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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 Integration of developed multiobjective design exploration technologies and evaluation

on actual problems such as turbomachinery design

Technologies for preventing the deterioration of the optimization performance (loss of
diversity) has been studied and the performance of the developed algorithm was evaluated
using many real-world design optimization problems. Especially, (i) Improvement of
CHEETAH/R, (ii) method for estimating reference point considering constraints, (iii)
framework that promotes crossover across Rol (Region of Interest), and (iv) approach to
keep solutions outside Rol are focused. As a result, CHEETAH/R incorporating these
methods achieves good convergence performance. The turn-around time becomes from 1/3
to 1/30 on real-world design optimization problems compared with the CHEETAH/R
developed in the last year. Observation of solution distribution in objective function space
and design variable space also shows the new CHEETAH/R simultaneously improves
diversity as well and convergence.

b) High-speed computing technology

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

The performance evaluation was conducted on the phase field equations, which are killer



applications of the parallel-in-time method using nonlinear equation convergence control
method of coarse solver. In consequence, it was confirmed that the parallel-in-time method
can be accelerated a factor of 40 times on the Allen-Cahn equation and 14 times on the
modified Allen-Cahn equation with respect to the target of a factor acceleration rate of 7
times.
b)-2 Performance evaluation of a low B/F implementation of stencil computation
A novel iterative method (SLOR-PCR method) for large-scale sparse matrices
incorporating a direct method that can increase the reusability of L1 cache for multi-core
machines (SGI UV300) assuming the "Futake" architecture developed. As a result, it was
found that the L1 cache hit rate of 98% was achieved, and the potential of many cores could
be extracted to achieve 5 times higher performance than before. Currently, the actual
performance of "Fugaku" is being confirmed.
¢) Technology development for upstream design process
¢)-1 Design of a platform for upstream design process

The analysis workflow system WHEEL, which has been developed as an upstream design
platform, was used to demonstrate the analysis workflow combined with the multi-
objective design optimization algorithm CHEETAH as an analysis workflow platform for
the multi-objective optimization of the box fan design in sub-project C. In addition, the
construction and demonstration of parameter survey workflows for molecular and drug
discovery applications such as NTChem, VASP, and OpenMX, as well as PHASE/O, which
1s a priority issue 6, were carried out in cooperation with application users. The results
demonstrate its effectiveness in a wide range of use cases, including complex workflows
such as multi-objective optimization design and workflows for capacity computing required

by users of molecular and drug discovery applications.
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Fig. 4.2.1-1 Estimation of ideal and nadir points. Blue line depicts non-dominated solution set
without constraints consideration and orange line is for non-dominated solution set with

constraints consideration.
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Fig. 4.2.1-2 Areas in the framework of CHEETAH/R. (a) First, weakly-dominated area by
dystopian point is set as Rol and all the solutions in this Rol is handled. (b) Then, all

solution in the current population are handled.
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L— MREGEHRDL Z LN TEHRER LTS, £, CHEETAH/R TI3KMG TR &= EAT
RATREMRNZ < oD K 512, FATAREMEOHIG 2 BRI NP, Bz B BIEUE & Fr o fig 23
AT WEIT R TR DIRE 21T > TV DT 03 5,

11



e
Lo
<

o
b
N

CHEETAH N =32

CHEETAH/R N=32
B8 CHEETAH N=064
©-® CHEETAH/R N=64
-8 CHEETAH N=300
@@ CHEETAH/R N=300
B8 CHEETAH N=500

=
i
(=

Mean hypervolume values
=1
O

0.10 @ @ CHEETAH/R N =500
-8 CHEETAH N=1000
0.05 © @ CHEETAH/R N=1000
0.00 udpfL : . i
0 50 100 150 200

Number of generations
Fig. 4.2.1-3 Performance evaluation of CHEETAH and CHEETAH/R on car structure
optimization problem with various population size. Red arrow indicates that the
turnaround time of CHEETAH/R with population size of 500 is reduced to approximately
1/12, compared with that of CHEETAH with population size of 32.

30 40

(a) CHEETAH (b) CHETAH/R
Fig. 4.2.1-4 Distribution of obtained solutions by CHEETAH and CHEETAH/R on car structure
optimization problem with population size of 500 at the number of generations of 60.
Optimization direction is bottom-right. Gray is for infeasible solutions and blue is for

feasible. Red denotes non-dominated solutions.
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Fig. 4.2.1-5 Performance evaluation of CHEETAH and CHEETAH/R on turbine blade shape
optimization problem with various population size. Red arrow indicates that the

turnaround time of CHEETAH/R with population size of 500 is reduced to approximately
1/11 compared with that of CHEETAH with population size of 32.
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Fig. 4.2.1-6 Distribution of obtained solutions by CHEETAH and CHEETAH/R on turbine blade
shape optimization problem with population size of 500 at the number of generations of
60. Optimization direction is bottom-left. Gray is for infeasible solutions and blue is for

feasible. Red denotes non-dominated solutions.
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%, EOFHE LT Newton-Raphson {E%RI2E 2 5 L kO (4.2.1-1) EEiFH[5]. 2 2 TiX time
slice n @ Kpar[alH O HE TOKE, F. G IE Fine solver, Coarse solver & M-I 5D THD |
ZNZ 1T Newton-Raphson {EDFZEFH R QRS , EIEFE (FK) 2179, Uk
time slice n DAEIHED & KEEE £ CTORMBEEFHEZI1TH 2 L2 ERT 5,

T, Th_1

U = F(T, Toen UYL T 4 G0 e U — G(T Tt UYL ) (4.2.1-1)

Z DI, Coarse solver Tl&, FOKH AT » 7ME 6T>> 0 t % TR & ML T 5 7% DORFEAR
MEEHAUET I L0 . ZOFERR Te % )T 5, Fine solver D 27 v 7iiE 5t 12 X HE1A
Riff] % TrCFR, REMNESIF L CTOMEE o 1XRFRFT M 2 B R EGHE L 7o ALBRIRE ] 4 RE 0 51 5 R
DOMBEFE] CE>7-H D THDH, Z Z T, Fine solver & Coarse solver @ time slice 2472 Y DFHH
Bt Re=Tw/'Te=1/Q Rt % WM LER, Rie=06T/5t W% A EMARIL3E, @1X Fine solver &
Coarse solver D 1 A7 v 747 ) OFFEIFHI O TH 5, Reld Parereal EDOZIREHHE TSy O A ff
BRI NWNTA—H Lo TND,

