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Objective of this project is to develop multiobjective design exploration technologies that can
handle real-world design problems with strong design constraints with shorter turnaround time
and to develop high-speed computing technology for speeding up numerical simulations. These
technologies are implemented in “upstream design platform (UDP)” and applied to real-world
problems in industries. UDP runs on post-K computer and personal computers as well so that it
contributes to strengthening industrial competitiveness immediately.

In this fiscal year, we conducted the following research and development topics. Details are
described below.

a) Multiobjective design exploration technology

a)-1 Evaluation of multiobjective design exploration technology on K computer class
environment and further performance improvement of multiobjective design exploration
technology

We conducted research and development on performance improvement of multi-objective
design optimization. In this fiscal year, a more efficient multi-objective evolutionary
algorithm was developed by introducing the decomposition strategy used in MOEA /D into
CHEETAH and improving a new e indicator. In addition, we confirmed that the
computational time required for multi-objective design optimization can be significantly
reduced in real problems such as the optimization problem of car structure. In cooperation
with sub-task B, aerodynamic design optimization of a car body was carried out using K
computer. The obtained result verified effectiveness of multi-objective design optimization
technology.

a)-2 Trial development of constraint handling techniques for multiobjective design
optimization and evaluation of the produced technique based on real-world design
optimization problem

We conducted benchmark tests of some constraint handling techniques on the benchmark
problem based on a real-world design optimization problem. We revealed advantages and

disadvantages of the different constraint handling techniques.



b) High-speed computing technology
b)-1 Investigation of fundamental technology of parallel-in-time method and design of a PinT
platform

A The performance evaluation for the advection problem was conducted on the one-
dimensional linear advection equation before incorporating the PinT method into the
hyperbolic equation, which is a killer application of the parallel in time method. As a result,
it was found that the three approaches with the greatest improvement in convergence were,
in order of effectiveness, the reduction of the grid-based wave-numbers of the physical
quantity distribution, the introduction of relaxation coefficients in the update calculation
of the Parareal method, and the highly accurate phase advection calculation method.

b)-2 Performance evaluation of a low B/F implementation of stencil computation
Under developing low B/F algorithm was applied to the wind condition forecasting
simulator RIAM-COMPACT, which is developed under Key Issue 6 from the point of view
of collaboration between issues, as a killer application. We implemented a suitable data
structure considering the characteristics of the simulator, a hybrid solution of direct
method and iterative method, and SIMDization by introducing parallel algorithm of inner
loop in direct method (LU decomposition). From the evaluation results of Skylake-SP and
the predicted performance value of the roofline model based on the specifications of A64FX,
the estimated value of about 20% peak performance of a CPU was obtained.

¢) Technology development for upstream design process

¢)-1 Design of a platform for upstream design process
The workflow system WHEEL was applied to the killer application Cheetah, which also
developed in our sub-theme A, as a functional demonstration. In this demonstration,
WHEEL plays a role of an analysis workflow for multi-objective optimization design of a
box fan in sub-theme C of this project. We also exhibited other applications for the traffic
flow simulation in R&D category for post K computer (Exploratory Challenges 2) and found
that the WHEEL behaved as it was expected.
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Fig. 4.2.1-1 Idea of MOEA/D.
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Fig. 4.2.1-2 Use of dystopian point as the origin of the direction vectors.
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WOSGZ, DTLZ & M-I % —fxi7e % HVRE(L T 2 MRTEZ VT, TN 6 OB 2%V AL
R TIEOMERIM AT - 7 f R % Fig. 4.2.1-3 1Z/R 7, M EHE O (¥ —2 T 7 v
VRAA KTFEY) | MRS NA NR—=RY 2 — L ER L, REWZEENTZ /L — MaiEfRE S D
bR TWHZLEHRT, =0T T REA LOBLAEHD, Fig. 4.2.1-3(b) DTLZ3 TO —# i
K& R X ER PRI FIEIC L ARFEFRLEEDOZ O/ L — N ilifif 515 5 72 O\ B 70 3 ERER 23 K
B\ FAE CE TV DEFN D S 5z, Fig. 4.2.1-3(b) 5 HAY DTLZ3 BIEO#EFIZRT X 51
RRFETIZHANBEICOEMAETH D,
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(a) WOSGZ12 problem (b) DTLZ3 problem
(number of objectives = 3) (number of objectives = 5)
Fig. 4.2.1-3 Performance evaluation of CHEETAH and CHEETAH/R wusing artificial
benchmark problems. Legends: Yellow: CHEETAH, Blue: CHEETAH/R.

1) fEDZBITE DIEDOL R

WEAEE £ COMFIT CHEETAH X° IBEA & PRI 52 HEUMELEI R 7 L 2 U X ADQMEILIZ IR
MEFOZLEZHALNILTE, 2B 200703 Y AAILEBIT et A T 4 r—F LTINS i
DRIFEZ ERT DIEELEBRALTBY ., 20 et A VT A r—FEX—RIA T 4 r—F &%
THIETEIORDINFMEEIIZREDR G TE D, e M VT 4 5 —ZIZONWT, et T 47—
2 &5 BAEETE T VT Y XA CIEEBEZEM OFFE OFEIR D R L — N REFES L
BoNRNEWS ZEME EOXR SRR SN TEY . SFEIXIZORAOEEEZITW, EOH A%
e L7,

e A T 4 —HE 200 x,y DELUELAZ KT HEIETHY, kA TREIND,

les(x,y) = EE?;_%}{)%’ () — fi' (x)}

2T, f ek, icERIbENT-E x O BIERIETH D, £7-. RES PITBIT 5E x D
HEIFRARCEHBE I N KIZAT—) T T 7 7 Z—),

_Ie+(ny)
F(x) = Z e
yEP\{x}

et T A =R ED binary 4 T 47— XX 2 OO0 X, y IIBITHELERTHIETHY, 5
W Z 2 L RIFHIE O I3 L CIER CIEZIRT XX TH D, ZIUIxt L, KR TIE, et A T 4 &7
— X DOERE T Fig. 4.2.1-4 IZHPR L72 K D ITASKRFRE LRI & 2 DO L THELR
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DEBEFEEZGZDLVOMEEZEML, FLLOMHICE ST et T 4 r—=F 25 % HRE
AETATY ZACENT EROSHENE EORFBPEL D Z L2 LI, AMETIIZ OMNE

1
AUETHDICRRICTT e A VT 4 r— R EIRE LT,

Jnax {f{(y) = f{(0} ,if x<yorx>y
]E (x’y) = : { " } r r .
" nax, {(If{ ) = f{ ()1}, otherwise

T, <BXOSIIEOBBERER T, RELT et A T 40— TEREFHME ORI R LTI
Bl UEZRTHEZEST- 0, et A v T 4 r—Z DR VIZH WS Z & TR RS2 fEET 5 2

ENTE D,
f2 F(a) > F(b) f2 F(a) = F(b)
a
e :-.-....‘\
_________ “m;!h.
~— . b @ - I el
- ; ,H - ,ﬁ
T = I, vales T
I, vales o | - Vla_es i >
I¢q vales f
1

h

(b) e*+ indicator

(a) e+ indicator
Fig. 4.2.1-4 Examples of indicator calculation.

WFG5 LN AE 2T A MEEZ HWT ettt VT ¢ r— X OPEREF 21T > 7245 R % Fig.
4.2.1-5 12777, Fig. 4.2.1-5 O&ETE/MET R X% BHBEEOMETH S, Fig. 4.2.1-5 127 T L 9
\Z et A VT 4 —F TIERFEFIO NV — NEEfEN G OGN TWRnWZ ERbhd, —F, el v

T4 =B CHERAMRA TS Z LRI LT B,
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(a) e* indicator (b) e*+ indicator

Fig. 4.2.1-5 Distribution of Pareto optimal solution set obtained by e+ indicator and e++

indicator.

PLEFEZE L7 CHEETAHR O 7 L— AU —27 L ZDHBE 2 AR —3% 2 MZOWT, ERijEZ Hn
THRETMI 21T > T2k AR, 22 CIEEMEORIE LTy AR F~—7lEE TN 5,
Fig. 4.2.1-6 TIIAE#HELFH R OMACER, HEES A S—R ) 2 — L Z/R LT D, BETIEIINE
RFECHANE AL =R 2 —AMMEZRLTEY . HICEMY A O 5 MEREM g
HREW, EHY A RORETFHEBED CPURITESFETH 200, ZOMBIXERFENLVSL
0D CPU 2R OHRA N (R ICHA LT AVITY AL THDHILERLTND, X—2T TR
B A LOBLEOIE, FREDED /U — R 2155 7o I LB FHRR M 4 1/3 FREE A
TE5ZENbhb, Fig 4.2.1-7127 Liz BRBIEZEM L COMD /A TlE, IREFIEIC KL - TH
SN IELIRELPIERTFIEC L > TH LN /S L— MEES (MTHRA) L0 bR
L. S HIZIEWEIFIIZ M L CW AR R DD, T HIEENE IR FIEN @ WM & 24k
PEZFFOZ LTk L, B FIENROEI ST S b8 L ThbEWY —r T I v 0 R
A LTENTZ NN — MEESEZ/{LZENTEL/-REZRL TN D,

B, MTHEB LHE#E LT TR 2 Ea— 2RV EROE IR HE b 2 S L, K
EHRIZ T 52 B RURRGHER BN O A 2 EZ GE L7223, Z OfERIZHOWTITY 78 B DIHE
Thitd L TWn 5,
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Fig. 4.2.1-6 Performance evaluation of CHEETAH and CHEETAH/R using Mazda benchmark

problem. Red arrow indicates that the turnaround time is reduced to approx. 1/3, from
CHEETAH with population size of 64 to CHEETAH/R with population size of 1000.
Legends: Yellow: CHEETAH, Blue: CHEETAH/R. Dashed line: population size = 64, Solid

line: population size = 1000.

(a) CHEETAH (b) CHEETAH/R
x % x Initial solutions + ¢+ Feasible solutions
Infeasible solutions = = 5  Non-dominated solutions

Fig. 4.2.1-7 Distribution of obtained solutions by CHEETAH and CHEETAH/R on Mazda
benchmark problem with population size of 1000, at the number of generations of 100.

Optimization direction is bottom-right.
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b) R
b)-1 REMFEIEI S IEDF T —7 7'V ~D F24E & e

WEAERE 1L, RERIREIRE I IED 7' e N 2 A 77 7 ) ~D 5% L PERERH 217V . Q) FEARVERERAEZ
R L, BT CIZEAED T EONEMEZ MR L, WA Tl PR deE o Fm & e Lz, (D)
T, ESEHE L, BWRCIEIERIEE O RO BIREOIEE 2 . B <X CIP ik L th ko
A DO EDORE #2157,

ASERL, REEEEAYIED X 7 —7 7Y (78 C Otk 2 — RD 1 DORRIFESTE) ~
FAATRNZZ DX T —7 7 ) OO Th 2B MBI 2Rl 2 1 ot OB e
(2% LTATVY, Parareal VEDIURESEH FIEOMFNIE R 2 2 THMERI T 2 %l L7z, BARRIICIE,
ZIVE TITIRE I T2 M ARURM S R 9% Parareal 5 DOUL AL L & /R & I FHT
L7z, ZORER, IHRMEGEDOHREOKREZ WV 3 DOTFILIL, ROKZWVIEET, ) WELESAAD
7'y RR—=Z DO, (i)Parareal EDOEHFIHIZIIT BRI OB A, Qi) &G AL
B EE Th o 72, Parareal {EO WA HRRA~OICHIZREIZH D DD, £ < DBGESR
DIEEDFENTEY | ZOHMRLEETIERWVBRINDOH RN TH L, 5% I HIZE DEN
H S - BNz b EX b, AFFETIEL, 4%, BB O E & O ~T S HITH
DL TETH D, LLFITHIZERRE OFEMAZ RS,

ABFZE T, IREPH G R = — FBFE DR =RV U TEARRBEIZ 9 2 PERE DA Al 2> & |
Parareal 5% EH T & LT 5, Parareal 1% 2001 42 Lions HIC K W EINZH DT, A
RATZIRGFH R T & 2 WE[EFE 57 & 2 DOFPRDNFAT S 42 FEEISEIR % time slice &\ 5 NesQEFIEOE D
RFISEIIZ 0 EI L. 4D time silee DY - #OGIE 2 HIFAEMETT D GO T FIETH
%, % OFFEEE Newton-Raphson W4 2% % 5 L ko (4.2.1-)E FEF 51, 22U 13
K [BIH O KA TO time slice n Of&SfE, F. G i Fine solver, Coarse solver & M5 DT
&Y, ZhEi Newton-Raphson i£DFEZAEFE (W) | BIEFHHE (FK) 2179, T, Th—1 1% time
slice n DIAMHED O #&UE £ CORFMFBEFT R LT 2 L2 E%T 5,

UL = P2, Tt US4 G Tt UL = GUT Ty U (4.2.11)

