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STUDY OF RANS/LES TURBULENCE MODEL AND ITS
APPLICATION IN FLOW AROUND A CYLINDER

ABSTRACT

Large separated flow has been a hotspot of turbulence theoretical
research due to its frequent occurrence in industrial applications such as
deep-sea platforms, and flow around cylinders can be seen as one of the
most representative case of large separated flow. RANS/LES hybrid
methods combine the advantages of RANS and LES, which utilize RANS
to simulate near-wall laminar flow region while LES is used to simulate
far-wall separated flow region. Because RANS/LES hybrid methods can
simulate complex turbulent flows with economical computational
resources, they have broad application prospects and important strategic
purposes and deserve further research.

In this thesis, RANS/LES hybrid models are studied and the
simulation performance of each turbulence model is compared and
analyzed in the test case of flow around a cylinder. Flow around a round
cylinder with Reynolds number Re = 3900 and flow around a square
cylinder with Reynolds number Re = 22000 are considered as standard
cases to test the performance of the turbulence model. All the
computational work in this thesis is based on OpenFOAM, an open source
CFD platform. Firstly, this thesis introduces the widely used DES method
and its problems, then DDES model is introduced, which solves the grid
induced separation problem of DES. In order to highlight the advantages of
DDES model in simulating large separated flow, both RANS and DDES
are used to simulate the flow around a cylinder, and the results show that
both the time-averaged and instantaneous characteristics of the flow field
calculated by DDES model are better than those of RANS model, which
verifies the simulation ability of DDES in large separated flow.
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Then this thesis introduces the basic principle and concrete form of
SAS model, which is the second generation URANS model. And SAS
model is applied to simulate the flow around a cylinder and compared with
DDES model. The results show that SAS has a certain ability to simulate
large separated flow, but its performance is still not as stable as DDES
model, and there is still some room for improvement. At the same time, the
author finds that the form of von Karman length scale limiter has a
considerable impact on the performance of SAS model, which can be seen
as one of the starting points for improving SAS model in the future. Finally,
the author constructs dynamic DDES model by introducing the dynamic
model of LES methods through investigation and reflection, and applies it
to the flow around a cylinder. The results of comparative analysis with
DDES model show that both the time-averaged and instantaneous
characteristics of the flow field calculated by the dynamic DDES model
are better than those calculated by DDES model, which proves that the
introduction of the dynamic model can indeed improve the simulation
performance of DDES model.

KEY WORDS: Turbulence model, RANS/LES hybrid method, dynamic
detached-eddy simulation, flow around a cylinder
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B, ST O B AR AR VA B X 35 P i e B R BR AR R e ekl R E AT R
1328 LES BRI %1 SAS AR A TR FEANRTZ —, AMEHE &
HlHER, FrLlgig BEAHER. 5T SAS BAIN 7, ENICE iR,
Egorov 2 APYFIH SAS #8417 NACA0021 HLIER L5 1 8, & BT 1 FHFH A £
5 SIS HAR R 221 2% LA, HAE B B AR )4 B 1 S48 A BB RE IR FFX 4
(R4 J ; Zhaot 128 N A% SAS X} 55 5 B Re=8000 I SUIR [RIAT: S8/ #EAT 1 Hff ALl
MITTHIEFE T I B iR B IR B I R KNI s A 5245 NP0 & SAS S 6



IS5 N 2 T R DATS'S

AT R TG SRR VAL Re=1.4x10° (B RE SRIAZ IR 20 B AN I 0 B9, RILE T oy
5 [P I 8 25 AN S0 I B LU ARGl i AL 70 B D Dk Z AR s H P TT AE SAS IR
FEE O HERE FIURS , T R0 A ARAIT H (e TR 45 44 U W B K R 3 43 29 Babul 15 A
FIF SAS MLRIASIL T il P o s 8l , 45 SR IS S50 W) A AR AF < L Ah Menter™®
Xt SAS A TS TREUS A IR IAE 1 PEAN A 240, A7 OSBRI 132 W] LA B

1.24 BARGE

TN 7 V2R TR A T B3 JR) 50 DX 35 FH v b B A U v AT AL, bt
DNS J77%, LES JiEE#H A RANS/LES /7% . AR A 2 H 25T
T ELRAF AT IR R BRI S DX, 38 v S Y B (AT R
XREE RN T AR A B1% 5 RANS/LES RSB R T . N T R
EFXA bR, ARG LT EAE RANS DI R R 5 X I 0 A8 42 S i b
A IE IR KBS S

fE4: RANS/LES J7VEAFE — /N @2 RANS X8RI LES X3AT AR KN
ORI TR “ORIX 7 a] R — ELHME AR, TR X 9 DR AR A A R ) R
ARFBZ—, FHEFARKMA. HAryE R FIHEN L W R R T
Una[7E RANS/LES A2 $2 7 T A 2 4 A% 38 5 3 (10t oA I8, o X s R BT AN J5 T
— J7 Hi#& LES ZEWMA A RE£5 3EAT i itF- 3 B RANS X 3af% 38 63 1 F7HE 2.
5 TR B Z i ik s Al e w1 B RANS EL U L84 LES LLE W K
Jikah &, X BR RANS St (1 ik s & 5 B SRS OO 93 2 v AN XA R TR
SHEAN T A B R R TE 7 S GodHybird 15 H 3 Shur £ A\ 02642
H 7 EA THEANRNEREAR R B AR, B8 HITR TEANTTER & Bum i B
B AR R R R T ARSIk . BRI 2 A2 RANS R
) k-kl AR R, FH T % A ZU RANS/LES J77% (Window-Embedded
RANS/LES Method). #5¥% NPWIB K% T 4nfar x4 A 38 IDDES (EIDDES) 4t
T A A5 F R i AN i R 1%, B 1-6 . MRS NG & i
WTEN 5 SST-DES #E4Y | LU= A= Fi T Ab i A o



A R A A S

g — | —
0.04 | Emal30a0.18000 006 018 030

0.03}
=~ o
B f""\
. g VJ‘ al r\‘ "—-:‘;"“
0.02 - ,,::4,.,...&”'“" Qi
o ‘ "'l‘ -",\:W'i\-' . o/
0.01K

(0 | A P Y
0~ 00T 002005 004 005

B 1-5 &1 i & s iR

Fig.1-5 Anisotropic synthetic turbulence'*’!

