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Previous Study

» Shape optimization problem to suppress the time
fluctuation parts in the incompressible flow

T. Nakazawa, Shape Optimal Problem based on the sensitivity evaluated by the Generalized
J Integral considering RANS and Snapshot POD, JFST (Recent Advances in Fluid
Dynamics 2018), Vol. 14, Issue 3, pp. JFST0015, 2019

T. Nakazawa, T. Misaka and C. Poignard, Shape Optimization for Suppressing Coherent
Structure of Two -dimensional Open Cavity Flow, JFST (Recent Advances in Fluid Dynamics
2019), Vol. 16, No. 1, pp. JEST0002, 2021

T. Nakazawa, Shape Optimization Problem for Transient Non -Newtonian Fluid in
Hybridized Discontinuous Galerkin Method, JEST (Recent Advances in Fluid Dynamics
2020), Vol. 16, No. 3, pp. JFST0019, 2021

T Nakazawa, T. Misaka, Y. Hasegawa, Optimal Design for suppressing time fluctuation
part of two-dimensional jet in crossflow, IJCFD, GCFD 2051496.
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Motivation

» Toward to compressible flows

OCompressible Euler equation
— Shock wave

OCompressible Navier-Stokes equation
— Turbulence and Shock wave

- Numerieal Sehams




NumencallScheme:

Mesh adaptation during a fluid simulation

Zoom on the adapted mesh
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NUmehcallScheme:

e let At be atime increment, N = T /At be a total number of time steps, t" = nAt
forn € {0,,, N}.

* Them we can consider a first order approximation of the material derivative at
(t, x) as follows.

— The first order : (1t order backward Euler method)

Do - p"(x) =" ()
Dt (x,t") = w + o(At),
y =x— Atk
aun—l un—l _ un—z
k~u"l+ At =ut 4 At————— =2u*r -yt ?
ot At

HIREA, ALLF - HitiRERERE—ERCS A, BORRTHRATHEEE, 76-86, 2012
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The characteristic finite element

The characteristic finite elemen

together with AMR

¢ (x)

" ()
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NUmehcallScheme:

. D oL L
Compressible Euler equatioh® "

Conservation? F. De Vuyst’s model
ap Da,
?+V-(pu)—0(1a), DD—t+V"u—O(1b),

u
OL:‘ + V- (pu®u) + Vp = 0 (2a), E+%|7ap =0 (2b),
J0pE D
——+7 - {(pE +p)u} = 0 (3a) —22 4 y¥-u =0 (3b),

Dt

at 2

| a, =logp,a, =logp |

On the interface of shock wave, the jump of p'and p is suppressed.

Ip:eap’pzeap |

The positivity of p and p is guaranteed mathematically.
1) http://www.caero.mech.tohoku.ac.jp/publicData/Daiguji/Chapter16.pdf

12
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Computational Model KENAZAWA

+ _Set functional for the density p in the domain Q(x) at t = nAt as follows,

L(x,t) = p(x)dx
Q(x)
e Derive the material variation as follows,

Lot t) = Ly, t — 80 _ Jo P @dx = [y "1 0)dy
At a At B

,where the time increment At is defined as

At =
qU+c
q:the Courant number, Ax:the minimum edge length in the shock wave,
U:the max speed in the shock wave, c: the sound in the shock wave

IR F

Computational Model [GNAAANA

UNIVERSITY

e Taylor expansion for p™~1(y) is leading to
P (y) = p" (%) — Atk - Vp" Tl (x) + o(4At?)
~ p"~1(x) — Atk - Vp" 1 (x) + 0(At?)

* By taking coordinate transformation between n — 1 and n time steps,
dy = (1- 4tV - k+ o(At?))dx

+ By taking integral for p"~1(y) over Q(y),

f P (y) dy
Q(y)

- f [p"1(x) — Atk - Vp" + 0(4tD)] (1= ALV - k + o(4t%))dx
(x)

- f [p"~1(x) — Atlk - V"1 + (7 - )p"=1} + o(4£2)] di
a(x)

13
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* Finally, a value of integral for the density is constant like

L(x,t) — L(y,t — At) _ fﬂ(x) pt(x)dx — J‘Q(y) Pn_l(J’)dy .
At B At B

*  Finally, we have

ﬁ [p" (x) —p" () + Atfk - Vp" L+ (V- k)p" 1} + 0(AtP)] dx = 0

N (x) p" (%)

¢
- p"(x) — p" ()
At

+k-Vp" 4+ (V- k)pm =0

+p" ka4 p" NV k) =0

\,(Rf\

Computational Model ICHN4AATA

UNIVERSITY

* Finally, a value of integral for the density is constant like

Lot ~ L.t —86)  JaeoP"®dx = Joo, p" DAy
At B At B

* Finally, we have
1
= Y [p"(x) — p" L (x) + At{k - Vp" ' + (V- k)p" '} + 0(4tD)] dx = 0
Q(x)
n(x) — n—1 x
=>p()—p()_|_k.|7pn—l +(V°k)p"_1 =10
n _ An—1
> M+ "1 yarl 4 pn (7 k) = 0

At
L ai - a (@)

+p" k- Va4 p" NV k) =0

a; (x) — a (y)
n-1 /’ nfl . —
>p A (V-k)=0
*  Finally, we have
ot ap(x) —ap~(y)

n—1 A =
e +yp" '(V-k) =0

14
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Computational Model KANAZAWA

UNIVERSITY

e Velocity
ut — un—l

At

n—1

1
p +p" k- VU 47t 2 =0

1
+ Based on the estimation point x" "z,
NEVINE W11 N
Vp Z(x 2) =|Vp" 2 - EAtk . V(Vp 2) + o(At?) | (x),
_1 1
dx"2 <1 —5AtV k+ o(At2)> dx™

By taking integral for p"~%(y) over Q(y),

S

1
Vp" 2dx""2
(x"_%) P

11 1 1
f vp" Tz -5 Atk- v(vp"2) + o(Atz)] (1 —gA4t7 A O(Atz)) axt
Q(xn)

fre

Atavp™\ At avp!
" —-— | - —V. n_ Apo Pl T 2 A
J;l(x") (Vp 2 ot > 7 {(Vp At— = k't +o(4t%) | dx

At At oVp"
[ oot - (Grvapnry -5 + o(at2)| ax

\,(Rf\

Computational Model ICHNAZAWA

Vp"‘% - %AtV . {(Vp"‘%) KT } + o(AtZ)] dx™

.':>

* Finally, we need to solve,

Du (x) At vy Atavp*

<1 T

ST . Hpray =5V ek} -5 5
. Du"(x) At

= p" I—Dt +p”l7a.,’,‘——2 V-{(p"Va;)kT}:O

Where
avp"
—r T V) + YY" ) = 0

ovp"
= dx+ | V(u-Vp")dx+ | yV{p"V-u"}dx =0
an ot an aon

avpn n n n =
= dx + (u-Vp") -ndy + y{p"V-u"} -ndy=0
. ot Lo -

avp"
=>f pdx=0
. Ot

* Finally, we need to solve,
L Dut ' ()
Dt

n

p +p"Va£—%V~{(p”Va,’,‘)kT}=0

15
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Substitute the above expression;
_, Du" () Y (R op" N\ puti(x)
Dt at Dt
-1 -1 -1
_ nDu” (x)—At day noq DU (x)
Dt1 © 2 Dt
Du"(x day~ L
(2 0y
Dun—l(x) n—l
— ot n_ __ n T
p D + At at (V \7 {(vp™k })
Dun—l(x) n—1
- 2
= Dt + At Vp™ + o(4t*)
Finally, we need to solve,
Du"'(x 1
i 71%( ) +p"Vap -S4V - {(p"vap)k" } =0
Du™1(x) da~! 1
n___ "7 iy npan _ . ny )T ) —
bt +At——Vp" + p"Vay =5 AtV {Grvap)k"} =0
Du™ (x 1
= p" 41”( ), {ap —ap~1}vp" +p"Vap — 54ty - {(p"Vap)k" } = 0

