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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 a 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
grids.



In this fiscal year, we generated the computational model for performing wall-modeled LES,
adjust the applications for its product run on “Fugaku”, and validate accuracy and usefulness of
wall-modeled LES. For replacing the towing tank by numerical simulations, wall-resolved LES
of flow around several hulls was performed with 36 billion computational grids, found that
traditions of boundary layer on a hull depend on its block coefficient and Reynolds number. For
improvements of propulsion efficiency by energy-saving devices, we investigated effects of energy-
saving devices such as rudder valve and rudder fin on the self-propulsion factors, and found that

large Reynolds number dependence appears in the self-propulsion factor.
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Fig. 2.2.1-1 Concept of nodes reordering.
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Fig. 2.2.1-2 Concept to change loop-structure from element-base to node-base.
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Fig. 2.2.1-3 Single-node memory throughputs (upper panel) and sustained performance (lower
panel) of the original and optimized hot kernels of FFB.
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Fig. 2.2.1-4 Measured performance of FFB in weak-scale benchmark tests with 2 million grids
for a computational node of “Fugaku”.
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Fig. 2.2.1-5 Measured and predicted total resistance coefficients.
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Fig. 2.2.1-6 Comparisons of fluid forces acting on full surface (upper panel: pressure force, lower
panel: friction force. Red: WM-LES, h+=103, black: WR-LES).
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Fig. 2.2.1-7 Distributions of stream-wise component of vorticity on hull surface with low block
coefficient and Reynold’s number of 5 x 106 computed by LES without considerations of free
surface.
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Fig. 2.2.1-8 Configuration of energy-saving devices implemented to a hull, and their propulsion
performance ((a) only fin, (b) only valve, (c) no devices, (d) both of fin and valve).
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Fig. 2.2.1-9 Static pressure distributions on surface of hull and propeller in self-propulsion
computations with the Reynold’s number of 1.25 x 10°.
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on 32 Billion Grid Finite-Element Computation”, Proceeding SC20, 2020.

2) HMEESEEDH=-ZEE DR TORERFTALD Wall-Resolved LES
(a) FFTERR DS
ARIEGEFFET —~ Tix, TEE] ZFIH LT, 30~100 pm DOF/N@GA T —/LE CTEHERK 7T X
BEHEfEHT 5. Wall-Resolved LES % i L, WETALLE DORER E L CikE 2K itkre (& Tﬁ
B KT bv o« KNR) O TMEZREBT 5 & & bIo, MBENERTTN OZF8-2 i a vk
REEBMEIC G2 2 EBLZH LN L, R REOEEMICERT 2, 612, Eito 1/100 2
FE DFHEMS % - Wall-Modeled LES 4 %0 L, Wall-Resolved LES Off 5 & MR FEE, &
aX MR ErRET 52 Lk, Wall-Modeled LES OFEH{LEZ X 5,
BFI2EEIT, R T2 B L LIEMEY R 2 b— a v Od0ET AVOEK, FIFT57 7Y
r—ar® g ORBRIRICIT 22 £ L, 0%, &K 14EEFEZ V- EHGE
(7 A RFHE) Z2FE L=, TOMRE, m LR 7 OMRER X OV ) 2 E &M THITE 2 ZiE
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LERD ZENTE T, KT, SIERTOMMGEZN LS5 2 212k 0 MBERASERT 5
LRI DT RGEE DS RIEC 17 35 Z & 26 LT,

In this research, we will realize high accurate prediction of internal flow of pump and its
performance, clarify flow mechanism in leakage passage and its influence on pump performance,
and finally contribute to the improvements of pump design. To this end, we performed 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 also perform wall-modeled
LES, which requires 1/100 less computational grids than those for wall-resolved LES. We will
realize practical use of wall-modeled LES by comparing accuracy and cost of computations
between wall-model LES and wall-resolved LES.

In this fiscal year, we generated the computational model for computing internal flow of pump,
adjust the applications for its product run on “Fugaku”, and performed test computations with
the computational 1.4 billion grids. In the test computations, we confirmed accurate predictions
of pump performance were possible and the accuracy for predicting the flow in the leakage

passages and the fluid force acting on the pump was improved by the grid refinement.

(b) ARWFFEDNE

AIEIC R Lz TEE) RIicF2—=r27 L7k FFB VY " —% T, @0k v 7N o
LES fi#hr % 30 L 7=, Figure 2.2.2-1 (2.0 TINENRAVEEST O FHE €5 V2”7, Figure
2.2.2-1 IZRTI8Y . A LES AT CIlEMA 7 2 & d i § 27295, ARBE, PURE, 74 72—
. HOEE A, front/rear shroud, balance drum. return pipe &\ o 7= % ZE L7
RHEET TR > T D, FHAE T /WIE RS L7l 2 LI E S vl 108 Oz O FHE I 5
BRI TBY, Znbadt—"—ty MECLVEFIETND, X—RDFHEK D7 Y v R
BB L% 1.8 TH D, FFBIFFHHEIATRICGIRE -2 Mt T 28888 (refine HRE) % AR —
FLTWS, Zhzfnd &, 1 refine T14.4{57 U v F, 2[A refine T 156841827 U v RORFf
RaeFTTHI N TE L, AHFET18EZ Y v R, 144827V v FBLU 1684127V v KO
IR AZSAT L2, 168.4 (&7 Y v FOFHE T o@E B AR ELL EOR A 272 % R D
ALTHEY, RUGBIRZTICE->TELTHREAZMEL TWDH, 22 TiE, 1.8 EZ U v K,
14.4 &7V v ROFFHEEREZWET D, U, 1.8 B Y v RO % Coarse'LES, 14.4 {57V
v ROEFH % Fine-LES L #9°%, Coarse-LES ¥ X U Fine-LES OFH-HFFFIX, B 2,688 /
— REHNT, PRE 1SV I EZ 304, 3K TH-T,

-12.



Discharge
Suction casing
casing
Vaned
Y diffuser

\UN ‘
\ \"‘ &~ Balance

drum

Return
pipe

Vaned
diffuser ——

Front "~ P Rear
shroud b shroud

Front Rear
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Fig. 2.2.2-1 Computational model of LES of pump internal-flow (upper panel: overview, lower
panel: impeller).

Figure 2.2.2-2 (TR FHREDHIHE R ZRT, 25 (L), R "U— (F) & bIiiEss
PEARFEE TE T 5, R 78U — 2 2RI KGN LTV BB, PR BN OR 1-fF
BENRE LTS, PURBIZHET 5 ELITEE G E S &3/ NGl L, PR 1 o FH k8
/NI L7 7o L HEER L T D, Atk PIRENERICRE T 2 SLIRBEAE & fijte 3 5 LES 2%
M52 Lk, R RU—OFRRGEN M L7562 LRSI, ZOERENR, K7F—<0
EDO—D2>Th b,
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Figure 2.2.2-3 |Z#1 A 7 A b D% 7”73, Coarse-LES TIXEMRAICHIA T A b Z i/ NFAf L T
W5 A, Fine'LES TIXFERMEIZESE, A7 2 FOTHIKE XM EL TS Z &0

ORI, BB DB OGO TRRE R EIER L TnD EFEL6N5,

1.0

0.8

0.6

i

0.4

0.08

0.06
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0.00

Fig. 2.2.2-2 Comparisons of pump performance (upper panel: total pressure, lower panel: pump

power).