F 72, Parareal {EDOUE & U CRAELZEA Lo Parareal 154 MEFEE B L 72, Parareal
IEIX, time slice DU ROMEEZ REE & LT IERIE TR OMEE % Newton-Raphson 75 CEH(b
L. EEMEE KD D, O HRADIEL O IEMRF RN AR 2 & 0D Z OFHRICKIBR T
o Tns, ZO7-H#E Neton-Raphson JEIZIESHREIELE S - TH LW, #&f% Parareal 75
X, £Z T, Coarse solver TaHA S HEIEBITNE « FOALE 21T R WINRM AL L2 b O
Thbd, T (4.2.1-1)% . Coarse solver 705 < HEE&IZHEHEE y 2 F 72 Newton-
Raphson EDEERICHEMREB 25 Z L12L 0 X (4.21-2) OXHICERELIZLDTHDL(6],

UfPH" = (]. _ﬁ)UfP‘”'_I —|—ﬁF(T", ?—'"_11 U;{fz;a_l)
+ Y(G(T"i’ TII— ls UKPW) - G(Tﬂ, Tﬂ'—] s UKPM—I ))

n—1 n-1

(4.2.1-2)

TR Y H UK LT 7 2= R 7 ¢ — /b W% USRI I & 2 W 5103
FEOS B 5 MEEAZ T O L5 it Lz, 7=—X7 1 — kA (4.2.1-9) & LT,
Allen Chan FFRi(X(4.2.1-4)) L &£ 1E Allen Chan S EU(G(4.2.1-5) & x5 & L7=[7],

9¢

5t :ﬂw{ (4.2.1-3)
fac(¢) = DV2p — K¢(¢ —1.0)(¢ — 0.5+ ) (4.2.1-4)
fuacto) = os ({7 = b2 =D 0.0 (1215

]
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15



Th D, Fig. 4.2.1-8 P OfE a NI RAEN — 7 DFTUI D HEM eNLTh D, fll b 1X, BIE Y AN
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Fig. 4.2.1-7 Problem setting: Initial value and B distribution.
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Fig. 4.2.1-8 Acceleration for Allen-Chan eqation.
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Fig. 4.2.1-9 Acceleration for hyperbolic partial differential equation.

TNHORER % Fig. 4.2.1-°9 TEIIRT, ZubH b, A Y v d Parareal D4 (Parareal
EDOFEF OREFMRE x=1) (FFREPTIRITHHEW TEINT 223, 8 Parareal i TI3FkAED L5
ERHITETND I &R0, L L, BERRZEORD & BT 5 E TlTide > T b8
b, LD D H OO, MOMFRIGEHR SIS CTEHMIT 5 &, KIS (5~10) ., #Z\VIEHCHEQ02™
B)THNER 2~3 1L AEETH VW (PinT201 7/ . PinT2019/iRL it AT = — K EXN/Aero (CK[E)
OFINLHEE) . T T — RIZbfAAENTWD, LIeR-T, 5tk, BoHICEbRET:
k%ﬁ#é

IR EIRDDTOD T L — LU — 7 [ZPERRETH 5720, Fa— MU TR B
%&m%7m77A)fﬁ%% HLHIEFE LT, O EED - (FRALHIR) . Pararael k%
DM LT3R 2R BRI E R s 7 = — X7 ¢ — L RIEZR G L U7t ks, 2R
RS 2 — FOREEE, £ L TR O S W7 e 7T A LIREET 5 6 o & AR
T2 FETH D,

b, A7y FOBRETHS THREFM (RFRNEAIEHRIC X 28 WEHRE L 7 f5200m
ﬁ)%ﬁw\%@&W%§<®%%Tﬂmﬂ%&7V~A7~7kLT%%L\&ﬁ?éj%%&L
tEEZx5,

Lte1E, Bz 7ok & LT, 2N E TOREOISAILR A Y | i GERIE) w7,
T2 RFOT D OEmBEERIEFE~EBEIE TV TETH D, £io. ZOMRREILENLTHD
2, 7= U= iz ERE (Fr s T 5ME) TRET D LR, v T L0EE kT 2
TETHS,

b)-2{EX B/F 7T Y XAD 5] LXLVOFHFEHETOX 7 —7 7 U ~D Ik & VEREFEAT

(&) OFAEO—201%, THEORBEHEEZ ZHFET L, Th b OFEERP PR T 2 fiFZE
MWZREL, BRONRT A =22 ROF 58 LR FIECORR D5V Ialb—varyThd, 20D
KO e FIREZ, WEROHBEHORNI T L B 26 TIXOIEATIETHH, £D—J7 T,

18



IO R & R CEITT 572012, @R RSN 5, RET DR FIETIE, K
B2 L0 b, MU B O R ZHET 5, Lo T, B—/ — FOMRELS S HT 2
ENEBEICRD, B OF7—%7 27 F %X 512 bit iFD SIMD, A =—a7 7 EICHRHMENRH Y .
INOOMEEE D L EHT ZEREHEIIRDL, 7T SV r—rarytfiEL TS m s
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Fig. 4.2.1-10 Reduction steps in PCR algorithm. Colors indicate different sets of equations in

Intel Xeon SGI UV300 SX-Aurora
Skylake-SP  Broadwell-EP A100-1
Architecture Gold 6140 E7-8880 v4 Type 10C
Socket (CPUs) 2 4 X 4 Chassis 1
Cores per CPU 18 22 8
Frequency (GHz) 23 2.2 1.4}
Peak? (GFLOPS) 5,298% 24,780 4,300
MMU size (GB) 384 12,000 24
MMU BW (GB/s) 255.9 1,360 750
L1 cache? (KB) 32 32 -
L2 cache? (KB) 1,024 256 -
L3 cache (MB) 24.75 55 16°
L3 BW (GB/s) 147° - 3320
0s RHEL 7.4 RHEL 7.3 CentOS 7.4
C++ compiler Intel 18.0 Intel 18.0 nec++ 2.3.0
Fortran compiler  Intel 18.0 Intel 18.0 nfort 2.3.0

Fig. 4.2.1-11 Specifications of evaluation systems.
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Fig. 4.2.1-12 Functional block diagram of the SGI UV300 system chassis. Four chassis are
connected by Numalink7 via HARP modules.
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21



i+ JACOBI 4 RB-SOR © SLOR-PCR
800

700
600
500

400

GFLOPS

e NNANNNNNNNNOOOOO OO

Number of threads

Fig. 4.2.1-13 Solver performance in single precision on Skylake-SP.
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Fig. 4.2.1-14 Cache hit rate for 36 cores on Skylake-SP.
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Fig. 4.2.1-15 Performance of iterative solvers on UV300. The problem size is 192 x 192 x 512.