1.3 DES £ 5 EERIMARHRE

DES 2K J72AE N TAZUE AT B2 )— 328 RANS/LES W& Fik, X H&
ANJ7 TR 905 RN — BRI i i AR A T . DES ZE7 V@ AR SC R 2 425
(OEE S, PRI TTHC— /N0 DES 28732 1 % Fe S A8 R 4 i A 48

Spalart 22 A1~ 1997 4E 4211 T %5 — DES 257575 ——DES97, &l # S-A
ABE AR v (10 BE ] bR 40 5 4 B DES AR BE T 53 RANS/LES R &%, H DES
RFIE 3 SN

L, =min(d ,C,..A)

X d,——BEMBE RS,  RIRRS B0 H 0 A3 BETH] 925 ) P 2 5
= AT R BRI RS

B T R KT R RUBE , BIDAR 9 DA ROBE R 40 21 3 F LES T, LI DES97
fi i RANS # ) 3 LES Ao

(1-14)

€ X T RANS Ji it iE K B R Lrans 1 LES /ﬁ”ﬁ/}ﬁq’%?ﬁﬁﬁﬁﬁ Ligs, HIFIH
7 DES it ] A — M

Lyps =min(Ly, s, L ) (1-15)
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A Ligs——LES Wi AHIE R, 7€ ML ps=CpEsA;

At 4G DES 25757 (DES97 A1 DES-2001) AFEiX— ANl 2430 BE [ ]
L A, JEARIZ A RANS B0t 5 X e 2 il LES Bt 5,
(R SEFR B RSP AR AG AN 2 A8 LES #H47TH 5. IX B2 H B I A8 2 it v A
PERBEA BRI IEAC, SEUNE S SR EMRS) 775, B GIS M@ (Grid
Induced Separation). 73 —FfU s &K A LES #7E RANS XIS AR, B
PIEE AN SCRF LES $R4L R RN 77, FEUGRIKENE BAZ, RIR A+
] 8 MSD (Modeled Stress Depletion)

BRULCASL, DES JIt e (1R & i RS AL AEAE (1) — AN 30 3 () 1) RS 2 “ AKX i)
B (grey area) ", “IR[X 7 jal UK AL R IR & RANS XA LES X I #eh,
HAZ A I Ab RANS SRt Fimiiikas 8AE, FEORE TAT RANS A
LES #3 [A] 2R & AT AR IX IR K X 1] AR K 7 B i sh s i AN 2 1R W 3%
HEXT TR G B 43 B S0 BT ) 2 Wi A5 S8 B Rl m) L, AKX ] R 5
Wi AR B o T P9 T S AR bt B 5 AR SGS MRAL H B it T SST-DES,
IR T LI /N B AN I R IR X 0] A5 2] T 226 -

NT fftk DES FEAERI MK S0 B 8, Sparlart™®1% 42 H T 4838 iR B4
DDES (Delayed-Detached-Eddy Simulation). DDES #7 ff) = ZUHAR & 5| N A G
HE UWIEIR R, 8 T 2R3 RANS THEL X, 78U B [ k% L e 44k 1)
0L TR T4 2 LES AR AL B8 ) 51 N LETR oR B s I AR A1k RS T

Lppes = Lyans = fo max(0, Ly g — Ly 1) (1-16)

f, =1-tanh[(8r,)’] (117

Horbf NIER B, 51N T A TR IR ARSI o T I B T 0 5 BN A
RANS BT RHTT, fIUEN 15 R FZ SRR A LES Bt SRy,
FBUES 0. EHULERIE T2 52 B RANS BRI A LES BREBA . iR
H ) BARKE & 7] LA S 2 SCHR[49] - Spalart £ Hi 1) DDES #8 J& 2T SA-DES #:71,
i Shur £ A\PU%EF SST-DES MU HE H T SST-DDES #/, Hosg SR I K
R 8 SR
A’LRANS]

SST (1-18)
Hd For AIEIR R, TTHUA Menter SST X5 PR () F VR & BB E F,

-11-
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TRA BB JE 5 =T K% SST-DDES #4784 f) Ji BRI PE AR IR N AER I R 404
DDES #5:7% B AR R T 546G DES J5i% (DES97 1 DDES-2001) f71E f M #4175
SO E R, HREYR T EN AR HAR R G A UTEC A @ (Log Layer
Mismatch, LLM)FIZK [X i1 f . 4 it Shur 28 A\ PUH H 7 2k i) DDES 751 (Improved
DDES, IDDES). IDDES J5 ki@ & e g RO 1) e LA 5] i WMLES #liil, AH
YRR FZR T LLM AKX 7 . IDDES & SR &K R B R .