Z DI, Coarse solver Tlx, FEIFHI AT v 7g 8T >>0t % I\ CREM A AL 9~ 5 7% O REEFE
MG T 2T LY . ZOFERH T, 28183 %, Fine solver D A7 v 7lg 6t 12 K %5
RpfH] T 2 fifi o THRERPHLGUL R R, =T/T, % E€#T %, ZiLd Parareal IEDBIREIFHE DAL %
KT RTA—=F LipoTWD, FEEESIGHEE TOMEER o [ZRFEJ7E %2 ZBRGHE U 72 AL R %
IRF[EI N B G DAL CHI > 72 b D TH D, Z Z T, Finesolver & Coarse solver @ time slice 4
720 OFFERERY R =T /T =1/QR , % iR, B =5T/6t 2R A AR LR, QX Fine
solver & Coarse solver D 1 A7 v 7" 7= ) OFEKHE DL TH %,
S IER(4.2.1-2) D 1 RTEOBIH TR T, AN T —8 o O—FRE c COBIMERT,

0 + cop =0 (4.2.1-2)
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ZOHEEAITH T DR B R G RIS IR LKA STV D, ZEMIBEBUL TR BB IRICHA %
BTz ERE S DICIRBIHENC b EA 2 E 2 TVD %13 5, FREFBERL TIIZEE (T4 A
ANy vaZr—A L THLAHRV ] BBEMNE) BEE OV b - 7y 21E) FRIGH
S TW5, Parareal EOQISHICBWT I Bl X el 415 2 72 ®12iX, FEWFIEF R EOHRD
CEIRMED AL D /N T o A2 WY SOOI EER R, 2 KEL T 5 Z L NUETH D, FEHHLTIE
R, #REL T 5720I21E, Coarse solver DFIHET /L EITFIHIEE %L Fine solver OH D
AR SR boE L, 1 A7 v 72720 O Coarse/ Fine solver OFRIFHEILL @=T, /T, DHINN
EMARND, WERARIEL B =516t % L5 2 ER0BEE s, RbEMAFEE LT, AL
22 - BERRERULIEZ V2[R U= — R % Fine / Coarse solver (ZffiVy, R, =1/Q E, =5T/5t (Q=1)
LD RICHET D2 HER DS, AENXZOHEEWD,

CHNETIZELTO & 9 RIURHESEO FIEAREZEINTE TS (AW, B). OiZbhvbid
%22, 31T, fli% PinT2016. 2017, 2018 KFENFAIGHAIERRSH. L OFA THB L7z R T
bD)y TNOTFELR 3ODIN—FITHT TRINTHEUT &R D,

(A) Time slice ¥ /i T? Fine/Coarse solver [l CONMAHZEDHIE : 1) 7V v RX—ZX D DK
W (b5 BE OB RIBIE BN 236 8E) . Q) RS EERLARGERE () At & W O MA@ a2 FIH L
TOAHGHRRS L A LiF T CIP3rd, (%) & B L WS MAEEWZ RIS % CIP5th, (%)
CIP EDONAETE R OB L% St SIRIERATFIE(STRS 15) OFIHORA, (i) FEFMER T O
ML Qv) 8T=6t EALFRREEDFIK & 72 5 KA AR D722 A2 < LE DRIV 12 Coarse solver
DET V- FHREO THRIC LY KGR R, 2RI 25 GBS KRZE, SIRRER)., (v) B
PEFRREEIC K B RERT e B IS K D ACFRRR RN GHER & OBFRDIRE)

(B) HHEHA THAET D COIEMBAIREI O] : ) ¥ Newton Raphson 5T % Parareal
BEoYcE (BRREOEN), () =4 b o niis (¥ Newton Raphson JEIZHZ)) OE AN
7 MVIR (e ZBHAD e HiE),

(Q) IS TIAE LT-IEWEIERIOFZE : 1) RCIP . MMT. WENO OSHIC X A3 AIEI R,
(i) Coarse solver (2D A5 % Iz CIEMERAIREIER 2=,

Ll ZNETINDLEZREANITHE L2 RS 7= Do Teled | AR TIE I N b A HRE
W EEA L 7= iF9E 2 D 7-[4], Fine / Coarse solver DIFIFENIEIZEI T 7T P oibaz 05,
Z OFLHIIREFA AR LR E B =6T/5t>> 1 L3520 Th Y FDi=wh CFL>> 1.0 12 b %t
TEL LI L TS, EREMAGRIEDEEZ W5 72O Parareal IEOINHMEZ /L5 KHETO
Buiat Bk & Uiy - 2505 (KK %) ZHWic, E723R0N K& 0o IS EE O BARN
RIILLFD L > TH 5,

® 7y RR—=ZDWPHDIKR : £ DPE A2 RN S E T L OB Z B 5 712012, WIS

& U CHEBOIR i d KONtk oA 25 e L, Z2fiisftisEisia x = [0 8h t=[0521& L7z, %
L TBIHE ¢=1.0 ICEE L7z 1 RoooBME (Fig. 4.2.1-8) ZFtR L7,
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(a)STEPS (b)STEP and CURVE

= ———|— 4 IF

0sf - 08F

()

06 - 06k

04F o 04

02k 4 0.2F
o —! S W L L o
1 L 1 1 I L 1 1 1 1 . |
[] 0.5 1 (] 2 2.5 3 0.3 0.4 0.5 0.6 07

X X

Fig. 4.2.1-8 Grid based wave number control by initial ¢ distribution. (a) STEPS: high grid based
wavenuber case, (b) STEP and CURVE: reduced grid based wavenuber cases.

® %t Newton Raphson £ Td % Parareal iEDUE (FEFI{RELDE A) : Parareal 1%, time
slice DUl R DA Z REE & LT IERIE RO fiR1E% Newton-Raphson /£ TER(L L, EIE
i % 3K D D3 RO LW O ERERFHRE PR AREZR 2 & b Z OFHREIC KN Bl & > T
W5, Z0O7=H#E Newton-Raphson 1EIZHSSHEELE S > TH LV, £Z T Coarse solver
THEMA S D EIEFITINE » s EE 217 2 XD MEDN SGET D ATReER & 5, £ Z TA L, K
(4.2.1-1) % Coarse solver 75 < ZIEIERIZJIHEIR Sy % iV £ 72 Newton-Raphson VEDEIE
BICHEBEBAH Y ZLick vy, K (4.2.1-3) DEHIICEELZDELEDOREEZR T,
UK = (1 - pUK™ ! + BF(T,, T, UK |71
+Y(G(Ty, Tyo1, UX)) = G(T,,, T, UK 7))

n—1 n

(4.2.1-3)

O FREEENIAREIEEE  (IAHERENEOFEL LT CIP-3 %k ((ARRFEREN SV, AEE RN
BRI O BIE S TS HE) KONCIP-5 R (EHICHRIFRLBIESELHEL LT 2H
ALzt Dz HW=, CIP-5 kDOHEIIN(4.2.1-) DX E1FH .,

81‘() + (-Ta;r';‘5 =0
Oig+c0:9=0, Ox+cO;x=0 (4.2.1-4)
g=0:¢0, X =0zg

P D 72 O OF RS, 25 L=3.0, Ax=0.01. FFf T=2.0, 6t=0.001, CFL=0.1. 2,000steps

ORISR L time slice 2 N, =20, W% 2 IBHL L B =25 ORERNESIT A—42 & Lz, %
DOFEAfRE R % Fig.4.2.1-9 2% & O TORT,
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(b) (c)

T

~ Convection term scheme : KK method ~ Convection term scheme : KK method . Convection term scheme : CIPSht

'E" 107 T T T T T T ™ 10° * T T - T - ™ 10° v v T y T T T T T
e - b E
< . \ ] 1 E ]
< of F pasesea, O ] —e— STEPS . ~--#-- STEPS ]
e p O 1 “F S STEP e IR STEP E
L o 0-0-0-0 i 3 CURVE4 - - -=--@-- CURVE3 g
= e %94 - i ] [ e, -4 CURVE4 ]
3 i i N ; Sf ese, ]
% 10 ¥ T 10° R Sl T 2 T
4 1 |

—O— STEPS 1 i

| A

g

- .
. - b
Relaxation “"““““-‘-;_A "

o STEP 1 1 w0t i}
o CURVE3 E - Parameter E Relaxation %
CURVE4 1 R y =05 4 Parameter .".‘i‘. ]
10° | 1 . | ) 0%k 4 10°F y=0.5 *:' 4
o s 10 15 20 o 3 16 15 36 o 5 10 15 30
Parareal iteration Kpar Parareal iteration Kpar Parareal iteration Kpa"

Fig. 4.2.1-9 Congergence history of Parareal method with the methods to improve the
convergence. (a) Method reducing grid base wave number, (b) Method relaxing the update of
Parareal method, (c) Method improving the phase accuracy calculated by the coarse solver

such as use of high order time integrator.

RODIRPREDSTZDIET Y v RR—=2DEHOEITH - 7= (Fig. 4.2.1-9(a)) , WELED A
DREVERS O 7V » REE G 28 H T UL R FIETH D, RICHIRDBKE o701
Parareal {E:DEIEFHRITEMREZEANT 5 F1ETH 72 (Fig. 4.2.1-9(b)), Newton-Raphson %
DEFEEDFGERBBTE T THEEZOHMAEMZ D RITH LN EEITHRNI B L TLE D,
Coarse solver 7>6 < Z2MEEEOWIERE V ITINR A2 68 LR EEZ A EIICT 20808 H 5 H O
DELER+GTHD, 3FHICHEDN D - T=DIL, WRBEMAHFEILEOEATH 5 (Fig. 4.2.1-9(0) .
INHOFEE LD b L Parareal IEOHEHUEN 107 FLEECTHILE. A 7T A1 AL X 7= Parareal
EEET D & INEEN a=N, /(K™ +@N,/R,) (N, =20, R,=25, Q=1 (Coares/Fine solver > 1 X
w7 T DFFRFEIE) L HEE RIRE7R DT,

() STEPS O¥4: a=20/(6+20/25)=20/7=2.9 fi

(i) CURVE4 ®#4 : a=20/(1+20/25)=20/2=10 %
FEEDONEMEN G SN D, —fEOISH TIX STEPS © X 5 72027 v R_— R A& TefEisk
PET D EBRLVEHEE SN D0, & HICAHICIUR AR TRAKETH D,

LLED X DWCAEEIL, ¥7—7 7Y (V788 C ofifka— R 1 SORRENESE L) 12
FAIATLRINCZ OFZL Th BRI RT3 2 MEREFET 2 1 oo AT L TITV,
Parareal {EDOIUREGETFIEONRE LT LTz, ZORE, IRITHL OO I HIZHEDBLETH
DRI oTr, &I THREEITERICT E T X b—7 HFERAAJEH LRBEOFHEDK Y A, 2
B, FiEr BT LT L

% 7= Parareal {EI3 AR AU L TIIAETH Y . S OITSHEAIZA (o0&
Ui - BREERIRE, AR, RKECE) OMREILDD ZENEETHDL, — 5, KEEILD DT
HOOT7L—LT— 7 TR RETCH LD T 2 — NI TN (FELFE T 0 77 L) THRE
IR LD L & OWEE ZHED 7=, Parareal 5% 0 U725 72 BRER AT . BB FRC -
T2 — X7 4 —)b RiE& B & Uit BB, AR R RS = — R oML, £ L CREf et
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HOOWT' 1 7T K8 E LRI 2 b oz BT 2 T ETH 2,

D)2 K B/F 743V XADFX T —T 7 U ~DFELE L PEFETTHM

X7 —7 7Y L LT, REMEEEDRZBE LT, EAGREOY VS C THEZED TV D E
PR R = L—% RIAM-COMPACT ##/E L, ZHUZMK B/F 703 ) XAz FE L, Skylake-
SP TOMERERIE & AGAFX DFETCIC S N —T T4 VBT N Z M L CEITHREZHEE LT,

x5 D RIAM-COMPACT Z KEIHIE SIS 2 1T, 2hERp e t8ig Bl OBLEN b, K
[ZOWTHEIR A EI 21TV, E LW EhiE 1R &2 =R thcs O AlL— 7 & LT SIMD E % ffeft
THTF— AL L, HEMTT 2 %48 & 45 RIAM-COMPACT |34y B figik 2 VW CH 0 . EHD
Poisson S 2% KIEIETHELS 23, FRIT B 7 7 A LV TIIET AL D 40% % HdHTRY | 2
DG OFATREM 2 BfE T 2 2 & AEREIN RICH 5T 5, KIEE S U CRILER & o PO ARLE

(Preconditioned BICGSTAB %, PBICGSTAB) (3 XE RNV 72 < S B OB D—>TH DM,
Z OWHALELIZ AXPY (STREAM)X® Dot (NF&) 72 £/ B/F ORI A Fiel=D, mig{boR kL
Xy LD, 2T, A CEAMEIMAZLET 52 L1280, BICGSTAB BAKD KE % Bl
L. & B/F OEBEAHIFHAZHO T H#HE2 L 5, o0& &, JilEE LTI, ik, EFRETH
% SOR VERFED A L WEE 278 L7223, SpMV (BifT8X7 FVEE) & LTI B/F 23@ VA
vy aOFMAEMENEAMETH -7, £ 2T, SpMV Ofigik L LT, BEH:E & KEED
NAT Yy TS SLOR # (Line SOR i) ZEAL, S HICERMRIIHLZEA LT,

it FE T A — X DEE

FT X =7y N ERDRBERED/RT A —F % A64FX D&t/ b HAE S - 72, A64FX X 1CPU
HIZ 42D CMG ZH 5, ceNUMA #iED 2 E U FERK T, & CMG 121 8GiB D A U 3k S
TWb, £72, £#CMG X 12 R a7 L 1 7V AX U baT o, Zhbomnb, 1CPU NI
AMPI 7 > 7 %L, &7 7 NI 12 ALy RIS & F W05 kD 8% & 5, RIAM-COMPACT