—TESTS

A CFD - COARSE 0O CFD - REFINED

>

s 2

Pump total pressure rise

—TESTS

o 1.0
O'Op

A CFD - COARSE 0O CFD - REFINED

Pump power

0.0

o 1.0
/O

-14-



04 +
:—TlfSTS A CFD - COARSE 0O CFD - REFINED
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Fig. 2.2.2-3 Comparisons of axial thrust.

LA T WNEOWRE) N F — 0 & m T IO PRI LOT ¢ 7 2 — N O 007 1n il B 3 A &
A b L7z, Figure 2.2.2-4 IZPREFB L OT 4 7 2 —Hohfes SWimk L O FHEICH T 5

A EAL LRGN RER EREMHTER & OITEL 20 %) D4 ﬁer@ﬁﬁE#/\jﬁ%Tj—
AR ERICBWTL, PRELLOT 4 7 2 —F TR TS E N EIZ 72 > TV D28, FERR
Fhif s (R 20%) TIE, 74 72— FICRES RURERSAE C TR Y . ZAAPHR A0
ARFREIEES (front shroud, rear shroud) (22727235 T4 Z &R TE 5,
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(a) Designed point.
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(b) Off-designed point (Q/Qd=0.2).
Fig. 2.2.2-4 Distributions of radial velocity at mid-span plain(upper panel) and meridian
plain(lower panel) in impeller and diffuser.

Figure 2.2.2-5 (T front shroud (Z351F % FiE D27 M 0RO g %7779, Fine-LES 12 X 5 Tl
fE1X, Coarse-LES O FHIfi & bz L, FHIMEISESWTEY | #EFGEELZHTHZ LIk 0
BRES OO TS ED A B35 2 L MR CE 2, £, AR L7z#iR 7 2 o FRIFEEOm k-
TEEOTRIBEOM EIZL 56 B 2 545, Front shroud O 1% r/De=0.34 (23317 % Fig[ald
% . Coarse-LES. Fine-LES Clt#z L7z & Z 5 (Fig. 2.2.2-6). Fine-LES ®1F 9 2%, FERI 5y A3/
S o TEY, ZOZ L EFHEDOERFMOARPB/NES K 2ol Z LITEE L TNDR, &1
BELFHLIAENDERIKS D ED L D 2BMRN S 20D LN -> T 6T, Jl&EidaL
TWb, S, WEIGEE. MBI IR HIAE N DIERIR Sy MFBRETERE O T 53 40<0 2 2 )
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Fig. 2.2.2-5 Radial distributions of static pressure in front shroud at designed point.

1.0
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Fig.2.2.2-6 Axial distributions of tangential velocity at ¥/D2 of 0.34 in front shroud at designed
point.

(3) Eimty — > DE RN
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%Gl LT, HEMARIRIZT T, TNDRREINDIEERE TEHEDIL Y AT LARKE FHR K
L. EMHEPREORERAZLFR TE HIELEVRMAAZHETH L L BT, VAT ALK
2072 2 B OMAEIRBI B R 2 1 2 15 2 12 EW KRR A T v 7827 > T DES (Detached
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L. JEREHY— 2 o PRI 2 N3 5,
AT 2EFE L, B — OB OO OFF LOER. FIRT A7 SV r—avo I'g
%J@K%ﬂ% TIANT TR A i Lz, BT ERRTCIE, — VI K2 A BB LT, JEMEE
TIEEE T 2 THER OB BER A R E L, K 9 (BOFHREFZER Lz, BUROT 7V 7
—yay?E%%%—vwﬁﬁ:E?éﬁ%%ﬁ%bt&:é\%0%&L@77U#—yay@
BNV ETHDLZENHA L, £2C, 77V r—varomgdbzdiL, v F~v—7
T MTBNTHI 60 5O mHEbZ R & & b, REHRERICT THREET /L GHER 7B L U8R
FMEDIAE) AL, 7 A FEIR ARG LT,

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 reaching from the surge inception (the mild surge) to the deep surge
including reverse flows. This analysis is based on the DES (detached eddy simulation) and
considers not only a 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 a compressor and a long-period surge phenomenon throughout the system, and
such simulations will be achieved by using “Fugaku”.

In this fiscal year, we created a model for direct analysis of a compressor surge and made
adjustments for the full-scale use of the application on "Fugaku". In the model creation, in
consideration of the reversed flow due to the surge, a hemispherical open area was set in addition
to the pipe upstream of the compressor, and a calculation grid of about 900 million was created.
The time required for the compressor surge calculation by the current application was estimated,
which revealed that the application needs to be faster than 300 times. Therefore, we addressed
on the speeded up of the application and achieved about 60 times faster speed in the benchmark

model.

(b) ABFFED N

1) H—TRHTE T L DOIERK

HLW & — AN AR I O B A D B R O E AR A AT x5 & L7e, Figure 2.2.3-1 ({340
JEAFE OB 2R, AEDTEMEIT, =T A TDA 2T PR LT 4 7 2—H, B
VA7 a— LB ST 5, Table 2.2.3-1 ([ZEERE T2/~ T, HEREMEA > =T O3MEK
XN TL—RPR 6 . A7V v 2T L— R 6 DGt 12 T D, A ~"F&T7r— 7D
(21% 0.28 mm ORI EZ AT 5,

Y= D OEAEENT TIIEMEARIZT Tl | JEMESHAAENTV AT LB2EEZET D4
ERD D, TR L Lo — ViBikiE 4 Fig. 2.2.3-2 (R, ARBRIEE X, HilH 2 — Rl
Tk, BRI 7 U 2B, WAT v 2 BEAEOT LI A YA vy [l
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Scroll

Diffuser

Impeller

Fig. 2.2.3-1 Test centrifugal compressor.

Table 2.2.3-1 Specifications of the test compressor.

Number of full blade 6
Number of splitter blade 6
Impeller inlet diameter [mm] 39.9
Impeller outlet diameter [mm] 52.5
Tip clearance [mm] 0.28
Diffuser width [mm] 3.42
Drive shaft speed [rpm] 140,000
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Fig. 2.2.3-2 Schematic diagram of the experimental equipment for compressor surge.
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Table 2.2.3-2 Number of cells of computational grids.

(a) Grid A

Impeller 15,214,800
Diffuser 10,243,200
Scroll 26,574,000
Inlet duct 322,770,000
Outlet duct 7,104,000

External area 489,300,000
Total 871,206,000

Full blade I

Rotation
~—

(a)

320

Rotation

\

v Splitter blade

Grid A
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(b) Grid B
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 908,074,200

(b) Grid B
Fig. 2.2.3-5 RANS/LES regions in the impeller.




Rotatio'ry m RANS

mLES

(a) Grid A (b) Grid B
Fig. 2.2.3-6 RANS/LES regions in the diffuser.