A5
C,“Exa
Strong and Weak form org; KANA

Modified FDV model with 15t order

Density:
Da 1(x)
-1 4 n—1 . —
1 — D +p" (V- -k)=0
Dan ( ) n—1 . _ n—1 . n—1 _ n-1p. =
= vdx+ | p" vk -ndx p" vk Vay ™ dx pt T k-Vvdx =0
) Q Q
Velocity:
ut 1 x 1
D—t() + {ap a,','_l}V;o7L +p"Vay —EAtV . {(p"Va;’)kT } =0
Du71 Lx
=>f ( J, dx+f {an —a,’,"l}Vp"-vdx+f p"Vay - vdx
Q Q
1 1
——Atf pn{m;(k.v)}-ndy+-mf p{(vap)k" }: 7" dx =0
2 Jaa 2 g
Pressure:
Da1(x)
n—1 (4 n—1 . =
—Qpr T (k=0
Da'(x
= f p"“Ip—()w dx +f yp" lwk - ndx —f yp" vk - Va{,'_l dx —f yp" k- Vvdx =0
Q Dt 20 Q Q

16
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Riemannian metric space  KiNA7ATH

The density and the pressure transformed by Logarithm conformation:
a, =logp,a, =logp,
The velocity:

Riemann Invariant:

The Entropy:
l()g1 =ay —va,
pY

The Kinetic Energy:

1
E|u|2
The Enstrophy :
2o xup
2
Finally, we use
2 p
@ = {ap,a,,,u,u inlC'ﬁ'a” - yap}

Modified FDV modeks & IR
a,,u,a, for [P2-P2-P2]"  KENAAAED

Ax =5x10"%q=0.5
Velocity Density

17
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Table 1. The number of vertex NBVX in the initial domain depending on Az = 0.004, 0.002, 0.001, 0.0005.
Az =0.004 | Az =0.002 | Az = 0.001 | Az = 0.0005
1506 3006 6006 12006
Ax Density | Velocity | Pressure | Momentum | Total energy | Entropy | NBVX
0.004 | 0.3981% | 0.4311% | 5.05% 0.1767% 0.09310% 2.8024% 444
0.002 | 0.3496% | 0.4421% | 5.22% 0.1804% 0.09308% 2.8561% | 1014
0.001 | 0.3201% | 0.4481% | 5.30% 0.1830% 0.09309% 2.8799% | 3156
0.0005 | 0.3024% | 0.4477% | 5.31% 0.1825% 0.08872% 2.8720% | 9608

Comparing the number of vertex NBVX of the initial domain as shown in Table 1 with
that of the domain at the time ¢ = 0.2, NBVX on Az = 0.004,0.002,0.001, 0.0005 arc decracsing
up to 29.4%,33.7%,52.5%,75.0%. Especially, the density and the momentum, the inertial energy
considered on the conservation system of the compressible euler equation are decreasing enough.
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Riemann Metric Space Candidates NBVX The density
(Relative Error) (Relative Error)
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The kinetic energy: %plul2
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The Entropy: logpy

. . 2
The Reimann Invariant: u + —G

y-1

2 p
Y C:pylap - yap

p

pY
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9085
(75.6%)
1343
(11.2%)
1509
(12.5%)
2338
(19.4%)
838
(6.9%)

1964
(16.4%)

0.005624
(0.302%)

0.005624
(0.302%)

0.005642
(0.305%)

0.005642
(0.305%)

0.005642
(0.305%)
0.00561
(0.424%)

0.005643
(0.312%)




YR
Riemann Metric Space Validation™

ap'ap’ul p,p;u:
NBVX:9085(75.6%), NBVX:1343(11.2%),

The density:0.005624(0.302%) The density:0.005642(0.305%)

C o NN =
Riemann Metric Space Validation™

p 1
p:Pu:_‘+Ep|u|2

y=1 The Kinetic Energy%plulz,
NBVX:1509(12.5%), NBVX:2338(19.4%),
The density:0.005642(0.305%) The density:0.005642(0.305%)
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. r
The Entropy: logpy,

NBVX:838(6.9%),
The density:0.00561(0.424%)
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YR
Riemann Metric Space Validation™

The Reimann Invariant: u + —c,
14

NBVX:1964(16.4%),

2
=1 pY

The density:0.005643(0.312%)
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p, p, u,NBVX=1343
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08 | s
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1 1 1 1 1 085 1 1 1
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25 1 1 1 1 1 0.1 1 1 1
0.17 0.175 0.18 0.185 0.19 0.195 0.2 0.3375 0.35 0.3625
X X
E o NN =
. . N A7
Compressible Navier-Stokes‘eq."™
* Logarithm conformation representation in compressible Navier-Stokes equation is
— Density:
Da~1(x)
n—1 P n—1
—— V-k)=0,
or TPk
— Velocity:
Du™t(x)
D—+{1+a —appt —EAtV {(Grvap)k"} =V 0",
— Pressure:
5t Vi
=l D +yp" (V- ut) = (y - DVuw:o + —— RePr exp(az, - a,,)V(a,, - a,,)
,wWhere

a=: <Vu +(vam)' ——(v u)1>
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Viscous Sod Shock TubeR ojﬁm,ﬁz
Re = 200,q = 0.6,Ax =1 x 1073

Density profile
Density distribution att = 1 on the bottom wall
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100 |-
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s |
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40
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03 04 05 0.6 — 07 0.8 0.9 P
Physics of Fluids. 2018;30(1). doi:10.1063/1.4998300 y
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EREFMESA— bTra—2)c kY REEEERT B,
L .
% C< >-»:>
It X m oty

Input data

' Material distribution is regarded as
image data

VAE
mininize. Le(0, 6:X)
i

L= >Z<‘ togl(e"Y) — 'Y - (6P)
v Same size with output data

X0,y ¢ BV HIXO v
24 ool RS N> N

v Promising data are fed to train the
neural networks of encoder and
decoder.

6, : Parameters of neural networks
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[Yamasaki et al.

—

Iteration
v

LLL

2021; Yaji et al., 2022]

Hypervolume

b s
=

L]

FHEE RREREE

#iR

REODBEOTLTY XL E L THONZNSCGA-IDBFURIEICL Y T Y — MR
% BT B (Deb etal., 2002)o
°r O Suvived (P}
A AQ B Rejected
L
° a
E - A A
& g e
A L
min Jy minJ,

Bl 2 T4 DTODRBITHTISTOOEEBIML, ZDFH 5T %RK

ERER

PlRE : RXRERIVEZ BR & L ELREMmERE

ERDBR LI EEDRIEN Y HNESESAVL D IC
T =R e AT,

WA TETWEWHES

Vxe D

KRGO T CLFREL 2T

Jo (1= Iv6x) = ver)]) d2

<
dﬂ Nsmls

Gon (V. V) =

I

BrBIE

)= max{T(x) | ¥x € Oy}
b= pdr dr
= [/,

FFEE TV (k€ turbulence model) ————
(V)= —Vp+ V(25 + VT

R=2TL— b OBKEE
Enifi%k

J

=9 ([ m) v7) =5

Mﬂﬁiﬁﬁ@tb@?ﬁ%nﬁ)ﬁﬁfTﬂ« Zreoetal, 2018 ~
V- (~a;'Vp) =0 %

u=—q'Vp
pCu - VT = kV2T + BT — T)

5%

WL ETN& FHEET IV
5 RE{LETIL (2D) 9

lso-cortour of flxf =05
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Jp K= 2T L FRARE (K)

BLHEE

L YIEIE
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=== _ﬁ\ =

Itr=0 Itr=8 Reference
(J1:310K,J; 1 1.42Pa) (J;© 308K, JZ 1.22Pa) (J; : 310K, J, : 1.23Pa)