TEXHZEEEBEL, 7ntAH= 5SM~10M £ (T00MB~1.4GB) 2% 2%, ZOHA. Bl
& LT A(100, 100, 500~1000) & 72 HECHIFEIR & T2, 8GIB D A U 2N BB % 5 & FI2R/HN
BN, HET HMEEE 1.8G HAEFHE T 57201215 300 7 u& A, 7T5CPU BEDOFHHREJR & 72
Do BULTHITIE, ZOREOHBEOFHELZZEIATL, MEOSWEERTHEZITO VT VA TH
5, F12. In situ AL HEBEATETHY ., ZTDTODT—I 3y 7 7 bR T 585068, k-
LD D R & LTz,

nf B/F 3512 X 5 A64FX ECoMfem FHEE
Iz, Poisson HEERDRAEER Y TH D05, KM H AU I 72 E4E1E 2 %8 L 7= Poisson H 2
X (4.2.2-1) 2H\W5,

Jdp Ou;
9, T _

= 4.2.2-1
ot Gx,- ( )
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M~ v, N—I3E T A — IV OYELE A2 BT %, RIAM-COMPACT Tl E A A g
FHERT 5720, FEELEEAD A N 7 AFRDNLEIZR D, R L R ZEM O HEBGRE T
Yavrry (4.222) CRHRZEMICEHEELEONX (4.4.4-3) 1TTFROX IR D,

Xé: 0 0
_Q@QLQ__ yo O = x:y2 (4.2.2-2)
A& . ) ! £ -
0 Zg
—\ n+l1 —i * n+1
9 (9p :_i_mJU)+( )6p (4.2.2-3)
ox; \Ox; JAt 85, At] Ot

U 3B, Ty BEEToTliEEZRT, 77737 oRBUIN (4.2.2-0) 725,

VZ — 6_2 6_2 6_2
ox2  9y? 972
_ e 1t 18 X 9y 0 a0 (4.2.2-4)
x§2 aé':Z y”2 87]2 ZgZ 84’2 x§3 (96 y’]3 an Z§3 64’
—— ——— —— ——— ——— ——
C C Cy Cy Cg Co

b, KEATIRE.2.2-5) L7700

C C
(Cl + 77) Di+1 t (Cl 77) Di-1
C C
-
Co Co (4.2.2-5)
(Cs + 7) Di+1 + (C3 7) Di-1
M 1 4UT) (Mf .
{2 (C1+C2+C3) + A }szk = TAt aé:z At pijk
D OREE a~g, FAillk h TERT &,
apw1+bpji+cpir +dpix+epii+ P + &Pk = hijk (4.2.2-6)

A (4.2.26) IZX LT, SORKED T A —77p8HEE2T 5L, Bla— Nid List 4.2.1-1 DX 9
W72 5,

List 4.2.1-1 Naive implementation of the SOR method.

do j = jst, jed

do 1 = ist, i1ed

do k = kst, ked
bb = RHS(k,1,]J)
pp = P(k,i,J)
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Cl = coef(k,i,j,1)

C2 = coef(k,i,j,2)

C3 = coef(k,i,j,3)

C7 = coef(k,i,j,4)

C8 = coef(k,i,j,b5)

C9 = coef(k,i,j,6)

dd = C1 + C2 + C3

rp = 0.5 *((C1 *(P(k , i+1, j ) + P(k i-1, j ) &
+ c2* (Ptk , i , j+1) + Pk i J-1) &
+ C3 * (P(k+1, 1 , j ) + P(k-1, i i) &
+ C7 * (P(k , i+1, j ) - Pk i-1, j )) * 0.5 &
+ c8 * (P(k , i , j+1) - Pk i Jj-1)) * 0.5 &
+ CO * (P(k+1, 1 , J ) - P(k-1, i j D)) *0.5) &
+ bb)

dp = (Crp / dd - pp ) * omg

pn = pp + dp

P(k,i,J) = pn

de = -(rp - pn * dd)
res = res + de * de
enddo
enddo
enddo

UL, EEEROREIIH O DA L TR E, HEEZMOTHEETHD, k FMT Ll ¥
vy aW, 1 HME jHEASOT 7B AIMMU SGETHE, m— K13, A T 1, EE/NEURTE
BHIL 32 THDH I LD BF=1.75(float) L 72 %5, Ziuix Operational Intensity THHLT 5 &,
0.1.=1/(B/F)=0.57 T %, Fig.4.2.1-10 I% A64FX O bR L2 1ICMG H7-0 DL—7 T A
VOMTOFRERTH D, AE Y AV FIRITEROHEEM (AF I T D STREAM ORIERR) 28
o, 0.1.=0.57 DA, SIMD R T~ THEIE L T 2 ARk BT 6 117GFLOPS (B —
JVERED 8.6%) L72h, 22T, ANV AFHEZEML, v— N9 5Z8% —RICOFEAFEAE D I
2T 5, ZHEZOFL 7 — NiX List 4.2.1-2 D X 912705, BAEEORSL—RcD T, ZI1F L1,
XY IZ L2112 ED Z EBIFFESN D, MMU 6 0r— REX N7 OHIE 712584 L, B/IF=0.4375,
0.1.=2.2857 & 70 %, ZhnbHEE SN HMEREIEIT 468GFLOPS TH Y, B — 7 PERED 34.6% & 72
5o, LdL., ZOHEEIIIEESN T X TEWVWTWAIREZIEE L TEB Y, EBICIZ, 27 oe—
RART U ARMBRAT, T —FFEOLREVBEAET HIO OB LV /NS 780, 74— 772385
AT 4 fEotEREm RITRAD D, 72720, ZOHEE TIE, SOR EICIZFFEME. 722 < SIMD i M #J
HETH D EREL TS, FEEITIE Red-Black SOR 72 Fi2 L v SIMD L ATHE/ F2HE 04 5 MBS
HHM, TWFEDOX X v 2aX—ADT —X7 7 F v TIIKEMEZPERT 5729 D Red-Black 4 —#
Vo7 BT% 2BDAAL =1L BIF Z REL T 52 LIZORDBDLTZD, BIONRI) R FIEDLE
2725,
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Fig. 4.2.1-10 Performance estimation based on Roofline analysis for Poisson kernel on A64FX.

List 4.2.1-2 Metric array free implementation for the SOR method.

do j = jst, jed
do i = ist, ied
do k = kst, ked
bb = RHS(k,i,j})
pp = PCk,i,3)
XG = 0.5 * (X(i+1) - X(i-1))
YE = 0.5 * (Y(+1) - Y(-1))
ZT = 0.5 * (Z(k+1) - Z(k-1)) ! 6

XGG= X(i+1) - 2.0*X(i) + X(i-1)
YEE= Y(J+1) - 2.0*Y(j) + Y(-1)
ZTT= Z(k+1) - 2.0*Z(k) + z(k-1) 1 9
YIJA = XG * YE * ZT

YJAL = 1.0 / YJA 1 3

GX = YE * ZT * YJAI

EY = XG * ZT * YJAI

TZ = XG * YE * YJAI ! 6

Cl = GX * GX

C2 = EY * EY

C3 = TZ*7TZ

C7 = -XGG * C1 * GX

C8 = -YEE * C2 * EY

C9=-ZIT*C3*TZ 19

dd =C1 +C2+C3 1! 3

rp = 0.5 *((C1 *(P(k , i+1, j ) + Pk , i-1, § )) &
+ c2* Pk , i , j+1) +Pk , i , j-1) &
+ C3 * (P(k+1, i , 3 ) +Pk-1, 1 , 3 )) &
+ c7* (P(k , i+1l, j ) -Pk , i-1,j )) *0.5 &
+ c8* (P(k , i , j+1)) -Pk , i , j-1)) *0.5 &
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+ CO* (P(k+1, i , j ) -Pk-1, 1 , j )) *0.5) &
+ bb) 1 22

dp = (rp/ dd - pp ) * omg

pn = pp + dp

P(k,i,j) =

e = -(rp - pn * dd)
res = res + de * de ! 8
enddo
enddo
enddo

mSLOR-PCR %

EFEDRA NV 7 2% EBET % Metrics Array Free (MAF) 323513, B/F KIS ROTH D Z &
Nbnrolz, WIZ, BICGSTAB ORTLERIZFIH T 2 KEIEIZOW T T 5, 747 71 1980 4
RITIRE I 472 Line-SOR L TH 573, T O F1EIL SOR KAED 1 EAFH G I BEHEZ B AL, IX
RMEESET D FIETH D, BEECERBHEEEOBLAN LR LIEN LW LU 5% AT
Lo LU, 20 LU BfRITERT LT XA TH Y WHULN TERWRIES N H 5, = D
EIZ OV TIE, Cyelic Reduction 0% O 7 L2 Y X A Td % Parallel Cyclic Reduction (PCR)
PIEESNTEY, T4, PCR @ GPU &/ M@ STV D, T 2 Tld SIMD FaE8 AL
7-. Poisson jﬁa”fi V2p=W ZZEMECEVEEBIL L, k FRDOAAL —T ZR2iicile, RX4.2.2-
9D = HX AT OB — IR TFERE 1G5,

(¢m 1+ ¢1+1 + ¢ 0+ ¢;n+11) + 1y (4.2.2-9)

| =

1 om om 1 om
—8%4+¢k_gﬂﬂzz
xR LU SR E TR x . R(4.2.2-10) 10~ TEMBRZ2 FEI1TT 5,

Ap=(@"—¢" w
(4.2.2-10)

¢" =" + A

PCR 13 LU £ 2 WA ER4 % 57T, Fig. 4.2.1-11 13581 X 912, g & sz a4,
RAFBIR D 22 W O H RO LT 2 BIEIC L VAR LT <, 1 HOFMENEET 1
D N JCE# N — R GFEADS 2 #0D N/2 JeilSE — IR G L E DD, Fig D0, — R R AUTM

SRR B, ZORERZBD KL T E | NEOMIZ/2 - 70 & Z IO D, KT, M &
DFERO—MOHER LTS, FlZIE L3 TIE4 MO GBRAHRH 5,
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LTI, ITOFEIEL-T0N
TESME. i~ EESCRFE
HHSESH. SMEEEALETERL.

MCABRAOBERBEAUNBES
CEETS, ~M<RSFRAOKER H

RELT S,
2 skip
L .—IF
0= + %+ ouey =d;, i=0.1,...,N=1, EROM<ATFU—RNHER
(i-1, i, i=OME MEOT x 18 A ship
3 Y
ozt t e =d. i=01....N-1, BOREEEBLEBTI—RAER =
" oA (i-2, i, i+2)OME v2EOR « 208 i 8 ship
gt + Supg =d. i=12,... N, ERREEEELERT—R5RN B R ERNEasE, 1A TATY LA

(i-4, i, i+4)OBE N4EO x 48 ;
B 1ERERNTIEIC. BEHEA0MNFFEL.

BUBICHRHEANETR HIEIZLS

Fig. 4.2.1-11 An algoritm of Parallel Cyclic Reduction.

