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In this research, we will show that towing tank tests can be completely replaced by numerical
simulations by resolving turbulence boundary layer developed on the hull surface, and we will
contribute to the development of even more efficient energy-saving devices for a hull by clarifying
their mechanism. To this end, we will use FrontFlow/blue (FFB), which has been developed for
supercomputer “Fugaku”, for performing Wall-Resolved LES with 30~120 billion computational
elements.

In this fiscal year, we confirmed that accurate predictions of hull resistance are possible by wall-
modeled LES, and by performing test computations, we clarified issues for realizing numerical
towing tests. We also analyzed unsteady flow fields around the propeller in computations for self-
propulsion tests in detail, for clarifying mechanisms that energy-saving devices enhance the self-
propulsion performance. By this analysis, we found that not only the wake of the propeller but
also flow fields ahead and upstream of the propeller could be altered by the energy-saving devices,

which is important findings for clarifying these mechanisms.
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Fig. 2.2.1-1 Single-node memory throughputs of core-kernels of FFB flow solver on Fugaku.
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Fig. 2.2.1-2 Sustained performance of FFB flow solver in weak-scale benchmark tests with 2
million grids per a computational node of Fugaku.
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Fig. 2.2.1-3 Relationship of Tofu-unit, compute node and core memory groups (CMG) in tofu
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Fig. 2.2.1-4 Definition of node distance and tofu distance.
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Fig. 2.2.1-5 Weak scale benchmark test with 2 million elements per compute node of Fugaku.
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Table 2.2.1-1 Comparison of time for computation and communication, and sustained

performance.
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Table 2.2.1-2 Maximum size of communication data [MB] in the X, Y and Z directions in Tofu
space.
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U7 2 4.61 4.08 1.71 0.48 0.45 0.46 3.07 1.69 1.86
V273 4.78 4.92 1.84 0.48 0.45 0.46 2.97 2.13 1.40
V.27 4 5.44 4.40 1.79 0.48 0.45 0.46 3.17 1.62 1.93
V75 4.28 2.94 1.34 0.48 0.45 0.46 3.30 1.55 1.87
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U2 12 | 4.86 2.48 1.27 0.48 0.45 0.46 4.67 1.49 1.52
% KAE 5.44 4.93 1.89 0.48 0.45 0.46 4.67 2.49 2.00
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Table 2.2.1-3 Computational conditions and sustained performance of Case D.

AR | Case 4 Case D

i IPSER B HE DY DOt

ER 6.3 {8

J— N 1,636

TR 6,144

Node Z=[HJE A 3D, 8x12x6
FHELMERE | FHEFFR] sec/step 0.520

FENMERE

GFLOPS/node 15.8




Table 2.2.1-4 Maximum size of communication data [MB] in the X, Y and Z directions in Tofu
space in Case D.

BhEEE S HimA— =t v M#(E

XHGm | YJm | ZJ5m | XJ50m | Y G5m | Z )50
Vo7 1 2.33 2.01 1.64 0.84 0.35 0.01
Vo7 2 1.99 2.80 2.34 0.76 0.29 0.01
Vo7 3 3.52 2.26 1.66 0.68 0.37 0.01
Vo7 4 1.80 1.98 2.39 0.45 0.32 0.01
V75 3.57 2.84 2.01 1.11 0.49 0.02
V7 6 1.57 1.34 2.15 0.99 0.57 0.01
Vo1 1.89 2.38 2.11 0.58 0.50 0.02
V7 8 2.15 2.45 2.89 0.58 0.36 0.02
V79 3.93 2.87 2.86 0.83 0.52 0.01
V27 10 2.29 1.78 2.39 1.38 0.96 0.02
Vo711 4.49 2.76 3.02 0.66 0.37 0.02
V2712 2.05 1.43 2.23 0.71 0.60 0.01
e KAHE 4.49 2.87 3.02 1.38 0.96 0.02

1-3) L [Flkk, IRMEY v 7 2B 2l & EEaEE, A — 1 —k v Nl @%n%nuowfﬁm
L 7-#E 58 % Table 2.2.1-4 (27”7, W&%)/y@L:#@j“A%ﬁyFLEiD%M&LE
IMENTD, A — =% v MBEIEIZ XL D EIMERE DM 2K T OE BRI RIEME Y v 7 OEfE &
KRCEFFATE RN ERboTz,

BEBE(E & A ——t v NBEDEE Y — L DEWEAERT L0, %70k 20@ED Tofu
B OR KM FEAEM%E Fig. 2.2.1-7 127 v > b L7z, Tofu EEfORKMEIZ, £H 5 0HEEICZBD
TH 0~10 OENCHA LTV D, FBERMICOW T, BEEEE Tk HRETH L DI L,
F—"—ty MEET ik#®7nﬁﬂ#%%?f%éﬂ%m@7mt%(ﬁ WZRE2flix & o
TWbHZ Embnd, Ziux, A——ty MBETIL, —HORED 7 1t 2935 < O Tofu ZEE
k@%bf“é’&%%bfﬁb\:@iﬁﬁ%%ﬁL%ﬁﬁ®%k:0@#0(%5&%%%%
%o FRZ, < O Tofu HEE & DWBFEICBWNTIIR vy 7ENREL 208, [EF] OFV 7 DL—
ZIXAH D CPU OF —HHRIEIZ 50% D37 > b (1 [FOBEE CIEESNLGT —F ThY, IEE]
DT 4 74/ hORTy MMEIE 1.9 kB) Z2EI0 4T, 70 O 50%D/ 7y NEflo CPU OF —#
FREIZEID M THD, Ry 7ENRZVEEIZ) V71280 TEHD Y THND 7w 37 e
0. WIEIZRWRE BRI FEAE L T D AR B 5,

#%@fmkzm®$ﬁ<mﬂwu EEEOBENEFT LWL S, A——Fy MNEEIZHID
5fmﬂx%%mﬁﬁ IBWTCELICAET S Z &2k v, WHMEREM Eom Bt s, B
(LN A = R 0 ﬁ—ﬂ~tybLE WINOLEBRE/FEL, ZNHD /) — %
Node ZEMIZIBWTIEL )%i’f?’"éct I FEIE B A WO 2 B HIEREZ LIS, 22T, Tofu Z=f
TlE7e <. Node ZEMTORTEL T 2EMIZ, = —¥ —I% Tofu ZEH~DE| Y 4 TEHIFETE R
DTH D,
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Fig. 2.2.1-7 Maximum and integrated Tofu-distance of each process.