E - EEEBS .JTML)

[Luo etal, 2024]

3. FEOBRICEIFF-RIEDEY A
> BEERITRICL BN EHORX
> RBIT — ZRATIC & B 17D DS HRIE O T

EEE L S
EEE L
144 €
1444
XX 2

LA L E TS

[Solomon et al., 2015]

w EETFIL(VAE)ORD Y ICES £ E5452 2

RESXIC L 2METHOER EFHET IV DOBE

[Kii et al., in preparation]

P (,y)

1 #HpO & HR S HpOICERILT 2« 10y ﬁ
roy)dedy

2. BHOEN/p@ICHT % WassersteinE Lg% 5HET 5 ¢

W2, (prp2) = _inf [/ e
et ) (S xrn

~ mal dn(er,z2) — cH(m)

g:=argminy_ aW3, (p, i)
R

glz.y) -
Yma

3. B onfgx R L THRSHyIcERT S :

ﬂﬁ@z >.@.

yo ¥ = 050k BRESA v > 2 L CHE

z,y) =
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ARAEBO M RO Y —REL TR/ ONIHHERIC L DIREE (£

. T& : ZfEf)

uu.?ﬂ’fﬁ

ZERE L RBHRG0BE)

stein interpolation vs VAE
hypervolume: 1.37 vs 1.17)

xInitial
4 Optimized (VAE)
© Optimized (Wasserstein]

SR D EBRIFHEZ H AR A 7 ZRIRIR(F

ERHTILTY XL TRBESOSHRENER L LD H
IFERETEHZER & BNBERZEROSHEEAIE L AW

BERTORELHET
ENELDH B,

ol R EREETRERBOICENT D
BREKEERHE Y Ab DAL, 1

wﬁ%@@mm;wjufouEm%& ]
THHEMEF@ET 2. bRV —gBT
IFERRFTE MR T HRIMEZ AT R &,

e BMAI2EHTCRBEE 7 ELThE LR
RAEMBDPHICHVED D, SHMEEEY)
I EHfi T & 2L,

SO

L2FEBEIE A & L ASHIARE 2 12 L i 01

WFTD/ RECRSEHEO T CHHARERLTH TS 2RNLRFXIE

V=L TH D,
e MRV BB ERNID, TOERE LS FRRICHITIMBERENTH
b1z, SEBN LT — 2BBRFEN—DDOREOICAYES

e fRERE  HIERE ORFRE
Life) ~m ER8

%t (Control Co-Design) > A T 4 # (Artificial

Destgned soft body

Desired dy mansic sk (€., horimatal movement)

[Sims, 1994] [Yuhn et al., 2023]

“Data-driven design”#* & “Data-driven morphogenesis”~
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AR EE
RBRFRFBEEEE TR ZERE

WA, FERATRE R R IChT AL X —DEAHOBS S, EEMEEZHNE L
TSR R AR R OB EAZEICE T o TV 5. BRI S OHRIKIC X 2 A% %
S BEWEER D X 52 2 BRI BB HORE HARICB W T HEELRFETH D, HHH
MREDO IR 2 L2 b -6 F e I3,

ALEF R, BXUOWHEOERICE W TEEREEZH S ELR M - T3l - HlE, T
DY h T 2 EBERFRHEETH D, ENNDZ  OMFEEIC L DRI
FEHPMTHONT X7z, FHOAE, FHEMREMOREIC X D KEBBERT 2 REL ko7 2 &
T, AL OB IREREEELIRICB T 2 M E 2 bV — 27 2\ o AER RS O PR DS
HEATWS., X512, MKEE)E RS % Navier-Stokes TR D IFRE A fEDELIR DI
EBLOHGEEEZEE T2 2L 2D, 20X D RAEICHED ELIR OB
(72 RN DR AT T WS [1].

AW TIE, ZFLERTHREINZEEED X 5 2B E2E T2 mcERL, T
MEMREZIH O L. BRI, ZFLUERE 2 553 2 B @B S 2 F v 72 E A
P32l —Yav 23| BLUEREEML, BEHOZILIEICRER 3 2 KBS (KK S
Va—24, KBV T5mE) OBl X b, BAMRS X CEHHRO ©5 518 0nwT
b FEMPRE (BEE PR REATA D BURERIIKTE LR WARE) 2R LA e 2 RE
L7z, 2512, B#EEEEMZ S Navier-Stokes FIERDIFRIE AL (EHE) 2 KD 2 Z
YT, KEUERGE © SR O B R % EERIICR L7z [4).

OO (IR 2R 27712 & - THEI X 1% 0HR) 12D\ T, Boussinesq A2 (IE
JEA#E Navier-Stokes 77 A2 -+RE OBTILRUTER) O 3 TTE WM<V F R 7 — 2R
L, BLROFFEHEEE X OMeNEIZHER T2 e 2RA L 5], /2, ZOKFEEHORK
HLEIT5 22T, AEMHPEITIKE L D SHEFICHVWAGELER T2 /AL
X5, WA OKEAMOBES) OEAIC LD, BcE ) 2 8LIREE 2 HlfE LS 2
ZeERRT DI, BREDIR WA RS 2 2 & T, M THEERCEELED
A[HETH 5 Z e LI L.

AFFRDERL, RO HTERXOIFREALICED L 7 e —F Or[gEEZ "I L &
b2, HEHEMREDOM LICHET 2 @R OBIEMOMAMBICH LWEME D 267
oINS,
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Ui, mRMeEZ BRYE LIOREflEsiiio®E

(Heating system for home

\__Ref: https://blog.softinway.com/

N

(Air Conditioner

Heat exchanger

Pipe for
refrigarant

.

Ref: https://www.sugilab.net/

AEE-TW5
1

(Automobile Radiator

(Computer Cooling

(Power Plant

Ref: https://www.fusion.qst.go.jp/ITER

L Ref: https://www.intel.co.jp/ ) (U Ref: hitps://www.bbe.co.uk/education/ )
ALk Ve
i D h L Y F
Flo_v)vE 4 ' L > Q¢
-1
% s R R AT 10 .
Re yl’lOldS%Z }_l_?ﬂ‘x N3 E ;ﬁ Laminar flow
up D 2D A
Re _ b )\ 20 p; \Rteynolds (1883)
1% L p’u b ° %L >) IU Turbulent flow
- "'o.... ﬁ‘m
w= 2 mENEEE A T
b= 7D2/4 B IR “e-q.
. "‘
Qr. e p A
) } . _ —1/4
D AENE v DR # A =0.31645e
\ A = 64Re (Blasius law)
L:RBERE 10°
- 10 10° 10°
Ap=p1—p2 [ ENEK
Re
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=) Ty b (RNAROHMMEE) (C&DEHRIER

Bechert & Hage, WIT Press (2006)

>fZEH % AL REERARICE LT,

15F °
S 1o} oo Walsh (28, 1552 A8 #12 %ORER LHR
B % | 2 5
A St v, V7 Ly |~74)|,A(3M?