List 4.2.1-12 (& PCR E0#H = — FE&RT, I — R EBSITEZE MRS 2 BE L THY |
MAF 235 Cldevy, LU iR & k92 & 1[EdH 720 OFEEIIHIINT 253, B/F O b HIEHF
272 %, Flo, AT —=URELE AT T 7 BREITENY (s=1,2,4,...) . B/F=1.7~3.4 &2/t
LN, AV T 7 REATEHETH D,

List 4.2.1-3 Pseudo code of PCR.
void CZ::pcr(const int nx, const int pn,
REAL_TYPE* d, REAL_TYPE* a,
REAL_TYPE* c, REAL_TYPE* d1i,
REAL_TYPE* al, REAL_TYPE* cl, double& flop)

{
int s=0;
for (int p=1; p<=pn; p++)
{
s = Ox1 << (p-1); // s=2"{p-1}
pcr_kernel(nx, s, d, a, ¢, dl1, al, cl, flop);
REAL_TYPE* tmp;
tmp = a; a = al; al = tmp;
tmp = c; ¢ = cl; cl = tmp;
tmp = d; d = dl; dl1 = tmp;
}
}

void CZ::pcr_kernel(const int nx, const int s,
REAL_TYPE* d, REAL_TYPE* a, REAL_TYPE* c,
REAL_TYPE* dn, REAL_TYPE* an, REAL_TYPE* cn,
double& flop)
{
REAL_TYPE r, ap, cp;
int iL, iR;
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flop += (double)(Nx)*14.0;
#pragma omp parallel for private(iL, iR, ap, cp, r)

for (int i=1; i<=nx; i++)

{
iL = std::max(i-s,0);
iR = std::min(i+s,nx+1);
ap = a[i];
cp = c[i];
r =1.0/ (1.0 - ap * c[iL] - cp * a[iR] );
an[i] = - r * ap * a[iL];
cn[i] = - r * cp * c[iR];
dn[il = r * (d[i] - ap * d[iL] - cp * d[iR] );
}
}

BEICHE STV D Ko IC, AT — U iEde & A EEHR L IERAEROBEDENRKREL 2D | K
FERTABREREND, £ T, Fig. 4.2.1-12 13T X 912, EMEBEOFRATCTHRMAZHKE T L, Sk T
BJFond HREAE 2x2 & 50T 3x3 O/IMTHNC & L, 2 b O/MTAlE BEREKET 5, IMTHIK
BRSO 21— RIFK B/F 20T, @mdfbBWifcE 2, V=774 BT /ML HHEETIE, /IMTH
D AR/ 1E A64FX 0 1CMG O B — 7 PEERIT 3 L TR B0%FRREE DYERER RIAD 5, 7236, AT L
Y RLTHAEMIRAREBATANE R G L T DD, ERYy T 4V TIEARETH D,

BH%E L 7= 8 57— 3V % Skylake-SP (Intel Xeon Gold 6140 2.3GHz) % f\ CHEREREAM 2 52t L
72, Fig. 4.2.1-13 |[ZHIE#E B 2779, £9°. Red-Black SOR ¥4 & D tifi 2779, Ko PCR(sor_pl)
& Red-Black SOR(sor2sma)# Wil % &, A Ly REDHE X 72358 ICHEREZEN BN TV D, ZHud, &
MUV — 7% A Ly RIEFIHE L TV A28 (K7 L3 U R ATl collapse(Q) i3 2 72\ ) . a7 oo
— AU RTUAPRBN TS, R-BSOR OBEICIIN—T% 2[HAA —TFT 508, AE~7 hv
FA3mic72 v, SIMD (29 77— X137 7B A LT B BRI /e b, AV HEFICRD LI
a— REEBETLHIEHTELN, AEF U ALY REPRNGEIZITARRE L 1T R 6720, Tk
L.PCR TN —7 DA A — NI FULFRIHRE T o 5 7= OFIMERRIZ LW 2 E D3RR T X 5, IRIT,
IMTANE BHEET 2 REOHRERLDL L DT Th LR ERROND, BIEOLEZ A, 2
DH—FNWFA N w7 HREEZEGEATELT BF ZIRKEREHATHLHDOT, EEOa—RKTEHEEH
(CEHEMERED M BT 5,
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pn = min 2P" > NK L
for (int p=1; p<=pn-1; p++)
L2
{ 2 skip
int s = 0x1 << (p-1); // s=2"{p-1} —
L3
pcr_kernel(nx, s, d, a, ¢, d1, al, c1, flop)
4 skip
REAL_TYPE* tmp; L4 —)
tmp = a; a = al; al = tmp;
tmp = c; ¢ =cl; cl = tmp;
tmp = d; d = dl; d1 = tmp; 8 skip
3} <
=== RIEBOREK(E 0
s = 2*x*x(pn-1)
do k = kst, kst+s-1 u Z?—:/h\fﬁ_{;&\ ;(T_fﬁ% t;'s@%%%@ttﬁ\j(
solve_mat2x2(); ! 4Ekunroll B/F= 0.67 => 307 GFLOPS " _
end do =< 73: ) N EEE@L;F*'J
do k = ksts, ked-s B EREOFFITHNEZKRT L, RRETHEON
solve_mat3x3(); ! 4B¥unroll B/F= 0.41 => 492 GFLOPS

2512 (2x2 or 3X3D/NFTH)) % BEERE

end do

do k = ked-s+1, ked
solve_mat2x2(); ! 4Eunroll B/F= 0.67 = 307 GFLOPS

end do j

ABAFX 1ICMGTaERk L TIE L W %RE 30%@peak

Fig. 4.2.1-12 Improvement of PCR algorithm introducing direct inversion of 2x2 and 3x3

amtrices.

ITO subsystem B

Intel Xeon Gold 6140 2.3GH z
STREAM 1 socket 90GB/s Affinity=COMPACT fREARIR © 124 x 124 x124
Peak 1,498 GFLOPS (1CPU-18 cores, AVX2)

O lIsor_p4 © sor2sma Isor_p1

140.00

180 7B 124/18=7.1 &7V,

aA7MoRn— KA 5 AHE
. L%, sor2smadiga&icid., 2h
F—HOTIL—FREAERL, O
THi-Y OFEERIL
62/18=3.44 & # Y, HEESLH
RELHo>2TWD,

105.00

GFLOPS
§

35.00

Xeon -> ABAFXT 4 £ 1) BWIZ 88->205
GB/sT. M23Fe 5D T, & REl
0.00 291GFLOPS(21%@peak)
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18
Number of cores fefZL. ZOfES

FhLoT, E2E

Sor2sma : Red-Black SOR
Lsor_p1:PCR
Lsor_p4 : PCR /w matrix inversion

Fig. 4.2.1-13 Performance measurement of the developed SLOR-PCR algorithm kernel on ITO

system at Kyushu University.
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PLED X 91z, AEFEE T RIAM-COMPACT ~0f& B/F 7/ =Y X ADFELEL 58% 7 SLOR-
PCR {EDBA% L MEREdMi 2 £l L7z, 72, RA N 5] ~OEAZEE LI RNTA—F LL—7
FTA LTIV EMEREEHETE LT,

o) LRGN
o1l EfiZi 77> b7+ —LDXT7—7T 7 U TOMREFKGE

FWRERENT T v N7 — o (WAL OBERE, PERE. SVE A PR O LT CIEMEICIE VAL MEER /R F R Y
ZHIRT 5720 ORI L UMY — 2 7 u—E178EE WHEEL Z#BR% L C &7z, BEE
J£ % TIZ Capacity Computing (/37 A — X ZE[ A RET DK E DGR 2 RMICEITT 58
i) \CET HHREDBIR 252 T L, T OMREZ HAGREO & OF i EE & L CEAREOX 7 —7
7V ABINIT-MP (2 & % 5] micro & = —% A\ 72 6000 ¥ a 7% HENEITTH U —27 70 —TH)
TEDIEXSME & FATIE THEZMRGE L 7o, MREEEDIX, A 7 TR T 2 2 BRURRGHER 7 L 2 U X A
CHEETAH & WHEEL % ## S & 7= 2 HWGHEEY — 27 7o —08ifFT 5 2 &L 2 8BSt
L0 ERR SN EMEOR L F~— 7 B E W CHER LT=,

LEREL, VT C LB ARy 7 A7 7 L OMRE - BERMERET — 7 7 u — 5 L T
\Z WHEEL Z#M L7z, AV —27 7o —0OE % Fig. 4.2.1-14 (23T, ZOU—27 71 —0OF#H L
LT, ZHMZRFHEE T V2 ) X4 CHEETAH % AW LEHREIC LD, 77 v otkiEm B & B
FARH A HBE S LT 2 BIRE(L 21T 9 2 & IIRGHE & HEHE O DI LB RT0EL & L
T, 777 b— FRAERY — 0, BTAERY — VAT 7V 2RI+ 28, 7, &7 7
UNEET DABEERNZNENRER L, LV BB LOEAEZEE LIZAnETFbh5,
WHEEL (3K WBEfIZ a2~ RTA UNOEITARER A7 U 7 F TRl 775 2 &R0, B UEHLAL
MOTF—F A B—T 2 A RET 7 A VRN LT D EREDL—VITEY | BFEE DI
U—27 7 =R TH L, ZHITA, BEEEEIELZL DI, NT AN v 7 22T ¢ ke
Ik 28T a T ORFE AL, CHEETAH & OEENFRETH D720, REFO K 5 7etiE e fit
Wro—27 78— R EICEBCTE 5, RMEEIZT —7 7 o — 2B ORG & SRR OT
—HA B =T oA AEHEFR LT,
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Fig.4.2.1-14 Diagram of a workflow for multi-objective design exploration using WHEEL.

F/o, INETWHEEL XV —7 7 a0 —fERFICA 1T — X 72 EERET AW ERifEE LT
BIRLTETBY, AI—DOU—27 70—l TCANT —F ZHBEIZER L TEITTDH X N
FIZBWTHBENME) >, ZOREUET HIOARFE X WHEEL 72> b= N¥REE HiT-
B Lz, 2oV —r 7e—7aY 7 FOMERR (OB —27 7a—] & T(O7%
Bl L) IREV—7 7n—] O X5 2iRBfRe, MLV —2 7ua—ETA T 7 A VDA
MWIED LW o TEBRR) A EET DHRETH U ABREA kD WHEEL I AGHLHED Z L2 LY,
FRNT ST A= 2T — 7 7 — G AR TR LN DEE « 47880 KT X 5 W& 3R
— 9%, (Fig.4.2.1-15)

EBIT, ZOAREFERFE L2 507~ WHEEL FIH 6] & U CHiSFA0RRED TR 2
VAT LETIVOBE L ST AT MBI DO O Capacity Computing 7 —7 7 1
— DRI LM A ES L7-, Z OMETIIM O S EREREL DY I 2L —va U EIToTH
D, TORDONIZEEOL T A% b LICKEOEREMFEOET T vy I ab—ra UET
Yo DEVEEDLFTIUA (AT —Zty b) IR LT, ALY —2 70— 2 E8EFEITT 5
EHREFTHY, AFE WHEEL (ZxF U CGEIBA%E L7-MREDEIRIZHE L T\ 5, RFEFIZRB
TEAFEET— 7 70 —DFREZTV, EE T VA TOERTNRAETHH Z L 2R L, 7T
LTIV ABIONT—7 7 a—EIIA % LA D0, kAR — NSRS~ D
KRB bR L TV D,
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Fig.4.2.1-15 Comparison of the previous version of WHEEL (left) and the current version with
the new function (right).

(3 ZEXH

[1] J.-L. LIONS, Y. MADAY, AND G. TURINICI, A parareal in time discretization of PDEs, C.R.
Acad. Sci. Paris, Serie I, 332, 2001, pp.661-668.

[2] Mikio Tizuka, Kenji Ono, Investigation of Convergence Characteristics of Parareal Method for
Advection Equation using Accurate Phase Calculation Method, 6th Workshop on Parallel-in-
Time methods, October, 2018.

[3] Mikio Iizuka, Kenji Ono, Convergence Acceleration of the PinT Integration of Advection
Equation using Accurate Phase Calculation Method, SIAM Conference on Parallel Processing
for Scientific Computing, March, 2018.

(4] Bz, NEPRE —, BIRIREIC K95 Parareal {512 X 2 R SIGHE O YR =&, 25 32 [A]
BAEFEAR S5y v RY 7 A TR, BOT-2, 2018,

4—2—2. (BTJREEB) U7ZLEAAL-)TILI)—)L FEBEHEHRT AT LOWAERRE
(1) HRBROEE
BFEMOH T eB 2 AW RIER BB A R Al o@m W E CTERET 5720121k, BEfFOFE
BB A B & L CAE 15 L7o#k it FIEICR L T, ;Dm&nfCAE%ﬂmLt A=
x@%ﬁ@%%f%é;kWn%E(iUﬂf%ﬁbtﬁ%ﬁﬁ FIEERARNT 2 HAE A & LT HPC
BREEHTHZ T, it b AF e HEER R LT-a e 7 TS 2 ET D
()7»&4A)& (2, WEx Gl e LAY DIEERS AL EZE L. (VT LT —LR) Y2l
—Ya VU EFERTDH L CRAREE SN EE2ERT DL, VT AE A LY ab—1 3 VT,
BTVER 2 GO 2 — 2 T I 7 REA Lk, A b T 25— U ZPHBEHEMERA b TH] 7
—X T 7 Fx LOATHA ALY HARRITERE L. R - FRNCGET 2 EEA EBLT 5, VTV
T—=N Ry Ialb—rva T, U —27 A= » ZHEINC X DG E e o ¥R T5
MR 7R ERR - HEITT—Z 2IEH L, BEFED Y 2T L6 LT, it EERT 0 D, Pt £ T
GO L0 ER IO MRETMZ L T AT LAOERL BT, 2O AT ANRERTH
£, BRI O & & 722 2k & RS OPERER EO RN FTRE L 22 0 | BARD A B HLPEE O [E B 4
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SLICERT 5 2 & T&E 5,
YRk 30 FEEEIL, LLFOIHRBIZOWT, MR SN a7 L 2 BEREMELREL X7 —7
TV r—vard TR bV OFERRIC K D RRGEERAT 2 FE 0 L 7=,

a) VAR - W ERARAT L2 FHWIZEREE U A 7 AT X D Bl 22 ) O FE S FRfRMT
WEAEFEIZ 5| &t & WLTP FBGERHC A1) 72 SR SEREZE AT & AR > % > b & Y Pk ze /)