2) LES RBEHEE 7 /L OF%E

AT T —~ 1 [HUERA A OBRRE L BT A AD AT = X LORH ] B8 IO
FHE T —~ 2 TR A8 b 7= 2 Bzt AR o 7 O NEiLd Wall-Resolved-LES] 124U T,
FE LT, BLRESE RO AR A T — L OELRIR E TEHEKFIC L > TEEZOZEHZ THT 5
LES f##r FiEToh 5. Wall-Resolved LES (LLF, WR-LES) OFEGEMIIEA FEM L T\ D, ZiLE
TORMEMFEIC L > T, WR-LES %425 Z &2 X o TR DO HEEIRHTom 0 R v 7 D7k FiPERE
DERN L TRNATRETH 2 LB LAGELN TS, —F, WR-LES (TR & 27— Wz el
LHELERE T ONE E CTEEHRE T A TFETHH 7D, ZL OHERRNSMLEL 25, Ukt
L C. Wall-Modeled LES (LLF, WM-LES) [XELIREE A E ' O N IR EREGHEA371, BE B2
JEHEETFMMELTEZ 5 FETH Y, WM-LES (2L -> T, LES #HEICHEL 2 53 REEEZ TR
BN D THZENAHRETH Y . TOERMALICL KT MR EE > TV 5,

B2 NG L 7oA Tl BEEEEES ) A 5TE T 5 72D O S MR OBERE 1> D 0 BREE A
UNCRRET 5 Z LIC Ko T, MEREICHET 2 SLIREE U MR O BB - JE 1R &% E
BMICTRITE 2 Rl La57, & 3 F1X WM-LES 0w MHICB4+ 2 EHME2 R ESE 5720
12, WR-LES 2 LVt SN 5t WM-LES (C X W R SN D iidE & i 5 & & b,
IS DOFRIZ K o TR S5 FFEH /AT R B it s 55 A % & A e L7z, Figure 2.2.1-8
IZ WM-LES 12X > CTTRIE N7z, MERETHEORIEORNIGICRIT itEEz2 7, 8L L
THARIE KVLCC2 TH Y, F/o, MELIMEICI s TERIND LA/ NV AEIT 2.3X106 TH S,
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Fig. 2.2.1-8 Snapshot of vortical structures in WM-LES of flow around KVLCC2. Reynolds
number is 2.3X106,

B 2 BEOHIIERREZSBICL T, BEEDANER S X7 —/L 0> 100 75 OA7 i | 2R i BRI )
EHETAOOSREERE L, WEEITHEART VY VOE 2 REBROSMEHEIZ X > TH
B L7z, M & L2 WR-LES 134 40 52 AW =5 TH 5 ookt LT, WM-LES 134 5,000 5
BWEOHBEERETH HITHHED LT, WR-LES Off i (R & EHEANZI X R 2 i S 23 5
HENTWAZ ENMERSNTZ, 20 WM-LES T/ WR-LES O 4 (D% g 25X ETE 5 2
EHEETHE, WM-LES 12 WR-LES @ 256 430 1 Ot HEERTHATE 5 Z & 2R Lz, 57
SR8 PN O S-)REE 53 AT d ] OV B EE 43 AT & bbie U 72 R & Fig. 2.2.1-9 12”7,
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(a) Average velocity distribution.
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Fig. 2.2.1-9 Comparison between velocity distribution in WM-LES (left) and that in WR-LES
(right) of flow around KVLCC2. Reynolds number is 2.3x108.
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LES (C X2 Z8EE 541 WR-LES (2 X 2F8EE L0 b R& <, Frlo, BEEEEO L EME D
RORMEIE 1.5 EREICHML TV (Fig. 2.2.1-90)), ZE8hl 55 A4f 2o L 7= X Tl figfho 2 47—
WIS TND Z EIIERESNY, 20z Eonn, WM-LES I X 5 EHFHEICE L TkO
TEREAGMNE IR T, BERIEFCZOME S MONHAIZE LT, WM-LES |¥ WR-LES & %A
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T, ZORICEHLTSHICHET L2 ZENEEND,

3) Ml AT

AHFFERRE CIE, BRI RRER O RHAN & U CHUE AR 2 e 5 720, fIviRIC =T 5
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NOFHKEE TS Z THITE 5 2 L 2EE L T3], BUERM A OR] AT, BRI LR
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S RE T L O IRTERER I 0 U7 HRBIR R 2 920 U . AR i O SLiA% S & 4341 L 7=, LES fi##Tic
EALEEE A v v a OEFREITH 7120 B TH Y, [EEH) © 48,144 7/ — FEHWTCEHE L, &
RFH X 1.547 sec/step TH V. #MhEd L O E RS E THMEAL L AL XL 251 E T 5 DIz
34.4 R & L 72,

Figure 2.2.1-10 |2 E IR L OWEIEOE 2 REEOHER 2 /~T, ZEmE~Y 7 4T
BT ENTND, FRIZ, 2 ORI CIRER O B R X 72 2 7 — L ORER DL ERNTFET 5 2
ERProTz (Fig. 2.2.1-10(), UL ORERMIZL A )V AENRRKEWGEIZFH DB, LA/
VA NS WIGEITBAE Th U IMAIRBUC b REL 52 5 Z e Sz, £z, MBI,
BEA D © L AL OB T I KBS 2GR FIE S D 2 & D3Rl S 417,
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(b) Near the stern.

Fig. 2.2.1-10 Iso-surface of second invariant colored by helicity near hull surface.
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(a) Near the bow.

(b) Enlarged view of (a).