22



W JacoBl [ RB-SOR [ SLOR-PCR O Bandwidth

450 900
400 = B B s
350 700
300 600
& 250 500
'y
S o
w 200 I 400 O
° |
150 g ¥ | 300
100 200
50 100
0 0

Number of threads

Fig. 4.2.1-16 Performance of iterative solvers and memory bandwidth on SX-Aurora.
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Fig. 4.2.1-17 Execution times among solvers for different problem settings on UV300.
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Fig. 4.2.1-17 Diagram of a workflow for multi-objective design exploration using WHEEL.

Root workflow

Sub workflow
(generation loop

Sub workflow
(concurrent job execution)

(a) A sequence of an entire workflow.

Fig. 4.2.1-18 A workflow for multi-objective design exploration displayed on WHEEL GUI.
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(c) Enlarged sub workflow for a generation loop.

Fig. 4.2.1-18 (Continued.)

26



WHEEL

hi= 3, FFB_BoxFan

(d) Enlarged sub workflow for a concurrent job execution.

Fig. 4.2.1-18 (Continued.)

FRFEFLIMNCE, AR T TV OXF Y R T 4 A Ea—T 4 VI HBROT—7 T a—
Z WHEEL CEH L, #5777V L U—27 7o —{#%% Table 4.2.1-1 (2777, 21 - AR TR
HHENDHY—r 7a—%, kil LIRARHEY — 27 7 0 — TGRS /N E < ST B E W
Va T e REIZETT L7 —A0% <, WHEEL b BB LT 52— AFr—ATHDLH-H, £F
BIOFELEE & FATITME R < FEhi & 58 T Lz,

WHEEL (Y —2a— RARZ¥EFTTHY , A—7 v VY —RAMIFTBEFHZ AR L 5]
BT AERIH S A ¥ ADTFT 27 VT4 B ZATORMETEL TN,

Table 4.2.1-1 Examples of workflow construction with WHEEL.
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PHASE/0 (%) RT A— Y —_ A
FAGRRE L Tinker, NTChem (3R) SYRLYYTY T LA F Rz b h o REYIEE
TOFA DETE
CafeMol (FRAZ/¥a) FYURZLFY—LDRMSDEIMED T2 D/NT A —ZH — A
VASP (hLKITO) TEBERRT—7 70—
OpenMX (R, FOCUS, R7UKRZ ho 57 K) HEEREBERAZ RS2 —5FBET—2RET -/ 70—
OpenFOAM (X, FOCUS, R7UFER 257 k)
RamDA-seq (Amazon EC2) RNAY =7 Y HHAD T — % OKERT
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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
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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
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) Design optimization analysis for industrial applications using fluid-structure unified coupled

analysis system

A multi-objective shape optimization analysis for vehicle aerodynamics in cooperation with
Mazda and sub-project, including construction of surrogate model by machine learning,
topology optimization analysis using Euler structure analysis method, WLTP optimal
aerodynamics design support analysis in cooperation with Suzuki / Nissan, an
aerodynamic body motion coupled analysis in cooperation with Toyota, and a narrow-band
aerodynamic noise analysis around the hood in cooperation with Suzuki, have been
conducted. As a result, in the aerodynamic multi-purpose shape optimization, we
confirmed that the same tendency of the objective function value as the knowledge
obtained in the actual design was reproduced, and that the constructed neural network
was valid. In the topology optimization design analysis, we obtained results close to
knowledge of the actual shape of a white body frame of an automobile. In the WLTP
demonstration aerodynamic analysis, a prediction result of ACdA was obtained, which
showed good agreement with the experiment, for a full-model CAD data group of 11 + 16
specifications. In the aerodynamic body motion coupled analysis, a steering stability
analysis using a hatchback-type real vehicle model was realized, and the results were
consistent with those reported in the sensory tests. In the narrow-band aerodynamic noise
analysis, we performed a large-scale analysis of the vehicle model and succeeded in
reproducing acoustic field based on acoustic feedback.

b) Performance estimation and speed-up of the basic application for post-K computer
Performance evaluation tuning for "Fugaku" for the incompressible unified solver was
performed. As a result, the performance of the entire program was improved 2.9 times on
8,192 nodes of K-computer. It has already been confirmed that the compressible solver has
the potential of improving the performance by more than ten times per node compared to

K-computer and by a factor of more than 20 if the parallel performance is combined.
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¢) Large-scale structural analysis of an actual vehicle model by a design system using the Euler
structural analysis method

A vehicle white body rigidity analysis was conducted in cooperation with Suzuki. As a

result, a qualitatively appropriate result was obtained for an actual vehicle model, and it

was confirmed that the calculation turnaround time could be significantly reduced by using

a large-scale calculation resource.
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Fig. 4.2.2-1 The geometry deformation parameters (left) and optimized results of Pareto

solution on 12th generation (right). Red dashed line is an expected Pareto front.
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Fig. 4.2.2-2 The prediction results using machine learning (left) drag (right) drag difference

between 0 and -3 yawing angle.
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Fig. 4.2.2-3 Optimal shape as a result of topology optimization to maximize absorption energy by

shear enforced velocity load (left), and its objective function history (right).

Fig. 4.2.2-4 Design area which surrounds a conventional white body frame (left) and optimal

shape as a result of topology optimization subject to torsional enforced velocity load

(right).
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Fig. 4.2.2-5 Instantaneous velocity magnitude Fig. 4.2.2-6 Comparison of drag delta of

on center section for small vehicle cases. small vehicle.
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Fig. 4.2.2-9 Analysis example of lane change maneuver (upper: CUBE result, lower:

motion analysis visualization result).
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Fig. 4.2.2-10 Results of roll angular velocity of vehicle motion.
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Fig. 4.2.2-11 Pressure fluctuation.
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Fig. 4.2.2-12 The comparison of the Frequency.
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Fig. 4.2.2-15 Analysis results by CUBE (left) and LS-DYNA (right) (Mises stress distribution).

