WERY I 2 L — & AFEHE — Earth Simulator Proposed Research Project —

B 7 = HVELRDO KBIBEEGIR E 7)) ¥ ZIC K 3 IeHEER

BT
eyt =1 ZRAS KR TR

25
AE B AEEAYE KT
HIAT 45 s T3k KRR oM TR

HRE THOL L OFFICB T 28, HHOBERZREICHERIE Y AT 4 Th b, BERHMEZ AT 280 426l
WHEOFMEM 21 LS 5720120%, SLIEOWRNE X OBFEN L BRIZIEDOVW T, RHBEZEZE TS 2 LN
WRTHB, TOTUT 7 FTlE, WIRZ I 2V —F TS LICL > T, ELIOBEHER 2 B E O KB E 5
i3 2l =33y (DNS) #FE L. BL A VAKELRT — & N— R LM% 8 U<, MR RBEREHL oK
HIBL LES #1475 720 2015 4FEEICIE, BBEDBFICB VT, B LA OV XHEBERLIRIC BT 5 i O MMk & % BR 3 5 72012,
T ld, F v AOVELHE & BLFBEARE O DNS 7 — 7 X— 2 O Wb L T 2 175 720 T 720 A E Tl BRBERIEICH
WY 2 MBI G O —HOKMBL LES 2175 720 RIS, A EFHINCER L A 2V ZHIC B 2 HHEE %O = Roci v
HEORAENT 2 K L 720 ZORE, BL A /v ZERERLGE TR EE SIS BV TR T I O E 0 2 8 2L %
9 RO WA S 2D 5 Z L 2 A L2 F72 MNHEBZOBUEIT TIX, MEOR YA FTRA Y HFROES
FTC. FIHE - SLIER - S E L. FH A4 FCTIRBRIREIE U 2R DHRETE 7

FoU—F ELA VB, KB E RS, LS , SLITSE e | LES, #8011 B AL se FUe

L. “FATER AL & SLIRBE S G D DNS 7 — ¥ b B IRARIERSE T2 F W22 B R L A 7 OV BRI B 5
SEAT AR ELTE (TCF) [1] L dLiEBEAR R (TBL) 21 HE b Vi o LES T2 FEhi L 720 2T TOMAT [3]
HHEBMERE (DNS) =23 200R L5 4 7O LT, AV RO #EEE 45 L, £&8D
WEIHTRE, Tab b, GLRBERE O - EEERAE (T (D MEEESR) ® oMo TE2RA L. TOME, A
NT). SLESERENROSRE (T/T), BXY &MEDO /XTI 8D ORWIEETF VICBW TS, MR
NEHOREREOTIWE (T/W), OMEEEZRRE7:012f 4 FTRA Y FRIOZRELHC, #bk - L2 - 7
bi7ze TCF 77— % 1%, W EE 576 S b O BED &5 D HAFAEL, B A FTIEEIREDE U %L H0HERE
ey =0 (1000) I2BWTC, N FHOREICKERY Y Shiz (WD, T4bb, SLKEBT LA FigAay
T EMES. BIROMOMBHEESBEINL I EER HACANEDLLZZEE R, UYL FThh, T2,
L7z BLUEHEARE O DNS 7 — ZfENTIC X 0 @IS BRI S Tw s,
fEL72EZ VA 21X ), ALEREO TNT & T/ BARIICBIT A, YA FTHEL LELFEBIHS L.
W OYFINERTE D Z WG DoT20 TOMMOER,  WADSFLOICHEE - TS L. MEBHRAT A /S FIIC K
LIRS BV OfIZH 2 TNT OFHN 55313085 (5 F L BAZHIR (MEEZED 14 ~ 13 REORS AT —
BERBER) THH., —H. TIWOTFHWRESIZEE V) 2R3T2e%, ThETHLNIZLTEZ 3], Kt
B TI0D4 =¥ —ThHo7z TBLT—F DN [211F. HICE D, ZOENE %22 MW L% 5%ET 285 HOR
FAT—EDOF—F—DE X% L0 TNT BEREBIZZO REMWICERS M2 b Ot s 2 v
ORI NVETO TR TAZ—V$5Wb0 /el FINMEYELCTHERINS (X2),