(c) Enlarged view of (b).
Fig. 2.2.1-11 Iso-surface of second invariant colored by helicity near hull surface visualized with
72 billion grids data.
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BT RT A ARG OGRS L OEMERICH -2 D EEWET 5720, Fig. 2.2.1-12
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Tro HESVT . BET 4 LDl G 2T T2 AITE HICWET D Z Enboo7z, Figure 2.2.1-13 1
T RZ GBI D EF T FHE OB A, Fig, 2.2.1-14 (7 0 X7 nFEo R REBIZBT S
F ST R E DBRRE AR &R,
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F(Rudder Fin) < N(Naked) < B(Rudder Bulb) < BF(Rudder Bulb+Fin)

0.39% Bt FHEE S DBHPTLLE 1.83% & 2.82% W&

Fig. 2-2-12 Configuration of energy-saving devices to a hull and their population performance.
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Fig. 2-2-13 Distributions of instantaneous streamwise velocity at cross section in wake of
propeller.
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Fig. 2-2-14 Distributions of instantaneous streamwise velocity at center cross section.
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TMOAIZEY  AMERICKIT M T 0 L ORENEDD Z ERbol,

FE LT B2 DIREEBE ORI G 2 588 E LT, 7axX7H L (Fig. 2.2.1-14 OFHAOM
TP > 7-58) ICBITDURBTERLS 700 2 EDRMERTE D, TNV TIZE - TTrTHE
D OFNNFRAL LTS R RSN, o2t 7uXTMEn L, BMEZEOREZETEASLT
W5,

FROLIIZ, BRXT AL ADA T =X LOMINCEE LT, SFEIX, #87 1« O/ LT N
MG 52 DL LT, NTHoORAESLT eI b ot Wwo=Big 2t L,
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2) HMESEEDH-ZEE DR TORERFTALD Wall-Resolved LES
(a) FFERR D EE

AREREWFZET —~ Tid, &) 2FM LT, %NNOmn@W$ﬁ27~wifﬁ SR IC &

ﬁ&‘ﬁﬂﬁﬁ"é Wall-Resolved LES % i L, .03 > 7 ONEBRALRZE DORER L LTk E Z>7k73
B (B - KT bV s - KINER) OFRRTHEZFERT L L L BT, ﬁEF?“ﬁVﬂ“ﬂvaL0)7€§ﬁ

@%ﬂ# PERECIEHINEIC B R DB LA LN L, R 7RETOEE/ICERRT 5, bIZ

D 1/100 FE DFHHEHE 1% 7= Wall-Modeled LES $ i L, Wall-Resolved LES O 5 cE EJrﬁ

KR, RHR X Ml 2 2 LIk v, Wall-Modeled LES O£ MLz X 2%,

AR 3 HEIX, TEE) ITBWT, M 25 D72 BhE LA 7 OWNERILD Wall-Resolved
LES 3 5728, fENTHE T2 WEHT 25 2 £1C 8-> T, i@ 0.17mm R DM THRAET S
RO RLZEREZMNE L, K 400 BEEHFD Wall-Resolved LES O¥E(iF 2352 T L7z, 6.6/
HERO LAY 774 UFHREE B3 BEHED 2 IEU 77 A ETG (LEOFE IR RE) . R
R U TFHREE A MREE LT, ZOER, MuliaE REE) < ofh L3 SRR EEZ THIC
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LU N HRBREHREDN D KRB TIZY 7 7 A TR0 EBRFR L OENILRK L T0D 2 &b
Mode, Thut. ety NERCOENBEERKET S - EREETHL - L AR L. F
— =ty MERTOMMFETIELEET D & & L,

In this research, we will realize a highly accurate prediction of the internal flow of a centrifugal
pump and its performance, clarify flow mechanism in the leakage passages and their influence
on the performance and reliability of the pump, and finally contribute to advancing pump design.
To this end, we perform Wall-Resolved LES of internal flows of pump, where dynamics of the
small vortices with the scale of 30~100 micro-meters are directly computed by using “Fugaku”.
We will also perform wall-modeled LES, which requires 1/100 times smaller number of the
computational elements than those for Wall-Resolved LES. We will realize practical use of wall-
modeled LES by comparing the accuracy and the cost of computations by Wall-Model LES and
Wall-Resolved LES.

The preparation of the Wall-Resolved LES with up to 40 billion elements has almost been
completed by the research activity in this fiscal year. An instability of the calculated flow field
near the small clearance of 0.17 mm in the balance drum domain was suppressed by investigating
the effect of the mesh quality on the computed flow fields and thereby by improving the mesh
quality. The once-refined calculations with about 660 million elements and the twice-refined
calculations with about 5.3 billion elements were performed, the latter is still underway, and the
prediction accuracy was verified by the comparisons with the test data. As a result, it was
confirmed that LES could predict the unstable head characteristic near the shut-off flow condition.
However, at the designed and larger flow rates, the total head predicted by the LES was higher
than the measured data, and the over-prediction of the total pump head was larger for the twice-
refined computations than for the once-refined computations. One of the main reason of this
problem was the unphysical pressure increase at the overset interface. To solve this problem it

was decided to modify the interpolation calculation method.

(b) ABFFED N

1) =LA v T NIRRT DR RE T L

A—R—a v a—% B HIZFo2—=27 L7 FrontFlow/blue (FFB) FRAVARAT > L/ 3—
ZHWT, mORTHNEGRAD LES fi#tr 232406 L7z, FFB OfEgEm EIZBI3 24F5ERCRICBI L
TIESEREFSE T —~ 1 IZRER L7280 TH D, Figure 2.2.2-1 (230 > 7 WERTRAUAENT DFHEAE
TV &Y, Figure 2.2.2-1 1279380, 20 LES i@t Clddih2 7 2 M &FHl+ 25725, A0
B, PIRIE, 7 ¢ 72—, OB A, front/back shroud, balance drum, return pipe
VoM EBE LHEET VEHVTWS, AEEE THOTWEHEET VT ERR L
T 2 EICHE SN 10 EOMSEOF EEE DR S TEY . b a4 — 13—t v MEICK
DS STV, SEEOIETIE, FHEOREMELZ R ESE L7 OMNFHREFEREY 4 OlI0F
EOTHEET NV ER WL, N—RAL LR A Yy V2 0BEFEIIB L Z 8 FHTh b, FFBILGE
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Fig. 2.2.2-1 Computational model of LES of pump internal-flow (top: overview, bottom: impeller).
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Fig. 2.2.2-2 Effect of aspect ratio of element in the balance piston region.
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Fig. 2.2.2-3 Comparisons of pump performance (top: total pressure, bottom: pump power).
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Fig. 2.2.2-4 Comparisons of axial thrust.
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PMP INI IMP INI IMP OUT DIF INI DIF OUT PMP OUT