Table. 4.2.2-1 Turnaround time comparison.
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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:
a) Development of flow solver with high performance on Exa-scale computer
a)-1 Benchmark test of tuned flow solver developed for speed-up
Benchmark test of the developed code was performed on FUGAKU. A single-node
sustained performance of 136.1 GFLOPS, which is 27 times higher than one of the old flow
solver on K-computer. A weak-scale benchmark test also confirms that FFB runs with a
parallel efficiency of over 90 % up to 27,648 compute nodes (1,327,104 compute cores).
a)-2 Development speed-up technic with multi-vectors

Speed-up technic with multi-vector operation was implemented to the IDR (Induced
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Dimension Reduction) matrix solver, in which production of matrix and vectors could be
done simultaneously.
b) Investigation for computing turbulence with high rate of convergence in large scale
computations
b)-1 Variation of the compressible flow solver for computing internal flow of turbomachinery
Density-base and pressure-base compressible flow solver have been developed in order to
expand the applicable range of internal flow of turbomachines. Internal flow of a blower
was computed with the developed compressible flow solver and the code was confirmed to
run correctly.
¢) Investigation of direct simulation of turbulence by Lattice Boltzmann Method (LBM)
¢)-1 Validation for computation of aeroacoustics noise
Flow solver which can deal with complex geometry and a large data up to several trillion
grids has been developed. The benchmark tests for wall turbulence revealed that the flow
solver could compute turbulence as accurately as NDS.
d) Investigation of wall-model large eddy simulation (WM-LES)
d)-1 Application of WM-LES to internal flow of turbomachinery
Wall model implemented to flow solver in FFB was applied to the flow around air-foil for

wind turbine and flow around a model vessel.
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Fig. 4.2.3-1 Sustained Single-node Performance of FFB on Variou CPUs.
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Fig. 4.2.3-2 Single-node memory throughputs (left) and sustained performance (right) of the

original and optimized core kernels of FFB.
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Fig. 4.2.3-3 Measured parallel performance of FFB on K-computer and Fugaku in weak-scale

benchmark test.
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Fig. 4.2.3-4 Snapshot of vortical structures near stern (left) and comparison of resistance

coefficients (right) in wall-resolved LES of flow around KVLCC2 [1-3].
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Table 4.2.3-1 Computational time nedded for WR-LES of whole TBL on KVLCC2 model vessesl.

K-computer Fugaku
Number of compute nodes 24,576 50,000
Number of grids per compute node 1.30 x 10° 6.40 x 10°
Node performance (GFLOPS) 5 136
sec/step 5.21 0.094
Computational time steps/case 32,000 32,000
hours/case 46.3 0'84.1 (50
min.)
node hours/case (NH) 1.14 x 106 418 x 10*

a)-2 HEA 2 M OVEHREEANE I B3 2 OFSERH %
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Fig. 4.2.3-5 Flowchart of matrix solvers for solving Poisson equation implemented in flow solver.
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caluculation.
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Fig. 4.2.3-7 Time history of sound pressure at the corner of a cavity in 3D acoustic benchmark
test with density-base compressible flow solver. (top: lumped mass matrix, bottom: consistent

mass matrix).
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Fig. 4.2.3-8 Instantaneous iso-surface of Laplacian of computed normalized pressure colored by
normalized static pressure, in benckmark test of flow around NACAO0012 with density-base

compressible flow solver.
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Fig. 4.2.3-9 Mean pressure coefficient (left) and r.m.s. pressure coefficient (right) on the airfoil

surface computed by density-base compressible flow solver.
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p' =c?p’ (4.2.3-14)
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Fig. 4.2.3-10 Conparison of instantaneous distributions of steamwise velocity in flow around
cylinder computed by imcompressible flow solver (left) and pressure-base compressible flow

solver (right).

Fig. 4.2.3-11 Conparison of instantaneous distributions of axial velocity in curved pupe with the
dummy impeller computed by imcompressible flow solver (left) and pressure-base

compressible flow solver (right).
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Fig. 4.2.3-13 Comparison of energy Fig. 4.2.3-14 Comparison of turbulence structures
power spectra in homogeneous visualized by iso-surface of second invariant in
isotopic with Re number of 121. homogeneous isotopic with Re number of 121.

(2) Cavity Flow
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Fig. 4.2.3-15 Computational model of cavity flow with Re number of 3200.
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Fig. 4.2.3-16 Comparisons of time-average velocity profiles at center lines.
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Fig. 4.2.3-17 Comparisons of velocity fluctuations at center lines.
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Fig. 4.2.3-18 Computational model of channel flow with Re number of 180.
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Fig. 4.2.3-19 Contour of U-velocity and iso-surface of second invariance in channel flow with Re

number of 180.
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Fig. 4.2.3-20 Comparison of profiles of time average (left) and fluctuation (right) of streamwise

velocity-U in channel flow with Re number of 180.
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Fig. 4.2.3-21 Results of weak-scale benchmark test of FFX flow solver on K with 30 million grids.
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Fig. 4.2.3-22 Comparison of computational grids for computing flow around car model with grid

resolution of 31.25, 15.63 and 7,81 millimeters.
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Fig. 4.2.3-23 Comparison of total number of computational grids for computing flow around car

model with single-level and multi-level cubes.
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FEhi U, sRRAIE 7 = — ROV 57 —F G LTz, ZHE TS, FEREHIPR 2551z Lz,
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a)-2 EAHK AV =28 1F 5 LES (Large Eddy Simulation) B[f€5 /L DBA%E & FiGE
WARIEE A B A IR D BER T 7 /L DO EIEFIEOMSE A2 I Lz, T Of5H, BEmIC#E g 72
WBOEEEZEZ DL L HIC, BAMIE I NT v 22 EE LR OBEIEE21T 9 FIEEZ B - 18
F L., PHELE ST IZ B W TIER O MR A1 & FAR O RINEE M AR 6 s =
LB ERELTZ,

b) R EFRFAMEL fiT O 5 BA 3

b)-1 F#H N7 = v MEHEIHEMNTIZ IS 1T D wallresolved LES 27— & X— X4 L LES BE

7 /L O TR EE AR RE
BEOAS « LA IVAEIZEIT D wallresolved LES 38 X OBERE T /L LES & D7 — X fi
MraSihi Uiz, Z O, @7 =y MRS - REKEMAT & B2, BEfEE7 /L LES 2374
JE T35 A0 BL A it e S22V T wall-resolved LES & RO TG E #Ri>Z & %%?EL
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DRIEHY

AN ZE R At e & LT IR REE S S o L— X ORES L E BB - BSE O ARG 0 2 E
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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
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, for the following items, we estimated the effect of the developed killer application
using the “K computer” level computer, estimated the application performance when using the
post “K computer” and acquired data leading to the outcome generation phase. To date, we have
confirmed that automatic grid generation and large-scale analysis have been performed by
achieving hierarchical, orthogonal and equally spaced structured grids for complicated shapes of
actual aircraft. In addition, the newly developed LES wall model succeeded in reproducing high-
speed buffet and low-speed stall. The contents of each item of the 2019 plan are as follows.