Present oil channel
data, o = 60°:
4A,5=3.04 mm

+, Bechert, etal. | =3 £  5=61
(1987), a = 54° o Wa—0.l B
19 1 1 1

0 10 20 & 30 40 50 Ribletfim
Bechert et al., JFM (1997) Viswanath, PAS (2002)

&L 37 o il D 6/29
>EBEmETAMELRPOMkFREE

WAKE

BUFFER

logy+

Motoori & Goto (2019) Robinson (1991) Jeong et al., JEM (1997)

> OppositionfllfEl (Choi, Moin & Kim, 1994)
—»%ﬁtﬁ(,ﬁnjiﬁlﬁ)%:—ﬂé,ﬁ‘g*; 51z *ﬁJ:(DlUE%tH L - BUVAG % il

HIE A L

& Y

Wall-normal

Virtual
| _sensor plane

Local wall blowing/suction

FR, mh 1 (2006) £ Y 0 s 10 15 0 Hammond et al., PoF (1998)
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BEILTOB O
(SSP: Self-Sustaining Process)

Streaks

advection of instability of
mean shear U(yz)
SsP

Streamwise exp (i 0Lx)
vortices mode

>~

nonlinear
self-interaction

g

R

5 FAsR

W Py — B 18 ELTIkRE
Waleffe, PoF (1997) :
(TR [ELAEORZ| (BE)EY) 2
TR EL & Boussinesq AR DA ZE i 8/29

Rayleigh—Bénard¥1iiic BT % 3 RITE S
Motoki, Shimizu & Kawahara, JFM (2021
2 3 RTFEERR Rk EE
" NusseltH( B E A o) ' \
o G/ (0ey)
KAT/H

BREEBR|

i

71 == 71)

Nu = 0.105Ra"*"*
EARERT—2)
(He et al., 2012)
oEHF(YIalL—vay)

T =T, + AT

7

) 100 3 .4 .5 6 7 8
: ¥ 10 10 10 10 10 10
Rayleigh#¥ Ra
3 . .
Ra — gaATH Boussinesq 712 2,
VK
" — V-ou=0 IRTEEME
Prandtl#{ |/ -2 ou 1 ) TR B
Cp  EELLH — 4+ (u-V)u=—-=-Vp+vViu+gaTe,
pr_V o : HERRR ot p
r=- v IR or )
K KRB IR ot T V)T =aV'T

000
000 025 050 075 100
=/H
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& IRILF—RRY bL|z=H/2

EXF R ELIR & Boussinesq AT DAL i
SATESRICETZBD
o MRIERT—IL

107 16" ‘ 160 10!
| ‘ o
Ra = 2.6 x 107 M. BINBRT—L € THRLE—ERE

ALRaEE 10728
= P1 I P2 |
Flow lD ! I -
T;n 0 = bu %ﬂ, Tu) Tout
Stanton#X St = 0.023Pr 06 Re 02
Gt = G B Nu (Dittus-Boelter equation,Pr = 7.0)
pcpubAT PrRe 5 . EEE ‘X_-_ EL/}IL
10 - e SEmg
Gqu = prCp( out — zn)/Ah : Eﬁﬂiﬁﬁ St ' h
T’in : /}IL%]\ [ /ﬂﬂg t
Tout: /}Itl,ft%ﬁ - ;JJE:III}_E AT = Tw—"Tp
Ty - BEERE eeﬁﬁ
. ER —1p —1
Tb = Tzn + (Tout - iz—‘zn)w/Lh- %qui/;j;r?lg /St = 463P/(,1P R,?O)
r="1.
An: {Z TS 10753 TS 10’
Ly: AR S Re
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>ELAREMEZEICBWNT

Y Useo Yy T St ~ Pr~2/3¢; (Chilion & Colburn, 1934)
Flow
E::$> “ T ] rf“"*”T*****”‘*"**'
du aTr R ey 1
To = My ==, RS R . i:ggs,:z:';;‘j‘:;” o
el % vl Lo g e, s |
& “ | 'Ir ESS YE XPERIMENTAL RESULTS ’
T £ HH TTTT
7 et 1
" k2 e 81
BRI Stanton#X |
(FERTBEmE RIS TT) (FRTEmARER) NN
Tw quw
cr = St = .
! pUZ, pepUsc(Tw — Tio)
Dipprey et al., IJHMT (1963)
BEEmMEHL - BULIARIC & B EREVRE D HIE 12/29

>ixiE 7 4 — F /3y 27 #l{#(Yamamoto, Hasegawa & Kasagi., JFM, 2013)
Opnileonsl] > 2 SEE ) A F
= (BEELETOREEHRRE)

] 1.0
| H  u
- 0.1
2 4 6
X

>EEE TR 2L -0

B TOREEE EERE

v, = ¢ sin {i—j(x— Upt)}

s
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MacDonald et al., JEM (2019)

0100 - -

Cf St Tube

ptee/D

[ cp o~ Reo(:-const.

I &/0 Relative roughness

ple  Relative rib spacing h /m&"_‘—“ -
3232 ...... > et S PreOT ]
}9004 e \)\ { \s"‘\(—n-lmerpolaled fm Fig.10 1
z ~—..
0002 \\: St Pr=510 ]
;‘;f: s o001 p— TRALDH] ﬁ'ﬂﬁ = EHBKR
o, \(\*\Rm sar | 00008F L V-u=0 ‘
6 810 20 R‘jc:o_!so 80 100 200 6 810 20 pe:?o.,w 80 100 200 atu + (u ) v)u _ _(1/p)Vp + Vv2u i fez
Webb. Eckert & Goldstein, JHMT (1971) T+ (u-V)T =11 sV*T +gq
Taylor DE{R A & FTIBETIE 14/29
cf o~ ReY St ~ Re"
TEANLD T3 IV F —FUREK e YRR D BEBRER Qwh ik D
BIALIERE y ICIRTF L AL & & BEIBGRE L ITKTFELAVWE Z
U’ quw
€~ — ~ UAT
L pCp
Taylor @D g% 8l FABETIE
FHERNILRICHB VT, HERNILRICB VT,
D/2Ap € 0 _ w/(pcp) 0
=z~ vsjpe) T St="gar ~ 1l
VEEILAICB WA I N D v HEZ SLEE OB EE A RTELR
TIERIER SN T LR
U AT, L - (RO & BMRER|TR O )AL & FFEUT 1T

RERE, AFREE, Tt%%ﬁé
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RER 7=V v (RIERTE) >*ﬂﬁﬁﬂ,m /}lbfL;f;‘f. Zhu et al., PRL (2017)

A

2

Nu ~ Prl/ 2Ra/? Spiegel (1963), Kraichnan (1962)

Chilla et al. (2012)  Re Pr H r v
Mantle convection [9] 107-10°  10% 700km 54 0.5 L
Deep oceanic convection [10]  10%%-10%" 7 1-4km 10%-10*
Processor cooling device 10° 0.7 1-10cm 1
Indoor ventilation 10%-10" 0.7 1-10m 1-10
Shallow moist convection [11] 10'* 0.7 2km 10?
Deep moist convection 10%2 0.7 10km 10?
Solar convection zone [12,13]  10%°-10* 107-10"* 2x 10°km 10 Ref: NASA
~ 2
HHERT—-)
Nu ~ Ral/3  Priestley (1954), Malkus (1954) 0% —
. . Smooth Regime IT » ¢
A0 e 2 o A/h=1.00,h/L =005 1 /3
. .309 .331| ° - - -
w | Ny ~ Ra-3%9 Nu ~ Ra’33, ¢ A/h=1.00,h/L =0.10 4
g *A/h=095"h/L=0.15
10°} }P
| 1/2
! =102k . ‘
2 nzw { Zlo Regime I
B o, | » N
y | 3
1 .,onl Scarm | 3 Regime IT
004 ] 2.5/ o
AT ET 4 2reg0° .
. Ra | 15t Regime I P |
107 10" 10° 107 10" 107107 10 107 10 1 17
10° 107 10* 10" 10 mR:a 107 10" 10" 10" 1 (717 10! %u“‘ ke 107

7 s ) 0 T 12
Niemela et al., Nature (2000, ) Iyer et al., PNAS (2020, DNS 0t 10t 107 o 10710 1o

EBEEE IC & B AL EMEE O I 16/29

IBBEE S Jiménez et al., JEM (2001) Ao A2
v LI EERAE L B A SR AN ) Vou=0  EREOR
1
Vlwall = —BPI/P 6? +(u-V)u= *;VP +vV?u  : Navier-Stokes 552
=0 :FEB 8T q o o
B : i3 (Permeability) Reynolds# Prandt1£ HEERTTEIBR
Yru=w=0v=0p"/p T=0 Re:%Ub pPr="Y-1 puy,
——— T v k Up: 1NV T EE
hi<z= Stanton#¥ e
u 2qw ur T 2Tw uz
St=———=2 cr=—5 =2—%
0 X pepupTy upTh ! pu? u?
T = (K/“ ) < >zzt/dy‘y:ih Ur = <q:yd<u>zzt/dy‘y:ih) v
—hl g T L IRILF—PRFTRH VIEMDODIRLE—FAEZREL LA

