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FThDOEES[2/2]
N
-5BP9: HEFtE
BB /stENFE
. uu.nFCﬁ%E (ASMERN, AEEMERN)
- WiZERE (FR %=, BER)
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L

HIEBET)IVOFEINL: ERErnSE

Find u: Jiik; p: BE; p: £D; e: TRIVF—; T: )2E s.t.

faalzl + VQF = VQ®G [(RER[ELBEMENavier-Stokesf3f21\ ],

\ p = pRT [ARETIRET\],

: e=cyT + %plul2 [I%"\)b:\f—fﬁﬁﬁ: == —%plulzl.
where

p pu’
W=<pu),F= pl — pu®u |,
e T

(e +pu
OT
7
2D (w) — S u(V-w)l

U
Pr(y — 1)

p: FEPERER, y: LEERLEL; oy (ARELEER; R: UATEEL Pr: TS5 Y HILE

[*] Versteeg, H.K. and Malalasekera, W.: BiBR{A DT, 52k, LR, 2007.
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SPHIADBA: MOFARDEL o

M@ = ) Vjulx) ¢;(),
j °

M) = ) ; {u(xy) - 00} 7 ),
J

B =2 ) V; 2 ) () 74y
j Jx — ]

V;; Particle volume, for example,

)
Q
{quk(xj)} , M, Voronoi volume /£
k .

N
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URtiEFH R IC K DIESE [1/2]

t=0.00

FEfEttEulerORENICE D < 1BFHMRE
(T-Imoto)

Toro, E.: Riemann Solvers and
Numerical Methods for Fluid
ynamics, Springer, Berlin, 1997.

Time: 0.250

Pressure
1

Q:=(-1,1) x (=1,1),
0 — O,

0.8
0.6
04

0.2
0.1

ol i E T pe
P {(0.1,0.125), else
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URTIEFERIC K DIREE [2/2]

L ED EF BE
BT &

B: SPH iB¥5 M

78 SPH iB¥sHH

f%: 2RITCIP

[*] Xiao, Feng, J. Comput. Phys., 195
(2004), 629-654
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S MIRIZRIREIC K DRI [1/2]
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2- [=a8| hnw ‘ 1l
! 1
L oRsd e -t il
1 sy e ! $ i 4
= mai peAR) ] i
Ige=51 pice) HEARI M H[ 15
a1 kg Bamw| I5S b

Lobovsky, L.: Experimental
investigation of dynamic pressure

loads during dam break, J. Fluid
Struct., 48 (2014), pp.407-434
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5 /\B3 1RSI K BIREE [2/2]

A Hu 2010 ... H=2L, H=7 ... exp. 1

¢ Hu 2010 ... H=2L, H=" ... exp. 2

e Koshizuka 1996 ... H=2L, H=0.292m |
—ETSIN experiment ... H=0.5L, H=0.3m|
— ETSIN experiment ... H=L, H=0.6m |

Lobovsky, L.: Experimental
_investigation of dynamic pressure |

loads during dam break; J. Fluid

Struct., 48 (2014), pp.40Q7-434

1.2 1.4
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MEYIa2U—Y3 VORN
BRIRE MENE A /AT

EERE
EENTIFET\
BRI\

Navier-StokesIi2z\/
Oldroyd-BES /L

BIREDE
BIR2RE
BIRIAIRE
TR

TUTIFET 217 (IF) fRZIIREL

Feb. 26, 2016 MI2 (IBERFSENE - MREE) CHPEREICLIFERCISTRRAL]

BERE

12



HEY=21L—Y 3 VDORN

( BRIRE ) MENE A /AT
v

-
- o ) ET\
VB | wmies
AN , .
HIEES)|, Navier-StokesJ3f2z\/
[ LET T Oldroyd-BEFIL
v

BIREDE
BIR2RE
BIRIAIRE
TR

NTTIFET\ 217 (IF) fRZIIREL
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DERNTE

- (JEFER) IEEHBNavier-StokesFITi2I\ + BIREHRA

* ..., Girault-Raviart (1979), ..., Heywood-Rannacher (1982), ...
Guermond-Quartapelle (1998), ..., T-Tabata (2000), ...

x % XU nfded + BIRE2RE
.., Boland-Layton (1990), Bernardi, et al. (1995), ..., Tabata-T
(2005),

MEMERNERE + BIRERE
* ..., Bonito, et al. (2007), ..., Lee, et al. (2011), .., T (2012), ...

* Poisson D2/ AHREN/BRHOEIN + RIFEA
 Raviart (198D), ..., Imoto-T (2015), ...

1w — up,p — Pl < (At + hF)
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NI EDFRZEH

 Raviart (1985), Moussa-Vila (2000), Moussa (2006),
Oger, et al. (2007);
« BFEDSIETN * IR CTDHEFETEE TNAMEDME)

* MPSTCRUL D I E

e Is

* FUF
{F

hijima-Kimura (2010)

« Imoto-T (2013)
s DD —MRIENTERFEDRESE, (BIENICE D)

Poisson/Z R 1EINIC &

« Imoto-T (2014/2015)
 (BFENICE D<) Poissona 2R ICX] I Db D FELfR

=D

29 ST

. T (2014)
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15 WD {ERZER

DITED D FRE=/EIT

] UICBRDFRZE D

c




*U‘E‘ﬁ:TIT%'l:d:éCBEJU/\EDm{
1w = un p — Pl < c(AE® + RP)

=~General(Spiky) ' =~General(Spiky)
——SPH(Cubic) —~SPH(Cubic)
=0-SPH(Quintic) =0-SPH(Quintic)