Lippes :E(l"'fe)LRANS +(1_E)LLES (1-19)
Hrfif = Off, IDDES [Fi& %] DDES; [ Afa B ea%L, HAAKERWF:
fo=max(1= 1., f;) (1-20)

A f,—— RS R R
Ve IRC-AUES ¢
1M IDDES M R & B Man

A =min[max(C A, ,C d,A . )A,.]

K Apin—— P =ANT7 ) B N RT
Amax—— Mg =5 1) KB R R
Cy—— WIS RHIE R %L, H24 0.15;

IDDES K SEM& e 1 X RUFE BB/ 1y =10~1005% £5 X )it e R P 22 4
MIfifE#R T LLM [A)@ . IDDES 75—/ #HZHRE ¥ WMLES #Liil 5] A %] DDES
i, B HR IR Uf,=f, ], IDDES RHEKEREA Ny

Lippes = f(I+ f)Lgans + A= f5) Ly i (1-22)

it 51N WMLES L], IDDES H 1 3 i ) 5k it A T 6 2 1t It ik 315 . »
M NI 72 A RANS #E50H) LES A D)4, 28 7 2K IX [l . 1T 24 SRy b it
Fhksh{E BEA L%, IDDES NJ[EIE % DDES. Xiao % AP*351{# ] IDDES
A1 DDES AL 1 H] 8 3.7D )5 FI0E 541 (Tandem Cylinders, TC-3.7) .
1-6 fELLE T TC-3.7 B RPN EAE IR I & ) R B A6 . 7T LAE H IDDES
B S ZL L DDES WIS RE W) & 928, X T /F R, IDDES 45 F /s
{3 —3. 4] IDDES #E Bt J2 5 T SA BT PR (), Gritskevich 25 A\PFr e
AR AL T T Menter SST XU FE#5%24[¥) DDES il IDDES, #£i} T X% SA fil SST
[¥) IDDES #55 22 %0 S H I A1) ]

(121D

-12 -



o5 TN 2 1 e S DA

02 *  Exp._BART *  Exp_BART
i i Exp_QFF 08 r " Exp_QFF
no___ DDES ol *  Exp_BART trip_70_80° rear
| \ r\
/! \ L/ ———DDES /A\
L A IDDES /

AP AP A ST S [
0 90 180 270 360 0 90 180 270 360

01°) 0/°)
(a) AT A (b) & B4
(a) Front cylinder (b) Rear cylinder
y

F 1-6 DDES-2003 5 IDDES #l % 5| [ 4 4 ) [& 7 hic 5 it >
Fig.1-6 Comparison between DDES-2003 and IDDES E)redlctlons of surface pressure fluctuations
for TC-3.7%

1.4 RANS/LES B & HZE RN sFFitRtRS N

AT EAS 24— 25 RANS/LES 1R & 7 7E M B WAt s ik e S5 A

Spalart ﬂl Strelets® 2 1 7 —FhiEr A DES J5ii——WI 35 B 7% (Attached
and Detached Eddy Simulation, ADES). 5144t DES K774 A, ADES {328
MEALFZABEZ) LES tHER, A RIS B Xiiitia 3 K & 5¢ 4 fa {46 H
LES. ADES J7¥%/ DES JiER— M &, B RANS BT 46 THE H %
F) LES Bzt &, (H A EZk 3| —EMRE, ADES /el =Tt /E3) WMLES
HERNX. ADES RIEIHLER LS DES JERIANEE: 1) i E &0 72
AR B O, 1548 DES K7 EA SR8 FH RANS Ab#A L 2, (2 BRI
(13 B RURA T REAFAE T RANS X3, X Hifiif£ 48 DES 255 A HIX 2K 50 1]
IR SRR AN R0 N 20T SR G RANS 55 iR & A BIim i ik sh B4y Kb,
SEU AR B AL R AR AN « DX S5 ) A, 17 LR DX A P AR i 1 0 AR 5
{H/& ADES /7R BEARRE KK E, [FIK ADES J5iE0] T Wk 1R 5

o

ajn

f£ 45 RANS/LES TR & 777478 RANS #1 LES i, @% RANS 4> fl LES #B
A EEHEAT. Sit PR 2SR e W FE 2 U F A —8. Manceau 4 T —
P EA % — A1) RANS/LES 1B G 775 ——IR & B#H LES (Hybrd Temporal LES,
TLES) J7¥%. TLES J7f &) Bk i€ (Uniform temporal filtering) {33
J5 ] RANS #1 LES HEEA—#1EX. TLES 7774 URANS J#EE A LA
L T JETR N ST AR (Subfilter-Stresses Model) 1K 7R sz dEal, iR T
TR — RBC B P I S

-13-
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Menter® 48 7 — M= RANS/LES JRE& 7 1E—— R JJIR-E R JT1E (Stress
Blended Eddy Simulation, SBES). SBES J5 VAR HETE T 52 X RANS % /3 fl LES
N IR A AR $, AT a] PAEL K RANS AR LES #5682l i N 7 iR A
B R E RBUINBCR RN 5 ;e A2 K. SBES JiikAxf DES K5k A =/H
BURHRHE: 1) SBES J7iAfRY RANS THE XM EE /143 T1R %2 2) SBES 77
RANS A )45 2] LES A5 1) Sk fE Z2 4R 22 5 3)SBES 1 LA 4 /E—F WMLES
R {f FH 7 BE T T 2 R 8l X 3