Tongue

(a) Grid A () Grid B
Fig. 2.2.3-7 RANS/LES regions in the scroll.
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JERERCRIME SN D, WIS OEREE I IR & % [E E 3 % Frozen rotor D ZfF T L7z,

Figure 2.2.3-8 |2 & RANS fi#HTIC L 2 JEMEHE O RIRMEREO RS R 27+, Ml E Ef&ETH
V. MEENIRERTH D, EF RANS fi#HT CTlx, 2T oOjiE A CEMRMEMERE 2 ZREER L0 bk
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Fig. 2.2.3-8 Total performance of the compressor calculated by the steady RANS.
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L EOSERZEA L2 — RIZ2WT, 1,000 B2 ARREOFHEK -2 HW-Z 7 Mihogth
FCMERE A B L 72, Figure 2.2.3-13 I[ZFElfE R A2 /R"T, asis (34U UL THY | tunel.l (T 1
FLOWEREZ L2 TEM LIoN—Y 3 Th b, tunel.l (L asis (ZEHEAT, 10~20 50 mEd LA EERK
Shiz,

PLRIC X0 JEREVERIRSENT O T B 2 @b TE e, LLARR S, Fa—=r 27 a— F& /L
OFHREICEA L-L 2 A, [RlEGiEE & §F R fE & ORI 31T 5 sliding mesh ZLBE SR kL=
w7 Ll TEY, X7 MENWOHBEIZHASTIRVMERE L 72 572, % Z T, sliding mesh ZLEE
WCbT a—=2 T %To 7z, BARRIZIX, sliding mesh ZLERIZfEAH LTV % Akima *@Fﬁﬁ@‘b"f
JL—F NN T OpenMP % L v RFFIESRR call [BIFDEIE 72 & D%b# 2 320 L7z, Figure 2.2.3-

4ICF 2 —= T Ol R,

EROETORKEM L7-2— RIZOWT, JEMERE RIS E Lz 9B ELVOFEK % AW IEE
W DES it &2 50 L, MRBA T L7z, == — b U AE 3 B IETE 73R O 5 TR TIRe [ 41 E
L7z, #FAfifs R % Table 2.2.3-4 2773, Asis [ZHAT, HHi/I— 3 > @ Tune2.0 13K 60 5D =

flﬁﬁ‘é’éfﬂéﬂh CEDHERTE D, Lin LS, FETHRERIL 0.563 [sec/stepl & 720 . HAE®D 0.1
[sec/stepliCiTIEL TEHH T, 4%, I OICEEIFIECONTHRFTLH2LERH D,

" asis GERED) MPIIO  * SEdH

100
- 80
I
# 60
@)
g 40
[} [ ]
]
[} [ ]
20 .
0 s o o o W o =
1 10 100 1,000 10,000 100,000
MPIZ O & 2 ¥

Fig. 2.2.3-9 Improvement by modifying the file output method.
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4957 SUBROUTINE EQM_MFGS2(NSTEP,MSTEP,ILN,NG,DIAG)
|],.l'r',
Sel18 1 DO 188 NNN=1,ILN
SE34 1 1$0MP PARALLEL default(none) &
5835 1 1$0MP & shared(DTDQ, IMAX , JMAX, KMAX, IGRID, JGRID, KGRID, &
|],.l'r',
5837 1 1$0MP &  NSTEP,MSTEP,ILN,NG, DIAG,DG®,D@l1,082,083,085,D15) &
5838 1 1$0MP & private(k,L,J,I,XCELL,YCELL,VOLUME,DELTAT,FAC,&
(hEg)
5845 1 |SOMP &  ARTBL1,ARTBL2,ARTEL3,ARTBL4,ARTBLS,C1,C2,C3,C4,C5 )
5845 2 00 5818 K=1,KGRID
5847 3 DO 5828 L=1,{IGRID+JGRID)
S48 3 1$0MP DO
<¢< Loop-information Start »>»>»
c¢¢  [OPTIMIZATION]
EL < SIMD(VL: 18)
LE 4L SPILLS :
LE 4L GENERAL : SPILL & FILL 187
€< SIMDEFP  : SPILL @ FILL @
€< SCALABLE : SPILL 319 FILL 481
LE 4L PREDICATE : SPILL @ FILL @
<¢¢ Loop-information End »3»
5849 4 p v DO 5838 J=MIN@(L-1,JGRID),MAX@(1,L-IGRID},-1
5@52 a4 p v I=L-]
(hEg)
5487 4 p v DTDQ(1,I,3,K) = C1
|],.l'r',
5491 4 p v DTDQ(5,I,3,K) = C5
5497 4 p v 5838 CONTINUE ! ENDDO ! 3
S498 3 1$0MP END DO
5459 3 5828 CONTINUE | ENDDO ! L
5588 2 5018 CONTINUE | ENDDO ! K
5501 1 |$0MP END PARALLEL
(hEg)
6083 1 188  CONTINUE
.1:?,
6028 END SUBROUTIME EQN_MFGES2
Fig. 2.2.3-10 Application of OpenMP to subroutine EQN_MFGS2.
B asis ® tune
1,000
w
— [ ]
o
w100 m
3 |
=) ¢ u
[ ] |
e 10 ° |
[
[
10 100 1,000 100,000
° s
MPIZ' 0 £ 2

Fig. 2.2.3-11 Improvement by application of OpenMP.
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Table 2.2.3-3 Tuning of subroutine RVRS2.

asis ALy FilzF) 7 L, SIMD7% L 16.20
tunel OpenMPX L v FitiFl{L 1.39
tune2 tunel + SIMD1L 0.37
tune2 + RBIZ>DIIL— 7% —F{ L T

tune3 SOy E s 0.40
tune3 + )L — 7 IRT A BEEIUL - 41T A

tuned v R 0.38

funes tune4+ﬁe\i*ﬂ IC—EEIFRESNBET 0.30
DA VT T ARMEE & UEI :

1325
(#85)
1348
(RE)
1383
1384
1398
1391
1392
1486
1487
laa8
1489

1418
1411
1412
(88)
1531
1532
1533
1534

1535
(RE)
1632
1633
1634
1635
1635
1637

[T T e el e

BN

Y

Ll SR T O TN

SUBROUTINE RVRSZ(RVRS,IDIR)
REAL(MSKIND):: RWRS(3,4,8:TMAX, B: TMAX, B: KMAX)

CASE(1)
| TI-DIRECTION

—

A v RERD,
ik % T,

P PAR &
GRID,DTCF,DTFX, VAL ,RVRS , LICON, IKCON) &
' \PSE(2) e A B
DO K=1,KGRID NDVREC};I,_.»,_ Gl 7
o e i [HE & 7B ACH
IOCL SWP,SIMD,NOVREC <€ . e T
¢<¢ Loop-information Start »>> Al EFETRLT
! -+ o
SIMDAL % {2 L,

@ W m o

PREDICATE :
information

DO I=1,IGRID-1
W/ I-DIRECTION ///

+ D25%( ETZ_1*UL_1(1:M) #ETZ_2*UL_2(1:M) +ETZ_3*UL_3(1:M) +ETZ_4*UL_a(1:M)
+ D25%( ZEZ_1*UM 1({1:M) #ZEZ_2*UM 2{1:M) +ZEZ 3*UM_3(1:M) +ZEZ_4*LM 4(1:M)

v XN = DTCF(I,3,K,2)
v RVAS(3,1:M,T,7,K) = XIZ*UN(1:M) &
v ENDDO | I=-1,IGRID-1

s D0 =@, IGRID, IGRID

v ENDDO | I=-@,IGRID, IGRID

ENDDO ! 1=1,]GRID
ENDDO | K=1,KGRID

|

) &
i

Fig. 2.2.3-12 Promotion of SIMD in subroutine RVRS2.
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2048
2041
2042
2944
2945
2046
2047
2048
29459

2058

2951
2852
2853
2954
2955
2956
2857
2058
2959
2968
2961
2062
2963
2964

2965
2966

1.0E+01
ideal

= —— asis
% 1.0E+00 —&—tunel.0
E ——tunel.l
2 1.0E-01
oo
i "
L jopgy | 208
B 1065

1.0E-03

10 100 1000 10000

J—FER

Fig. 2.2.3-13 Performance evaluation of tuning codes with a duct flow simulation.