0 Rl
o -
0 I' & "
4
'\0 1
o 4 (a) Static pressure change from the : (b) Static pressure jump at the overset interface
pump inlet to pump outlet. between the Vaned diffuser and Discharge casing
(c) Comparison of pump head coefficient
RO R1
QQq Exp computed | overset rise corrected computed | overset rise corrected
20% 0.623 0.621 0.0060 0.615 (-1.5%) 0.621 0.0077 0.613 (-1.9%)
60% 0.611 0.626 0.0074 0.619 (+1.5%) 0.642 0.0195 0.623 (+2.0%)
100% 0.518 0.542 0.0160 0.526 (+1.5%) 0.574 0.0337 0.540 (+4.3%)
140% 0.377 0.421 0.0202 0.401 (+4.6%) 0.461 0.0470 0.414 (+7.1%)

Fig. 2.2.2-5 Comparison of pump head and static pressure change at the overset interface
between the vaned diffuser and discharge casing domains.
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ZOHERKE I LI 5729, Table 2.2.2-1 [ZPREDO A A T —~ v REKEOREHRKLE R
T BRRIZKTT A HHOBKOEIE 1T 20 I ELUINTIXT 4 7 2 —FHOBKEE N RKE W, T
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Table 2.2.2-1 Computed Euler’s head and decomposed losses.

RO R1
R ERH IMP DIF DIS OTR TTL ERH IMP DIF DIS OTR TTL
o [asse (o1 [onis | aom ooes |07 s |otom 0| | ozosn 02
oo oo |02 [omss 0010 o omos |-y, a3 o s | aoues o
T e e sl el i el R Pl o K e
o [osen |00 | o [0 [ 0ms |t ooy |01 | e | e | o2

DEBEA Y 2D T 7 A NTL DR THNETRINLDEA

ERH: Euler’s head, IMP: impeller, DIF: diffuser, DIS: discharge, OHR: other, TTL: total

Figure 2.2.2-6 {2 100 % &IZB T 2PMBRE L T ¢ 7 o — g S5 16 SR 58 T O /540 & 7Rk d,

BWEF VT RO (/) & R2 (F) ThHb, RO, R2 Oifir — A TPHREN TIXAERITI - THRE
DREELTWDEZERNDND, fHEA Y20 774 % L7z R2 TIEPRH DI - Tt
Yy FHEAHEOMMENEINT 223, [JEAEATITMEN/NSNWEETH Y, AlEm & IR
BSEORMERRBEN LNV, TSRV PRENO T 7 v =D&/ N L T\ Z &R
EZonbd, ZOMBEOXEE LT, PURHEIZIHAT HWMAUCEHNEZ 522 2 LIC k- T, PR

BEOENHOFEREEB L EESEL L 2BFI LT,

Q- D,
U,

- 1
1 10*

Fig. 2.2.2-6 Vorticity distributions of the pump mid-span plane.
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oy GRER) /NEWERY (D) DS HASHREA U, R o 8 J5 ek fE 2 k4 5 VR & KIE T,
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Fig. 2.2.2-7 Circumferential velocity contours (top) and pressure distributions (bottom) in the
front gap of the impeller.
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Figure 2.2.2-8 IZ7 A F— U 7 I IS1T DB E0E Ol 5 L 85 R EE A 2 R1 6 &
O R2 DA OWTRT, Rl TIXBREG I EEHE D 10 & D720 T2 DN O ELIRIEE R T
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U L, [RNCE CORT R A & WD SRR TONYHEH P TWD 2 ERnN1 D, 4
#%,3MU 774 LEEEE R3) 2EMETHTECTHLN, 74—V U 7HOhOLA )V
ZENT PN ENT=D, RICEBNTH T4 T — VU U ZEOBERE X B2 ELIRIILER T, EBEE
RIEIHELREED® D,
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Fig. 2.2.2-8 Velocity distributions in the liner ring clearance.
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RN SN IRNG A RENC O T D Z LI X o T, AL R — U3 AERF O IEAEREPN R O
#ﬂ&#ﬁﬁﬁ@ﬁ%%%%ﬂ L7,

In this study, we will develop the unsteady three-dimensional flow analysis technology of the
surge phenomenon for transonic compressors used in plants and gas turbines to elucidate the
unsteady flow mechanism that leads the inception of the surge (the mild surge), and eventually
results in the deep surge, which is accompanied by reverse flows. This analysis is based on the
DES (detached eddy simulation) and considers not only the compressor but also the entire system,
where the compressor is installed. The surge simulations require a huge number of time steps to
capture both of short-cycle stall phenomena in the compressor and a long-period surge
phenomenon throughout the system, and we aim to achieve such simulations by using “Fugaku”.

In this fiscal year, we tuned the DES analysis software for turbomachinery and achieved a
speed-up of 90 times, compared with the original version. Subsequently, the software was applied
to the surge simulation of a transonic centrifugal compressor. Consequently, long-period
oscillations of the flow rate and pressure were observed when the flow rate was still positive. This
phenomenon had been known as the mild surge by the experiments, but was never be reproduced
in direct simulations. We demonstrated that the present simulation method can predict the
occurrence of the mild surge in the first time in the world. Furthermore, we elucidated detailed

unsteady flow phenomena in the compressor when the mild surge occurs.

(b) ARBFFEDONE

1 EHEET L

HLW & — AN AR I D B A D R R O E AR A AT x5 & L7e, Figure 2.2.3-1 ({340
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XN T L= RR 68, A7V v 2T L—RR 6D 12K TH D, AT L= 7 DRI
1% 0.28 mm OREIFFRM &2 A3 5,

HRGE DIEREE O P — URBR I & Fig. 2.2.3-2 1R d, el OEMEIE, & —Rilfato 7 —
EUHNC A7 U 2 JERE B IERE 2SR 2G5 2 L IC K VB S h D, ¥ — e flciiad 55
Mi2E DI EZ MBS 5 Z LIk - T, JEMEORIES Z ik 160,000 rpm £ TOHiIPH TERIZK
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VRN ELE U727 L A FHICALE T DI & RIc L i s o, ARBEE Cik, e
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DEMERZRE LT,