Lardeau & H 7 =R i) B (3845 K 2402t RANS/LES TR A B RIS R 1)
FINT — N5 RN - AR F Ja BN 5z T e . 1208 X = 7 B AL (BBL AR 7E
JER s XIREI R LF, T B sl bk 7 R E ek, 2) 5 DDES
JikZAk, ETE k AR TR B NB IE MK R, [ EBL B8N 7 R E
OYHERE ST 3) eJE, FET—EUWE R RS (Consistent Dual-Mesh) 7758, $2H 7 —
FhHTISE & RANS Fl LES 17775 : RANS Fl LES 77 F2 #8278 43 I WS SR At 1
145 E 30 87 P2 I RS R SO B R I

Ali 1 Hussaini P”F|H DES #1/f] Spalart-Allmaras %EiR %17 (DDES) #i41)
TIHFEMESER 353 T REGHR MR . MATHA R RS B
[V g 5 PR i A A 2R R S 6 i v A T ) — R A TR 3 T B R S S 2 )
(5. Samuel “O%} Spar *F 43347 T DES B, I 5RIASZIREH T X, K
BB B M AR A B T s oAt . X SR SA-DDES i
AR T R IOSUR A: Gt 1) 8, AT 5 1 (A D X [ T BH 70 R B s e 20 A
TR RS TN, b5 Y R SST-DES #1 SST-URANS 5 {6
PLT Wi S EL 3900 1) = 4EFIFEGE I, KBl RS SeIG AR, RN
SST-DES J5i%AHX T SST-URANS 751 RE % 15 21 58 47 1) 45 JE A i Be % R I EE 2 11
YRR

[ P45 i 1 N2 31 Vremanl®™HR L SGS AU JE K2, I A 0 b i
WG BAFAE S & MR E 2 80E v I T RANS/LES ) # 1) 4K 35 44 3% 7 — Fof
RANS/LES &R, AbA TR IZAE B AR AR A8 X 38U T 50k 2 i DES,
FEAR R T SHEURAILE (LLMD ] &%,

Ferdi 25 NIV 5648 J5 GRS %t Lb 208 T PANS, DES I URANS [fit 4
SER, ORI PANS J7 kAT WA B R BESRAS B AP R IL; AthAT1 SR AVLFIRE
BV EESEIL T PANS J7ik, JENHAEAREKREE, REFEGSRREE R TR
Zfy il fg O,

-14 -
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Ma 25 \1¥H4 PANS JEAR 5] N B TR TS 3 k- QO RS 2 o, i 75 3
7 LRN PANS, I 7EREE J AL, 45 2 T AR AR I . Hu %5 N E 30 g L
Bl R BUPRIE P I TR S E L, IS 17 xF Clark-Y L3R 23 4k ] U
ROt .

I Py it P 2 NUOE SA 0y FRAR AL A Bl A3 T XY-SAS BEAY 5 HLAE
S ESIEh TR IUE T o T Tk AU G FE R B AR 51N E] Menter SST W5 72
R, RS R B AT ER NG E) T BY-SST #8; [ksms N21K SAS
A RS R TTRIEZ I Blk-eXU5 AR, i 7 KDO #J5 Fep 2 ] LA
TN AR -

1.5 KAFETE

AL FETAERX RANS/LES RSB AHATHE 7T, QFELE TS 28
F1¥) DDES HERIfII SAS #8Y, {EF @R i A, ¥ LES A8 4 )3l s
A5 A% SST-DDES #Adrh, i3 %] 1 /) SST-DDES 4, Sl 1 %t
SST-DDES Ry ekidt o R AR SCR F AR AR Gedfi A D9 AR 5451 % 5 AN T YA A% 24 1)
BRI ERT L3 H o ARSI E AR BB I ARAE, W UM A2 B IX
Ir S MUY AL . AR SR F AR SR A9 9 VR L Re=3900 (B4 58I FH
BV Re=22000 77 FE S8, IX AN A5 35 438 DA A i A A5 2 42 e ) A v B 491
[FJ Bt AT DR A0 B U O R R AR I E R R B =B . & E T
YEFETFIFI5 CFD “F- 4 OpenFOAM.

A —F E PR TSSO ORI 7 5, #IA T RANS/LES WA 77
VRN T TN S A B o B B RS A0 e R B i YA 3 10 B B DL KO RANS/LES
REINERATIRAB U L ENE . BEfEEE /40 7 B &AM RANS/LES i
E IR AR S 70 5 N . RANS/LES B & 7950 LA U Rl: 1) S ER A
B 2) RANS/LES FHifis#d 3) 25 48 URANS J5ik 4) fHARJ7i%. 1M DES 2%
JiFEAEN RANS/LES FHHE R ik (1 —Ffr, PR R HLAA a2 f7 vt A 52 2 SN 1 3 B
PEAE DAY FAS3) 7T 2 B . IR DES 3805 1 1 % e UL 58 BIDIR A% 7 E4H 1)
. AR EE TAERZTE DDES Jikm2Eat FIF R m.

ALE—FEENH T RANS/LES VA PRI . & JafiZEN4 T kS
PRI AR B 2 i 75 72 Naiver-Stokes /7 F2. [ RANS/LES R & 1541 & RANS 77
A LES HIEMISEE, BT RANS kAT LES J7 ¥ i 5 2 %) -1 20
RANS/LES RGN E 0 B ER . RESANH T 5 T (835 DL B M. 7

-15-
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MIMES, SRS 28 T BV L1518 7 AR o DR AR SC A SO F T IR A B 2T Mentter
SST k-8, Bt AFE A 41 58 T it 5 7 FE A i 28 Ak b X JF## 7 Menter SST k-
BRI EBE . 6T LES BB AR B, 135648 1 /3 &K LES B8 Kolmogrov
W ELR; BEEEE N T LES BA AR L K 48 1 [1) Smagorinsky AR
iR, fJa AT/ 4H T RANS/LES VR &Y (1) B Al e sl )7 0. e ilid
55 B H ] LA RANS/LES VR &8 (1 2506 T 1