[ R PR T I FT R TP R )

[EINE I I R R BT R R T R N N I ]

L-R-R R R AR E-E-E-E-E-I -]

< € € € € <€ <€ € € € <€ € € <

F-

1( mem_id(m) Ythen
i = is(m)
ks = inguire_ks(pl{n,m),ng)

I$0MP PARALLEL default(none) &

140MP & shared{n,m,i,jgrid,kgrid,jdin,kdin,ks,dtfx,devl, dtke,pl, ong,ql,q8_array) &

I$0MP & private(mydid,§,k,1,x,y,r,rho,u,v, W,p,icon)

myld = @
1% myld = omp_get_thread_num{)
1$0HP DO

R« Loop-information Start »:»

€<« [OPTIMIZATION] [z I'"‘ .;" Fjﬁ?u {E] k)ll"_ 7°F‘\—‘_| G)E-I-% e;t
Go iy e emie - KT ETRUTH B I EICEB LT,
L4 Luu;:-l..i-:;n:';;L:L!ri:d 3¥ 3 k}b-?u}"&-OpenMPZ L/ .}’ F’jty”.rto

R« Loop-imfermation Start »:»»
€<« [OPTIMIZATION]

£8 SIMD(VL: E)

< SOFTWARE PIPELINING(IPC: 1.33, ITR: 48, MVE: 3, POL: 5)
EEd PREFETCH{HARD) Expected by compiler :

e qa_array

®<< Loop-information End >»»
do j=8,jgrid+l
x = dbfxi(i,§,k,12)
y = dtfxii, §,k,13)
r o= sqrt{ =*x + y*y )
rho = dtwl({i,],k,1)
u = dtwl{i,j,k,2) / rho
v o= dtvl(i,j,k,3) f rho
w o= dtwl(i,j.k,4) / rhe
po= bet*[ dtvl(i,j.k,5) - @.5d@*rho®{u*usvivewsw-dtfell, §,k,15)) )
qe_array(j,1,myid) = rho | RIST
gqe_array(],2,myld) = { x*u + y*v }/r | RIST .
qB_array(],3,myld) = { -y*u + =% }/r + rromg "'/ Eaﬁquo_array’\ﬂ)*%ﬁﬁ 7&— 3*‘))?,
qe_array(j,4,myld) = w | RIST _ .
g8_array(],5,myid) = p | RIST TEE a 4’ Ty :7 A ﬁ_EH T
®<< Loop-information Start »>»» . L E
®<< [OPTIMIZATION] . 1 - L
<<  FULL UNROLLING %Z Ly r\igi_'f‘t"_?_é é‘d’%o
®<< Loop-information End >»»
ge_array(],6:7,myid) = dtkw(i,j,k,1:2)} ! RIST
endds [ j 26

Fig. 2.2.3-14 Tuning of sliding mesh process.
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Table 2.2.3-4 Performance evaluation of tuning codes with the surge simulation.

FATHEM [sec/step] Asia O
Asis 31.527 -
Tune 1.1 2.914 10.8
Tune 2.0 0.531 59.4

@) UT7ILT—)L FEEIEZE MDD T A
(a) WFFERRDEE
AREFEFRERT —~ Cld, BREDECHBETHESEO, WA B EOKE - BRICHBRT 572
DO HPC v 2 b—3a VHEIROMEE L FEREE21T) 2 LA HME LT, EETREOAB HDZE
JIVERE (ZERURBL. Bk, MR 2MSE) o, HEBREBEEEZEI Y £ TROEAEMREE - E
B S 2 L—3 g ISk Bl A T 5,
BR2HEEIL, VTN T—L FEBEZEERO TRO =D DET VOER, FIFR$T 52771 7—
var® g OARFIRZmT iR A £ Uz, BRI, ZE)E T ToZE ka0 Hiit
LEMM AT 5 72l FETRBRO LG LNFHIT —% 2 b &2, B8RO ELFTRECR Y
Ar—)VEHBICaY ha— L TELEEEE Y 2 — VAR LTz, £/, HlED) L2 L o
RRARNT 2 BT 5 72012, SUAEEBENT S W e/ A4 —7> Y —2 Y7 h 7 =7 CHRONO % 7% /5fi#
HrY 7 b =7 CUBEIZEEL, ZOERIEZTTo72, &6, JAJEILE S 220 3— Y O
Ea i T 5700, Wik L& O — LD 21TV, N F~—27 T A M XV BRGEETT-
776

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 based on the analysis of aerodynamic
characteristics of the vehicle in practical driving (drag force, vehicle maneuverability, crosswind
safety ... et al.), high resolution for precisely representing the vehicle shape in millimeter-scale
and long-term simulation is necessary and it has been done this year.

In this fiscal year, the model for predicting the aerodynamic characteristics of the vehicle in
practical driving will be built and the tuning of this model for running full “Fugaku” will be
officially started up. More concretely, to evaluate the aerodynamic performance and steering
stability under the fluctuating wind, based on the experimental data from the practical driving,
the fluctuating wind module that can freely control the integral scale of the turbulence intensity
of the fluctuating wind will be built. Besides, to perform the coupled analysis between the vehicle
motion and the aerodynamics, the open software CHRONO for the multi-body motion analysis
has been installed in CUBE and this framework has been validated. Moreover, a unified solver
between fluid and structure was developed to evaluate the elastic deformation of aerodynamic

parts due to the wind pressure and the validation for this solver has also been completed.
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(b) RBFFEDONE
1) g ToEY 7 v =7 CUBE OMEEFEAN