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

a)-1 Acceleration of cartecian grid based solver for post "K"
High speed tuning by using RIKEN simulator and performance prediction by pre-sharing
evaluation environment (prototype of Fugaku) were performed. As a result, the
computational speed of the killer application at Fugaku was about 20 times faster than

that at "K computer” per node according to the performance prediction of theprototype of
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Fugaku.

a)-2 Development and validation of LES (Large Eddy Simulation) wall model for orthogonal
grid solver
An implementation method of LES wall model on non-body-fitted cartesian grid was
developed. We also have developed and proposed a method to correct the eddy viscosity
considering the shear stress balance while giving an appropriate slip velocity to the wall
surface. It was verified that the log-law velocity distribution of the calculation by using the
new wall model, similar to that of the calculation with the conventional body-fitted grid
was obtained in the turbulent boundary layer analysis on a flat plate.

b) Design assessment technology

b)-1 Construction of wall-resolved LES reference database for fast buffet / slow stall analysis
and verification of prediction accuracy of LES wall model
We performed wall-resolved LES and wall model LES at multiple angles of attack and
Reynolds numbers. As a result, it was demonstrated that the wall model LES has the same
prediction accuracy as the wall-resolved LES for the average pressure distribution and
turbulence statistics in both the fast buffet analysis and the slow stall analysis.
Furthermore, it was confirmed that the Reynolds number effect, which is important in
design, can be predicted to be qualitatively consistent with the wall model LES compared
with past literature.

¢) Enhancement of flight safety

¢)-1 Construction of Flight Simulator Based on Nonlinear Flight Dynamics Model Database
and Estimation of Calculation Scale and Accuracy
A non-linear flight simulator for a small aircraft was constructed and its calculation scale
and accuracy were estimated. As a result, a non-linear flight simulator was realized by
combining the flight dynamics database constructed using calculations of all 330 cases
with the aircraft motion defined by three parameters, the database interpolation by the
response surface using the Kriging method, and the aircraft motion analysis. Good
agreement was obtained with flight test data using the small aircraft. At that time, we
gained knowledge on the accuracy of fluid calculation and the number of sample points for

DB construction, which are factors that determine the calculation scale and accuracy.

(2) AAEDOHNE
a) I - A LI AEAIT B O O B R BR A
a)-1 EASKE T _— 2 FE Y LR —D R A b T3] m ek
a7 PA N LR ELAOEEIETF = —= T
By X = L—# (1], ROSEHRGHMESRSE GUERE) 2R~ TRy (TEHE) L TorkkE
WMEBLOEENMT 2—=0 723 LT, ol B3 2 MEREITHEM CTh o720 | FIEKIC X
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LA Y — & % IO T AT O PR RERREE

WEAEREBHIE L7z LA ¥ —HF 2 W T BT 2B U CHERERGE 24T > T IRAID AT v 7L LT 2
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BT 72 5T FkE T A A O TR 2 5250 L7, LA Y& FI3Mmik &2 5828 5 T TfE
FRENTN D, BRI ORR, VA ¥ =T LR FRITOT — 2 MMNRER < FEfi T, IEW
(IR N CTE D Z L gl Lo, Fig. 4.2.4-1 MR (A& & LA Y —H&F) I J O
ZIRT,
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(a) Computational grid around NACA0012 (b) U-velocity distributions.

(blue: BCM grid and red: layer grid).
Fig. 4.2.4-1 Test calculation of overset grid method (layer grid covers the whole object, being

buried in BCM grid).

WDAT v 7L LT, BEICEHATA2BICEESND, 72T LA P—EF2MER S
TWB 7 — A TOMEEMGEZ1T - 72, Fig. 4.2.4-2 |ZHEMK T L BT R 2R, 2@ MD k-
o a— RIE (KMTENSATH) BB LR dm (i Fai 5 8BATE J5E) of
BT IV A YT RREINTWD, ZHLDr—ATHMERI A TE VDD

LSRR TE T,

Fig. 4.2.4-2 Test calculation of overset grid method (layer grid covers the part of object).

FREEEHIZ AR DG
WELEFE FEfi L 7= SRR 2 £ 7 v b L7z JAXA @ iiviee 7 v (F#E, KFEERHE,
JRE, TR b, SA m | BRAELERE, M ERE) (ST G R O RBROIER 2R AT, %

T BT SESEMN DRI A5 B AU FHE / — FEX 256 7 — K (8,192) 725 1024 / — K (32,768)
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\ZHER L7e, Fig. 4.2.4-3 IZEHTHRE RO — Bl 27, FHRESEFIL VA 2 VX106, < v 85002,
WA 7 FE LES BEET L, LA Y —HRFITHN TV, Fig. 4.2.4-4 [THE G OEVIC L D
NGO HHMEDENEZRT, BEREERR ET 5 & L0 RmBM ez bnTnd Z &b
D5, 45 (RO RN IXHUR CRORIR I Al RE e RBI T o 7o, TEIE) & AW fifhr Tik
8,000 fE A DMNT 2 T E L TV D28, ZHICIHANT T30 Tidd 5 2 et EHEOHE K I B
T BREEDAT 212,

(a) Bottom view. (b) Wing-to-body connection.

Fig. 4.2.4-3 Test analysis of JAXA high-lift configuration model (isosurfaces of Q criterion

colored by streamwise velocity).

70



(a) 0.8 billion grid points. (b) 4.5 billion grid points.

