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In this fiscal year, we designed an Al-assisted multi—objective optimization framework,
tuned the fundamental application on the supercomputer “Fugaku”, developed a technology
for constructing a reduced model with tens of millions of cells for fundamental flow,
constructed and analyzed a multi-objective optimization benchmark model, and mathematically
modeled the design space and selected target vehicle bodies. As a result, the tuning of
the basic application “CUBE” on “Fugaku” achieved 6.4% of theoretical performance in
single—core performance in simple flow analysis and 74% of parallelization efficiency in
practical analysis with 51,200 nodes parallel weak-scaling performance. Regarding the
construction technique of reduced order model, parallelization and distributed learning
were achieved on  “Fugaku” for faster construction of CNNs in a mode decomposing
convolutional neural network autoencoder (MD-CNN-AC) based on a larger number of modes of
flow field. Moreover, statistical data analysis of shape characteristics was performed on
3D models of over 100 commercial SUVs (Sport Utility Vehicles), and design variables based
on their features were defined. Furthermore, by extracting the shape features that

correlate with the designer’s intention, the prospect of mathematical modeling of the



design space based on shape characteristics was established.
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Table 2.2.1-1 Simulation parameter setups.

Solver type

Incompressible

Domain size

18.75m X 8.75m X 3.75m

Number of cubes

32,341

Number of cells per cube

16 X16 X16 =4,096

Total number of cells

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

Minimum cell size

1.2207 mm

Time step size

2X 106 sec

Integration time

2X10 sec (100 steps)

Reynolds number

2.572X 1086

Time integration scheme

Crank-Nicolson

Poisson solver

Red-Black SOR

Table 2.2.1-2 Scaling of time-stepping loop.

Number of Number of Number of cells Elapsed time Scaling
nodes cubes
100 32,341 132,468,736 22.92 s 100.00 %
800 260,331 1,066,315,776 32.63 s 70.23 %
6,400 2,082,648 8,530,526,208 33.46 s 68.49 %
51,200 16,661,184 68,244,209,664 30.92 s 74.11 %
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Fig. 2.2.1-2 Elapsed time against number of nodes.

100% Subroutine name Cost ratio
o tstep_lusgs_slts_mix 44.2 %
o field_intf unpack. edge_e
cns_absorbing_bc flux_roe_Im 17.6 %
7 field ck_e field_intf_unpack_e 12.6 %
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50%
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Fig. 2.2.1-3 Cost distribution in time-stepping loop.



Table 2.2.1-3 Simulation parameter setups.

Solver type

Compressible

Domain size

20m X 10m X 5m

Number of cubes

32,341

Number of cells per cube

16 X 16 x 16 = 4,096

Total number of cells

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

Minimum cell size

1.2207 mm

Time step size

1.0 X 10-4 sec

Integration time

1.3 X 10-3 sec (13 steps)

Reynolds number

1.1 X 106

Time integration scheme

Lower-Upper Symmetric-Gauss-Seidel

(LUSGS) implicit method

Viscous term

2nd order central difference

Table 2.2.1-4 Execution performance of kernel loop.

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

Auto loop fission 3.84s | 12.29 GFLOPS (1.60%) | 7.19 GB/s (2.81%)
Extract if condition 3.49s | 14.97 GFLOPS (1.95%) | 8.01 GB/s (3.13%)

@ Floating-point busy rate execution time
O Integer busy rate execution time
OL1 busy rate execution time

B4 instruction commit
B3 instruction commit
®2 instruction commit

5.0E+00 ton t ®1 instruction commit
BL2 busy rate execution time B Other wait
@ Memory busy rate execution time OFloating-point operation wait
B Integer operation wait
OFloating-point load L1D cache access wait (*)
B Floating-point load L2 cache access wait
| Olnteger load L1D cache access wait
4.0E+00 Binteger load L2 cache access wait
B Floating-point load memory access wait
(*)Include wait time for integer L1D cache access
3.0E+00 - -
Wait due to FP calc.
2.0E+00 5 g
Wait due to loading
. from cache
1.0E+00 -+
0.0E+00 -+ I-H'I E 7 I
Original Exchange Auto loop Extract if
collapse & " A
array fission condition
" . manual
dimension

fission

Fig. 2.2.1-4 Tuning results of kernel loop.
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Table 2.2.1-5 Weak scaling of entire training loop.