AE=FFEENH T BHAr o5 ) RANS/LES R4 1584 DDES 2,
KREE VAT DES BB 53 R B, S5 51 B Bl I 5] N GEIR s Bk T
DES W& 75-F 17 @ (] DDES B4 . Fifi 5 E & 73 mil{ H RANS #524F1 DDES A5 R A
LT TEEEL Re=3900 [AE LA TR 5 EL Re=22000 J5FESe, XTAEMTHH S
B S5) R AE AR B R EAE AT T X byl . AT 1 =2 H 12 i DDES AR
FEAR G RE )R 43 B R B 1] AR X RANS J7VERIE 35, DL R i A e i 2 57

AICEN T EENH T A URANS BB AR SAS %Y, SAS HiAUA
MR T PR B, A5 EJR T URANS #E8Y, 20RRME7E K4 B it 8l X 3R 1525 LES
BRI RIEAR TS UHAE T SAS B IR B K H@E R HE B IR . N
TR SAS B SERRis FHH RN, A TR S 70 78 A DDES BAYH SAS X
RITHEE VB Re=3900 [AAF SN B VAL Re=22000 J7 HE G - IR TR /& SAS
SEIL O RURFE I OCEE, TSR TTRBERR B #S H 5l T WA U DAL SAS #E%Y
AL R, A2t SAS BRI BLAU I AL FEmR o DR AR Bl A8 LR
TERBOF R T REAESm S, WA TERITRERH X T SAS BRI M)
AP

R T A AT AR AT . B X LES #5572 RANS/LES #5745
BRARRERR 2, VEE ME2E H #T{EH i SST-DDES # A 7E V) e 3] LES #ixit, H
ok REUE L5 Smagorinsky AREGRRELAY FR kL RERFF—3. T Smagorinsky
BRI — MR I LES A28, HAF 7R BE [ AN VT RS AL S B ) B AN IT
PO & in) . Bl b eom i — R R VE RS Smagorinsky REAEH R A e AR T
M EN S TSN J1 2%, . Smagorinsky #7 54F IR 1E# @i
Y50 it 051 N2 SST-DDES # 8 ihiti Jf- & 1 /177 SST-DDES #:%8Y, FER AT
T Re=3900 [ F: S8 W 5 Re=22000 J7 414871 5 SST-DDES #AI/E X} Lt
ST, SR BB IR SN SEEE T T SST-DDES #5884 [ 541 e

ASCFNFER A TAEHAT T 45, SRS Z A 20 3 B &R T
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B EER,  [RIN AT T ASCNA TAERA R b, X oRIE Re g 4k 2L AT
IR RBT FUREAT T R
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$F—EF RANS/LES E&1EEVEAHIE D

2.1 RIS 532
X AN A PR PR AR, LAl D7 R N-S T HE:
p@—‘t’w.wj =-Vp+V-(u(Vu+((Vu)") —gy(v-u)l) +F (2-1

X Q-1 NEhEITRE. Kb u NRHEEE, p NI TT, p iR ER. R
AT T3 GRS AR TR B R B0 ) R AT ELRE SR R N-S T RRAS BUMEMT AR, EL A
SRR A R B B [ A sl X TR AR AR, FEORAE N-S TR AL
FAEE AL, BT BEEORMEEE J77% DNS, HRAMNAER K. KX TR )
Tor U 2R T IR 19 e, AT R B T A 7Y

2.2 RANS 128 BB 1p

221 BENIMERE

1895 4, Reynolds KR HEX M — R SCEIT T SEitimii B 7
B I AR B T 18 )71 RANS 7 R AL HE Naiver-Stokes /7 F2 753 5] RANS
Ji#E. 8t 5] N\ Boussinesq 1% (it B 14 8 15 MAZ R IE EG D, 8 AT i i 75
TN )5 RAR 2[R R E Gl i R0 dHmimis s ir @, BIORH T4
THPIAE T, TRF T miiia e ) A 23 6] _Egi/ N2 4 0 Rk3l,  Frbh RANS J5ik
JI 5 BRI TR) AT 8] 73 9% 2 A6 DNS K BE i/, A St A 4002 FH 1 ok A RSOy AT
fe. LU TAM2H RANS J7iE R ali——8 7 M. ) e 7712
XTTANA] AR S O, B e 18 SR S I ()P 350 (R e it X IRL 3% 18 BEAE 2 fi -
U =U+u (2-2)
X ERIERF T —— R BRI [E] 25
U——2 1L i (0]~ 35 Ab P ()30 B
u ——WKBNIEE 5
B IV S DA RN g R A TR S 7
P=P+p (2-3)
W (2-2) B (2-3) 5& W SR TA] P 3544 B A T B9 431 N-S T7 72,
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CIECESIP
opU,+u) opWU U, +u) __o(P+p), 0 0pU,+u) WU, 1),
o ox, ax, o o, ax, (2.4)
Rxmitiesh & n A g -t i, Bi:
4, =0 (2-5)
p=0 (2-6)

Ayl (2-4) 1530

5UU 6U
GU 6P 0 8U ')——(UU UU)——(Uu +Uu)—iuu

+
ot 8x/ Ox; 6x/. 6x, Ox; 6 8x, 6xi (2-7)