S DITHT e L LT 22 % B IR Bl L figAT % | liﬁ%@AWFﬁ%#%%bﬁo:
fi, WLTP FEFHFEHT CRO LN TND Z AV « A —/VEHEO M T CRFRCER I D &
HEINDEE CTCORKTIBI T RN AIRETH D 2 L 2 HKaE LT, P s Tl Tk, 7 — Rk
JENN S DFEDORAEZFHET S LI, FORZ b [3T] TOFEE TN 0T 72445 o RS
b0 EfToT, BhHEEREELTIE, 7 A SEE L T ENRGREED 7 L — A
U— 7 R L, TOFAEERF Lz, BRI, X UIBREGRE T LV ERISRIZ 8 oD
RETEE A SO ZHRE L, 10 HRBREOEGHEL FEERIITH> & T, 7Lb—2A4U
— 7 WERFRE COMMICM A2 2 & 2nd &, ook EZREE T
DR E BT D L 2R LT,

b) RA K (5 AT LExGE L-EBRT 7Y OmE{b & KL

AMR (Adaptive Mesh Refinement) ®5¥EL . Y X—D T a7 7 A )« Fa—=0 Tk,
ﬁﬁ”%%%kﬁ%?ﬁ%%ﬁ%%btoZ@%%\ﬁXFFEJ?ﬁTE X LT/ — K
720 5 oMERE N b WAIMERE 2 A DL 20 s OMERER LD FLIAZR DR H D Z & DR S
nic,

o) AA T —AEENT FIEE W2 GRG Y AT B K D FHE T NAAEE O MRGEMNT

REETT A — A OB R, PIC LD FHE L 2 OEMITKIT 2 FEEMGE, S PSR SR OfF
HIEOBRRERE DFREE | ENLRFENLBR SN TN L=, ZOFR, EE < F~—7
TORYMEHRT D LI, EHABERT A AT 1 ZXGUTBEMAT 21TV, LAY 7 b
v =7 (LS-Dyna) OfENTHER &g L-C, ¥ T1ERDEHERmEBETE 5 2 & s L7,

So far CAE technologies in industry are mainly used as alternative or supplementary methods
to experiments, expecting to reduce costs and shorten total development period. On the other
hand, to realize next-generation vehicles with new material and power resources in a shorter
period at higher quality, the development process itself should be innovated by utilizing the CAE
technology at a higher dimension. In this research and development project, based on the coupling
aerodynamics simulation systems realized by utilizing the K computer, we will try to realize real
world/time simulation. In the real time simulation, by utilizing the strong-scaling technology,
simulation turn-around time including the pre-processing is reduced dramatically comparable to
the real wind-tunnel experiments, which makes it possible for engineers to collaborate with
designers’ concept designing. In the real world simulation, by utilizing the weak-scaling
technology and big experimental data acquired by industry, accuracy of the coupling simulation
method is fundamentally improved to assess drivability, ride-comfort, and passenger’s

comfortability. These real time/world systems enable to further shorten the total development
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period and support performance improvement of products, and is expected to contribute to
international competitiveness of Japanese automotive industry.

This year, we performed verification analysis using a “K-computer” on a killer application that
implemented the core element technologies in this research, and developed the following items.

a) Industrial application analysis of vehicle aerodynamics by design system using fluid-

structure unified coupled analysis method

An actual vehicle aerodynamic analysis under tire rotation, a narrow-band vehicle
aerodynamic noise analysis and a multi-objective shape optimization analysis on vehicle
aerodynamics have been conducted. As a result, we have demonstrated that it is possible
to predict aerodynamic drag with satsfactory accuracy that is expected to be required for
certification under the conditions of tire-wheel rotation required in WLTP. A narrow band
sound prediction reproduces the generation of sound from around the engine-hood area
and estimates the resolution for quantitative prediction in post-K computer. In
aerodynamic multi-objective shape optimization, design exploration in cooperation with
sub-task A was performed on four objective functions, and their usefulness was
demonstrated. These studies have been conducted by Kobe University.

b) Speed-up and large-scale implementation of platform applications toward post-K system
The AMR (Adaptive Mesh Refinement) framework has been implemented and profiler
tuning of the compressible core solver has been conducted. As a result, it has been
confirmed that it is expected to have a performance improvement of more than a dozen
times per node and the entire parallel performance should improve by 20 times on the post-
K system with respect to the K-computer. These studies have been conducted by RIKEN.

¢) Verification analysis of real vehicle model structure by design system using Euler structural

analysis method
The semi-implicit time integration scheme was implemented, coupled on the PIC based
Eulerian structured analysys method, and the verification study for the thin plate has been
conducted. And by the method for applying geometric boundary condition was
implemented, the practical vehicle white-body stiffness analysis has been realized. The
validity in the thin plate structure benchmark was been shown, and also confirmed its
usefulness in the actual vehicle white-body problem. These studies have been conducted

by Yamanashi University.
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Fig. 4.2.2-3 Comparison of drag coefficient. Fig. 4.2.2-4 ACdA of different configurations.
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Fig. 4.2.2-5 The computational grid overview (left) and the propagation of the pressure fluctuation
(right).
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Fig. 4.2.2-6 Sound pressure spectrum at each measurement point.

FHRRE B DY ITR0IL Y B RS FRRRE O LR R AR Th 2, AEERES b ERN T
BOTD DERMBIEIZEDET, AR BIIEHE AR b Tat AT 723 R FEOmE(b, G5
Y = ADERFA~RYAAATOL FETH D,

) vV ABRIOY 7B A L OEEEIC XD, 22712 B IR il b AR AT
%%wm%&%f§ﬁﬁ%%@$%ﬂﬁﬁmf6:k%ﬁ%kLT\MBEKiégﬁ%%ﬁm
il 7 L — LU — 27 ZRR LI, ZO7L—ATU—7 TlE, FHIZEMZERRE R & s X
FTHE A CTHE I ZBEMEKE{LY 7 N7 =7 CHEETAH., ¥ X OUK[E Detroit
Engineered Products :1Z L 5 RE—7 4> 7Y 7 h 7 =7 MeshWorks i 7=, %Y 7 b ¥
2TIE, THFARMR—RDOFERFIZNIARTA—F T 7 A VBN L TERELRT 52 LICE > TH
WAL T 5, CUBE [ZBEREEAHE FIZHSNTWD A, BEOE(T 5 EmfRIC T L CTH—
DFFEEFLIPTH LN TE LD, FHREFAERBIOE—7 1 7T 2 M8 BT
HTENTED,

HHERERE & Ok AT OEREERHAT HICE T, #—F y MIEMb I R

34



BEET L E L, BRBEITEGAEE L TS & EB IO T 2 3 — A (Bl ol &
FLUEEY L DRI AE) AT HEEOHNEEIE Ui, b OB 18 ERICH L TH 5 AR
ELTWD, ZHE-SE Y 4 BWBEKICE 2 Z HMRELTHD Z L2 E%RT S, 2hb5tEor,
BIF L7 7 L— AU — 7 ThRa{LFHE A FAT L, EEOREE & Rk m 2 ~7 B O 2 15
HIEWTE, RZL—LU—T OGN EMHERTHI LN TE, Fig. 4.2.2-712, ZOBESAELN
TeSL— MEZ AT,

A% AGTHE TIIHREN E 2D IR L LIS 20 n )| BB R G IR & fE iR
LMD S HICHEZRT D, £/, BIREERZ KL L7120, REREMAAATEROBHRE%
W72l LVBEMARRHEAREAEDL I L bADbETHRHFL TS,

b -
0% & « gen04 case0?
094 |o . i =
Ll
092 o ® £ { gen0l
o nul . .‘ ¢ * 2 ! ge::[)" .
] [ b ot . L 1 & .
oss | O ’} L R | gen03 o
e [ P " gen0d o
| et et | gen0s e
034 | . e
' -
- 0.82 i ‘ @ .... ..
08 . - -
0 02 04 06

¥ . 08 1
detacd  gen05_casel8

Fig. 4.2.2-7 The geometry deformation parameters (left) and optimized results of Pareto

solution on 5th generation (right).
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Table 4.2.2-1 Results of performance evaluation and tuning of compressible solver.
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Fig. 4.2.2-8 Comparison of calculation time (explicit vs. implicit scheme).
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Fig. 4.2.2-9 Displacement time history (right) of the evaluation point (left) of thin plate

structure.
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Fig. 4.2.2-10 Comparison of Mises stress distribution: a) CUBE and b) LS-Dyna.
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Fig. 4.2.2-11 Comparison of turnaround time of stiffness analysis of white body.
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In this sub-subject, we will develop a design system for improving current turbomachinery
design and validate its ability by applying the system to turbomachinery designs. By using this
system, prediction of turbulent phenomena with an accuracy as experiments will be possible by

performing fully resolved large eddy simulation (LES) with a large scale of computational mesh

which has up to a trillion grids. This system also supports a multi-objective optimization with

RANS method. The parameters of RANS will be tuned by using reference data obtained by fully
resolved LES. RANS is widely used for current turbomachinery design, therefore improvement

of RANS will contribute to it. In this sub-subject, the technology for predicting turbulent

phenomena by a large scale computation will be used for improvement of RANS.

In this year, we validated software to which core technics were implemented on machine which

1s equivalent to the post-K, in terms of following items:
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a) Development of flow solver with high performance on Exa-scale computer
a)-1 Development of speed-up technic of core kernel by changing operation loop
The performance of the core kernel for momentum equations were improved by changing
operation loop. Three times higher performance was obtained for this loop.
a)-2 Implementation of speed-up technic by multi-vectors function
Computational method with multi-vectors for momentum equations which have non-linear
term was investigated. This method was implemented to the prototype core kernel.
b) Investigation for computing turbulence with high rate of convergence in large scale
computations
b)-1 Variation of compressible flow solver for computing internal flow of turbomachinery
Accurate predictions of aeroacoustics noise were realized by improvement of schemes
implemented to the compressible flow solver.
¢) Investigation of direct simulation of turbulence by Lattice Boltzmann Method (LBM)
¢)-1 Validation for computation of flow around a complex geometry
Software for making multi-level cubes were developed. Computational cost was
significantly reduced by using multi-level cubes.
d) Investigation of wall-model large eddy simulation (WM-LES)
d)-1 Development and Verification of wall model based on log-law
Wall model based on log-law was implemented to the flow solver. Usefulness of the wall
model was confirmed by computing turbulent flow around two-dimensional blade.
d)-2 Development and Verification of wall model based on turbulent structure
Feedback term referring to probability density function (PDF) was implemented to the flow
solver. Usefulness of the wall model was confirmed by computing turbulence boundary

layer on flat plate.

(2) KHAEROAE
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HEED 2 GEMGHE) TR SN D, BORDITH Y A —281F 5 AX FHETIE, A2 b
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LG, DIZH LEmd b E1TV, TN 2.4 %, 1L4EOEBLEZERLT0D, £/, Ay b h—
IV DESITELTH ALy MEDRHE, BEL—F L DRy 7 « T oy ZAHOK R, Pu sl
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(a) Original code (element loop). (b) Tuned codes (node loop).

Fig. 4.2.3-1 Speed-up method of kernel for computing momentum equation.
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Table 4.2.3-1 Comparison of pefromance of FFB flow solver between original code and tuned

code.
LR R
AUER N R — — (P[RS
B i ] e

EH RS A BT (©) 29.3 12.1 2.4
HE) H RN AX GHE (@) 19.1 19.1 1.0
HEEOXAX FHHZD 1 AEEE (©) 95.1 44.7 2.1
WO AX FHRE D 2 BHGHE (@) 65.8 49.2 1.3
Z DA 185.6 771 2.4
RN 394.9 202.2 2.0

Table 4.2.3-2 Comparison of pefromance of FFB flow solver between K and Post-K.