BRE (A—R—LAY—) ZATHILZRLTVA, —77 THE THEFBIC BT 2 OIS BRI
TBL 7 — ¥ OfFATIE. T/W IZB U 2 MEZE OB ORIEHERLZEH I OREICE L TS L3k oT
T/NT FEC B 2 I L D iR Z & 2R L7z, Wi ANRVHMORSZR LARBITICL D, FLik

2. KHBIBELES bt O KIS BID 2 BB - 3G

a2

MR OREEW S, PO RN AELIRBRIRE & 2 %
B, ZOREO ROV IEREIILE SN T 2RT
E7v, KEEH T2 7% L L CHEIER & o TRl
FERIZE D BUBIERDSRARL SN Twd, 22
Tid, XD EBEIISHEBLZ2E TV & v RS
NEMT 2B HAT S 7ze UTIZZ DORERE RS, B 1 PYREZRTH O R ) 55 o

Laminar side ™

111



Annual Report of the Earth Simulator April 2015 - March 2016

BR LA I B EAA LB AV IR & L
FTNLBEHBRICHER SN (M3), GLiKERY 1 Fo
JRITIE B 70 B2 iR O s & A AL IRIA 2 WP G I8 % 3 72
5Fo 7272 L. ANRVFMICEZAAD Y 4 I ¥ Ihn
5720, M= VOBHEFHINEL 2D (K4),

51, BAEICIAE G 2 72 RO — Bk
W L. LES T2 EM L7z (K5, 6)o LA 2 VA
PR M2 5 & MR P OMIEATHERL &
N7zo BEAIOAAD HHAN/ G AIUIE I FAE L,
/N &\ separation bubble Z T LT 5, 20, I
o TR R 2 56E S8, BT OMAE S HERH
B BHICmERBLTWS, BT TORMD A — Vi,
W FFRR OB IR T/HE v,

F 7o, RAFLEEE R OB L 2o WNHIZFAE L
7o HLRR RO RE i O 2 BB 5 LES T 247> 72 (X 7)o
B E R L KRB TR £ L. MERO®BHIC
FEAE L 7B IR O W B AT BT B IS ) & iR
T 5720, MEUE, LR E, s e 2 5 g,
B RSN EZEAT 2 2 L CRIRERETICHE

2 iR

Re=2.2¢e4
A OB A (AL AT 5 M),

X 5

112

TR 2 B L 725 i) 2 B E L7ze T ORR, KE
BEIZ & o THE 7 B it O WA 2 720 K i
IR WELNARET T O WML 2 HD 2D H D . K&
EFRRETIIEANDID VDI EIEL, E5I1TH
KM TTE DRI B EFHEEL Tz whritk
DITRIEDTRR NI D 2 E 2SI L7

3 BRI SR o

. —-- CLzI0

BYU 450
4 B ARE W BRI O A2 Lo

Re=1.0e6



HiERY I 2 L — & AZEHE — Barth Simulator Proposed Research Project —

SCHR

[1] K. Morishita, T. Ishihara, and Y. Kaneda, “Small-scale
statistics in direct numerical simulation of turbulent channel
flow at high-Reynolds number,” J. Physics: Conference
series 318(2011) 022016.

[2] T. Ishihara, H. Ogasawara, and J.C.R. Hunt,” Analysis
of conditional statistics obtained near the turbulent/non-
turbulent interface of turbulent boundary layers,” J. Fluid.
Struct. 53,50-57. 2015.