HZ = (2-7) 1) RANS 7RISR AN GE B FH T 52 BRI o T« 8 22 )5 R
1) U A AT JR3 50 B TR #8E FR IR [R) P35 (1 RG T 2) TR =R A
IMERET,U, Uu Mg, T8 hihix = A RmERE ) fEE i 3) [T s
B ZASKREE, EAMIIIR A T 5 5 A) 3R B R B B[R] ~P 35 [AIR% T 5K
bR _EAaZS TR AN E L RANS 3 Aok T 357 i 8] 18] 8 P48 itk v] LA 28 . (B % T
RSB, RANS [FARTS AN n] 5, RIfE 2 JEF2 35 RANS J77%(Unsteady RANS,
URANS) . IGIEMRA F I A i) 3
FeAR BN T RSB R /R, EAT R RS (B~ 8 E R RIRG T 2K, e
kBl () Py B ) TR~ 5 HAE R 0, 2 (2-7) A fRiib A
Uy, __oP o a0, U, & —
o, ov ox, ox, ax ox (2.8)
AP R EERL S, BRSNS M EMSLE) 7B 5 E N A 2R 3
A EPITHRERE: D wup IS S T RBAE AR BT 2) w570 TR
w2,
PRI O & A, R LLE VAR TR T
s R A e BB AE S oM 2 B M RANS 7 R R TR M )

uu =3UuU V W MVMWVW

{ } LLR 258 e ah T O, 415 Vi N 0 s s e -
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—ouv = ouv azuv azuv oU oU ov oU
U8_+V_ = VU —+VW— U —+vi—

X oy o 6y ox oy ox ox
X RS o A AR
B 8uuv+8vuv _i ap u@p 2 6u@+8_u@
ox oy o, 8x oy Ox Ox 0Oy Oy
%/—/
A MO T A 2 KRBT (2-9)

X 2-9 w1, LS —TUNE N BRI, 4555 5 — U S — 15455 4
DRGSR B T N T AR . WA BRI 20 BRI UE HY, B O A AR
WS R R R R ZE AR, BVERAARAR BB RE. ST = Uk
I BIAE By AR FIRE IR BT FE BTV ik s B2 O 2 i 8l X 30 AR 23
BN RECRYED HOm, 58 =TSR ER W N AR T TR A 1R AR BT R
ﬁﬁkl”q“ﬁmamﬁgﬁiﬁﬁ”o?ﬁﬂﬂﬁﬁijEjﬁﬂﬁfhiﬁ/\ o MR Ja—Wavit Y EE——"f
PEFERLIN”, et SEETVIR R, AR BE S AE /N it B ARG 1 T A 2%
PRI SR

DL N i is T RE I S FE . RANS It iR (R G IR 2 Fh . AR B
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Fig.3-3 Vorticity contours over an airfoil ™!
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Fig.3-4 Velocity distribution in the log layer of a channel flow!™*!
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Fig.3-5 Vorticity contour of a nozzle jet'”!
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Fig.3-6 Contours of distribution of different dela%/ed functions and placement of RANS
/LES regions'’®
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(1 f %L
f, = tanh(T"") (3-11)
I' = min(max(T",,T;),T,) (3-12)
T, =500 / (pod?) (3-13)
I, =4pko,,/(CD,,d*) (3-14)
[, =k"/(0.090d) (3-15)
Di, = (2/0sz .g_z.z—;'j,m‘”) (3-16)
(2) fER%
f, = tanh(IT*) (3-17)
IT=max(2l,,T")) (3-18)

X =M AEIR R B TS AT AN, B 3-6 25 T IR R R T SR P R 23
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Fig.3-7 Computational domain and boundary conditions of flow around a circular cylinder
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Table 3-2 Time-averaged characteristic coefficients of flow around a circular cylinder

ﬁ?&%yﬁ Cd Cpb St Lrec/D Um[n/Uoo
Szg 78] 0.990 0.88 0.215 1.33 0.24
prvi”! — — 0.208 1.51 0.34
LES! — — 0.208 1.56 0.26
SST-DDES 1.000 0.84 0.208 1.52 0.29
SST-URANS 1.271 1.26 0.212 0.38 0.06
1.0
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0.5 4 O Norberg, Re=4020
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Fig.3-9 Distributions of circumferential pressure coefficient on the surface of a circular cylinder'”™
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Fig.3-10 Mean stream-wise velocities at three locations in the near wake of flow around cylinder!””!

-39-



o5 TN 2 1 e S DA

x/D = 1.06

7’
\
\4,

x/ID = 1.54

VU

xID = 2.02

—— SST-DDES

025 =Y - ST
S Ne&€ e
2 0.00 A Parnaudeau PIV |
IS
-0.25
-3 -2 -1 0 1 2 3

y/D

B 3-11 B 40 R4 % T B A d 4 69 B 34 A ) i 3 @ oy 7Y

Fig.3-11 Mean vertical-wise velocities at three locations in the near wake of flow around cylinder'””’
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Fig.3-12 Mean cross-flow velocity at three locations in the near wake of flow around cylinder
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Fig.3-13 Mean stream-wise normal Reynolds stresses in the near wake of flow around cylinder'’”!
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Fig.3-14 Iso-surface of the Q-criterion of flow past a circular cylinder
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Fig.3-15 Contours of vorticity magnitudes of the flow past a cylinder in the X-Y plane
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Fig.3-16 Contours of turbulence viscosity of the flow past a cylinder
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Fig.3-17 Computational domain and boundary conditions of flow around a square cylinder
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Fig.3-18 Computational mesh for flow around a square cylinder
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Table 3-2 Time-averaged characteristic coefficients of flow around a square cylinder

HHh R U Cy St Lyoe/D
N o 2.35 0.135 —
LES® 2.18 0.130 1.07

SST-DDES 2.40 0.126 1.14
SST-URANS 2.025 0.130 1.02
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Fig.3-19 Mean horizontal velocities of the wake of flow around a square cylinder at the
centerline!™!
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Fig.3-20 Mean horizontal velocities of flow around a square cylinder at the plane x/D=1""!
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Fig.3-21 Mean vertical velocities of flow around a square cylinder at the plane x/D=1"
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Fig.3-22 Mean horizontal fluctuated velocity of flow around a square cylinder at the centerline™®
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Fig.3-23 Mean vertical fluctuated velocity of flow around a square cylinder at the centerline
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MARHUR.