AILFE A R .
ALERIN AR — - — R e
ML) "1 AA N [H] *2
EHE AL A BT (©) 29.3 7.7*3 3.8
HEH R AX EE (@) 19.1 10.1* 1.9
WO AXFHEZD 1 AFEE (@) 95.1 10.4*5 9.1
HHOXAX HELD 2 RBHEGHE (@) 65.8 19.3%6 3.4

10 TR 230 D PERERTHIE

*2 0 ARNA N TR (1-CMG) (2317 5 MEREHEEE & 2 W I EHE
*3: U 2 L—F Tk HHEEM

4 PREREHEE Y — VT K D HEESE

*5 : BUERRIC X 5 1E

6 B R 2 L—H I K AHEEH

a)-2 BEANT MAFIRIC X 2 bR o v A7 K528k
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Bytes) TH V. ZR B/F (B L ZHIFE T 4, FREET8 Th D, RIS 2 B/F 1L T
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WO EH CRVWE — 7 VERELL 2 HEFF T 2 Z E R 725, ZOfEE Wik T 2 7 EO DL
DL LT, BEOBNGZRMICHAET L ZLICE Y  BEHEVOT -2 BEE LT T VIR L
(AT, B~ bAVEE) B S TnD, BE~7 FVRHEOBEEN % Fig. 4.2.3-2 12577,
BEAR7 PAFE TR, TAURED ISR TH D 2 L AFA L, 1 EOREITH O r — FTHEK D AX
HREZIITTDHELICEIVERBF 2 P52 808 TE5, ZRET, FFBOKR v b —F V&%t
BUIRF~—7 T A M L BT bV 8 ARTH 4.9 0 md bz L T 5 (Fig. 4.2.3-
3(), BT MVEEICL 2 EEE T, REATANIES R ML THRETH D Z & AR T
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Fig. 4.2.3-2 Concept of multi vector algorithm.
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(a) Performance of core kernel meseared on (b) Estimated overall performance of the
FX-10. flow solver.
Fig. 4.2.3-3 Effects of multi vectors algorithm.
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Fig. 4.2.3-4 Mesh near the NACA0012 airfoil.
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Fig. 4.2.3-5 Instantaneous iso-surface of Laplacian of computed normalized pressure (Color

represents normalized pressure).

o EBp =——LES

Fig. 4.2.3-6 Mean pressure coefficient (left) and r.m.s. pressure coefficient (right) on the airfoil

surface.
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Fig. 4.2.3-7 Mean velocity profile (left) and r.m.s. velocity profile (right) at x/C=0.5, 0.7 on the

suction side of airfoil surface.
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Fig. 4.2.3-8 Computed instantaneous velocity divergence at mid-span plane.
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Fig. 4.2.3-9 Distributions of multi level cubes around dolphin model with one time (left) and

three times (right) refinement.
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Fig. 4.2.3-10 Distributions of multi level cubes around dolphin model with five (left) and six

times (right) refinement.

51



100Jk
& 1k
by
N
=
n 100f%
Uiy —O—Single Level Cube
—O— Multi Level Cube
10075
1.0E-02 1.0E-03 1.0E-04 1.0E-05

FRIKEL o/D

Fig. 4.2.3-11 Number of computational grids around dolphin model with single and multi lvel

cubes.
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(a) Test case (Re=100~1000).
Fig. 4.2.3-12 Y+ and U+ at the image point (Y*=0.3).
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(b) Calculated data by flow solver.
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Fig. 4.2.3-13 Wing shape profile of DU25 17.
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Fig. 4.2.3-15 Comparion of drag coefficients.
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Fig. 4.2.3-16 PDF of stream wise velocity between viscos sublayer and log-region. Colored lines

are by resolved LES and black lines are by unresolved LES.
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Fig. 4.2.3-17 PDF of streamwise velocity at y+ = 4 (a), 12 (b), 20 (c), 28 (d), 36 (e) and 44 (f).
Colored lines are by resolved LES and black lines are by unresolved LES.
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Fig. 4.2.3-18 Time averaged streamwise velocity (a), turbulence intensity in stream wise direction
(b), turbulence intensity in wall-normal direction (¢) and turbulent intensity in spanwise
direction (d) at Rex=5.0x105. Blue lines are by resolved LES and red points are by wall-
modeled LES.

59



16 3
1}
25k
12
2 -
10
8 L
u Upms 15
6 L
1 L
al
Al | 05}
(a)
0 L
2 0
10 10 10° 10 10" 10
) ¥
08 — . . 12
0.7F
1 L
06 F
- 08F
) L ;i L
rms 0.4 Wims 06
0.3
04F
0.2
01 02F
(d)
0 0
10-, 4 3 2 1

10° 10 10° 10° 10

Fig. 4.2.3-19 Time averaged streamwise velocity (a), turbulence intensity in stream wise direction
(b), turbulence intensity in wall-normal direction (¢) and turbulent intensity in spanwise
direction (d) at Rex=5.0x105. Blue lines are by resolved LES and red points are by wall-
modeled LES.
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Fig. 4.2.3-20 Time averaged streamwise velocity (a), turbulence intensity in stream wise direction
(b), turbulence intensity in wall-normal direction (¢) and turbulent intensity in spanwise
direction (d) at Rex=5.0x105. Blue solid lines are by resolved LES, the other solid lines are
by unresolved LES and points are by wall-modeled LES. Grid resolutions are same for the

same colored lines and points.
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Fig. 4.2.3-21 Time averaged streamwise velocity (a), turbulence intensity in stream wise direction
(b), turbulence intensity in wall-normal direction (¢) and turbulent intensity in spanwise
direction (d) at Rex=7.0x105. Blue solid lines are by resolved LES, the other solid lines are
by unresolved LES and points are by wall-modeled LES. Grid resolutions are same for the

same colored lines and points.
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In this sub subject, we will establish key technologies to solve critical issues in design
development and operation of aircrafts and offer technical advantages, enhanced safety and
quality enhancement as a user service.

Regarding design development, we develop an innovative design analysis program based on an
achievement of Strategic Programs for Innovative Research (K-computer project). It is able to
treat real flight environments faithfully and conduct quick analysis in order to realize design
evaluations in early phase of the design, which can’t be evaluated until a later phase of
development such as actual equipment tests currently.

Regarding operation of aircraft, we aim to realize drastic improvement of a flight control
technology by research on a highly accurate stall prediction method and a non-linear control
technology which are key technologies for flight stability and safety under dangerous conditions.
We study on innovative operation technologies such as optimization of flight course and limitation

easing of takeoff and landing by precise prediction of aerodynamic characteristics during rapid

64



weather change like cross wind and down burst generated by wing-tip vortices. We aim to
increase the number of service and the transport capacity as well as improve flight safety.

This year, following functional verification analyses were proceeded using the K-computer level
supercomputers for a killer application program in which core elemental technology is
implemented.

a) Research and development of high-speed, high-precision turbulence analysis technology

a)-1 Development of the function to support layer grid
Research and development of data interpolation function between background cartesian
grid and layer grid was carried out. As a result, an analysis base using a background
cartesian grid and layer grid could be implemented.

a)-2 Study on LES wall-model for the base solver
The LES wall model for non-body-fitted grid was implemented and verified using the
existing proven structural grid solver. As a result, it is confirmed that the proposed LES
wall model is also effective in the non-body-fitted grid.

b) Design assessment technology

b)-1 Basic verification of LES wall model in high speed buffet / low speed stall analysis
Accuracy verification using an existing structural grid solver was performed. As a result,
the effectiveness of the equilibrium LES wall model for high-speed buffeting was confirmed.
Also, the characteristics of the equilibrium / non-equilibrium LES wall model was
confirmed by comparison between the analysis with the LES wall mode and the analysis
without the LES wall model. The analysis of the assumed case has been completed for low-
speed stalls.

¢) Enhancement of flight safety

¢)-1 D evelopment of basic non-linear flight dynamic model
Parametric calculations for the construction of the aerodynamic database was carried out.
As a result, the change of the nonlinear aerodynamic coefficient has been confirmed by the

calculation up to the present time.
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Fig. 4.2.4-1 Background grid (blue lines) and layer grid (red lines) aroung a sphere.
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Fig. 4.2.4-2 Computational model of a surface element
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(b) Level 6 (670 million points) (d) CAD geometry
Fig. 4.2.4-7 Reproducibility of surface shape of landing gear by IB method.
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(a) Bottom view (b) Wing-to-body connection

Fig. 4.2.4-8 Test analysis of JAXA high-lift configuration model (isosurfaces of Q criterion colored

by streamwise velocity).
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Fig. 4.2.4-9 Mean streamwise velocity profiles.
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Fig. 4.2.4-10 Comparisons of spanwise spectra of streamwise velocity at 20% boundary layer

height.
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Fig. 4.2.4-11 Pressure coefficient along airfoil surface at Rec=3.0x106, M=0.73 and AoA=3.5deg
obtained by the Equilibrium [6] (red) and non-equilibrium (blue) WMLES compared with the

experimental data (black circles) [8].

(a) Equilibrium WMLES [6] (b) Non-equilibrium WMLES

Fig. 4.2.4-12 Isosurfaces of Q criterion colored by streamwise velocity and density gradient

distributions in spanwise cross section obtained by the Equilibrium and non-equilibrium

WMLES.
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Fig. 4.2.4-13 Density gradient magnitude of spanwise cross section at Mo=0.73 and AoA=3.5 deg
obtained by the EQBL WMLES.

75



0 0.2 0.4 0.6 0.8 1

Fig. 4.2.4-14 Pressure coefficient along airfoil surface obtained by the equilibrium WMLES at
Rec=3.0x106 (red) and Rec=3.0x107 (blue) at AoA=3.0deg compared with the experimental
data [8] at Rec=3.0x106, AoA=3.0deg (black circles).
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Fig. 4.2.4-15 CI— a curve.
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Fig. 4.2.4-16 Isosurfaces of the Q criterion in WRLES colored by streamwise velocity.

(a) AoA=14deg (b) AoA=16deg

Fig. 4.2.4-17 Oil-flow visualizations of surface streamlines in the wind-tunnel experiment [11].
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Fig. 4.2.4-18 Distributions of surface pressure coefficient (red solid line: EQBL WMLES, blue
dashed line: NonEQBL WMLES, cross symbols: WRLES [12], square symbols: wind tunnel

experiment [11]).
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Fig. 4.2.4-19 Mean streamwise velocity profiles. Lines and symbols as in Fig. 4.2.4-18.
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Fig. 4.2.4-20 Distributions of the skin-friction coefficient on the airfoil upper surface. Lines and

symbols as in Fig. 4.2.4-18.
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Fig. 4.2.4-21 Effects of differences in the skin-friction near the leading edge on the velocity
profiles near the trailing edge (red solid line: original EQBL WMLES, green dashed line:
EQBL WMLES with the skin friction near the leading edge from NonEQBL WMLES result,
cross symbols: WRLES).
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(a) CAD model (b) Computational grid
Fig. 4.2.4-22 CAD model and computational grid of airplane model.
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Fig. 4.2.4-23 Example of calculation for nonlinear aerodynamic database.
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Fig. 4.2.4-24 Example of flight behavior calculated with developed flight simulator.
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Press-forming and welding of various steel sheets are done in manufacturing processes of
pressure vessel, turbine and automobile. In recent years, it i1s necessary to improve
manufacturing process using numerical simulation of press-forming and welding corresponding
to new material such as UHSS (Ultra High Strength Steel) to reduce environmental pollutant
load or increase fuel efficiency. In this study, an advanced press-forming/welding simulator for
new material is developed based on a parallel structural analysis program “FrontISTR” which
has been used successfully on K computer.

On post-K computer, it is possible to use large-scale analysis meshes with sufficient resolution
for evaluating dimensional accuracy and execute coupled analyses of structural deformation, heat
conduction/contact heat transfer and hardening effect including thermal change of material
properties. In welding simulations, we tackle coupled phenomena of heat-conduction/phase-
transformation/plastic-flow, hydrogen embrittlement and control of welding condition (dozens of
micrometer scale) for meter-scale parts of automobile, pressure vessel, etc. In addition, next-
generation welding method is evaluated such as FSW (Friction Stir Welding) and hybrid welding.

Through cooperation with various companies in this field, we make our simulator a killer
application software needed in development of new material which has sufficient strength and
formability.

In FY2018, we proceeded verification analysis of the killer application that implemented the
core element technologies that has been researched and developed, listed in the following:

a) Program code optimization improving parallel performance of iterative solution method for

large-scale assembly/contact problems
Applying our method to the real problems of hundreds of millions of degrees of freedom
including contact, it was confirmed that the iterative solution method using explicit
freedom elimination, developed in this project, can stably reach the convergence while the
direct method fails to solve.

b) Performance evaluation of parallel domain decomposition method for assembly problems

Mesh refinement is required to obtain FE mesh with the required fineness for targeting
problems and the process is supposed to be performed after domain decomposition in

parallel. Assuming contact problems, both the contact pairs need to be handled as surface

84



groups in the mesh refiner but also in the partitioning tools which was originally handled
by surface group to node group. By using modified partitioning tool, the FE mesh with
billions of degrees of freedom including contact problems was partitioned and created.

¢) Accuracy verification for welding simulation of part model
Several enhancements have been developed to accommodate general heat input and
complex welding material mesh settings. Then the input data sets were prepared for the
two targeting problems, one is the arc welding process of the jib crane must and the other
is of the mount part of large-scale telescope. Applying the enhanced program to these two
targeting problems, qualitatively correct solutions were obtained in each step of the heat
conduction analysis and the thermal deformation analysis that simulates though the arc
welding process.

d) Operation verification of pre/post program
Two functions were enhanced. One is to extract complex shaped and multiple weld lines
interactively through GUI. The other is the enhancement of the supported element types.
Using new functionality, welding lines can be extracted in the realistic analysis models

such as arc welding process of a large-scale telescope.
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Fig.4.2.5-1 Wheel/rail dynamic contact analysis model.

Table 4.2.5-1 Execution profiles of successful solved cases by iterative method up to 1.8 billion
DOFs.