6[7 o <U2>.7;z,t|y:*h _<v3>mz,f, |y:7h
<8w> et/ ¢ 2h

positive(comparable)  positive(small)

u=w=0v=-08p/pT=0
> KEARIZIEALRERES
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DNS: ZEBEEMF ¥ FIVELR
(Motoki, Tsugawa, Shimizu, Kawahara, JFM, 2022)

EE: 2 BEEMAERIR

(Motoki etal 12024) XEEES M
. s

heated

d=4mm

KIFER 78
AmEAa—Ii

\|||mmm\[H[mmmm% Wik -

02

unm-mHlulummun ik

[Chamber|

heated

e Porous wall

RIRHEE

°* Non-pgrous wall

Re"

St ~ Re))
cs ~ Rey
(St >Cf)

0.073Re; /*

104
Re,

10°

2038

S

T b

. ¢
=

h \\\56_

L2
S

~ Re’
=0.023Pr 96Re02

Re

N

610"
1

ﬁl@iﬁﬁiﬁ gﬂ'iil)lbﬁlﬂllb (el :’3 H' 6 71..*"_..“1
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DNS: %8 B i i #hord SR EL

(Kawano, Motoki, Shimizu, Kawahara, JFM, 2021)

[ KIEEBT )2 — L]

BU

U = (gaATH)'/?

10%E T T

10°E

1\"14101E

® U = 3 Permeable
0 AU = 0 Impermeable
[ Chavanne etal. (2001, Exp)

) Niemela et al. (2006, Exp.)
O Stevens ctal. 2010.DNS)

.
10" 109 10“’ 10"

(Motokl et al. 2024) l KRBT )1 — L\‘

g
[

10
1/2
® Porous w
orous wall Ra / ]
® Non-porous wall
————— Nu ~ Ra'/?
----- Nu ~ Ra'/? ;’o
Nu 10 o 1/3
()
F Ra
° o0ec®®
L]
° j’n gnD-‘Dn
e e nof © Niemela et al. (2006)
o _--
L—=—" O Funfschilling et al. (2005)
o 10’ 10° 10’
Ra
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Motoki Shimizu, Kawahara, Philos. Trans. Royal Soc. A(2022) | BU =3 : 5@ B | |6U — 0 : IEEEEE |

Boussinesq A2z
V-u=0

19} 1
8—1: + (u-Viu= —;Vp +vV2u + gaTe,
orT
Fr (w-V)T = kV2T
10° " " " "
Pr=1, L/H=1 Nt o RaV/2
3RTERR
102 BU = 3: & @) 7
Nu
10't
10;‘03
EBRETMETANRICE T EEETIEE 20/29
Ypu=w=00v=70p"/p T=0 >{ERe, BICH W TEEETHEIHIR
h 1.0 - — 16
u T 12
0 € - &
= ™
—h 2 2 5
u=w=0v=-38p/pT =0 / a:z/h
St‘ ¢
— ® O ﬁub=0.5
m O pu,=03
* O ﬂub=q
102 F <© Orlandi et al. (2015) |
& o8-8 .
= "j\iieaa g3
5”/‘*&
s N
0.073Re; "/
Pr=1
103 104 200 250 300 350 400 450 500
Reb
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ﬁii%ff l: J: 6 tﬁ(Doering & Constantin, 1992)
Nu<1+ 1 /1 <1 idT(Z)>2d<i) v Rayleigh-Bénard ¥ 12 & 1+5
YA AT dz i Nusselt$§(E# [ B4 3) NV u&Rayleigh$h (B2 T FE iR 2 )Ra D RE R
u(z,t) ={U(2)|+|v(x,t)
=0
T(2,t) =|r(2) [+o(z, 1) 10° L ;
T ¥
B Nu < 0.02634Ra"/? + 1 H
Plasting & Kerswell, JFM (2003) )
— 10
RREEE Th =T, + AT (AT > 0)
maximize Nu Nu Pl
subject to . ° -------
cu =0 EHE " 10 ;
v uv 0 L!mva;it - & M(M)? 3251:15 etal. (2010)
: T = T CREOER Xperimen © lIyeretal.
(u ) " BiminEAERX g o°% licha:al:‘nleltet al. (2]002130 ansuﬁ?olei?.z (02)021)
© Funfschilling et al.
<|w|2)%§H2/H = const. . T AOTA—F 0 © ONiemelaelfl, (2002) K © Zhu etal. (2018)
10 —
BCs 100 10t 10* |1 10 10t 10’ 10"
B Nu ~ 0.0236Ra'/? + 1 Ra
Motoki et al., JFM (2018)
AEREICE T B RBMEEDREL 22/29

>Boussinesq A T2 (Navier—Stokes S EIN) D EF#ZIZH WL T REVTE Z REL

2D: Walefte et al. PoF (2015), Sondak et al., JFM (2015), Wen et al., JFM (2022)
3D: Motoki, Deguchi, Shimizu & Kawahara (2024)
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Rayleigh—Bénard¥$ii I 1T 5 EFEOKFERPREIL 23/29
>BoussinesqFFEZ (Navier—Stokes 5 TEIV) D EHE R ICH L TOIRBEEZ REL

2D: Walefte et al. PoF (2015), Sondak et al., JFM (2015), Wen et al., JEM (2022)

3D: Motoki, Deguchi, Shimizu & Kawahara (2024)

107 : : 10
— Prosperetti (2011)
10°F
Rac 10° Nu o't 1
10*
1708 27 /3.117 ~ 2.02
T/O. ~ Z.
10°5 . S , = ,
10 10 ) 10 10 10 10 10
C
Rayleigh—Bénard¥13% 1235 1T 5 E B iE DK FRREL 24/29
RELKFEEAHZET S EEHE
0 T AT
— _EF(Plasting et al., 2003) //
L =0.165H 10° --- BAEMEE(Motoki et al., 2018) /"
Nu ~ Ra'/? //
« 7 ,’
- Nu ~ Ra'/? vl -7

2| EEKFE R
© 3RTEBHE
Nu | e2xwrum
(Waleffe et al., 2015,

Wen et al., 2022) s
10 £

O Stevens et al. (2010)

-
¥

Experiments O lyeretal. (2020)
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Upj——= 3, Ly (itg,; + up,) p ax  ox; 0
dup; Oupvj)
Tpij +
Pij = ( ox; 0
BRI BRI ATIRA 16
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{EReFRN Da o JETE (CH T DR

» XEHER
_ Aug Jup; 1dp 107y
e =Up; o, + (ug,j + up ) 0%, + pax; pox;
_ Oup,
&= dx;
dup;  Oup;
= , L) — 1. l1<igj<
b <6xj * 0x; i tsisy=3

Nmesh

+ dporous,i

1 1 Nmesh
Lppg = E . § [lezll2 + § E [le]
N, N, 2
15524 mesh mesh

1<is)<3

> el —%

Nobs

Lops = Nom [16uons — upll2
S

> PEBE KUSHEBIRSR

Nig Npc

1 1
Lig = N_IBZ"uP,IBHZ Lpc = N—BCZ llpscll,

ETRRRAREA EREIESR

- BRTEETO

EYEREOFENS,

17

,e

TNABEREDLEE (Re=200)