Fig. 4.2.4-4 Comparison by difference in grid resolutions.

a)-2 EARKEA VL 3—1Z81F 5 LES (Large Eddy Simulation) E[f-€5 L DBA%E & ML

AAEEIX, FFVHC-ACE THEH S 2 MIRIEE G B ASH F12451F 5 LES BERET LA BHJE L
2o WIS B F TIRRAFRID B [T - Shp iz, RIFRIDO T T —12 K o TREREL RIS
BV IR EB B ORI A A U5, BEEET /L LES TlX, SRR ERE O3 B340 A3
TR S TN T FEMERY 70 @J%@{mﬂj)\ﬁ)ﬁﬁ%&&@\ BEHET M Lo TS
Zoﬁi‘ﬁﬁhﬁmjj@@ﬁ% ZPET 2, RANS iV C b RERICEEmHET V&2 AW 256, BEm

W e 0 R A 5 2 CHENAA ZHIGIEET 2 2 & CIYIR R EB) &k A 2 Bl T &

D2 EDIRENTWS[2], ABETIE, MIRIEEAH 71230 5 LES BEE €7 /L & LT, BEmTE
VIREA G2, SIWSSINT o A EBET D FEOWERSE & FhE L7z,

F9°, BEEET VICATIZAT 9 72 Image Point (IP) LLFCiL., BEEET /v b (IP) D

HEANZ WD 2 & T, Fig. 4.2.4°5 O X 9 BB EEE AR 2R ET D Z OB I
BEMEIZH1T D180 i, & 5 2 D50 G2 LUTE O 0 R &IR LS, £/, IP tﬁi‘ﬁ@
FICIT 28 AR D0 GV E RO BERTE OEEZ R (R4.2.4-1) O XL 5 IZEE
T 5,

Ktmod = Heransfs + Heses(1— f)
max(y;p — V) (4.2.4-1)

fe=——————, Utrans = P(KYIP)2|S|
Yip
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2720, yplX IP @S, yl3BERE D O, plTHE, k=041, |SUTEAHET Y LDOKE
SThD, 2B, ZOMWMKMEIZHOWTIE ARSI OZITHEM L, DOV TSR
DY 77V RAT— Uikt E o2,

R oBEmRE RS E AV, Fig. 4.2.4-6 O X 5 7ot TRRICTR D722\ EOBE RS O fifdT A 17
ST, PR ERTRRO2TAEZ 15°L L, A DB 1L RescaleReintroduction 14[3] % vy
TH A%, BEERBIEHR—ZAD LA JVZEILT7.5 x 104, Eit~ v~ i3 0.2 THD, 7B,
BTNy KA — Uik 9V Tl Coherent structure model [4] 2 HWTH- 25, £7-, L&
DT, EFLOW D EE R L O OIS IE 2@ A3, @ O BEREFE AW E A
H1T o7z, Fig. 4.2.4-7 (ZBRHE O T35 7 EHEEuD 04 2 rd, W0 BER M2 V- B3
FEIBAEIREN B SN D DITK L, SREEER S TIIBUEIRE MR S v, BEFUE N ORA i
BTE 20125, £lo0 MtERX 7 — VRGO R EEu = u/u, B LV A 2 L T AWET)
—p UV Do A & Fig. 4.2.4-8 (TR, 7272 L. v = yuy /v, yIXBERE D D O MEE, u, (T EEEOHE
VIZEKEERR LT H D, BIRE LIRS 2 VD 2 & C, BEiRE S R IR S v, 20 fE (1)
FHEAHT) EIMWVERNGOND Z L EFRELT,

A IP
Yip
u
Inflow
----- Original velocity profile
= Modified velocity profile
Fig. 4.2.4-5 Partial-slip boundary Fig. 4.2.4-6 Simulation setting of inclined flat-
condition. plate boundary layer.

‘ ;;Im | 0 .

U/U. 050550.60.650.70.750.80.8509095 1

U/U_  050550.60.650.70.750.80.8509095 |

(a) Partial-slip boundary condition (BC) with (b) Non-slip BC.
modified eddy viscosity formulation
(proposed).

Fig. 4.2.4-7 Instantaneous velocity distributions over the inclined flat-plate.
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(a) Mean velocity in wall unit (dashed line: log law (b) Reynolds shear-stress.

u*t =log(y*) /0.41 + 5.1).
Fig. 4.2.4-8 Comparisons of turbulence statistics in inclined boundary layer with different BCs
(red lines: partial-slip BC with modified eddy viscosity formulation (proposed), grey lines:

non-slip BC, squares: results using a body-fitted grid (reference solution).
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(a) a = 3.0deg. (b) a = 3.5deg.
Fig. 4.2.4-9 Pressure coefficient along airfoil surface at Re. = 3.0 X 10® and M, = 0.73
obtained by equilibrium WMLES [11] (red lines), non-equilibrium WMLES (blue lines),
WRLES (black circles), and experiment (black triangles) [7].
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Fig. 4.2.4-10 €, — a curve (red diamonds: WMLES with equilibrium wall model, blue circles:

WMLES with non-equilibrium wall model,

experiment [13]).
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Fig. 4.2.4-11 Pressure and skin-friction coefficient distirbutions along airfoil surface (red: a =

13.3 deg, gold: @ = 14.2 deg, green: a = 16.2 deg, blue: a = 18.2 deg).
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Fig. 4.2.4-12 Integral relation of boundary layer along airfoil upper surface (dashed line, red: I,
solid line, blue: II).
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(a) Re. = 3.0 X 106, (b) Re. = 3.0 X 107.

Fig. 4.2.4-13 Instantaneous density gradient magnitude in spanwise cross section at M.=0.73
and AoA=3.0 deg obtained by equilibrium WMLES.
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(a) Mean pressure coefficient C, and time- (b) Distributions of pressure fluctuations. Top
averaged Mach number distributions. Top right figure: Re,. = 3.0 X 10°, bottom right
right figure: Re,=3.0x10° , bottom figure: Re, = 3.0 x 107.

figure: Re, = 3.0 X 107. contourrange of 0
(blue) < M < 1.4 (pink).

Fig. 4.2.4-14 Reynolds number effects on surface pressure coefficient and pressure fluctuations.
Red lines: Re, = 3.0 X 10°, blue lines: Re, = 3.0 X 107, black circles: experiment at Re, =
3.0 x 10° [7].
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(b) Pressure fluctuations.

(a) Mean pressure coefficient C.
Fig. 4.2.4-15 Reynolds number effects on mean pressure coefficient and pressure fluctuations

at a = 3.5 deg. Lines and symbolds as in Fig. 4.2.4-14.
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(b) Skin friction coefficient Cr.

(a) Mean pressure coefficient Cj.

Fig. 4.2.4-16 Reynolds number effects on mean pressure coefficient and skin friction coefficient

obtained by the WMLES at M, = 0.15 and =13.3 deg. Red lines: Re, = 2.1 X 10°%, x,,
0.14, blue lines: Re, = 2.1 x 10”7 x,, = 0.08, green lines: Re, = 2.1 X 107, x,, = 0.14).
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(a) CAD model. (b) Computational grid.

Fig. 4.2.4-17 CAD model and computational grid of airplane model.
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Fig. 4.2.4-18 Construction of Kriging Model.
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(a) Response surface of Cx. (b) Response surface of Cx.