No refinement Refinement 1x Refinement 2x
MPI process 1,024
Nodes (cores) 128 (1,024) 512 (4,096) 1,024 (8,192)
Memory usage/node [MiB] 10716.2 9207.1 12185.6
Elapsed time for 100 steps [s] 5,686 9,520 11 [hrs]
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Fig. 4.2.5-2 Test model for dummy elements.
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Fig. 4.2.5-3 Temperature distribution resulted from bead line 1, left: shown w/ Dummy elements,

right: shown w/o Dummy elements.
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Fig. 4.2.5-4 Temperature distribution resulted from bead line 2.
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Fig. 4.2.5-5 Stress distribution (von Mises stress) resulted from bead line 1, left: shown w/ Dummy

elements, right: shown w/o Dummy elements.
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Fig. 4.2.5-6 Stress distribution (von Mises stress) resulted from bead line 2.
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Fig. 4.2.5-7 FE mesh of mount part of large-scale telescope consisting from 16 pipes.
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Fig. 4.2.5-8 Temperature distribution resulted from bead line 1 on pepe_1 and pipe_2 w/ dummy

elements.
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Fig. 4.2.5-9 Temperature distribution resulted from bead line 1 on pepe_1 and pipe_2 w/o dummy

elements.
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Fig. 4.2.5-10 Arc welding process focusing on the jib crane must.
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Fig. 4.2.5-11 FE mesh model of a half panel of the jib crane must.
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Fig. 4.2.5-12 Enlarged mesh view near the base part to be welded by the multiple welding paths.
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Fig. 4.2.5-13 Heat input conditions given in time series along the “path 3”.
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Fig. 4.2.5-14 Temperature distribution obtained at 10816s.
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Fig. 4.2.5-15 Temperature distribution obtained at 10817s.
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Fig. 4.2.5-16 Step history of the max temperature through the simulation for five welding paths.
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Fig. 4.2.5-17 Enhanced function supporting the users for the easily selection of specific part from
illegular shaped meshes, such as the element groups on the weld lines, through the software
GUI.
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This sub task aims at developing simulation software to rationalize manufacturing process of
thermoplastic CFRP members. An accurate prediction of fiber direction after thermal press
manufacturing process is required, and will be realized by the developed simulation software
based of thin sheets lay-up modeling of finite elements. Development items are (1) micro-scale
based simulator where carbon fiber/resin system is explicitly handled, (2) a multi-scale modeling
methodology to constitute anisotropic continuum based model from micro-scale model and (3)
strong-coupling simulation technology of thermal and large deformation problems with
contacting.
We set two subjects to research in this FY2018. The results are summarized as follows;
a) Execution of forming process simulation of CFRTP of test piece for developing fan blade of jet
engine by hyper parallel computer of K computer class
a)-1 Excecution of press forming simulation of a prepreg sheet by micro-scale based simulator
Press forming simulation of one ply prepreg sheet was successufully executed by micro-
scale based simulator using large scale model of 20 million nodes.
a)-2 Excecution of press forming simulation of layered prepreg sheets by macro-scale based
simulator
Press forming simulation of eight ply prepreg sheets was successufully executed by macro-

scale based simulator using large scale model of 4 million nodes.
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b) Verification of simulation results of mold members by comparison with the experiment results

b)-1 Verification of micro-scale based simulator by comparison between the micro-scale based
simulation result and press forming experiment result of a prepreg sheet
Comparison of warp deflection between the micro-scale based simulation result and press
forming experiment result of one ply prepreg sheet was executed. Simulated warp
deflection was one tenth of experimental one. So that, further investigation is necessary.

b)-2 Verification of macro-scale based simulator by comparison between the macro-scale based
simulation result and press forming experiment result of layered prepreg sheet
Comparison of warp deflection between the macro-scale based simulation result and press
forming experiment result of eight ply prepreg sheets was executed. Simulated deflection
was one forth of experimental one. The result verifies the performance of simulation.

b)-3 Verification of the anisotropic continuum based model by the comparison between micro-
scale based simulation result and macro-scale based simulation result of layered prepreg
sheet

Comparison of warp deflection of one ply prepreg sheet between the micro-scale based
simulation result and the macro-scale based simulation result was executed. Warp
deflection of micro-scale based simulation is much smaller than that of macro-scale

simulation. Further investigation to reduce the difference is necessary.
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Fig. 4.2.6-1 Finte element model of one ply prepreg sheet: micro-scale simulation.
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Fig. 4.2.6-2 Finte element model of eight ply prepreg sheets: macro-scale simulation.
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Fig. 4.2.6-3 Press forming experiment of one ply prepreg sheet.
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Fig. 4.2.6-4 Distribution of absolute value of displacement at 3600 s, deformation magnification
500.0.
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Fig. 4.2.6-5 Press forming experiment of eight ply prepreg sheets.
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Fig. 4.2.6-6 Distributions of temperature and displacement.
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Fig. 4.2.6-7 Distribution of stress at 3580 s.
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L DR BT 2B (DE%E | BE, mEEM, K | FHE RS
*) HETT
Study on Reducing Hiroaki High-Performance 2018 /10 H | [E4}
Turn-Around Time of Fukumoto and Optimization in
Multi-Objective Akira Oyama Industry (HPOI
Evolutionary Algorithm on 2018)
an Industrial Problem (HEA
FEFK)
Toward Data-Driven N7 - B VAR Y T A 2018410 A | @A
Equations (Fif#ifiH#)
High-Throughput Parallel Kenji Ono and the 12th Asian 2018 /10 H | [E4}
Simulation of Airflow for Takanori Uchida | Computational Fluid
Detailed Land Configuration Dynamics
(REFER) Conference (ACFD)
Two-Stage in Situ Parallel Kenji Ono and The 27th 2018 /4~ 10 A | [E4}+
Meshing for Large-Scale Takanori Uchida | International
Atmospheric Fluid Meshing Roundtable
Simulation Over Complex
Topography (18A¥EZ)
Unified simulation Makoto The 12th Asian 2018410 A | EIN

framework for continuum
mechanics based on HPC
technique and its application
to industrial problems (185

FE)

Tsubokura

Computational Fluid
Dynamics
Conference (ACFD
2018), Yilan, Taiwan
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CFD simulation of RCM Wei-Hsiang The 12th Asian 2018 410 A | [#E4+
combustion by building cube | Wang, Computational Fluid
method (HEHFEZ) Chung-Gang Li, | Dynamics
Rahul Bale, Keiji | Conference (ACFD
Onishi, Makoto 2018) , Yilan,
Tsubokura Taiwan
Numerical study of the Jun Ikeda, The 12th Asian 2018 /410 A | [#E4+
unsteady aerodynamics on Makoto Computational Fluid
running stability and Tsubokura Dynamics
drivability of road vehicles Conference (ACFD
(AEEFEE) 2018), Yilan, Taiwan
A unified time stepping Chung-Gang Li, | The 12th Asian 2018 /410 A | [#E4+
scheme for flow and Makoto Computational Fluid
aeroacoustic computations Tsubokura Dynamics
(R BFER) Conference (ACFD
2018) , Yilan,
Taiwan
Moving-least-squres Rahul Bale, The 12th Asian 2018 410 A | E4+
immersed boundary method | Niclas Jansson, | Computational Fluid
for thin rigid structures (1 | Keiji Onishi, Dynamics
FAFER) Makoto Conference (ACFD
Tsubokura 2018), Yilan, Taiwan
Rahul Bale,
Niclas Jansson,
Keiji Onishi,
Makoto
Tsubokura,
Amneet Pal
Singh Bhalla
ARA N TR R ORBUEIAR | kT VINAS Users 2018 410 A | EAN

fiiett (REAFER)

Conference 2018,
2018.10.9., BT =
T LU AEBUH

— i)l
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COMPUTATIONAL STUDY | Takumi Abe, ICM2018 2018 /=10 H | [#H4+
OF WING TIP EFFECT Kengo Asada,
FOR DBD PLASMA Satoshi
ACTUATOR -FROM LES Sekimoto, Koji
FOR THE SEPARATION Fukudome, Yuya
OVER Mamori,
THREE-DIMENSIONAL Tomoaki
WING (HBEZFR) Tatsukawa,

Kozo Fujii,

Makoto

Yamamoto
Z—rT T REA LR | S E WA N D) EARE | 2018429 1 | BN

) 7 SE A BFD - HAAREO 2
Ezﬁ%%ﬁ@fﬁﬁi\ﬂ‘]%ﬁ%ﬁﬂ: Q=i [ HPC  ®-5< Y
FEFR) mav—rvavs
KRB FEH AR Tickyy | A= WA R fﬁj HAGRE | 20184E9 H | EAN
THRMREL TS 2% ® - HAGREO 2 2
HAELEHRE T LT XA ] HPC $D-3< Y
DNT  (HEAKER) wav—rvays
Analysis of blade-passage I Hagiya, C 29th TAHR 2018 -9 A | @4+
flow of a mixed-flow pump at | Kato, Y Yamade, | Symposium on
performance-curve M Fukaya, T Hydraulic Machinery
instability (FEA¥EFR) Nagahara and Systems,
2018.9.17-21, [A#4k
R (TR

Wall-modeled large-eddy Yuma The 7th Symposium | 2018 4F 9 A | [E4t
simulation of the transonic Fukushima, on Hybrid
airfoil buffet at realistic high | Soshi Kawai RANS-LES Methods
Reynolds number (8%
*)
DBD 7 I AX~7 7 Fax— | B, EEME | AARKD RS | 201849 | EA
Z e O RBERIEC 0T 5 | & BEAGE, & | 2018
HinOFE  BimftE 3 ot | BY . ST,
B D LES  (HEA%EF) SR R

i, AT
WHIARREREIZ L D e | (LA R—, A B A3 BIEAMEI | 200189 H | EHN
R DS RFEREAG (MERFE | %7, BETER RYT A
*)
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FPGA EA— NIZ X D7 A | WEHPER], U | AABM 2 2018 | 201849 /1 | [HN
7 K7 PC ® FrontISTR & R FRORE (Bl
F#gIIZ T ToRA (D BEF KF) el 7 +
) —J A
CAE 7F—ZEMDI=d 07 Z | BAER, A | H—-E7—2FEH | 2018497 | EW
UVRTT Y b T F— A 7, Rl MIEaI2=7 47
-FrontISTRZ W27 7 U —rvavs
CAE v A7 L~ (KA K —%
*)
Benchmarking Hiroaki GECCO 2018 2018 7 H | @4+
Multiobjective Evolutionary | Fukumoto and
Algorithms and Constraint Akira Oyama
Handling Techniques on a
Real-World Car Structure
Design Optimization
Benchmark Problem (7~ A
H—3EFK)
Proposal of Benchmark Takehisa GECCO 2018 2018 7 H | @4+
Problem Based on Kohira,
Real-World Car Structure Hiromasa
Design Optimization (H8H | Kemmotsu,
HAR) Akira Oyama,

Tomoaki

Tatsukawa
Scientific Workflow tailored | Kenji Ono and WCCM 2018 201847 H | 4t
for Capacity Computing of Tomohiro
Product Design (PR EEFEZ) Kawanabe
Scientific Workflow tailored | Kenji Ono and The 13th World 201847 H | E4t
for Capacity Computing of Tomohiro Congress in
Product Design (FHEF ) Kawanabe Computational

Mechanics
Implicit particle-in-cell Koji Nishiguchi, | 13th World congress | 2018 47 H | [E4}
formulation for Rahul Bale, in computational
fluid-structure interaction Shigenobu mechanics (WCCM
simulations with hard solid Okazawa, 13), New York
(PEA%ER) Makoto
Tsubokura
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Moving-least-squares Rahul Bale, Keiji | 13th World congress | 2018 4 7 H | [E4}
immersed boundary method | Onishi, Niclas in computational
for thin rigid structures (18 | Jansson, mechanics (WCCM
HBI) Amneet Pal 13), New York

Singh Bhalla,

Makoto

Tsubokura
BEEREAANT =y FOER | WEGE. WEK | % 50 EA )R | 201847 H | BN
WERMREI A D =X AL ET | th WaRE | &% 36 EAZEF
V7 (REER) Bl S 2 L— g

VHTY VR Y T A
Unified Programming Tatsuhiro WCCM 2018 2018 7 H | @4+
Framework for Parallel FEM | Shono, Gaku
Multi-physics Analysis (7 | Hashimoto and
FAFER) Hiroshi Okuda
mVERE - BRI - SE MR | PEATE, ME | PREOUREERAEE | 20185 7 A | EW
EffAT FIE L Z OIS (RA 2 | By, BEFER], | EEFH - LR
—HR) il 24 44 R0 R
2N
RpNE SR RIE OB FER | iRk, /NEFEk | 55 23 [IEHE L3k | 201846 A | EN
RETPREYE (DHEFER) - =i L
AESRE AT BEBEL | NI 55 23 MIFHA L4386 | 20184 6 | [EA
7= AMR 7 —Z & O El e B
(AEAFRER)

High Performance Parallel Keiji Onishi, 7th European 201846 H | E4t
Computing of Full Vehicle Niclas Jansson, Conference on
Aerodynamics Simulation Makoto Computational Fluid
Including Pre- and Tsubokura Dynamics (ECFD 7),
Post-Proces (HEEFH) Glasgow
The IC Engine Combustion | Wei-Hsiang 7th European 201846 H | E4t
Simulation Using Wang, Conference on

Hierarchical Cartesian Mesh
Framework (HEAFF)