5.3 DDES 1###!5 dyDDES #RZ&EH] Re=3900 E+E5ei%
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Table 5-4 Time-averaged characteristic coefficients of flow around a circular cylinder

Cd Cpb St Lrec/D Umin/Uoo
RG] 0.990 0.88 0.215 1.33 0.24
prvt™ — — 0.208 1.51 0.34
LES!™! — — 0.208 1.56 0.26
DDES 1.000 0.84 0.208 1.52 0.29
dyDDES 0.972 0.84 0.210 1.52 0.20
1.0
— DDES
--- dyDDES
0.5 1 O Norberg, Re=4020
0.0 4
G -0.5
-1.0 1
-1.5 4
_2.0 T T T T T T T T
0 25 50 75 100 125 150 175
6

B 5-1 AALE @ B f) & ) 7 oA iy kU8

Fig.5-1 Distributions of circumferential pressure coefficient on the surface of a circular cylinder'”™

Bl 5-2 J[IAS: I 2 9 3 A 1R 280 T Adk 1 B 350 97 ) 33 58 350 TR 2. B T 7E AT
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HABBR IR AL 25 R =B VS B, B 5-3 ARG R I AN 5 A0 Ak 1 590
) BT 28 . X (T LUE HiAEXS T DDES, dyDDES 545 R #air
TSEERZE R, 1 DDES Pl i i fm) s FE s ARAE A TS5 45 R, LAk x/D=6.0 At
. 3 X RIS S R P By DDES HHE R EESGE K, SEURREE
R T R RE R . 1T dyDDES 5 A 0 FE B 6T B B T S
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I Bk B B . ] LUE H DDES tHS IR /N T 5230 45 R, 1 dyDDES 145
(R&h RN 55200 45 R IR, (HEMFEE—EMNER.

x/D = 1.06

x/D = 1.54

1.0
8
2 05
IS

0.0 A

1.0 4
3 i
5 0.54 — DDES i

00 ~= dyDDES

I R Parnaudeau PIV
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Fig.5-1 Mean stream-wise velocities at three locations in the near wake of flow around cylinder'””’
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Fig.5-3 Mean cross-flow velocity at three locations in the near wake of flow around cylinder!

W ESCRI AT LU 6T VL Re = 3900 H B Seif I B RFIE T 5

79]

-81-



et N T e VAT

iR, ISR ) DDES BEABMER LIRS 1 — R 1ot JoHEXT
T RIS B A THE . UN ERR FE 8 U0 T DDES # AL L
I 332 A5 AR BRI R

x/D = 1.06

0'2 - L., griney DDES
s e --- dyDDES
----- Parnaudeau PIV

>

0.0

3 3 o } 1 3 3
y/ID
B 5-4 [R 4 30 B4 % T B) Ak d 4 69 B 34 bk g ik 2 @ o 7

Fig.5-4 Mean stream-wise normal Reynolds stresses in the near wake of flow around cylinder'””’

5.3.2 BERTRIASFIEXT EL 2 4

(a) DDES (b) dyDDES
B 5-5 BALLZIR Q ENAHEF(AE
Fig.5-5 Iso-surface of the Q-criterion of flow past a circular cylinder
HE 5-50 HENRESEIN T LUE 1, H8 DDES M dyDDES #4423 1 4k
W PR BRI A #, (224X T DDES, dyDDES fili i 2] 1) it 25 4 22 5
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FEl. {ETREME AL, dyDDES e 3] 7 A 4% H Mg/ N beis. iz R,
DDES 4L [ e i 45 1) b dyDDES B8 K1 “F-4% .

(b) dyDDES
B 5-6 WALk X-Y Bl ihE FIEA
Fig.5-6 Contours of vorticity magnitudes of the flow past a cylinder in the X-Y plane

(a) MM H LR (b) mMAEITH LR
B 5-7 LES i 69 | 42 220 X-Y o &g F s
Fig.5-7 Contours of vorticity of flow past cylinder in the X-Y plane computed by LES!®!

5-6 N4 A{¥EF dyDDES 1 DDES #5281+ & (1 (R A Sedi X-Y AT AL i &
EAHL, MKl 5-7 A LES B850 Rl 20K kS RO A% bS5 i i S (A 2k
MHATCAE Hy, DDES -5 (5 A BE T f5 1) (Bl X dohE M 48, 2T LES AR
FERL RS bt AR R R 45 B . T dyDDES T 5 (6 84T B T Jo ) 18] 378 [X 38 0 42230 1
LES BAYEAN MRS bt 545 R, RIS B2 T S bR [F] i 7] LUA 3R, DDES
THE R R W) SR R T IR AR, 177 dyDDES T iR AR OR % 15
TR . B 5-8 B AR RS #I x/D=10 A HiRE = KT LLE H, DDES it
SR R A &2/ F dyDDES, Bl dyDDES 15 (it 18 sh 7Eiz R it i b 2 L
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DDES ¥k, 1M% DDES AR FEKE it w2 s E B LW R 1 18] 5-3 A 4] dyDDES
FELATE JFE It 3 s 2 98 1) 3 & B DDES B 435230T T~ S5 45

magVorticity
0.000e+00 15 30 45 6.000e+01
e

(a) DDES

|

S
magVorticity
0.000e+00 15 30 45 6.000e+01
] ‘HIHMIHIIIIIIIIM
h ]
(b) dyDDES

A 5-8 H AL Bii % 8@ x/D=10 & &) HEZR

Fig.5-8 Contours of vorticity magnitudes of the flow past a cylinder in the plane x/D = 10