£, HIK ) — N EToOFETHERZRT, HESNCF~—7 HOREE LT, y fillhmicE < mo
HEEIC BT 5F ¥y BT 4 e 5, WERD CUBE O%E{T/35 A — &% Table 2.2.4-1 D@V
Th b, Table2.2.4-2(27' v 7T L4k (BHESNV—7) OMEZRT, 1CMG (1MPI 7t
A) AZHKL 1/ —FK (4MPI 7 utR) OMEEN 35915 Ee-Tiky ., BHAERNMRENE 465
CHARTHRRBERERL > T D, £, SR EFE/NUREFEMERIZ 1 CMG T 59.96
GFLOPS. 1 /— RT 215.84 GFLOPS & 720, ZHIIZENEINE— 7 HERED 7.09%. 6.38%% 7~
LTEY, WET7T 7V r—rarofigs LTEmWEEZ R L TWnWD, £/, 1CMG KU1 / —F
TOETRHIZEB T D KUBX D a2 FNR%E Fig. 2.2.4-1 (TR, RREO 2 2 R RS KE
S BIRDOH359% HDTWD, IRITKPMEIEDY 1/4 #2E . Runge-Kutta 1D /L— 7 (2B 2 WLEE N
14 %EfE, ZNHDONL—F NCONWTT 2a—=U T E2T) ZENATHDZ ENNND, £,
1/ — REATRRZ DT (5 %) TiEdH 52 Halo RO D7 mE AMEE A MR TED,
1/ — RETREOMREN 1 CMG D 4 522 b o e ERFK & 7> T D,

WA H—FUPERE & LT, Table 2.2.4-3 (22 X F O @EVEEIE I — ) LVE 3D 1 CMG (1 7'mk
) B0 OFEEMERER OO FRAME S W EZRT, ERBEEOHEIX, VY —AKOTT AT A
DAEVT VAR EFEFEHDOL (Byte per Flop) ZlilE L7z, Fa—=70ORICEI Y
— 7 HEBELIT A Y UL 7.08 %D 18.95 Wil bk L7z, RS Y Rk, BT 2.7 %lEEOm LR
HiA® %, Fi=, Table 2.2.4-4 |Z1X =2 A R OE WK A — X LE55D 1 CMG (1 7atR) Hi-
D OBEFEMREROEO EREMS VEZ ST, SEICONTEL, YV —ADRAEV 7 7 A& L H
HH D (Byte per Flop) MY AT MEE FHEA720, ZOH—F/UIAEY AL—F v bRy 7
Tl > T, Byteper Flop (2 X 2 PE6E EIRAE S W EZHHT 2 2 L1XT&E 20w, Y7 b
V=T NAT T A =2 7R SIMD & W o T HEMERET 2 — = 0 71T K 0 KiEZeMEggm B3 fiAD
el

RBICIFIMEREE LT, Fig. 2.2.4-2 X512 1 /— KBV yEHH B OTZEIROF v ©F 1 it
NeXrF~v—r & UTHREIZ21To iR 2", A7— U 7 &2 ETHEE. /7 — NEITE
CUCy @Il a XL WS TBE D, R, ZoMBEIL y #i5 m oS8 sE S HTE &
20, BEIZOWVTY Y — FEICEDL LT 1 ReICFR U — 2 Tiibihvd, 72, BV &9
SHERAEHS T LT a AN, [EE] OA % —ax7 k TofuD OZ%ER ETEHYES 7 — Rig~
YT END I EBMMEEEN TS, [EFE] O 17— Kb 27,648 / — RETOD 4 —7 A7
— V7% E LTciE K% Table 2.2.4-5 [Z-d, EfTRFHZ AL L. 1 /—F 2548 BicxtL
27,648 / — R CIL 27.24 B L 720 | FATRR ORI 1 HFEICMZ 6N TND, Mk, 1 /—F
295 27,648 ) — RO A7 —1U 713 91.07 % & BIFRENGLNTWD, -, FHHEOME L
LTl &b 217 E /L, 4.5PFLOPS £ CHAKA[RETH D Z L B C& 7=, (Fig.2.2.4-3)
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Table 2.2.4-1 Simulation parameter setups.

TR Roe 1%
FEHETE 2 YRS JEE R 50y
R 2B TVD3 UKEEN 77 o Z
R A T v 78 500
PNER R [EIER 1
CUBE # A4x4x4=64
CUBE 729 &% 16 X 16 x 16 = 4,096
B VB 64 X 163 = 262,144
FhEEISRIR 2
KIFm: i E
B AAE 2 D RE: WD 72 L

Table 2.2.4-2 Single node performance of CUBE.

e FENCRTEEMRE | AT Y AL—T v b
& d
RATRH [GFLOPS] [GB/sec.]
1 CMG 38.40 sec. 59.96 (7.09 %) 48.44 (18.92 %)
1/—F 10.67 sec. 215.84 (6.38 %) 171.90 (16.78 %)
40 o
B Others
B Halo exchange comm.
3 . Runge-Kutta
14% Viscous term
30 B Convectionterm
S 25
4 27%
£ 20
%15

10

"

25%

1 Node
(4 MPI Processes)

1CMG
(1 MPI Process)

Fig. 2.2.4-1 Elapsed time against simulation components.

Table 2.2.4-3 Execution performance of the viscous term (2.0GHz).

) I %

BAEDT 2 —=Th{

PERE EFREA S Y 8

53.87 GFLOPS (7.03 %)

106.75 GFLOPS (13.95 %)

128.07 GFLOPS (16.67 %)

Table 2.2.4-4 Execution performance of the convective term (2.0GHz).

) Iy %

BAEDT 2 —=Thi

PERE EIREAE S Y E

85.23 GFLOPS (10.10 %)

123.98 GFLOPS (14.70 %)

— (%)
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1 node execution 2 nodes execution
(2x48x2) (2x96x2)

Expand region in y-direction

Divided with 4 MPI Divided with 8 MPI
processes processes

Fig. 2.2.4-2 Cube allocation for the weak-scaling test.

Table 2.2.4-5 Results of the weak-scaling test.

Nnvd N = M sl
e e L TSR (7] **@jﬁﬁfsﬁ‘ s X

1 786,432 25.48 0.18 (5.38 %) 100.00 %
64 50,331,648 26.56 11.16 (5.16 %) 95.94 %
128 100,663,296 26.72 22.18 (5.13 %) 95.37 %
256 201,326,592 26.94 44.00 (5.09 %) 94.57 %
512 402,653,184 26.92 88.09 (5.09 %) 94.67 %
1,024 805,306,368 26.86 176.55 (5.10 %) 94.87 %
4,096 3,221,225,472 27.05 701.37 (5.07 %) 94.22 %
8,192 6,442,450,944 27.07 1,401.68 (5.06 %) 94.15 %
16,384 12,884,901,888 27.24 2,785.88 (5.03 %) 93.56 %
27,648 21,743,271,936 27.98 4,575.74 (4.90 %) 91.07 %

Weak scaling (TFLOPS)

5000 4

4000 -

3000 4

TFLOPS

2000 4

1000 +

0 5000 10000 15000 20000 25000
Number of nodes

Fig. 2.2.4-3 Results of the weak-scaling test.