Fig. 4.2.4-19 Example of Kriging-base response surfaces (8=0).
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Table 4.2.4-1 Specifications of UAV.

AT 1.5 [kg]

EPEE—2 2 b Ixx = 0.107 [kgm?]
Iyy = 0.026 [kgm?2]
Izz = 0.119 [kgm?]
Ixz = 0.00107 [kgm?]

Ixy = Iyz = 0 [kgm?]

FRVEBELE 0.216 [m]
EEmiE 0.426 [m?2]
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(a) Time vs. airspeed / pitch angle. (b) Zoomed up around T=160 — 165 sec.

Fig. 4.2.4-20 Result of flight simulation.
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(a) Flight data of real-world experiment. (b) Pitch angle vs. airspeed.

Fig. 4.2.4-21 Result of flight test.
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Fig. 4.2.4-22 Comparison between the flight simulation and the experiment.
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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 1s 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 FY2019, 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

It has been confirmed that the explicit nonlinear elimination and the multigrid
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preconditioning iterative solution developed in this project can stably solve contact
nonlinear problems of a scale that cannot be solved by the direct method. In this FY, we
applied the method to welding target problem and confirmed that the solution could be
obtained stably even when combined with mesh refinement.

b) Performance evaluation of parallel domain decomposition method for assembly problems
Though mesh refinement is required to obtain FE mesh with the required fineness for
verifying the accuracy of the target problems, existing MPC processing had been not
implemented assuming that the mesh is supposed to be refined. The mesh refinement is
performed in parallel with the distributed mesh after domain decomposition in which a
halo has been deepened where the connection is assumed to change due to elimination
process, so that a communication table can be re-constructed. However, the unexpected
connections may occur when refinement is performed. The domain decomposition program
and the communication table reconstruction are optimized assuming to be performed with
mesh refinement and a part of our iterative solver stated in a) also was optimized according
to the change.

¢) Accuracy verification for welding simulation of part model
After the basic enhancements developed to set up the heat input according to more
practical welding sequence and bead metal mesh settings, application to the two target
problems (arc welding process for super-large telescope base, jib Arc welding process in the
element test model of the climbing crane mast) has been proceeded. During the application
of these real-world problems, existing algorithm for nonlinear problems has been updated
by examining the instability and convergence. With these improvements, the welding
process according to practical sequence for these two target problems were simulated. It
was confirmed the deformation, stress / plastic strain distribution in the weld metal, the
amount of permanent deformation, etc. can be evaluated through this simulator.

d) Operation verification of pre/post program
Several functions of the pre-post program have been extended that enables the simulation
of the welding process, in which multiple analyzes are performed in stages, to be handled
uniformly in the pre-post and supports the setting of complex heat input conditions specific

to the welding process. The operation of the solver call from the pre-post was verified.
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Fig. 4.2.5-1 Overview of three pipes model.
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Fig. 4.2.5-2 Modification of input file related to heat input due to the mesh refinement.
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Fig. 4.2.5-3 Overviews of mesh models performed by mesh refinement. Upper left: original

mesh, upper right: mesh refined once, lower: mesh refined twice.
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Fig. 4.2.5-4 Comparison of temperature distribution. Left: obtained by original mesh, right:

obtained once-refined mesh.

b) 77 Y BB DA BEI S FIE OB REUE & S IVERE R b

ThE CHEMRIEICET oA BiCHED CTE S, TRy T U RBEA~ORIEE LT MPC Xt
AT o707, ZHUL, BIE Tl 7= B0 H B RIS < RIEMRE OB b BHEICEET 5 5 DT
&%, FrontISTR DK ETD MPC BEREIX, V7 7 A4 SND Z L EME L TORWIEREITR -
THH ., MPC CHBEIE RENEZITISRES. AL—7HiAOHBEMNEINLIZ LICLY, AL
— 7 HIENEFREZ LT L OISR L | v A Z —HIS DR TR, AWIZH S 7z & R 722/
PATHIDIEET 0 7 7 ANl D, ZDH, AL —7HiSAAEEE R (MhfE) ([SHEET 554,
B T E% ORIMEITSNCBI T 217817 MAFEEAT 9 T 0IZiE, AL —THAEOFEBIZBWT, /
TR AES 2 1 84 72 RS LEZBET — 7 V2 BT A LERH 5 GEZ 28R En-w»),
TOFERFEL LT, TEREETIE, SN—TF 4 ¥ a 7T K HHEES BT, MhEEN O X L— T i
AR LT, Ao T2 8BAI1TE. ZFOESITHOWTRFTHNCFER 2 R < 5 7417 > T,
ZOFEEDOAY v NELTL, BB BEEE CHLERITY = EE

K' =TTKT (4.2.5-1)

DEFFEICBWT, B HEEERICHMBEBOSNBELR &L L TREIZR D HIEA TOMEEEICBImS
TWAH70, ZOTH| ZEMESHEE CREBICMN. L CHRETE S Z &, £, 2078 =FEM %5
BT 2B, 2 DOITFHTHIREIC 3 EIT 2 BN 72 3 DDITHIOFEEZ —EIZFEA T 5 2 & 23 AlHE
R ETHD,

—H. V77 A4 EBETIHHEIT. V774 VLo TERTOEROY A ARY431T7e0 0 2K
LTI 4A3E, ST pHENLZ L LD, 20, HHEWESND A L —THiANE
R LT 2T, V77 A R LOGH LITR R > T %5 (Fig. 4.2.5-5), flisEEIZEM
FTREHRUTY 77 A CRITHIT D, ERELETIE, V77 A LW Z & anifEe LT, AHE
HEZROITHNCK T 2IBET — T NV EHTS > TER L TWER, U 77 A » LTEEGAITE, Z0w(E
T MIH IR B b D E D, o, U T A U0E, EESEIRETCIE R, OB A vy aE
BEAIA AT FIFHRIFIZAT O A T2, flfEIR OB X ONEE 7T — 7 /v OIE E X FEI 0 EIRF Tl
L WHEHERHZ, V77 A SN Ay = lZx LT TN LERH 5,

Z 20, SEB BRI A L — T RE D CHISEI A TR T O MMBRIIARE L 2 D 7ed, N—T 1 T3
FIZBNTZ DD DI ZAT> TV DLE A B LTz, £72, MPC ORI E B EHEZ1T 9 #