ERROY— VBRI E AR LT T L& Fig. 2.2.3-3 IRT, Y — T O E BT TILEME
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ST EiIR A DMER R ICHERNVAENDBENEL D, ZOBREZHFIT 57202, Fig.
2.2.3-3 1T K D12, ARELE O BFICITRERAEE O S22 [# 2 45 U 7o pEi A 3% B L T\ 5, 4
I LEEROIER & U, 2 OERITEMAR D 2015 L LT, Fio, = WIAEORBIBS %
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mMeainbd,
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TRT 6 mROREIER & Lic, Fio, MR S A7 —/V TRRGUE U772 BER Eo i/ ME iR yHiT
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YK DR 4 B2 EREREEICEI D YT T b, Figure 2.2.3-4 (24 VX TEHOKFX%E2Rd, 7V
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AR OGEHIN 3.8 L THD, Fo, ADEEITN 2.3 EEL, HOEEITN 1,100 Tt
Jv. ANEREEIIER 2.9 B E ol A UAXTRIGEH O AR T 5720, FiMlE v b Bl
RIEC S DRET- R E 23 FLIE O R < BRE SV TV D, FEFTHEIR RO E AT 9 B CTh D, AT
e CHElE S5 DES Tk, Ao EES A7 —/WZiE U T, RANS F721% LES TilH S 2 fEim)s
RIE S D, BIEEE T2, RANS/LES fEikZ afib 972 Z &I K0 | BEMEUTLE OB EITkS L
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Fig. 2.2.3-1 Test centrifugal compressor.
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Table 2.2.3-1 Specifications of the test compressor.

Number of full blades 6
Number of splitter blades 6
Impeller inlet diameter [mm] 39.9
Impeller outlet diameter [mml] 52.5
Tip clearance [mm] 0.28
Diffuser width [mm] 3.42
Drive shaft speed [rpm] 140,000

RLVAHTAILE

BRIERT

EAEHAD)
TS

EAE(HA)

avJLy—

Fig. 2.2.3-2 Schematic diagram of the experimental equipment for compressor surge.
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Fig. 2.2.3-3 Computational domain.

Table 2.2.3-2 Number of cells in computational grid.

Impeller 100,608,000
Diffuser 100,224,000
Scroll 178,791,000
Inlet duct 228,960,000
Outlet duct 11,491,200
External area 288,000,000
Total (3 908,074,200

R

Fig. 2.2.3-4 Computational grid in the impeller.
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AHFGECHEMT D EMEH Y — P OB E Tl Y — UI RIS T D RPN O I E H T E)
FCHMICHIT D, TR, JEMEIHREDREIHR 2 HE T 2FE I, WML 2R
ELCEEZET D, TOME, V=IOV T U AT AKITHT 5 E R OMKRIEEHH 5%
P2 D701, BRI AT v 78Iz » CIEEH Rt 2 £+ 5 2 & 122 5,
P — 10 A A FHE T 25A. 7,500 step/rev X 200 rev/cycle X 10 cycle £ V. 15,000,000 2T
TOHENKLETHL LR OND, ERICTBWT, step. rev. cycle 1ZTZFNENE AT » 7
B PUREREE, BLO, =YooV A 7V BExznTnEk S, RIS, 77U r—3 a O
ATy T o120 OFEREEN 0.1 sec/step THAUT, HREHERFEIT 17 H & 720 | BLEAZRIEFANT
HEAZRETTEDHZ LTS, £ T, 0.1sec/step Z HIEIZ, 77V r—aThdDH—RNEHK
M DES JEMgHRNMNT OF 2 — = FZRHEE X O fke L TEM L7, B, 77V r—va
DF a—= 7Tz »> I — M EE N & EF A2t (RIST) om 2 FIM L
7

BIEEEE TIZ, 77 A VIO T v 208, EMERIERITO 2 TH Hm = X MM
FTZ 2oV T ?D OpenMP (2 X5 A L v RiFFIl, sliding mesh ZLEE A LT % Akima ffif#H 7
JL—F DN TO OpenMP A Ly RiFFI{EIS LN call [BIEOHTE: EDOXPREZEmML TEHY
FYPFNANDY N R—=L LT, K 60 (FOmB LA ERL SN TS, SFEIE, EHIT sliding
mesh /L —F L NOERTBIEMHRED T L Ok, FFHZT7 7~y B 7 EDOREIC L D HEE
WEIZOWTHRFEITo T2, 7 a3 a=r—XIZL5EELHEIC mpi_allreduce 25252 &
T, WBERRD 1/2.7 ISz, —FH, /—FBIROZEERST V7~ v 7ORE Tldm#E ko
HRIFELNNZ ERDhoTe, BET —Z VA X 40 MB 553 5@(ERFHIZ OV T, Intel
MPI Benchmarks (IBM) OFFHGEFR & bl U7ofE R, i IBM 5253 & AHIS O@BEMEREDS H i,
Bl GITIRIFRACE L T D Z LR STz,

Fa—=UT%iLIza— oW T, KRR & REOSMECIEITRIM ZFHR L, PEREZ 31M L
2o RHEAE R Z Table 2.2.3-3 (TR T, Asis (ZHART, HHi/N— 2 >0 Tune 3 1349 90 50 &K
LM EB SN2 LR TE 5, FEITRERNIE 0.34 sec/step TH Y, HEEL L7= 0.1 sec/step (Z1E
o TWZRWA, Asis 706 KIFIZFATRAMN TS E S TR W iR BERIZER S LTV 5,

Table 2.2.3-3 Performance evaluation of tuning codes with the surge simulation.

FATHER [sec/stepl Asis & OHE
Asis 31.53
Tune 1 (2020/8) 291 10.8
Tune 2 (2021/3) 0.53 59.5
Tune 2 (2022/1) 0.44 71.7
Tune 3 (2022/1) 0.34 92.7
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Fig. 2.2.3-5 Performance curves of the compressor.
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Fig. 2.2.3-6 Time histories of the flow rate.
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Fig. 2.2.3-7 Comparison of simulation and experimental results.
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Fig. 2.2.3-8 Representative points for flow visualization.
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Fig. 2.2.3-9 Meridional velocity contours.
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Fig. 2.2.3-10 Relative Mach number contours in the cross-section located at the 90 % span.
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Fig. 2.2.3-11 Chordwise load distributions of the full blade at 90 % span.
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Fig. 2.2.3-12 Radial velocity distributions in the diffuser and circumferential velocity
distributions in the scroll for phase A.
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Fig. 2.2.3-13 Radial velocity distributions in the diffuser and circumferential velocity
distributions in the cross-section located at 6=0°.
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Fig. 2.2.3-14 Performance curves of the compressor.
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Fig. 2.2.3-15 Time histories of the flow rate.
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Fig. 2.2.3-17 Meridional velocity distributions in the diffuser and circumferential velocity
distributions in the cross-section located at 6=0°.
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The purpose of this research is to build and validate the framework applying HPC technology
to contribute to the design and development of next-generation vehicles such as electric vehicles
or autonomous vehicles. To reach this goal, the evaluation of the aerodynamic characteristics,
such as the drag force, the vehicle maneuverability, and the crosswind safety, of the vehicle in
practical driving conditions, must be done with a high-resolution computational mesh for
precisely representing the vehicle shape in millimeter-scale and long-term simulations are
necessary, all of which is carried out in this research.