1
25-19-13-07-0.1 05

ESEMC O END,

PINN Estimate—

BEURRRREEA BRI
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EYERE.2FEN,

ZILEERI S A= aos LIBKEAERDIERE

1.E+1

— —
1o HiE LE+0 —Lg:;bc —lgi:iebq
. —loss_ob
1E1
08
® 1E-2
< os é
R = 1E3
04 1E4
0.2 LES Wg
0.0 1E-6
0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000
Iteration Iteration
1.E+1
°© — —=|0ss_e
> ZIEH SA-FRBBLTMR joss.eq
E+ - -
> BRI — 5 DNNAD IR 2
s = |—axg3 S 1E1
> AERE/LEILOCER -
> BEID/I\SA-LS=HTE 1E2
0 2000 4000
Iteration

ETTRREREA ERETESTR

19

Differentiable Simulation, 7> 31 > h&, 4RcZEDE
T
1 1
/uw=5;wpm@mWﬂwrwum+¢%—nﬂw%m—n)

EFILFE AlDzE YIEESIL
[CHEDS

XEHERN CHRSIHRLTEEL, FARSEaAL—23>FETIL

HELULWE(SALE (TERMEIR)

BEURRREEAE
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F—ARMLICHITDEDEDEAN
> Sasaki (1958)
O FEPHEL T (EYIEET) LR
OZRJIEEDT —F =R LIEN
OFEAME & 7DD FRIDESE
> [KRETILOVIEMBHETE (CEFEZBA

> Sasaki (1969) « - - KA MI(CHIR (4RTTEDE)

Di(Pgmer, Pamy ) =0, i=1,2,-M (22)

we can include these restrictions into 1) by Ol Euler-Lagrange/ 52T
means of the Lagrange method of multipliers

N Z NA-ZS —H =
as 22 R > BRONKRE GrEcESI<RIESR
Nl @ o e
"m --z:‘x, EJ"""(‘”“"_”""')Z Sasaki’s approach seems so straightforward in retro-
R — = spect, yet the magnitude of the contribution is ever so
.v-n ot <Az impressive in light of the fact that such a methodology
SUDi(Pamery Cgom - F0 @3) had never before been used in continuum mechanics.
where % is the so called Lagrange multipliers. J. Lewis, S. Lakshmivarahan, Sasaki’s Pivotal
An example of the restrictions (2.2), for instance, Contribution: Calculus of Variations Applied to
is @ set of dynamical equations such as the Navier- Weather Map Analysis, Monthly Weather Review,
Stokes equation and continuity equation. Vol. 136, pp. 3553-3567, 2008
ETTRREREA ERETESTR 21

PBEHEENE (723102 NE) OBA
> KDENSABRDORIMEZITD Z ENTIEE(C
(FEEEEHUE ER/IMET7 LT U X LOEHENDE)
ORI 73X DEEHIENE (.L. Lions 1971)
OSRKRETILADIGA (Penenko&Obraztsov 1976, Le Dimet&Talagrand 1986)
> KRERERETILOEDRIEEE Z ENIREN(C

OOn Optimum Profiles in Stokes Flow (Pironneau 1973)
Lions, J. L. 1968 Contrdle Optimal de Systémes Gouvernés par des Equations
aux Derivées Partielles. Paris: Dunod.

=

1
](xo); EZ e"R e,
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L
=T il
®
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723A> b
EUFRRRREA BRI ST 22
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72342 MNEICKDZENEKRE
> TS aA > NEGMEMOREE

B747 WING-BODY
REN=100.00 . MACH=03870 , CL=0420

1T (Jameson 1988)

SYMBOL  SOURCE  ALPHA (D
———— SYNIO7DESIGNG60 2.644 001104
SYNI07DESIGN 0 1927 0.01327

0204 0.6

Solon 1
Upper Surface Tiobars:
(Comon 003 Cp)

X/C
89.3% Span

A. Jameson, Aerodynamic Design via

509 Control Theory, Journal of Scientific
Z:‘ V55 64 55 D8 10 Computing, Vol. 3, No. 3, 1988.
ol 108% Span

O R SRR E UTZEIIETT WRTZESETRER CHEOEN TR M)
ORMPRN > FO—JLINS A= (rapsmisu)

ETRRRAREA EREIESR

23

S RELSUATDHETE
> BB =1L —3 3 BRTEEASREBR TSR
(HH8 - BERAEDRER)

J354 h5—% : FRM—DBEEEHIT -5
KU N T T T
Bl i3 ; 7 2@ ¥ Verticalslocity J
= U a
Ea
kg/ b T Sy
- o 2000 4000 6000 8000 10000

Distance [m]
> ARTEDEEEBAT DI ETISA M —F2E L(CELRizBR
b % O‘,h,‘téra‘,ion

12th iteration

Distance [m] Distance (m]

3000 4000 3000 6000
Distance [m]

Misaka, T, Obayashi, S., Endo, E., “Measurement-

8 Integrated Simulation of Clear Air Turbulence Using a
S 1 15 % Four-dimensional Variational Method,” Journal of
Number of iterations Bidans it Aircraft, Vol. 45, No. 4, pp. 12171229, 2008.

BEURRRREEA BRI 24
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Differentiable Simulation, Differentiable Physics

tape = wp.Tape()

https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,

EYERE.2FEN,

> 723aA > NECKDMDE
AL =aL—2>3>

> HULLR : M EHEEFIAE
BRIL—LAD—IODRE

(TensorflowX>PyTorchdE FAR%)

> 723aA > NDEBEEERK
> YEalL—2a>EFIE

Z1-3)Iry hO—D%ZE
EBEDORWEEBSATA

> LU TEMEITIREC

ETHRBREA BTSSR 25
LvEmcaTens.
N
WBWBRRTL—ALAT—0
> Taichi, Numba, Warp& 7z D> =aL—> 3> @t
> PyTrochiR EDRE U K DIETS
N i el el el sl
Warp Kernel v v x v x v V0 Mywate v v v
Taichi Hermel v v ® LLVM x
Numba Tonsor/Kerrel o % ® % ® Nvec v x
Slang Kernel 4 L ¥ ® v ® v
CuPy x x T NVEC
PyTorch Tonsor v ® v v ®  wvee v
Humpy v ® 3 ® 2 v x
A Tensor v ¥ *® v v b 4 v
Legate Ferf. approximately equivalent to CuPy on single GPU
Pythran Ne GPU support
https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,
EUFRRRREA BRI ST 26
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EYERE.2FEN,

Cloth Simulation in NVIDIA WARP

https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,
ETRRBIREA BRI 27

XL BEBAORETT)

> BRFBEOREbOISHOEFAUEHES =1L —
23 >hEDEAIC > PINNYDifferentiable Simulation’ &

> PINNIZ 9 <{EX DHKMIETRARBIRRICEA T D5

UES > b #iEs =2 L —> 3> EDHA

> Differentiable SimulationJ L —AD—2J DiERICRARF
> FEAY A XDORERE? ARIRLE?

EHRMRAA BRI AT 28
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LB DENEATRER O 7 — 2 fEHTIC X 2 B Y Fiih ORedh

i wE] (RBRFRFABCER TRRAUHERD
Takuji NAKASHIMA (Hiroshima University)

EAED ABHE O 2N FRFE T, KB AR EIR 2 v TS D B IR © 22 ) fi#
WrAFEfmE N, LY ReENEEZ RO ORMZIRER S Tw5b, —J7 T, 2O DfiFfT
RGP KR T — 2@ m2 2 eh b, AFICL o TR TR, FHliT 2 Z & XK
THb, & VARG E 23 L, EERO-GFRRICHKT 2 2013, I
TR WRERLT — X Zfa i L, SEhc A aAEz il 52 c L b EETH 5,
O LX) B OREHh A L LCid, L HNRE(L TR L Lz YL — MERICH T 2 FHA
E2 5 i (POD) ik o [1, 2] 23 i&iénfuxa 7, ABEOZEEMH I hE T,
HE L ORNOMGER P Re v —I1cEH LT, L M oBRR L oBIR% &
LCT&7, 22 C, HROEMDZENEHRERICN T 2 7 — 2@ 2170, il T - AH)
HE D OFRNDOFE L EEE & DBRIC O W T 21T 21X, 2 E T %
NEMTE Lo FEb 2 v o 7eifii & N EREDOBIRIED / v v BEEIIEERE L THEDL
naZEnfFE NG,