[3] Y. Ono and T. Tamura, “LES of the flow around a circular

cylinder in the critical Reynolds number region, -Study

on asymmetric characteristics of flow and lift -,” 10th
International ERCOFTAC Symposium on Engineering
Turbulence Modeling and Measurements-ETMM 10, S14-3.
2014.

vorticity x
lambda2 = -100000

- 1000

' o
-1000

7 RHAEBE SR T O D 2B

113



Annual Report of the Earth Simulator April 2015 - March 2016

Large-scale Direct Numerical Simulations of
Fundamental Turbulent Flows and Application to
Modeling of Engineering Turbulent Flows

Project Representative

Takashi Ishihara Graduate School of Engineering, Nagoya University
Authors
Takashi Ishihara Graduate School of Engineering, Nagoya University

Tetsuro Tamura

Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology

Turbulence in many fields of nature and engineering is a non-linear system with huge degree of freedom. To improve prediction

technologies of complex turbulence phenomena of huge degree of freedom, it is essential to consider application problems on

the basis of the physical and mathematical understanding of turbulence. In this project, by using the Earth Simulator, we perform

large-scale direct numerical simulations (DNS) of canonical problems of turbulence and carry out large-scale LES of complex

environmental flow phenomena, with sharing high Reynolds-number turbulence databases and knowledge. In 2015, in the basic

fields, to understand vortical structures in high Reynolds-number wall-bounded turbulence, we have conducted an analysis of the

DNS databases of turbulent channel flows and turbulent boundary layers. Also, in the field of application, we have performed a series

of large-scale LES of flow phenomena that are related to the environment issues. In particular, we studied the 3D flow structure

behind a cylinder in the critical Reynolds number in detail.
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1. DNS data analysis of Turbulent boundary Layer

and Turbulent Channel Flow

DNS data of turbulent channel flow (TCF) [1] and turbulent
boundary layer (TBL) [2] are used to study the properties of
three different types of thin shear layers; at the outer edge (T/
NT), in the interior (T/T) and within the buffer layer near the
wall (T/W). The TCF data shows that sharp vortical cluster
layers with big streamwise velocity jumps are observed at y" =
O (1000) in the log-law region. By an appropriate thresholding
based on normalized vorticity, we can define the locations of T/
NT and T/W layers of the TBL. The average height of the T/NT
outer interfaces is 0.8 (8 is boundary layer thickness) while that
of the T/W interface is of the order of 10 wall units. Analysis of
the TBL data[2] has shown that the T/NT transient region with
thickness of the order of the Taylor-micro scale has rotational/
irrotational transient superlayer that scales with the Kolmogorov
length at the outer edge. The TBL data shows that decorrelation
of velocity fluctuation is stronger at the T/W interface than at
the T/NT interface.

2. Application of LES of Turbulent Flows to Urban
Environmental and Strong Wind Disaster
Problems
In this research, we carried out LES analysis of the flow

around a circular cylinder in the critical Reynolds number

using the large-scale domain and the high-resolution mesh.
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The domain size in the span-wise direction is set to 8D (D:
diameter of a circular cylinder), which is 4 times of our previous
computations. The total grid points are approximately 900
million. As a result, it was revealed that the flow separation,
turbulence transition, and reattachment occur on only same
side, even in the case using long domain size 8D in the span-
wise direction. Namely, the separation bubbles are formed
everywhere in the span direction 8D on the one side of the
cylinder, while a laminar flow state is maintained on the other
side. The side that the flow transits to turbulence is always same
and is not changed in the span-wise direction.

In contrast to the previous computations [3], The present
computations clearly show the strong and slant vortices are
formed in the wake affected by the span-wise wavy separation
bubble. Furthermore, it is clarified that the locations of the vortex
formation widely vary in the span-wise direction. Consequently,
the local lift forces are largely fluctuating associated with strong
vortex formation. On the other hand, the fluctuation of the
total lift becomes small because of the different timing of the
vortex formation in the span-wise direction. We also carried
out the flow around the square cylinder with rounded corners in
uniform flow. The Reynolds number effects actually exist and
at Reynolds number equal to 10° we can recognize the attached
flow on the side surface of cylinder. Very small separation
bubbles are formed after the rounded corners. The separating

flows become turbulent and range in the critical regime. The
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vortices in the wake have the small size compared to ones in the

subcritical regime at Reynolds number equal to 2.2 x 10"
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