In this fiscal year, continued from the last year, a coupling simulation framework of automotive
multi-body dynamics and vehicle aerodynamics, and a module for atmospheric turbulence
generator have been developed to realize the real-world evaluation of vehicle aerodynamics
performance. The developed simulation methods were applied to evaluate real-world fuel
consumption rate and maneuverability of a hatchback vehicle in on-road conditions. In these test
simulations, various evaluations were made by changing the incoming turbulence characteristics
and driver’s steering action and corresponding vehicle’s motion. Namely, we compared four cases
with and/or without the incoming turbulence and with and/or without the vehicle’s posture
change on-road condition by the driver’s steering action, and found that the aerodynamic drag
changes by as much as 9 percent among these cases. It was also investigated that how incoming

turbulence affects the driver’s steering action.
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Table 2.2.4-1 Simulation parameter setups.

Solver type Incompressible
Domain size 18.76m X 8.75m X 3.75m
Number of cubes 32,341

Number of cells per
cube

16X16 X16 = 4,096

Total number of cells

32,341 X4,096 = 132,468,736

Minimum cell size 1.2207 mm

Time step size 2X10°6 sec
Integration time 210 sec (100 steps)

Reynolds number 2.572X 106

Time integration
scheme

Crank-Nicolson

Poisson solver

Red-Black SOR

Table 2.2.4-2 Scaling of time-stepping loop.

Number of Number of Number of cells Elapsed Scaling
nodes cubes time
100 32,341 132,468,736 22.92 s | 100.00 %
800 260,331 1,066,315,776 32.63s | 70.23%
6,400 2,082,648 8,530,526,208 33.46s | 68.49 %
51,200 16,661,184 | 68,244,209,664 30.92s| 74.11%
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Fig. 2.2.4-1 Elapsed time against number of compute nodes.

field_intf_unpack. edge_e

cns_absorbing_bc

field__intf_unpack_e

tstep

Subroutine name Cost ratio

tstep_lusgs_slts_mix 44.2 %
flux_roe_Im 17.6 %
field_intf_unpack_e 12.6 %
cns_absorbing_bc 5.7 %
field_intf_unpack_edge e 51%
vscf_ce2nd 4.8 %
field_intf_qg_e 20%
field_intf_unpack_corner_e 1.7%
field_intf_pack_e 1.4 %

Fig. 2.2.4-2 Cost distribution in time-stepping loop.

Table 2.2.4-3 Simulation parameter setups.

Solver type Compressible
Domain size 20m X 10m X 5m
Number of cubes 32,341

Number of cells per
cube

16 X 16 X 16 = 4,096

Total number of cells

32,341 X 4,096 = 132,468,736

Minimum cell size 1.2207 mm
Time step size 1.0 X 10-4 sec
Integration time 1.3 X 10-3 sec (13 steps)
Reynolds number 1.1 x106

Time integration
scheme

Lower-Upper Symmetric-Gauss-
Seidel (LUSGS) implicit method

Viscous term

2nd order central difference
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Table 2.2.4-4 Execution performance of kernel loop.

Exec. time Calc. performance Mem. bandwidth
Original 5.08s | 19.7 GFLOPS (2.57%) | 5.92 GB/s (2.31%)
Exchange array 450 s | 22.23 GFLOPS (2.90%) | 6.24 GB/s (2.44%)
dimension
Loop collapse & 4.05s | 11.63 GFLOPS (1.52%) | 6.56 GB/s (2.56%)
manual fission

Auto loop fission 3.84s | 12.29 GFLOPS (1.60%) | 17.19 GB/s (2.81%)

Extract if
" 3.49s | 14.97 GFLOPS (1.95%) | 8.01 GB/s (3.13%)

condition
B Floating-point busy rate execution time :g :EEEEEE:Z: 2222::
OInteger busy rate execution time B2 instruction commit

5.0E+00 - OL1 busy rate execution time _| m1 instruction commit

OL2 busy rate execution time @ Other wait
B Memory busy rate execution time O Floating-point operation wait

B Integer operation wait

O Floating-point load L1D cache access wait (*)

@ Floating-point load L2 cache access wait
OlInteger load L1D cache access wait

4.0E+00 B Integer load L2 cache access wait

B Floating-point load memory access wait

(*)Include wait time for integer L1D cache access

3.0E+00

— Wait due to FP calc.
2.0E+00 - . .

Wait due to loading
~ -~ I . from cache

1.0E+00 -+ 1 1
0.0E+00 - - = =

Loop

collapse & .. p
array P fission condition

Original Exchange Auto loop Extract if

manual

dimension ..
fission

Fig. 2.2.4-3 Tuning results of kernel loop.
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Fig. 2.2.4-4 Setups of the turbulence generator.
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Fig. 2.2.4-6 Reproduced “yaw variance”, “turbulence intensity”, “the overall integral length
scale”, and “ratio of streamwise integral length scale and overall integral length scale”,
as a function of imposed sinusoidal pitching oscillation of the airfoils (amplitude and
frequency).
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Fig. 2.2.4-8 Target model.
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Fig. 2.2.4-9 Snapshots of the velocity profile w/o (left) and w/ (right) incoming turbulence.

-48.



1.10
1.08
1.06
1.04
1.02

1.00
0.98

0.20
0.10
0.00

wi/o Chrono  w/ Chrono  w/o Chrono  w/ Chrono

| wlo turbulence | | w/ turbulence I

Fig.2.2.4-10 Cp in each case.

wio turbulence
0.03

wi turbulence

0.02

0.01

PPN PR

degree

1.0} 3.0| 4.0

-0.01

-0.02 )
Time

Fig.2.2.4-11 Yaw angle time history.