90



BT, R4.25 DDITH ZEE AT O BN H 503, HHEEHEEIC L > THZITHfER O/
i & U CHEIC 2 5 8 A BEFEOSMRE RIS E N TV D RIEN RN, ITFUTHIE A GRS
HHC, MENE U CHMBEIR 28T 2 MR H D, ZIUE, FEE BT 5720, 1741 =
HiEE —EICHET 20 TIE <, 2EIOITIITIIREZ1T 9 RE~ODEFEEITo 7,

Master Master

Slave Slave

—

—

N

PEO \ PEO

-

/ X

Fig. 4.2.5-5 Nodes where slave nodes connect through elements. Left: no mesh refinement,
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right: once-refined mesh.
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Fig. 4.2.5-6 Multi-loop structure of FrontISTR when considering both contact and nonlinear

material analysis.
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#i## stepcount(static), stepcount(heat), time in heat analysis: 1,9, 4.15403449E+00

Fig. 4.2.5-7 Output example of elapsed time for heat conduction analysis and thermal stress

analysis.
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Accumulated heatgain(global): 0.90653E+02 #Q
heatgain per time(global) : 0.18131E+03 #W

Fig. 4.2.5-8 Output example of heat gain and accumulated heat gain at each time increment.
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Fig. 4.2.5-9 Overview of 16 pipes model.

Fig. 4.2.5-10 The result of thermal elasto-plastic analysis (equivalent stress).
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Fig. 4.2.5-11 Comparison on axial shrinkage with previous studies [2].
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Fig. 4.2.5-12 Stress contour diagram in the direction of the weld line (components in the depth

direction of the paper are displayed).
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Fig. 4.2.5-13 Plastic strain contour diagram in the direction of the weld line (components in the

depth direction of the paper are displayed).
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Fig. 4.2.5-14 Flat panel and element test model constituting jib climbing crane mast.

Fig. 4.2.5-15 Element test model mesh division. Left: overview, right: focuced view near the

welding pass.
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Fig. 4.2.5-16 The result of heat conduction analysis Left: Maximum temperature history, Right:

Temperature distribution during heat input.

Fig. 4.2.5-17 Stress contour obtained thermal elasto-plastic analysis (equivalent stress).

'

Fig. 4.2.5-18 x-direction displacement contour obtained thermal elasto-plastic analysis.
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Fig. 4.2.5-19 Procedure for setting of welding passes in pre-post program.
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FEFE (2019 4FFE) FHEOFEEBIZBIT 2 EBNAE & REIILLTO®Y Th o,

a) (W 77AarEa—RIlBF5YVzy bV UiliihaxRe: LB BEE Y I 21—

g v OFEM

Structural Guide Vane (SGV) <7 0 X 7r— VBT VAR I 2 L—1 3 &2 FHe LTz,
ZOREF, TR LoULEHRECIX 1700 5 H HEHE T L E CETATRETH D . RA b [T
ZRRLIEGE, 7V 7L TE LV ARSI iR FTRE 72 91 (8 B M EEHIE 7 /L F CR#MT AT RE
ThHrZ EEHEELZ,

b) EREMEDREIZL DY =y b DU AR R E Loy I a2 b— a3 URERORGE
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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 FY2019. 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
Press forming simulation of Structural Guide Vane (SGV) was successfully executed by
macro-scale based simulator using large scale model of 17 million degree of freedom. On
post-K computer, it is possible to execute macro-scale press forming simulation with more

accurate resolution of layer level using 9 billion degree of freedom.
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b) Verification of simulation results of jet engine part by comparison with the actual size results
Micro-scale zooming-up press forming simulation concerning SGV in which boundary
conditions are determined from macro-scale simulation results was executed. Residual
stress distribution around actual size fiber was successfully clarified by representative

volume element level zooming-up simulation.
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MOTRINARETH S = ERRAE ST, U EOfEERENS, [H] L-ULEEECIIREK 24 8.
1,700 F HHAEHEET LV ETHRITARETH DL Z &b, A2 S 5] 2RI L7254, EE 100
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Three-dimensional press model

< j’&

https://www.ihi.co.Jp-/i;/f)r_oducts/air—engine/sgv/index.html
Fig. 4.2.6-1 Structural Guide Vane (SGV).

Upper surface :
displacement control
u; = 0 at all nodes

Press die

Temperature: 200 °C

=0

spring stiffness in
x, -direction on
bottom surface

;L
X3 X1

Fig. 4.2.6-2 Analysis model: 24 layers, prepreg sheet thickness 400pum.

Prepreg sheet (24 layer)

[0/+30/-30/0] Orientation angle

for x, on x-x; plane

Dimension: 200X 10 X350 [mm)]
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Fig. 4.2.6-3 Distribution of stress c11: pressing process.
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Fig. 4.2.6-4 Distribution of stress c22: pressing process.
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Fig. 4.2.6-5 Distribution of stress ¢33 pressing process.
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Fig. 4.2.6-6 Distribution of stress c12: pressing process.

Fig. 4.2.6-7 Distribution of stress c23: pressing process.

Fig. 4.2.6-8 Distribution of stress c13: pressing process.
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Fig. 4.2.6-9 Distribution of stress c11: cooling process.
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Fig. 4.2.6-10 Distribution of stress o2z cooling process.

Fig. 4.2.6-11 Distribution of stress o33: cooling process.
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Fig. 4.2.6-12 Distribution of stress c12 cooling process.
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Fig. 4.2.6-13 Distribution of stress 23! cooling process.
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Fig. 4.2.6-14 Distribution of stress c13! cooling process.
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Results by macro-scale simulation o
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Residual stress by zooming-up simulation

Fig. 4.2.6-15 Micro-scale zooming-up simulation.
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Fig. 4.2.6-16 Procedure of micro-scale zooming-up simulation.
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Full-scale micro-scale shpulation Macro-scale simulati‘tm

7" 13,404,207 nodes 7 1128,792nodes

75 MPa

Full-scale micro-scale simulation: Micro-scale zooming-up
applicable area extracted simulation

Fig. 4.2.6-17 Comparison of stress c11 between micro-scale zooming-up simulation result and

full-scale micro-scale simulation result.
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Fig. 4.2.6-18 Micro-scale zooming-up simulation: thickness level.
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Micro-scale zooming-up simulation based on simplified
asymptotic expansion: Representative volume plement(RVE) level
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Fig. 4.2.6-19 Micro-scale zooming-up simulation: RVE level.
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Fig. 4.2.6-20 Comparison of stress between thickness level result and RVE level result of micro-

scale zooming-up simulation.
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