2) AT Y = — /L DR

EEENERLE P 2 — AV OWEE A DL FIRd, ZB)EIT Fig. 2.2.4-4 (TR0 | HEOE % il
IR AR F I, By Fr 7 ke —vr VEHEZHAGDOE TERT 5, OV A X0
BLEICOWTIE, BEEOEBEARIEEZZEIC L TWD, TNENOEROFREERE, &6
WNAZEZ 2L ST T, ARTDENOEI RS, A7 b, GLREO 2 he— L &217 9,
Figure 2.2.4-5 (ZAFR L2 BB RO —H %2 . BRRREEE A0 & U CORT, S PEELRISE w0
BLAVIZOWTIIEN S OFIBERm & L TAER SN D —F, BRICKH T 2BERED 3 —AEB OZK
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LR BIEEHOEAUCON T, ROEAMKD £ — B> VB » F o 7l TR 5 2 &2
A[RETH 5, Figure 2.2.4-6 [ LIZELNLD 227 b b 3 —E@iltE 2R, 3 —2£8)3-10 %
MB 10 EEFTHLL TS, BT EZAITHBETHINEERL TV BITHY . HBRIED
LAY MLORB L 3 —EBEEOHRIITE S5ob 57, ThiAbeEMNE S oMk
FRLTHY . B X R LT O UERD S,

ﬁ —
A
S pe—
Ux
[J—
Naca 0012
= T
H
= 5 0.7m 4m . |
o & |
0.4m
8
_.- ——
Um v
3 —

Fig. 2.2.4-4 Setups of the turbulence generator.

Time: 1.20°§

0.00
Fig. 2.2.4-5 Snapshot of the velocity profile generated by the turbulence generator. (Frequency

of pitching/heaving: 6 Hz/6 Hz, Amplitude: 45deg./0.1m, phase difference: 0.)
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PSD (Power Spectral Density)

10
Point 1

. 0
3 10’ 102 10° 10 -10 5 0 5 10
Frequency (Hz) 3 (deg.)

Fig. 2.2.4-6 Turbulence energy spectra (left) and Yawing angle histogram (right). (pitching
frequency: 2 Hz, amplitude: 15 deg., no heaving case.)

101°
107 10

3) BB BEERE R T L — AU — 7 D%

HEEE) OMENTIZ 1L, University of Parma, University of Wisconsin-Madison % H.[MZ A —7"
Y — A TP ED 51T D Project Chrono (CHRONO) % v 7=, CHRONO | B il & Hfj fi#
WHDZ A7 7 ) EEOREPEHBICED SN TR, EHOY 7 by =7 LIZIERSEORE LA
T5HZEPHERINTWS, Chrono (23175~ IVFRT 4 XA T I 7 At O FaIziL,
AA T —OEBHHERXEZHNNZ, 22 TMEBRIKROE B2 3NEE, IIEEE—A 2 b @134
IREE, Fi3st ), tid bvr . @ N7 (@)EEEFMC LD N %, AEXT T T 0P 2 DRERK
R LTnD,

Mi+®I1=F
Jo+IT(@)A=r1
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XA v & M & OHIE % LTI, Bi# /) (Longitudinal force) . £/ (Lateral force) . /17
7 I A =22 by (Self Aligning Torque: SAT) 2354 LTHY, ZnbDHIc kY BTk
THMZZELSETHD, LrL, ZNHDONEZ A YOYIEESSERE R Cix I B a2 205
T, RS A L TR Y . EIREBIT R O T, XA Y NEEF L LI b0 % iR
st T b, ARIFFETIEH A ¥ET /1L LT Pacejka89 [10]1% v 7=, Pacejka89 €5 /1L
2 A B & IV TEB S Ve (= 0~13), b = 0~10), (k= 0~17) & TH A Y )
DETFIMMEEIT->TEY, R v Ffhal 2 v Flkw TIHEHAT 52 A4 Y HERET 5,
ABdr Y O TAER I S NIRRT XA X —% F T2 AL vy LA k> Tliez by &
FFSEEICARE L, A A VITARET D 2 & THENZE TV D, AETIE, £7/ELZ Y —
FLAVEHNSZ LT, RIALNA—DEDASTDEBE L7 T — F LA v OEB AT 7.
ZZTRU— LA VEFAOMRME Fig. 2247 IOFT, TUYLEI TV U T MEEL
T FIVAIy v a v EDRBESTEY, FIYAIy v avRTAAT VX T FEBLTT 4
T LYV ARTICORBoTND, ZIWLTU YYD MYy TEERL, TuT vy T
FOEEEE L X7 OLEEEN ST DL OREERNBREY . MY H—T L0 | BT U
IR VT BAGDH ZERTE D,

Right wheel

Torque Right axle

Grankshaﬂ Transmission

Angular speed

propeller shaft

Left axle

Left wheel

Fig. 2.2.4-7 Schematic diagram of powertrain.

RIAN=FT IR T TV 72 BAEL, BEEOETH M ZHIHT 58T V& —ERE
EHERFT D702, 777, T =X EEE T A IEEE T AN ORI TV D, BT T L
IIEANE LTHEITa—2% 3 RNV L > TH 25, BEZ ¢ 1I2BI D KT A4 N—fiiohr
BZDp,. R7A =DM AT HAL TV D L% Sentinel point (Sp). Sp 7> H i LW il
i D g% Target point (Tp,) & 55 (Fig. 2.2.4-8 &), Bl t12B 1) D~ 2 hvs, &, ¥ —7F
v M7 MATAIRATRT Z LN TE D,

S; =Sp; — Dp;
T,=Tp,— Dp,

LoT, FIANR—DHHE, BlEa—R L DOxEerriIRTHET ZENTE S,
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(§¢xT.)-[0,0,1] IT sp,|
err = —
IS, xTp)-[0,0,1]] Pt~ °P

errzfRzZL LT PID #2175 &, RIAN—DRTT U7 At (-1 < Tgpp < DIFKRATHE
TENTE D,
t
Tsre = Kperr + Kif err-dt+ K,err
NNFRT A BEAFTI T AN EATO AT TV o T g RIS LTEXDFICED, R
TAN=DATT ) > 7 EEa HREBIC KR ST D,

Target Point:T'p,

Fig. 2.2.4-8 Model of Steering control.
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Fig. 2.2.4-9 Target model.

Fig. 2.2.4-10 Snapshots of the velocity profile during the lane-change motion.

-37-



0.6 10 0.6 10
—Cd ——C] o Cd ~ e—C]
— Cs ~——chassis_Y —Cs ——chassis_Y

0.4
L6
= =02
s} ) M4 =
I " £
ot 2 ) >
3 3 00 |

Lo
02
)

-0.4 4
3 0 1 2 3 4 5
time [s] time [s]

Fig. 2.2.4-11 Transient aerodynamic forces acting on the vehicle (left: 1way coupling, right: 2way

coupling.)
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Fig. 2.2.4-12 Roll angle change (left) and corresponding steering input (right) during the lane-
change motion, and comparison between the 1way and 2way couplings.
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T a VCOEBRAEREREICOWT, FEEEET —~ 4 L LT, BEEIERTE Y 2 — L OB
AT o T, HANBREMIT OEIRE 72 24088 E 2 THIT 5728, Acoustic perturbation equation (Z &
DRI 24T HANES NGO E ) EEh 2 B CE 5 Z L aER LT,

The purpose of this demonstration research theme is to establish and demonstrate HPC
simulation technology to 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 front grille, the broadband noise generated from pillars and door mirrors are
simulated. Moreover, the interior noise caused by the coupling of aerodynamics, structural
vibration, and acoustics are predicted.