Chung-Gung Li,
Rahul Bale, Keiji
Onishi and
Makoto

Tsubokura

Computational Fluid
Dynamics (ECFD 7),
Glasgow
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Strong coupling scheme for | Koji Nishiguchi, | 6th European 201846 A | E4
thin-shell structure and fluid | Rahul Bale, conference on
with implicit particle-in-cell | Shigenobu computational
method, (HEA%EFR) Okazawa, mechanics (ECCM 6)
Makoto and 7th European
Tsubokura conference on
computational fluid
dynamics (ECFD 7),
Glasgow
B/ gtz iz | NL s T —)b | 23 [MIRHE TSR | 2018426 A | BN
FAMDIABBIFIEORE (D0 | Yo Yy =0T | &, vy 7 bbb,
SHFEFR) A, RWBE, Y| 4h 2
aak, Ny T -7
LA —]F X)L
U
BOABBEFIEIC K D2 A% | KBEBHE, AL - | 5523 MIGHE 756N | 20184E 6 H | [EN
R L 5 HBISZE NIRRT (0 | 57—, SRR | &, U427 b0b,
SHFEFR) Ad R
Particle-in-cell {54 V7= | FEO3EE], L - | 55 23 [BIRHE T%G4E | 201846 A | EN
WHEE-TRAROFE— L (OB | 77—, [MiRE | &, VA7 H0D,
JEFR) 15, FEA Ah R
BCM JEAgM: v /S DYERERT MR, 255, o5 23 [EIFHE L7k | 201846 A | EWN
fili & B IRHFAEAT 2 N2 | BEERR, 2, =, VAT BND,
Ak (FEAFER) REJHIE EANuy=
IS RIT Y 7 o =7 | ABFER, A RHR LRk, 5 | 20186 A | EWN
LTI AT L—LT— |, BEER 23 [EFHE L
7 DTS < WA A TR SUER, Vol. 23,
EE AT (0 EHFER) E-05-04
RAGTEIC K o8B R AORME | AREER AT, | FHE LERS, | 201846 1 | [EN
OFERHAHE CE 2B | BEFER 23 [BIFHAE T
FHEET VO (DEHER) Al Am SCEE, Vol. 23,
G-04-04
Neural-net Prediction of Taichi ECCM-ECFD2018 2018 6 A | [E4}

Stress Concentration at
Fillets Using Stress
Distribution Data Sets of
Models without Defects (1A
FEFR)

Ymaguchi, Gaku
Hashimoto, and
Hiroshi Okuda
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Investigation of the stress Qi Wu, Long Beach, USA 20185 H | @4+
evolution of polyetherimide Tomotaka (2018 Society for the
during its forming process Ogasawara, Advancement of
(REAFEER) and Nobuhiro Material and Process
Yoshikawa Engineering)
Convergence Acceleration of | Mikio lizuka, 7th Workshop on 2018 4 5 A ESE4S
the PinT Integration of Kenji Ono Parallel-in-Time
Advection Equation using methods
Accurate Phase Calculation
Method (Invited)
An Investigation of Implicit | Chung-Gang Li, | XI-th International 2018 4 5 A ESE4S
Turbulence Modeling for Makoto Conference on
Laminar-Turbulent Tsubokura Computational Heat,
Transition in Natural Mass and
Convection (FFHFREZE) Momentum Transfer
(ICCHMT 2018),
Cracow, Porland
Bl & L— VO IZR | S, BOFE | 21 mEEISH Y | 2018455 A | BN
THA YA X5l (D8 | B, R, &tE | NPT L
) B, AR,
], B
Design Optimization and Akira Oyama Department of 20184 4 H | E4t
Design Exploration in Space Intelligent Systems,
Engineering (& I 7 —if#) Jozef Stefan
Institute
Evaluation of an Open-grill | Keiji Onishi, SAE World Congress | 2018 /- 4 H | [E4t
Vehicle Aerodynamics Yasunori Ando, Experience
Simulation Method Kosuke (WCX18), Detroit,
Considering Dirty CAD Nakasato, MI
Geometries (M5A%Z) Makoto
Tsubokura
Applications of large-scale Chisachi Kato IEA Wind Task31 + | 201844 H | [E4%+

computation to industrial

(AEARER)

problems

VIRT T A
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A Generic Framework for Hiroaki Department of 2018 44 A | [#H4+
Incorporating Constraint Fukumoto and Intelligent Systems,
Handling Techniques into Akira Oyama Jozef Stefan
Multi-Objective Institute
Evolutionary Algorithms (&
< S )
. AR HMEEEICRI D se
o 5642 LI it e
feodl 7= (ERER) JEFRA KA (pak . MRk A ) FEFR LTz R .-
Assessment of Rotating | Keiji Onishi, | SAE Technical Paper | 2019 4 4 H ESP4S
Wheel Vehicle | Rahul Bale, 2019-01-0660
Aerodynamics Simulation | Makoto
using  Cartesian  Grid | Tsubokura
Method and Open-grill
Full Vehicle Models
Effects of Moving Ground | Chisachi WCX18 Best Papers | 2019 4 2 H ESP4S
and Rotating Wheels on | Kato, Ryo Special Issue, Volumell,
Aerodynamic Drag of a | Takayama, 2018,
Two-Box Vehicle Tsutomu doi:10.4271/2018-01-0730
Takayama,
Yoshinobu
Yamade, Taro
Yamashita,
Takafumi
Makihara,
Yuta Saito
Investigation on | Deboprasad International Journal of | 201941 H ESP4S
optimization of the | Talukdar, heat and Mass Transfer
thermal performance for | Chung-Gang
compressible laminar | Li, Makoto
natural convection flow in | Tsubokura
open-ended vertical
channel
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Full Eulerian deformable | Nishiguchi K, | International Journal for | 2019 4= 1 A ESPYS
solid - fluid interaction | Bale R, Numerical Methods in
scheme based on | Okazawa S, Engineering
building - cube method for | Tsubokura M
large - scale parallel
computing
BiiMBEIZ k9% Parareal | fjigsI, /N | 5 32 MIRERIA ¥ | 2018 4 12 H | EW
B L DR FIEHR O | 3 RYT A
WEH)
FEEAMEMEE - AT | 19 RTEE], N | R R CE A205M7) | 2018412 A | BN
D w0 B | vIT—, | F)(2018)
Particle-in-cell £ MR EE, FF
A
CUBE: A scalable | Niclas International Journal of | 2018 4% 12 A | E4t+
framework for large-scale | Jansson, High Performance
industrial simulations Rahul Bale, Computing Applications
Keiji Onishi,
Makoto
Tsubokura
Kinetic energy and | Y. Kuya, K. Journal of Computational | 2018 4% 12 A | [#E4}
entropy preserving | Totani, and S. | Physics
schemes for compressible | Kawai
flows by split convective
forms
Wall-modeled large-eddy | Yuma ATAA  Journal, 56(6), | 2018 4F 12 H | [E4t
simulation of transonic | Fukushima, 2372-2388
airfoil buffet at high | Soshi Kawai
Reynolds number
Performance  evaluation | Kazunori CANDAR 2018 2018 4 11 H | E4}
and visualization of | Mikamai,
scientific applications | Kenji Ono,
using Pmlib and Jorji
Nonaka
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ChOWDER: An Adaptive | Kawanabe, 15th International | 2018 4= 10 A | [#E4}+
Tiled Display Wall Driver | Tomohiro and | Conference, CDVE 2018,
for  Dynamic  Remote | Nonaka, Jorji | LNCS11151, pp.11-15.
Collaboration and Ono,
Kenj
2-Stage Automatic | Kenji Ono, International =~ Meshing | 2018 4 10 A | E4}+
Parallel Mesh Generation | Jorji Nonaka, | Roundtable 2018
for Large-Scale | Takanori
Atmospheric Fluid | Uchida, and
Simulation Over Complex | Tomohiro
Terrain Geometry Kawanabe
JE i P Wi 14 @ Large-eddy | #4757 7] mizthy (AAFAY%) | 2018410 A | BN
simulation & T4 51 7B
~DEE
Stochastic Analysis of the | Yuta Journal of Earthquake | 2018410 A | [E4}
Kamishiro Earthquake | Mitsuhashi, and Tsunami, Vol. 12, No.
Considering a Dynamic | Gaku 04, 1841009
Fault Rupture Hashimoto,
Hiroshi
Okuda and
Fujio
Uchiyama
VA —LAZ— MESPUA | ERER, fF | AAGE TY2mICE, @ | 201848 | [HN
RIS S RETERMRAT | JEF0A, fA | 307 20180009, pp. 1-15
FiE 5, BHER
ChOWDER: Dynamic | Kawanabe, Proceedings of the 11th | 2018 4% 7 ESP4S
Contents Sharing Through | Tomohiro and | International Symposium
Remote Tiled Display | Nonaka, Jorji | on Visual Information
System and Ono, Communication and
Kenj Interaction
Influence of the phase | Mikio lizuka, | Computing and | 2018 /- 6 H ESE4S
accuracy of the coarse | Kenji Ono Visualization in Science -

solver calculation on the
convergence of the
parareal method iteration

for hyperbolic PDEs

Springer
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IRf R S RIE O BRI ZE | g RR R, /NP | 55 23 WIGHE LPiiaim | 2018426 4 | [EHA
BCR & FPR RS [ - A
Unsteady Flow Effects on | Tadashi Proc. ASME Turbo Expo | 2018 4 6 H ESP4S
Steam Turbine Last Stage | Tanuma, 2018, Paper No.
Blades at Very Low Load | Michio GT2018-76498
Operating Condition Ogawa,
Hiroshi
Okuda, Gaku
Hashimoto,
Naoki
Shibukawa,
Kenichi
Okuno and
Tomohiko
Tsukuda
Investigation of boundary | Wu-Shung International 20184 5 H ESP4S
layer thickness and | Fu, Communications in Heat
turbulence intensity on | Wei-Siang and Mass Transfer
film cooling with a | Chao, Makoto
fan-shaped hole by | Tsubokura,
numerical simulation Cung-Gang
L,
Wei-Hsiang
Wang
WLAERESE i LA v R | AFTRER, 6 | AT HEa5E (P | i E v =
AUCktd % CFD Ok ] TRIE )
High-Performance Kenji Ono Modelling and Simulation | Accepted [E4+

Parallel

Airflow for

Simulation of
Complex

Terrain Surface

and Takanori
Uchida

in Engineering
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1. ERBE

(1) BM - &=
KKk TIE R Y aHL e LT, AFETROT VXL - AENKIC L B8R 722 2 MERA IR - 7-
AVHEARNY —4.0 PHESILTHDHR, HOS< Y Ok= X MukR o Axtahiix Eiicir< 1%
EREWVWEWN S FERE (2012 FF/LH D<K D BEESR) LHRWVEBRE T, tE20HIRFITH 5 B 2
T2 EOEEMENEL KREL 2D 00h HRPUTEA, REME T, RS AEBRE D 5 %G -
MEICELETCOT RO, @ERT VA NFENEER L (HPC T V2 v =71 )
WCHY fTe, ZHUC KLY, SR =— X3 Lz, AHIMEEO @S D3 D 2K R b - i
FHLL, WAEPEEOEBH S RIGICERT 2, EEBERE RS a7 M2 B L 72 FiE
X, a7 F RV 7B DS3< Y | ELTHLILTWADR, ZDOEIMEFECEHMED E &M 72 RF
iz L7 RENEO IEME A &, 20 Z LIc Xk 2@V EREOHRETH D, Thabb, k-
R IED & X0, BEOEEBIREIZH T 2RO ARG Z RO BB CHEMT 2 &V ) ERE
FIEOER L . SBALHMEECET 2 E8E - SsREN Lo Z L LT oRET
ADEFHPMIN I D, ANERGEETIE, ZOOONENRFE LD, RitimA \a v ZH#E L
THBEERE Y I 2 b —ya v B RRT LD ERL TSV —ay - V7 Ny =T R T
%o AWFEBHFIIHRZ V) — FT2RRFMOE D5V £33 2 58 MES & LT T ERIE
U,

(2) MRARAS
a) B #

AREREO B ZZRT 570, TR OFmERATELNZY I 2 L—1y a UHIRREER % FIC %
YT A ORR\ L ED R ER M AR L, ChaEELT SV r—vary - Y7 hu=T
FEFCBRT 5, R, PUHEY (BT o 2o8E] b [BE e A0EE] © 2508 F
Y =L T Ty, BIEIZOWTIR, R e 28O0, £ HiR#EHRT T T
Y 7 —bREmEY I 2 b=y a VEGR (PTRRE A) L ENL AN AL T ORERWEIES AT
L (THE B~ 7HED) AR L. BEICOWTL, JREEDO L DS Y O E R D SIS -
ERENMT 7ot AOEBUCMLE /R I 2 L—X 2R T 25 (F7HEE, VP 7#3EF), ANEAGEE
Tk, BRI 277V r—var - V7 by T EKRAN [ BROERKL DS Y 2EFT5
X7 =77V r—vart L EN TS, 2hooT7 7 r—vay - Y7 hy=Tid, TR ICB
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