Z ZCARHZETIZ, #1200 BED 1/5 27 —roXx X v HHBHEETAZNRE L7722
JEAT RS S 2 DR e S 2 i T 2 700 R EIHIE Y i O KPP EE S 0 7 — 20
IZ POD & [l 7 — 2 i T cH 3 PCA (W41 Z@H L 72[3]. & 5ic, Hith
L7zt e BB E 7 v 022 ) 1ERe & OB 2 HaHRIc ot L, 220k & HHBY
HWMNDOFHEE O c Lz, ZORER, EkoRMRE[4] L —8F 5. v X v RAHHEO
ZESIPTE RS 2 2 — vy Sz, 2, RN RN R TIE T 2B, &
HU) D ZE SR B % F JE 3% PLS (F50 i/ —3) EOBERIIC O W T H AT L, Sl 27
gz i3 2 R E i, BWABA~DTF 5K E e — FAEEN I T n
5 L BRI NI,

BER

1)  Oyama, A., Nonomura, T., and Fujii, K.: Data mining of Pareto-optimal transonic airfoil shapes using proper
orthogonal decomposition. Journal of Aircraft, vol.47, no.5, pp.1756-1762, 2010.

2)  Oyama, A., Verburg, P., Nonomura, T., Hoeijmakers, H. and Fujii, K.: Flow Field Data Mining of Pareto-Optimal
Airfoils Using Proper Orthogonal Decomposition. The Proceedings of 48th AIAA Aerospace Sciences Meeting
Including the New Horizons Forum and Aerospace Exposition, AIAA 2010-1140, 2010.

3) M f, hEF R EA NEE, KL B, PR RE, Kk BT, hE SR, A B BXUETis LU
B @{Eﬁdﬁ% Hie Lzt x /ﬂ‘”ﬁﬁ%ﬁﬁ@% HER ROt 55 97 HAVRIR Lol PR 2 3 e
SCEE, Session ID IS-15, 2019.

4)  RER PSS, MH s, R A, WA T, R SR Ao BAIE A MR S ¢ 2 HEE Y o
TAVEE - 2 W e X /ﬁ{di@#iﬁ%tﬁﬁfiomh*%_(«tﬁii% TUARHERR). HABEAE SRR SCER, 75 5,
757 &, p. 1807-1813, 2009.
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o BONTMEMARY (BEMAF) O 4FEdht

- EBlEAROD (V525)>79)

- MNISOFFEHE (PCA/PODRRE)

- ZHMREEDEIFEDHT (PCR, PLSR etc..)
o FEH

1

Q HIROSHIMA UNIVERSITY

BEIEZENICHTHER

o RE, EITEENY, ZHES, etc..

o HEERIDO L —FATD
- C, (BRE) vs C, (IRt ZTEE), 0= (5EN), NV (ZBHEES, Z=HIR?)
— BVl vs SRE&: IEXTRLC, vs HERLC,

€

« ZENRE{LRERE
- BHO RARBIBSR (REER)

* Ref. “Shape changes that influence the aerodynamic forces”
(T. Schuetz, "Aerodynamics of Road Vehicles Fifth Edition” p.252, Fig.4.51)

- 28O “BEXREEE (BN

* Ref. “Spectrum of tasks for vehicle aerodynamics”
(T. Schuetz, "Aerodynamics of Road Vehicles Fifth Edition” p.2)

2

HIROSHIMA UNIVERSITY

StERZE/IRIF (Data-DrivenBIBRFEA) [CHATFENSZE

o FIREEAL
- BEMTIVTVZ L
— Kriging / N1 &AL

o T—HYA=>Y
- FEEdm

¢ Ex. Flow data mining from Pareto solutions
(Oyama et al., 2010)

- BEERAOBARE(L (RzzANE ?)

o MHEEFRID(EB)ZER(L
- B0y -MeTIL (BIRES)
- RTTHERIET )L (ROM)
— PINNSs 3
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m
o F2ZCOFBINRE, TR RNESIITINE, £LVD
BFIOIEFONTERVD ?
- IDBE/NENRT YA > EZ HEEEDOmIINA
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(2 EEMALEL BIZIE NGRRNO/NG—>%
18ETS
Q HIROSHIMA UNIVERSITY
Contents
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o ISONIAEARE (EEMEF) O 45t

- BlEARODR (V525)>79)

- MNIZOFEHE (PCA/PODRRE)

- ZZHEEEDEFDHT (PCR, PLSR etc..)
o It
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‘ HIROSHIMA UNIVERSITY

BERALERBEIL-LD-7

L]
C START ) Multi-objective evolutionary algorithm
1 4 “CHEETAH”
‘ Generate parameter sets ) ‘
for new generation ) Parametric morphing
1 Parameters (text) “DEP MeshWorks”
[ Morphing geometry 17
based on the parameters ) Aerodynamics simulation using BCM-IBM
Geometry (STL file)
- 1 - - \ i llcu BEH
Evaluate objective functions r T -
by CFD simulation )

High-Performance Computing resource
K-computer “Fugaku” supercomputer

Objective functions
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Crossover

“CHEETAH”[C &2 ZBHR#E1L

¢ Global optimization ability is required = evolutionary algorithm

— Due to non-linearity of fluid dynamics

— Multi-objective evolutionary algorithm suitable for parallel computing

— Developed in JAXA (Japan Aerospace Exploration Agency)

J

e CHEETAH: cHEbyshev-Epsilon opTimizer AlgoritHm (Jaimes, 2015)

’ HIROSHIMA UNIVERSITY

® Pareto solutions

L ]
N [ o~ ° e .
. y/ tole Gl 5 ¢ ° ‘
- P - o_— B g e =
S —
;  Mutati ii- : 2% . B "E S
: utation | e ' . .
= o g g © . .
g : - : = : 2 °
e T i = Optimal 1
) S, 9
1t 2nd 3rd Objective function 1
generation generation generation (eg. Cp) 7

Q HIROSHIMA UNIVERSITY

“CUBE”IC L DZENfFIT

e CUBE: Complex Unified Simulation Framework (Jansson et al., 2018, Onishi & Tsubokura, 2021)
- EEHSERGEE EVF1>-£1-77% (Bcvm)
* A solver for coupled phenomena: fluid/structure/acoustics/chemical reaction...
* Building Cube Method for the unified data structure (Nakahashi, 2003)
* Easy tune for both single node and parallel performance
— A H#EFRiE (1BM) (Fadlun et al., 2000)
(1) Dirty CAD treatment (Onishi et al., 2013, 2021)
(2) Moving Boundary Method (Bale et al., 2020)
(3) Unified Compressible/Incompressible analysis (Li et al., 2016)
(4) Unified Fluid/Structure analysis (Nishiguchi et al., 2019)

8

‘ HIROSHIMA UNIVERSITY

“CUBE”c & DZE &R

e CUBE: Complex Unified Simulation Framework (Jansson et al., 2018, Onishi & Tsubokura, 2021)

— Key features
« EEEERREREE ENT109-F1-T% (Bem)
o BHIAHETE (1BM)

- XEHR: IEEMEME Navier-Stokes 2T

dii;
o "
dui _ du; _ 13dp ad (O, ;5 )
ot +u]ﬁ'_,' T pdx; uaa:j (&1‘_1) O +h
t: Time p: Airdensity

u: Flow velocity
v: Dynamicviscosity  f: External body-force for IBM

p: Pressure

- RE{EIL— LT - IDOBREREL TOFIR
» RIAUEMEH TS
» E—OFTETFEERL T BT EDRBOEAEAFTEIEE
- SDIE f, ODTROHEEZD
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B bDXI5R - =4

o 1/5-245—) A R EmIERDZ BN AREL
(RANR” JOS 1Y N CEHE)