AICHE—DRIT T dyDDES #RURSE SR s &5 530 11 R L Cpps i
W ATRFE . B 5-9 JEoR T IR SEIR R AR AL Cppe B = . AT BLUK
B, ERFEEEMGL, CpeBAHRIZL, e L T RIS ARE 522, Mt
TIRIGH B Cpps = 0.6, BN J1CppsBMRERER, AR L H B Cpps(E I 2 15 TR
I A AR 24 B X3 Cpps T 00 9 1 FCIRIZRFAERT 30 1 Cpps HUA 52, 1B 5-10
Jeeor T IBAT SRV M AT AL A RE & BIARAL mBl AT RUKIL, 351 CppsHIAeAL
=ES k ZR= A EIRE AR NG, 1E & PEROR R i Sl 24 1
Jis B ICpes AN LEE K . SERBR L, FEBN ) CppsBUEFIE T 0 By, #H
N sl EE & FBME R EGL T 0. 1X3K M. dyDDES T8 5] 71 R CppsRTE A
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i 18 3 i AR R R S A R B B 5 K/ o AE T IS 3 R 23T, 3171 Cpps
HURIEEAE ;T i s s AR A RHEE + R FOIRS I X3, 3071 Cpp BUEIE T 0.
PRl B B SIS K DDES #7455 e 1 312 21) 4= & Bt 4544 o
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Ay L L 1)

B 5-9 RiiikmsmitCpopE R

Fig.5-9 Contours of Cpgg magnitudes of the flow past a cylinder in the span-wise plane
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Fig.5-10 Contours of k£ magnitudes of the flow past a cylinder in the span-wise plane
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dyDDES I AHX 5 S8 25 B L o AR TS 1R A S 5451 ) dyDDES #1 DDES
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AN IR R BEB B, AT 75 2248 S R ARAL CEDA, T8 1 X)) R
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Table 5-2 Time-averaged characteristic coefficients of flow around a square cylinder

%&?Eﬂ%% Cd St Lrec/D
e 2.35 0.135 —
LESE 2.18 0.130 1.07
DDES 2.40 0.126 1.14
dyDDES 2.38 0.128 1.10
0.6 -
0.4 4
]
5 0.2
0.0 4
-0.2

1 2 3 4 5 6 7 8
x/D

B 5-11 74 SR RR T S A iR ek A
Fig.5-11 Mean horizontal velocities of the wake of flow around a square cylinder at the
centerline!™!

P 5-12 TP 5-13 s FE I R I3 x/D=1 78 ] A s 5737 ] 338 88 A0 0 1) 5 58 350 1T
ATLUE 1, dyDDES 1 DDES Fl i) ml 3 B 50 1 L F- 56 4 — 3. PR il B T Ak
RANS #ARGEF SR, Frln] BLTUHZ) /15200 T DDES A5 1) 52 1 5 % 11 2
. HRESERERE, MTHIIERE, dyDDES B8 1) Fii 2 5 81 3 #n T
IRt R,

K] 5-14 AT LAE i, DDES A58 Tl i ik 2 B WA v 15230 45 2R, 1 dyDDES
TR 1) Fok 20 55 W (AR T St S . AR - SCRT %0, DDES R BLAL IRiiIi
534 dyDDES #5812, T k3l B2 o T AR B IS Bl A A 2 — 4 R A
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i, DDES 7Y R T 45 F e (W] 2y TSR aR 45 R, 10 T 9 A T 45 2R LA K
Wghi R, dyDDES 2L FHI (¥ I (7 ok Bl F58 Ve L BE 423 -5, (HZ2 L R il (1 7
MRS I 45 RAAAAE—E B2 -

--- dyDDES
Exp Lyn(1995)

2.5 4

2.0

y/D
-
wn

1.0 1
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Fig.5-12 Mean horizontal velocities of flow around a square cylinder at the plane x/D=1""!
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Fig.5-13 Mean vertical velocities of flow around a square cylinder at the plane x/D=1
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—— DDES
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Exp Lim-Lee(2002)
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D
3
"
s
<
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B 5-14 AR LRARIA P o b Ab B 3 R B Bk 3 ik oA Y

Fig.5-14 Mean horizontal fluctuated velocity of flow around a square cylinder at the centerline®"

1.0
—— DDES

--- dyDDES
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0.9
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RMS(V)IU .,
°
~
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0.5 A
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1 2 3 4 5 6
X/D
B 5-15 7 A SRR R T 0 dh AL B 3 46 Ak 3 i o A Y
Fig.5-15 Mean vertical fluctuated velocity of flow around a square cylinder at the centerline®*!
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REESG M . JCHAE T FERE T Z R IRAL, WTUUE tH DDES 5 Y RS 1) 430 51 2
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< -

(a) DDES o (b) dyDDES
B 5-16 FALLLR Q AENRES/AD
Fig.5-16 Iso-surface of the Q-criterion of flow past a circular cylinder
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5.5 KRB
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