In this fiscal year, we created a model for real-world automotive aerodynamic noise prediction
and made adjustments for full-scale use of the application "Fugaku". Specifically, for narrow-band
noise, the performance of the compressible fluid analysis algorithm implemented in CUBE was
evaluated and tuned on "Fugaku" in order to predict the feedback noise generated from the hood.
The stand-alone performance of the algorithm was less than 7% of the peak performance, but by
re-ordering the data communication in the sleeve region, we were able to improve the
performance of the algorithm by about 20-30% for the calculation of convection and diffusion
terms. For the prediction of feedback noise for a real vehicle, a simulation with a spatial
resolution of 25 billion cells was conducted in "Fugaku", and the accuracy of the prediction was
improved. As for the broadband sound, a preliminary experiment was conducted to evaluate the
rustling sound, and the main factors of the sense of fluctuation were extracted. For the prediction
of aerodynamic sound under turbulent fluctuating wind, a module for creating the fluctuating
wind in the simulation was developed in cooperation with the demonstration research theme 4.
In order to predict the external sound as a source for the in-vehicle noise analysis, a preliminary
analysis using the acoustic perturbation equation was conducted, and it was confirmed that the

pressure fluctuation in the flow field could be separated from the external sound field.

(b) ARBFFEDONE

Pl g« BEVEOREEE 2 THIT 5729, Fig. 2.2.5-1 (IR HlE Y OfT 21772, I
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DN — D E G HE RO BT o T, TP U — A E ST EMEGIR 2 BT D - DI A
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Fig. 2.2.5-1 Computational grid for narrow-band sound analysis.
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Figure 2.2.5-2 IR %> MEBFEOESL 7T,
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Fig. 2.2.5-2 Acoustic pressure field around the engine hood. (A strong aero-acoustical feedback
sound is generated around the edge of hood.)
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Fig. 2.2.5-3 Spectrum of narrow-band sound generated by an engine hood. Above: Wind tunnel
experiment, Bellow: Simulation.
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Fig. 2.2.5-4 Result of high-resolution mesh.
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Fig. 2.2.5-5 Relationship between versions of the FFX flow solver.
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Table 2.2.5-1 Parameters of test simulation.

Case version model NG Grid/node Domal'n'
decomposition
Case | 14115 adjacent 220 42.6M Cube number
01.01 communication
(()Jla?); ver.41.15 cubic domain 184 49.0M Cube number
Case . .
01.03 ver.41.15 cubic domain 184 49.0M METIS
Case | 04911 adjacent 920 42.6M Cube number
02 01 communication
(?zaf)z ver.42.11 cubic domain 184 49.0M Cube number
Case . )
02 03 ver.42.11 cubic domain 184 49.0M METIS
Case . .
02 04 ver.42.11 cubic domain 128 16.8M Cube number
Case . .
02 05 ver.42.11 cubic domain 64 2.1M Cube number
Table 2.2.5-2 Comparison of average number of communication partners.
Je fd?:ie(:t Case 02 Case 03
” T2 jacent cubic domain : cubic domain :
Py communication :
Cube numbers METIS
Cube numbers
1 4 1.5 3.0 3.0
8 32 1.9 11.5 11.5
64 256 2.0 17.9 17.9
512 2,048 2.0 21.7 21.7
4096 16,384 2.0 23.8 21.0
32,768 13,1072 2.0 24.9 21.8
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(a) 256 parallel.
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512 512
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(b) 2048 parallel.
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Fig. 2.2.5-6 Comparison communication patterns.
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FERAWT, '] I2B8W T, weak-scale N F~—F7 T XA MEEMLZ, /— Kb rY
v FEIZ47T4M 27U » R THY . AT A FTIE, &K 32,768 /—F (157U v F) ZMHWIZE
HEaSAT L, FFX X, 3.2 I/ — RETEWIFFIEREZHRFL TS 2 &2l Lz, s L
T, ) THIELZMREL 7 my FLTWD, TR L L, #9215 5 (HAEEEE /2120 T
WD O TEERFIIHE TIX 43 %) omiEbEER L 0D, FFX %, [ 71/ — REHnT
FAT LA, BEE 157V vy ROFREZEBITE L IALTH D,

F7o, FFX EERDOF B « A b —7 AR—ZADFMBMITICHN LT, HATVRE, KEFELLE
WORRZA L TW5, Table 2.2.5-8 [IZAREFHEEN—AD FFB & LBM X—AD FFX D7V v
Ko7z DU — R, 7V v RHIZVEMAT v 7 iz OERO LKA R"d, UV— 4t FFB
® 1,000 words/grid (2% L. FFX IZ 50 words/grid & 7'V v R&H7=0 D7V v R FFB ([ZxF L
1/20 Th 5, 7272L. FFB [3HKE, FFX I5HE CH L0 NEBET 2 L HEMKH =Y O
77U FEIZ FFX DIEH2 0 10 fFIFEREVW LIZD, 77Uy ROV AT v T Hi- 0 OEEE
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-47-



Table 2.2.5-3 Comparison of elapse time of simulation (sec/step) (Case 01.01~.01.03).

Case Domain 1st 2nd 3rd 4th Min
Case 4 0.2773 0.2774 0.2773 0.2773 0.2773
01.01 32 0.2704 0.2704 0.2704 0.2703 0.2703
256 0.2583 0.2582 0.2582 0.2582 0.2582
2,048 0.2585 0.2591 0.2582 0.2583 0.2582
16,384 0.2608 0.2618 0.2599 0.2675 0.2599
13,1072 0.2587 0.2757 0.2619 0.2704 0.2587
Case 4 0.3009 0.3008 0.3008 0.3008 0.3008
01.02 32 0.2840 0.2840 0.2840 0.2840 0.2840
256 0.2825 0.2827 0.2819 0.2824 0.2819
2,048 0.2792 0.2791 0.2797 0.2794 0.2791
16,384 0.2745 0.2742 0.2737 0.2748 0.2737
13,1072 0.3109 0.2829 0.2820 0.2847 0.2820
Case 4 0.3006 0.3006 0.3006 0.3008 0.3006
01.03 32 0.2830 0.2830 0.2831 0.2840 0.2830
256 0.2819 0.2819 0.2818 0.2831 0.2818
2,048 0.2801 0.2798 0.2797 0.2793 0.2793
16,384 0.4900 0.4891 0.4900 0.2744 0.2744
13,1072 0.4874 0.4830 0.4872 0.3270 0.3270
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Table 2.2.5-4 Comparison of elapse time of simulation (sec/step)(Case 02.01~02.05).