Modes Nodes Cores Elapsed time PetaFLOPS Scaling
7 768 36,864 196.6 s 0.26 100.0%
26 2,592 124,416 200.2 s 0.85 93.9%
63 6,144 294,912 204.7 s 1.95 90.7%
215 20,736 995,328 208.2 s 6.43 88.7%
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Fig. 2.2.1-9 Sideview of the investigated SUVs.
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Fig. 2.2.1-11 Principal components of the sideview proportion of commercial SUVs.
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Fig. 2.2.1-12 Scatter plots of normalized drag and lift coefficients,

and streamwise velocity distribution in the center of the vehicle.
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Fig. 2.2.1-13 Scatter plots of aerodynamic coefficients and principal component scores of

sideview proportion of SUVs (Red plot means the target vehicle).
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M. BT L— 5T —27 OF%E, ROEET 7V 0 TEH) Fa—= 7 %772, BRH
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=7 2oL, 7 A L L CilED, 7 L—AU—7 BRIIZFER L7e (BEROFEIT
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In this fiscal year, we developed (i) integrated simulation methods (in silico human
model that precisely reproduces human body morphology and respiratory tract geometry) and
(ii) a multi-objective optimization framework, (iii) benchmark tests and analytical models,
and conducted (iv) integrated numerical analyses and, and (v) these were implemented and
optimized on the supercomputer “Fugaku” . Specifically, an upper airway model from the
nasal /oral cavities to the bronchi, a lower airway model from the trachea to the 16th
bronchial tubes, and an alveolar sub-model responsible for gas exchange were developed
separately, and a prototype in silico airway model integrating each model was developed.
Benchmark testing of an integrated numerical analysis to predict the airborne transmission
and infection risk was conducted for simple indoor environmental condition. In addition,
a benchmark test of infection risk assessment in a music hall was also conducted. The
framework of multi-objective optimization framework was developed in collaboration with

sub—project A (For the detail of the achievements, refer to sub—project A).
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Fig. 2.2.3-1 in silico Airway geometry. Fig. 2.2.3-2 Airflow profile at bronchial pathway.
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Fig. 2.2.3-3 Particle deposition distributions in airway (d,=10pm).
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Fig. 2.2.3-4 Deposition fraction (%) as a function of Inertia Parameter.

W it B % 2 b S BTG A O ARLT- O _EXGEIC KT 2 1k E] S (Deposition fraction) 2% H L
72 BT, Kelly & OBFEAFSE & il L 7-#5 3% Fig. 2.2.3-4 (239, ABFFETHER L7= in silico &
EE T L& O KB PRI F- UL B PG BT in vivo 22 S TNT in vitro EBRFER & B < LTz
FERERL TN,

FRGEN S TRGE (REXH 16 0i%) £ TEHBLLCTER L7-#H7-72 in silico XUEET /LD 7 1
N ¥ A 7T L, KBRS 72 & NSRRI FEHBOARNT O 5T BEEFIEIC X 5 EBRE R 2 912
BHET /R E R B ORKGERETN~DEBRIC AR TH D 2 & 2 MEE LT,

(b-2) HAXWEBRT S TETILOER

AEEE (2021 4EE) 13 (b-1) THBAFE L7z in silico RIBTETI/VOE 16 DIk AE HHE T 50 7E5
V& LT, BT LIRSE T AL A BT Dt 7 BT VAR Uiz, MiBRIEER 23 Iy &
2D EAETE L, 16 43I0 6 23 Sy I & C OSBRI X LML B 5 R 2l T 22 ik O R 2 2
BEL L7z, et 7 €7 /L0 Tld, 03 EDR M L Z BT 2720, MildBMME 5 DIz
&2 &I, PRI PE S AT E D2 b 2 7 b L TR L7z, Ffifd¥ 77 L L in silico &
HEET NV EOHREGOME% Fig. 2.2.3-5 |2~ d, F7z, FEREZEICHE S MlREEE (L€ T VALK
% Fig. 2.2.3-6 |TRT,

il CO2 3 ED~ ANT o AR, il CO2 43 FEDILHUAFE, MBI NG C02 43 E5A, DEAR
ETFNAELLFIZRT,

dp,(1) _

Vs (f)T =0, (VP () +(B,, = Pyo)Vyy () + 0, (NC, (1)) (3-1)

Vi = 2L 3 (B (0= P,(e) (3-2)
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Fig. 2.2.3-5 Outline of gas-exchange model at alveolus.
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Fig. 2.2.3-6 Time series of alveolar volume according to the transient breathing profile.
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Fig. 2.2.3-7 Time series of distribution of CO2 concentration exhaled by the CSP model

connected with the airway.
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Fig. 2.2.3-8 Results of integrated analysis with CO2 gas exchange model with and without
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the airway model. (a) inhaled and exhaled CO2 concentration in nasal openings, (b) CO2
partial pressure in alveoli, (c) CO2 partial pressure in blood flowing to the artery, and (d)

CO2 diffusing volume.
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Fig. 2.2.3-9 Room model Analyzed.
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(a) (b)
Fig. 2.2.3-10 Particle Path lines for 30sec. (a) 1m physical distance, (b) 2m physical

distance.
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Fig. 2.2.3-11 Particle deposition distributions in upper airway.
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In this fiscal year, the selection of the target gas turbine, the confirmation of its
details, the trial numerical simulations of each component, namely compressor, combustor

and turbine, the investigation and selection of turbulence model, and the examinations of
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validity and accuracy of the detailed reaction mechanisms for hydrogen and ammonia
combustion using one—dimensional numerical simulations were conducted. The trial numerical
simulations based on large—eddy simulations (LES) were successfully carried out, and the
one—dimensional numerical simulation showed how the difference in the reaction mechanism

affected the combustion characteristics of hydrogen and ammonia.
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Fig. 2.2.4-1 Target gas turbine.
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Fig. 2.2.4-2 Geometry and mesh of compressor.
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Fig. 2.2.4-4 Mesh on 2nd impellor of compressor.
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Fig. 2.2.4-5 Geometry and mesh of combustor.
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Fig. 2.2.4-6 Fuel supply system of combustor.