5) U 7LD — )L R

CZIZITIEYERLET L= T—7 ZH\, 100 km/h TEFTT 2 Hili NMRITEI 4G 1 %0 5 3 O
Tl —rF = ViEENE T 5O 21T > 7-, Figure 2.2.4-12 12 KT A X—DEHEANT) + I —Ff
DR & BAEDN IR E WG Z LR L2 E RS, b— v F = VEEBO M THEAEA 1M
FFE—E L 72505 (1.8 8~2.0 s) CTEEAL 52722 LICK BN KRELTNTND, ZDHE
K& LT, Fig. 2.2.4°13 TRJ, 1.8 s 15 2.0 s TOIA—A U 7E—A L & a—AHEDOEN
EZEzoNb, BRI L->TELZI—A L TE—RA L FOBILIZ T A N—NRs L, EIE#RE
EATOT MR, AT TV T ANEBIENELTLEBZ DD,

DOFERDN G & EBADNRE - Bt EMFTHHICEEL 52 5 2 ERRTENT, FICEBER
DR ENFREIC D L, 207 L—AU—7 ZIEH LT, FEETRREICB O TRESCBRZEMEIC
HET DIV ORI, ZTOWHA B =X LORFANAEEIC R D s D,

-49.



Steering Input Steering Input
8 1.5
wio turbulence wio turbulence
6 === with turbulence === with mrbulence
Lo
4
___’
i i
2 g4 E
g 2
f £
& - &
4
0.5
-
-8 T T -l u T
o ] ¥ 4 3 16 18 ] - 24 26
time [s] time [s]
Yaw Angle . Yaw Angle
1 =30
—— wilo turbulence —— wio rbulence
=== with turbulence === with wrbulence
o4
g
A
34 /
-4 4.0
] ] 3 4 5 L6 18 20 2 24 26
time (] time [5]
Fig.2.2.4-12 Steering input (top) and Yaw angle (bottom).
Yawing Moment Yaw Rate
200 3
—— w/o turbulence —— wo turbulence
150 4 —— with turbulence N === with turbulence
100 4
1
04
0 _2' 0
g =
T S
100 1
=150 4
-3
=200
=250 T T T T T -4
L6 18 20 22 24 26 1.6 18 20 22 24 26
time [s] time [s]
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The purpose of this research theme is to establish HPC simulation technology and demonstrate
that it can contribute to the design and development of next-generation automobiles including
electric vehicles. For this purpose, the narrow-band noise generated from the hood gap and the
front grille, the broadband noise generated from the pillars and the door mirrors are simulated.
Moreover, the interior noise are predicted by coupling the external aerodynamics-aeroacoustical
simulation, the structural-vibration simulation, and the interior acoustics simulation.

In this fiscal year, continued from the last year, the narrow-band feedback noise emitted between
the vehicle’s body and the engine hood and the broad-band noise generated from the whole
vehicle’s body were simulated, as a part of the real-world vehicle noise simulations. For the
narrow-band noise, by increasing the grid resolution around the gap of the engine hood, the
predicted noise spectra showed a better agreement with the measurements than the last year’s
results. For the broad-band noise prediction, direct simulation of the noise was performed by FFX
based on the Lattice-Boltzmann Method (LBM) and the results were compared with those
obtained by the conventional splitting method of the flow field simulated by FFB and the
acoustics field simulated by FFB-ACOUSTICS. It was confirmed that the results of the direct
lattice-Boltzmann method show a good agreement with the conventional splitting method based
on the Navier-Stokes equations for the prediction of the Reynolds-number dependence of the
aerodynamic drag. The direct simulation by the FFX also revealed that the front grill, the door

mirrors, and the wheel-houses compose the dominant source of the vehicle’s external noise.
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Fig. 2.2.5-1 Computational grid for narrow-band sound analysis.
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fE, 0.2 mm FREOCKFMEETHL ZOHRLHETE 559, LVEEMEODL 2V (FT72bb5
FIBEE AW OJE S D3 KEHI S 78 y) BIEA T — L DREE{T-> T D,

Fig. 2.2.5-2 Mesh generation to increase the spatial resolution around the engine hood to capture
the narrow-band noise and reproduced flow field.

- dx=0.05m

o>

X=

7

Fig. 2.2.5-3 Reproduced narrow-band noise and its dependence on the mesh resolution (top:
0.05mm, bottom: 0.1mm). Velocity (middle) and pressure (right) fields.
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Fig. 2.2.5-4 Energy spectra of homogeneous isotropic flow computed by DNS [3] and FFX with
SRT and MRT.

(a) SRT. (b) MRT.

Fig. 2.2.5-5 Iso-surface of second invariant of homogeneous isotropic flow (left : SRT, right:
MRT).
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BrZ T 5, BEECEAR el E AR O EO WG N COREMELET 5720, FFX 2 Hn
TUA I NVRE BT TRk L C—RE LR O F~— 7 3R EF4T LT L 2 A, SRT.
MRT DOZEMRF (ZEIZFHE T E DRMRFFRREORARME) 1T £4. 0.507, 0.504 THY |
MRT DI 5 DEFLETH -T2,

-55.



b) KL 7-ET /L

LBM [XEAAE T FISTER SR OB OR IR R ZFE T 5, BE, HEEDO~ 7 nk
BTN AMYTHZ LICR VR TE D, BRFOEEIL, HE & REZ O TR 12
BHEICEREND, LIER-T, HIRLD D TIHFET DRIFI1E, ROBHAT v 7 Tl
BoTICBENT 5, 20D, HECERKERS 2 EflCTHT 52 R TE 5, RirETLEL
T, 3WILOLE, BOmEED 15 s, 19 5idb DT 27 ROBHE ISR LT E 4 ERT D
BRERHY, 2N b6E2ZNE1 3D156Q, 3D19Q. 3D27Q E#Md 5, FFX O 7'a k& A 7T,
D3Q15 MIEE XN T, AEEIXZ TNz D3Q2T IZ L DtEEA BN L=, ki FET /L
CRPREESEE, REMOBBRERET D120, AR Lz kS G MERLIROR R 2 i L7z, R+
F 2L SRT & v iz, Fig. 2.2.5-6 IZ= R /LF— 27 FLOk#k, Fig. 2.2.5-7 ([ZELFHEE D 7]
FULRERZ RS, EHLLDORFET VORI F =AY MLt DNS IZXDfERIZIE<, FZ%ED
FHREREEN D D Z L Do 7oA, D3Q2T DIE D S A IR I B WV TE LR = RV F — 2V S
<. THRE LT, ELREE D LRSIV T, SRT OFEHRITH 2 i e iEE RN 2 TV 5,
BEMRREFTIRDIZD, LA I NVAEERLZICH T FEEEZIT LIz 2 A, D3Q15 X, AR
£2%% 0.5059 OFHE TIFFHE IR L= DTk L, D3Q27 TIXiEfEREHFRE A 0.5015 F THFIF T
SHEITRE L o2, ZoZ 2 X0, D3Q27 X, D3Q15 &g L CRHREOZEMN M L5 2
EDHER ST,

