U, 2 Welch TRk eh, [H#E
AT LA BT A 2] K—H AN B2 T 5 480 v A A 0 ) WA L, T L JECX 0 A3 3 f A (ELZE 0.65~0.71 22 1] (AL
% 1), SCHkA PANS 77" (i 4t R —5%.

10 f o

3| PANS £=0.1

102 10" 100 100 10> 10°
SOV,

10° 102 10" 10° 10
/DU,

| PANS £,=0.2

102 10" 100 100 10 10° 102 10" 10 100 10> 10°
/DU, DIV,

€l 4 Point A AbA2 [ L U, ) Welch D54,
Fig.4 Welch power spectrum of radial velocity U, at Point 4

XF Point B AbA% ] 3 JE U, ) Welch D=R3%, F2 2] TR0 R BRGE IR I o R R AR 2 25 H4 IR0
AT BIIARAE fi o X Case A~D iX 4 N5 T80, FIH] (New) WMLES J5 A BE BT 15 U, Z Welch
HEGENE 5 PR, [FNHE S Kamble 262 FI F PANS J7 i BOBE & 45 BT T LR, 4560, 5
PANS J5 ik B 45— FE, 7 FH (New) WMLES $UEBLITE U, 2 Welch T, [RIFERT LA
7 I ) PR T R N AR R (A R 43 (W L, 117 L HL X 07 11 JE PR AR, (B 5 PANS T k"
AEE L RS (L& 1),
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1072

102 s 0 Jos
\ 10+

104 ¢
N Q104} ~
a 6L I _10 6 |
Q10 ) =
=108t Ly 1070 108 |

100 :

lon CoseA 107 10 F PANS £=0.1

1 . . . 1010 1012 . . . . .
102100 100 100 10° 100102 100 10° 100 10* 10°
/U, /DU, DY,
T T 10°

10° 102} ’ et g
g 10 K104t _10°f
= = &
L’JAIO 6 | Lnflofe L 108

o5 b 104 b 107°F PANS /=02

102 100 100 10 107 102 100 100 100 100 ONSET0R 100 100 100 108 108
D/, J/D/U, DIV,

5 Point B AbA2 I EE U, 19 Welch D33
Fig.5 Welch power spectrum of radial velocity U, at Point B

T T E A A C AR T RS EE w1 Welch BIRGE, 45 £ R £, 19 (New) WMLES U{E 45
o M C i TEWRKX, x/D=3.0Hr/D=0.0,ic} Point C. X} Case A~D iX 4 MHE T.0L, FIFH (New)
WMLES J5 BB 15w, 2 Welch TIRIEME 6 s, 4553, 5 DNS ik iBdE 545 5 —
B, ZEFH] (New ) WMLES 75 i80S ) 22 Welch D3 b, [RlAE AT LAY I 5 2] R i Hh A
JA WA, T3 LG A JE DR AR (5 DNS k™ mii R —8 (W& 1),

- 0.45
035 /n Case A 0.5+ —f, Case B 838 M/ Case C 0.40 + Case D
0.30 350 035 f
04+ 0.35
Q025 S Q030+t 2030
:Q 0.20 Q 03} Q 025+ Q 0.25 +
L y L 2 0.20
2015 : 0 £ 020 :
Ly Y Ky . X 0.15 = 0.15
0.10 0.1 0.10 J\Ajw\ 0.10
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0 0.10 0.20 0.30 0 0.10 0.20 0.30 0 0.10 0.20 0.30 0 0.10 0.20 0.30
S S A S

¥l 6 Point C 4421 U, ) Welch T4k
Fig.6 Welch power spectrum of radial velocity U, at Point C

TEE 7, XF Cases A-D 3% 4 NMHATHL, 25 THE S Nulifiix/D = 1.6, 2.0, 3.0115.0 &b, FIFH(New)
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012 x/D=1.6 x/D=2.0 x/D=3.0 x/D=5.0
) . DNS I . . 04l p
0.101(b) « PANS /=02 0.151(d) < I?/:\ISS];—O,Z 0.10((f) a []’jzl\\ll\?sﬁ—ol 0.041(h) “ 1]?/]\\11\515&0,2
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0.06 | —Case B —Case B 0.05 —CaseB 0.021 —Case B
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Fig.7 Numerical simulation results of first-order statistics
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Fig.8 Numerical simulation results of second-order statistics
Kl 9 R RIRGE 5 PRI SRHE, o8] 9 (a) K z=0 ~F-TBE s E37, &1 9 (b)2h Q HEMI SRSy
N BRI . Q HENIE -
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Fig.9 Qualitative flow features for flow past a sphere
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