Case Domain 1st 2nd 3rd 4th Min
Case 4 0.0830 0.0826 0.0826 0.0830 0.0826
02.01 32 0.0809 0.0813 0.0811 0.0810 0.0809

256 0.0783 0.0781 0.0779 0.0779 0.0779

2,048 0.0785 0.0778 0.0781 0.0780 0.0778

16,384 0.0819 0.0799 0.0810 0.0796 0.0796

13,1072 0.0780 0.1117 0.0862 0.0931 0.0780

Case 4 0.0998 0.0999 0.0999 0.1000 0.0998
02.02 32 0.1029 0.1034 0.1043 0.1043 0.1029
256 0.1059 0.1057 0.1061 0.1086 0.1057

2,048 0.1347 0.1140 0.1147 0.1350 0.1140

16,384 0.1265 0.1289 0.1286 0.1470 0.1265

13,1072 0.2063 0.1887 0.1896 0.1895 0.1887

Case 4 0.0997 0.0997 0.0997 0.0998 0.0997
02.03 32 0.1005 0.1005 0.1008 0.1009 0.1005
256 0.1034 0.1037 0.1031 0.1061 0.1031

2,048 0.1173 0.1116 0.1113 0.1171 0.1113

16,384 0.2056 0.2127 0.1968 0.2062 0.1968

13,1072 0.2154 0.2523 0.2466 0.2039 0.2039

Case 4 0.0373 0.0374 0.0374 0.0373 0.0373
02.04 32 0.0397 0.0396 0.0392 0.0394 0.0392
256 0.0405 0.0429 0.0406 0.0417 0.0405

2,048 0.0441 0.0429 0.0569 0.0568 0.0429

16,384 0.0510 0.0767 0.0719 0.0703 0.0510

13,1072 0.0988 0.1076 0.1003 0.1205 0.0988

Case 4 0.0066 0.0067 0.0067 0.0067 0.0066
02.05 32 0.0073 0.0074 0.0075 0.0074 0.0073
256 0.0078 0.0080 0.0077 0.0077 0.0077

2,048 0.0087 0.0123 0.0087 0.0138 0.0087

16,384 0.0108 0.0278 0.0203 0.0149 0.0108

13,1072 0.0295 0.0406 0.0260 0.0223 0.0223
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Table 2.2.5-5 Comparison of elapse time of simulation (sec/step)(Case 01.01~0.1.03).
Case Domain 1st 2nd 3rd 4th —

Case 4 0.0000 0.0001 0.0000 0.0000
01.01 32 0.0001 0.0001 0.0001 0.0000
256 0.0001 0.0000 0.0000 0.0000
2,048 0.0003 0.0009 0.0000 0.0001
16,384 0.0009 0.0019 0.0000 0.0076
13,1072 0.0000 0.0170 0.0032 0.0117
Case 4 0.0001 0.0000 0.0000 0.0000
01.02 32 0.0000 0.0000 0.0000 0.0000
256 0.0006 0.0008 0.0000 0.0005
2,048 0.0001 0.0000 0.0006 0.0003
16,384 0.0008 0.0005 0.0000 0.0011
13,1072 0.0289 0.0009 0.0000 0.0027
Case 4 0.0000 0.0000 0.0000 0.0002
01.03 32 0.0000 0.0000 0.0001 0.0010
256 0.0001 0.0001 0.0000 0.0013
2,048 0.0008 0.0005 0.0004 0.0000
16,384 0.2156 0.2147 0.2156 0.0000
13,1072 0.1604 0.1560 0.1602 0.0000
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Table 2.2.5-6 Comparison of elapse time of simulation (sec/step) (Case 02.01~02.05).

Case Domain 1st 2nd 3rd 4th —
Case 4 0.0003 0.0000 0.0000 0.0004
02.01 32 0.0000 0.0004 0.0002 0.0001
256 0.0004 0.0002 0.0000 0.0000
2,048 0.0007 0.0000 0.0003 0.0001
16,384 0.0024 0.0003 0.0014 0.0000
13,1072 0.0000 0.0337 0.0082 0.0151
Case 4 0.0000 0.0002 0.0001 0.0002
02.02 32 0.0000 0.0005 0.0014 0.0014
256 0.0002 0.0000 0.0004 0.0029
2,048 0.0207 0.0000 0.0007 0.0210
16,384 0.0000 0.0024 0.0021 0.0205
13,1072 0.0176 0.0000 0.0009 0.0008
Case 4 0.0000 0.0000 0.0001 0.0001
02.03 32 0.0000 0.0000 0.0003 0.0004
256 0.0003 0.0006 0.0000 0.0030
2,048 0.0060 0.0003 0.0000 0.0058
16,384 0.0088 0.0159 0.0000 0.0094
13,1072 0.0115 0.0484 0.0427 0.0000
Case 4 0.0000 0.0001 0.0001 0.0000
02.04 32 0.0006 0.0005 0.0000 0.0002
256 0.0000 0.0024 0.0001 0.0012
2,048 0.0012 0.0000 0.0141 0.0139
16,384 0.0000 0.0257 0.0210 0.0194
13,1072 0.0000 0.0088 0.0015 0.0217
Case 4 0.0000 0.0000 0.0000 0.0000
02.05 32 0.0000 0.0001 0.0002 0.0001
256 0.0001 0.0003 0.0000 0.0001
2,048 0.0000 0.0036 0.0000 0.0051
16,384 0.0000 0.0170 0.0095 0.0041
13,1072 0.0072 0.0183 0.0037 0.0000
Table 2.2.5-7 Execution performance per node (GFLOPS/node).
Node ver.41 ver.42
Case 01.01 01.02 01.03 02.01 02.02 02.03 02.04 02.05
4 37.5 38.5 38.5 125.8 116.0 116.1 109.8 77.0
32 38.4 40.8 40.9 128.4 112.5 115.2 104.5 69.9
256 40.2 41.1 41.1 133.5 109.5 112.3 101.2 66.7
2,048 40.2 41.5 41.4 133.6 101.5 104.0 95.5 58.9
16,384 40.0 42.3 42.2 130.6 91.5 58.8 80.3 47.3
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Fig. 2.2.5-7 Comparison of execution performance (comparison of “K” and “Fugaku” for adjacent
communication analysis).
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Fig. 2.2.5-8 Execution performance improvement effect by speeding up.
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Fig. 2.2.5-9 Comparison of execution performance (Effect of the number of grids per node in

“Fugaku”.
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Fig. 2.2.5-10 Comparison of execution performance (FFB and FFX with 2M grid per node in
“Fugaku”.
Table 2.2.5- 8 Comparisons of flow solvers FFB and FFX.
FFB FFX
Method FEM LBM
words/grid 1,000 (Single precision) 50 (Double precision)
FLOP/grid/step 20K 0.2K

FFX ORAERI 22T 3 AIRE & 72 o DT, ERRD Bt O W 2 Bl s L7z, ST 217 9 |
&7V mi b LOMERRRIE & W T L C, A FEEI TR s R B O E T2 BlE L, =
(HWE RS 2 BLE T 5~ VT ¥ o — 7 3HRRE I L OGRS TRAC R RS 2 BBV ER T 2%
HEZBFE Lic, ZHICKY | EEOHEMIBIRZ RIS U v NHBEOMEHT %2 7[R & 35 FFX 2 %
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REMEZMRET 22N TE e, ENBERITOEIRE 250488 2 THIT 5729, Acoustic
perturbation equation (APE) |Z X 2 Pfi#tT 217\ (Figure 2.2.5-12 /) | #H4NES; & vy
DIENEEZHECE 52 & R LT,
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e, BN E T ~OBEH L ED ZNEN B D,

-54-



(b) Distribution of streamwise velocity around a vehicle.
Fig. 2.2.5-11 Test analysis of flow around a vehicle with FFX.

Fig. 2.2.5-12 Hydro-dynamical pressure fluctuation (left) and “acoustical pressure (right)
computed based on APE method by FFX.
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