1.0E+00
—O—DNS

=—tr— FFX.ver.50;01:5RT:D3Q15
1.0E-01 C —O— FFX.ver.50;01:5RT:D3Q27

1.0E-02

1.0E-03

1.0E-04

1.0E-05

Normalied Power Spectrum of Energy

1.0E-06

1 10 100

Normalized Wave Number

Fig. 2.2.5-6 Energy spectra of homogeneous isotropic flow computed by DNS[3] and FFX with
D3Q15 and D3Q27.
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(a) SRT, D3Q15. (b) SRT, D3Q27.

Fig. 2.2.5-7 Iso-surface of second invariant of homogeneous isotropic flow (left : D3Q15, right:
D3Q27).
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Fig. 2.2.5-8 Strain of homogeneous isotropic flow computed by two different method (horizontal
axis’ by velocity field, longitude axis: by distribution function).
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Fig. 2.2.5-10 Vorticity field around a square cylinder.
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Fig. 2.2.5-11 Distribution of divergence field around a square cylinder.
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Fig. 2.2.5-12 Density field around a square cylinder.
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Fig. 2.2.5-13 Comparison of vorticity fields simulated with FFX and FFB.
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Fig. 2.2.5-14 Comparison of time histories of aerodynamic force on a square cylinder.
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Table 2.2.5-1 Comparison of aerodynamic forces on square cylinder.

FFX(LBM) | FFX(ILBM) | FFX(LBM)

Exp. FFBINS) Ver.48.02 Ver.50.03 Ver.52.02
St 0.134 0.125 0.119 0.123 0.123
cd 2.22 2.06 2.15 2.10 2.14
Cr 1.45 1.37 1.26 1.56 1.43

FEE) 2 W CORMHT (K9 500 @k 1) (CHEREITIRERIL,. / — L 6,400 D4, 37 FREfH]
2053 CTh oz, /— RY7= 0 OYTHEE X 3 GFLOPS, / — R&{KT 20 TFLOPS Th o7, fRir
BRI U CARMENT Clx / — RY 720 1 S CHAEZ ML TWAHedTh b, AKX 1
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Fig. 2.2.5-15 Flow pattern around an automobile (FFB, Re = Reo).
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(a) Re=Reo/300.
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Fig. 2.2.5-16 Flow fields around an automobile simulated by FFX.

Vel RE = 46000 (1/200} FFB (Incompressible Navier=Stokes)
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Fig. 2.2.5-17 Flow field around an automobile simulated by FFB, Re=Reo/200.
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Fig. 2.2.5-18 Sound field around an automobile simulated by FFX, Re=Reo/300.

Figure 2.2.5-19 |2 FFB THEHTLIZSEL A /L ZAED 1/50 Oz 1~7, Figure 2.2.5-20 1% FFX |2
LOMEMTRE SR (Re=Reo/40) Th D, MiH 3 IEF IS/ o TN DI EMNDND, Figure 2.2.5-21
BLO 2.2.5-22 1 TRV ANV AEOIRHTHE R TdDo FFX \ZLDMHTHERITEL A 2V ZAEIT NS DT
OV TV — LR ETRAVSIZSHEEL CLEW, FFB OfEREITHER R CRAeob0LRbI 0 b
Wb, v AT IV REERL, L% LU OIS ES DL TSNS,

FFB
RE=REO/50

Fig. 2.2.5-20 Flow field around an automobile simulated by FFX, Re=Reo/40.
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Fig. 2.2.5-21 Flow field around an automobile simulated by FFB, Re=Reo.

(a) Centerline.

(b) Around rear-view mirror.

Fig. 2.2.5-22 Flow field around an automobile simulated by FFX, Re=Reo.
Figure 2.2.5-23 |ZHEARLT > VIV O 2 REROEEE 2777, W72 S i STk
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Fig. 2.2.5-23 Iso surface of the second invariant of velocity gradient tensor around an automobile
simulated by FFX, Re=Reo/40.
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Fig. 2.2.5-24 Sound fields around an automobile simulated by FFX, Re=Reo/40.

Divergence
-80e02 006 004 -002 0 002 004 006 8.0e02
| | | | |

: .
&
Vs
" N
L ¢
RS '5“’7 ﬂ} o g
s e g
. > { -4

Fig. 2.2.5-25 Distribution of divergence of velocity vector around an automobile simulated by
FFX, Re=Reo/40.
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Fig. 2.2.5-26 Reynolds number dependence of aerodynamic drag coefficient of vehicle and
evaluation of accuracy of LBM.
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Fig. 2.2.5-27 Preparation status of detailed LBM analysis including engine compartment,
wheels, suspension etc.
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Figure 2.2.5-28 |Z/R 9 I ER AV Tl E @SN —EH T 5IIIZES 20 mm OFEEES 15 cm D
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Fig. 2.2.5-28 Picture of experimental set up of wind tunnel for vehicle interior noise.

Figure 2.2.5-29 |2 AL L 2T T DU K E /) OWRR 43 A A7 3, Figure 2.2.5-30 [ZAAED A
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Fig. 2.2.5-29 Distribution of Instantaneous flow around a square bump and the surface pressure
on the windshield.

Fig. 2.2.5-30 Sound field radiated form a square bump.
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Fig. 2.2.5-31 Comparison of hydrodynamic and acoustic excitation forces on the vibration
spectrum of a flat plate.
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Fig. 2.2.5-32 Simulation model for vehicle interior noise using modal joint acceptance.
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Fig. 2.2.5-33 Estimation results using surrogate models of vehicle interior noise with
wavenumber frequency spectra.
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