« BREEER: 4D
— IR BHIERE
X

Target sedan-type
automobile model

— TEAI (Yaw 8 -0°) & SBHEM(EI0) X
> SATERAME jpen—
o ERETEE 8/(5A—H
_ FEOS SEEEAEICEL

o 2 mm RIFR (2B — L T10mmRIFRICHE)
o N x18EERDEETE

Yo

Control points for morphing

10

SRR AE —

L
o YRR mRERSREREEE) o MUBETI -ZAF—LA
- Etg: 2 Eﬂlls ] - BLAETL: U (mplicit LES)
- Z[E: 1.14kg/m _ ZopEm — 3 .
— R 1.82><10: Pa-s I.Fazﬁf%é:;_ﬁ\(ﬁ’ﬁlﬁ) :
— Re#§: 1.20x10 P
— &7 ; - BE i
REATEST: 2.0 « Cube#k (mesh blocks): 23,458
o FRATREISC IR TR * )L#%: 96,083,968
~ Inlet: TEE—HFFT 20.5m/s * B/IMEFIE: 1.4 mm
— Outlet: W FRHIBER - BFEESSE: Crank—é\licolson
— Sidewall, roof, far ground: g NEE » Deltat: 1.0x10 s
IR BE — [EHPoissonfEE: Red/Black SOR
. STEHRER
— K-computer
— 7 %% 2936¢cores
(367nodes@K)
b Imw — FRH7A%RI: 14 hours/case n
Q HIROSHIMA UNIVERSITY
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o IEONTAEMARY (BEmEY) O -FFiEhd
- E@RODHT (I325YU>7)
- MIZORs L (PCA/PODRE)
- ZZNMEELDEIEDHT (PCR, PLSR etc..)
o O
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' HIROSHIMA UNIVERSITY

PcA (poD) (C&kAEMMEINEEIZOIFEHH
. 198ENOETMEFLENORITEE (BRITSFENT) > ETRIEDT

Time-averaged velocity fields @ =0° of 198 samples % Here, only 18 samples in 2 generation are shown.
W W T T T R
T e T T s T s N s T
F— TS TS e T

ERS
(PODE—F) HBDIRE—=2 vy, (= EHS) D

BAES (EMEHa,) TREND

[%Efﬂﬁ%ﬁna)ﬁﬁﬁﬁi’mi }

Vehicle A &/! = agWo t AWt Ay Wy t a3 Y3 0
. same same I same

Vehicle B !§ ‘. = agWo t ayg Wy t agp Wy + oazp s ot

Note) Mode vectors are inverted from the
distributed PDF file for ease of explanation. 13

. HIROSHIMA UNIVERSITY

PcA (poD) [C&BZEMMEDEES DS

o DHFRT—H
- X (§=0°) REOTNBOBEHH
- EMRADOBRKERL (FE) 0F-I0HEH RCHH
o XEUBBHIOIRS. & T EMESARRIEL TE AN

=> 4.7M nodes X 3 components X 198 samples (cases) = 2.8G degree of freedom.
- BHNSEENZT0vY (Cube) [FXIHHBERF
> EAREOERN LR ERRIT3TD

Analyzed domain ST (G RHE) POD E—F(EERHD
Sepal ~ I BN E—)

Excluded mesh blocks (cub;s:) e

including vehicle body —
= 14

PIFRNIZOE 1 EHD

o B 1ERDHERIFHEVHENS
~ VBSPIREAE | BRSO TR
(5 LIRSl T EEOREZTL)
- ERERUE : #5158
« BRBEUCRNSOBIHRIE

Laovo +ouv: B
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o BONIEAEF (BEMEF) O -1FEdhn
- BlEAROD (V325)>9)
- MNIZOFF L, (PCA/PODRRE)
- ZHMREEDEINFDHT (PCR, PLSR etc..)
o Tt
PCA (poD) (C&BZEHMEIDEEIZEZENEEDREFROERIE T
L
« ERABREZNFEBOEIIBAIF 7 FOR: Frinspe! Compenents Fegressen
- —R&(CPCR (ERSEINR) tﬂﬁ'zlzﬁ'ﬂ%?iﬁmﬁm
HETRHO (EHSD) B EAER BN RN
6%;)@1;% &’! = agWo Flap AWy |Gl Fa s ?)gﬁ% Cpar [ra
mgf;; & >:' L. = agWo T aplWy eV Fdsp|Vs e %2’%@ Cop ) tre:
Rl e 1 At DEM: v, = ola,) v, FFARIE
gole T FRAAH. M RREBE LS ERIMAT B
2o R, T > BEOMRE—HT H1ER
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BEmse - a5 o . EfER i
ERFEROBE A1 ERMER a0,/ ola,) = L — ~Th L@ :Li4
BT SSRED T (553 PODE—R)
m
o REMOFEERE DMHLOINOZER/NFI—> c
- HEmE: FEZL (Th) OKXEZ|U =00150, (i)
- HHEEO®: U, OiERERE (80 /L) *
o EIFDAFERLD, MEHRICHD (C MEXRLEBEDHZIE—R zands
BEEZLENAKEGEE AES—iB —
ARSPOR =] = ] \\ e msmoEE
< : HAEH SRAOBINE
T4 HARETR (Nouzawa et al.,
> THABEMTD 2009) EXTiG J
7OV & (R E)
> SMAl~NER TS
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E o))

 PCA (or ZNITHATBFE) (CLD FNIBORFEHILZIT.
BRI (BIZEEMRDER) EZENFRBUBEORIFEDIHTNS.
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BTS2 BT 24T — 2 E{LoFE
Koy B CRBORFAR A BEEERE T e b
Tomohiro OTANI (The University of Osaka, Graduate School of Engineering Science)

ELEREicsnc, BEMMNOERT — £ 180 (IFRER O M o B, % izl
XIRDORA DI E o THIPUEHAC A F L 72, 2 oufe <, BEM L o MBI T 2 1M
TRENRE O BUETA I F 3R (1] %, At 4 A — 2 v 7" (Magnetic resonance imaging: MRI)
I X B M A D IR IR [2] 70 &, MGRENAE 2 1L ~ o )~ fif o FRARG B A o Bl 58
DD b, BRI BN 2ICH PRI ~FERE L. —77C, BEFE IS
oz EEL - BB e, FHREEORMED &, MRIGHINC 31 2 fRHE D K L EE O R
M (N4 T R) ORARLE, FA2OFEOHIK - RASAEMLI N 2 &icz Y, 7854
RICEHEF BEHMNA ) = 2 VORERFEL > T 5,

FERE DR TFIEDO—D & LT, MRIB{ROEMHFETERSI NIRRT %G1
T2 BUET — X EULEA OB A RE I 0 [3] AFEIXEHN L BRI R 2 h 2
N O FLE I DR/ MUREC H Y, BUEEH O W - B2 5HE 2 FlIHZ R L B < BOE R
LR LB I, FEFABGECHREYHIC X 25t REFE O ED b Tw 3.
727 L, BERKBOERICH:Y, MRLICHT 554 7 ZRBASRE L 705 25, #AEDKE
Bt il T 28l F AL, MR ICH$ 2 ik T — 2 RO R, #E
DHEPNSWEEZ NS, B KINERN: EICHlfI I N T 7.

FEH O I LRl Hig L, BEAOWE SR IS LT, FEEo MRI OFHlIE%
S L 72 MRIGREIGHA OB S 3 2 L — 2 OREEEZED T 2 [4]. R CIX, SRS
DEIANICHE S BRI AL ER) 2 fiF &, WSS OIS o HEHRK £ To—E D FH
TR T 5 2 T, FHllRESUBIc s 2 EEEEOBERACZOEAE T IT
5. R x, IR B C, FE O OMEDEH ICOVTHE L2 DT
HY, UTICGHEECTHWZ2 74 F(o—i)%2HMNT 5.
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