Fig. 2.2.4-8 Mesh around auxiliary burner.
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Fig. 2.2.4-9 Geometry and mesh of turbine.

Fig. 2.2.4-10 Mesh on the exit plane of turbine.

2. FHRFIE, BTV, BLOGMH

AT ClE, TIRAEERZ _X—Z L L7- Flamelet Generated Manifold (FGM)3¥%5[4-3] % fv 7= LES
ZEMT D, FOMIEO KR HERIT, T o0, EHREOMIFEN, BESROMEN, KsiE
TERORAER, =2 2 E—DRMEFR, BEONOx DA TFRIO -0 Ol R THR S D,

HERFA

_32_



B . 9
a_’;+a_x]_(pu]) =

) BRI R

opT, | 0P, _
at ax]'

USRS PV

apz | pZu; _ 8 (-~ 9Z\ , 99z
e T ox, o \PP2ox) T o,

0

_ow 0 oy

ax]' 6x]- 6x]-

PO HEAT HE 28 s o

ope | 0pCT _ 0 (o5- 06\ | 09 o
+ _6xj(pD >+ 6xj +'DWC

at 6x]-

Cox,

T X)L E s

oph n ophi; _ ap
ot 0x; ot
NO #ik

9pYno n
at 6xj

9pYnoll; _ @ (;—vaﬁ5)+0w

~ 0p 0 A ve '\ R
+ Y dx; + 0x;j <<Cp + Prt> 6xj>

NOj -7
6x]- p yNO 6xj 6xj +'DWN0

(1

(2

(3

(4)

(5)

(6)

T, BEO—ILES 74 N E R L, ~E T 7 — T NV R EWT S, EitlmE L 0 SR

D P A DR 43 3 O P HEA T 5 B % T84T
N 2B, RS, RS, LERR A R 5 = & TR O T 21T 5,

1 IRITFIRERBEMENT B 5 572 flamelet 5

[Efit I L OV — B v OBh#E 2 5 efEsiIFEMER & L TRV, EBEREICE2 U A Tk
LTOELNEET, 2B, JEMER LY — 0 TSN Z 5220 ERE L, USRS 5Kl
EADEREZ 0 LT5, /o, Z—EEBRT R LR HEZE S RAEE L TRET 5,

RIS, BRBESS . X — B L OS2 DL FICR T,

2-1 JEHmksk

JEMERED BT S 23K 2. 2. 4-1 1T T,

Table 2.2.4-1 Numerical conditions for compressor.
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Table 2.2.4-2 Numerical conditions for combustor.

tET v LESUEH¥ER~ T Y  AXET L)
B A DA 2 WHEEE R |
IR o0 15 1 RAA T Rafiik
7 P ) 7 2.0X10 6 f
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Table 2.2.4-3 Numerical conditions for turbine.
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Fig. 2.2.4-11 Flow field in compressor (cross section on the rotation axis).
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Fig. 2.2.4-12 Flow field in compressor (cross section on the center of 1st impellor).
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Fig. 2.2.4-13 Flow field in compressor (cross section on the center of 2nd impellor).
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Fig. 2.2.4-14 Instantaneous reacting flow field in combustor.
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Fig. 2.2.4-15 Flow field in turbine.
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Fig. 2.2.4-19 Laminar burning velocity (NH3s).
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Fig. 2.2.4-16 Ignition delay time (H2).
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Fig. 2.2.4-17 Laminar burning velocity (Ho).

| e Exp.[17] Calc. (Otomo) Calc. (Okafor) Calc. (GRI) Cale. (UCSD) |
1000 . —— . . . .
Pressure A Pressure Pressure
- 1.4 atm o 10000 £ 11 atm 4 10000 £30 atm ) E
L2100 / {1 4 i 4
) [N ) ;
3y 1000 £ / 4 1000 £ ; 4
E V4 E / E -
2 ol 1 & > =
B & wop 7 i & 100f 7 4
(] Z (] (]
i~ 1 4 o el
g 3 " °® 3 g 10 b ~ 1 § 10 e
= “® g= = 1 =
gﬂ 0.1F o.. 3 gl) 1E / 3 gl’) 1E / ° 0
= = = 5= o
°® “ g ® ®
0 01 1 1 1 01 E . 1 1 1 3 0'1 E . 1 1 1 3
035 040 045 050 0.55 045 050 055 0.60 0.65 0.50 0.55 0.60 0.65 0.7
1000/T [1/K] 1000/T [1/K] 1000/T [1/K]

Fig. 2.2.4-18 Ignition delay time (NHa).
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Fig. 2.2.4-20 Extinction flame stretch rate (NHs).
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