SPH(Wendland) SPH(Wendland)
== MPS —=MPS

—A{ERIFEE RN B UICIRDRE
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B ! J‘lc—d\4écaﬁ.j D/\%D:l:1

| (u — up,p =~ )il = CLAE & BE)

o Generali apriori%ﬁﬂﬁ@ﬁ)%ﬁ%i = Conle,
-o-SPH(QL:ir:iic) gzﬁéné* J:EFZ)\ bné GE'C‘%E%Q

e LN DX =5 — EIJ\3< INIEEKL)
IS N
Z2IFE>TCH, 5IEEIRIIRD
| D' DDTNSSTENSLIIHFK
J, IRV \NDTIZ?

aposteori 51{fh (FAL\DEEEBUE/ NS A —
H—ICRITDEENREREDEEH DT
M) EBEATIND, DE, KBS

—A{ERIFEE RN B UICIRDRE
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SPHIADBA: MOFARDEL o

M@ = ) Vjulx) ¢;(),
j °

M) = ) ; {u(xy) - 00} 7 ),
J

B =2 ) V; 2 ) () 74y
j Jx — ]

V;; Particle volume, for example,

{Y‘ h, (v\l | \VVaronai vnalume -~
NFDL, NFDMER, FEXEADK .-
=, NFRREYOFBRBZCREEUE/N | ¢
SA=YDBRICAETEBHENDHD * .
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dlin

S RIERE D 25 DITHD+DFM [1/5]

rc = min {r; U B(x;,r) D QH}

xl-EXN,H

B(x;,r) ={y € R%; |y — x| < r}

- HWMEBEERIIVoronoiDEIIC
BIFBVoronoilAiBEDBER
DN5E8HNDDT, SHED
oJgE

- N FDBEED —A&& TN
FEBEREI LD INEL
JANES)
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S HIREN D ZR/DITHD+DFEMH [2/5]

dlin

Voronoil@=

dy = inf max {

L]

E Xi€EXNH

Imeas(o; N w;)+meas(g; N w;)|
z | — ]
i=1,..,N hl

J

e ao)

&'.80.“\‘

EaeoSagy

SRR,
4

« VoronoifR=DEt &I DIFHETE
R EEMCIDDT, stENTEE

 Voronoif&f&M & E Voronoif@Z=(30
CTRINED (—RTIEEW)
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Sl Z "D+ FEM [3/5]
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Eﬁﬁ,cl%oiﬂﬁéfﬁ%f&bd)-l- =1 [4/5]
STECNOTR (EH) B

TSPH 3&XRFS54>, Wendland
ERimL, ER,

A DR TIEAO
B D i R THSHESL

EmEoERFD
B D i R THAMEDIEO

RS

G
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HERENTZIC K SBRIRZEHD

Laplacian n=0.8 Laplacian n=0.8 Laplacian n=0.8 Laplacian n=0.8

=~General(Spike)
~0=SPH(Cubic)
=0—-SPH(Quintic)

SPH(Wendland)
==MPS

—General(Spike)
~0=SPH(Cubic)
—0-SPH(Quintic)

SPH(Wendland)
==MPS

—O-General(Spike)
~0=SPH(Cubic)
=0~SPH(Quintic)

SPH(Wendland)
=¥=MPS

—General(Spike)
~0=SPH(Cubic)
—0-SPH(Quintic)

SPH(Wendland)
==MPS

1& Al

o

1.E-01 1.E-02
1.E-01 1.E-03 1.E-01 1.E-03
h h

hIC\Z, = C(T'C + dv)

lu — wp || < Chmin{z,a—Z}
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S HIREN D ZR/DITHD+DFEMH [5/5]

dlin

- I FBCEDIERIE;
st EWURERBIRZALTL\DEH, AR UIEHEETILORU A
AUE/ND X =5 -2V LSO ZFHIETHE

- BHEH (SIREIR) DTS EEE DEREIL:

BRI RICRE > CUVEHEETILOERICXTL T, £
FDODHMRICK DT, RESHMEEZSZ5ND

v

| — up, p — D)l = c(AL% + B2
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s TTDRD T > TV DIXRRSYIBME (B8 - KB5S
OIS DOIREFMN, B=RM, .. (FEEBULIC K > T—RHRIC
[FIRF=NZ0)

MERNMEBRESNDXR DR
RERCDBADINE

- §B18 ﬁTﬁLJ;JE

nEE, FHE, & Quuspell Celledoni5
- 151% %?/fg Lietd oo

22: Pironneau, Leeb

"I"

_L
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PEIDILCF/EDD? [1/2]
E%@ﬁﬁﬁ%ﬁ@ﬁé%é

< N
K N —

hH
IND VIV ITREBDENEDREHS

A 2
K< Cgl ok (logeﬁ)

K: R H: BinBEER, : Xyyata4 X
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PNEITDELEF/IRDD? [2/2]
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1.0E+02

P’ N,

=

— DDM
1.0E+01 BDD

S PPV S—

B 47 DDM

BDDRJALE &

2000 4000 6000
Number of iterations

HBIEDEECHENDIALERBICKTT D
R1E5TEDINRERE (Ogino, et al.)
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Two subdomain problem

rvnr: ; renr:
u(l) . n(l) o 0

TR EER
LEEIVMEDEA
sl QB SR G

(vrotuM) x nV = (vrotu®) x n'®.
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Interface problem

FEM equations: Ax =D

Renumbering 4
N
Ay 0 AR\ /x®\  /p®
(2) (2) =
S 1(2) 5 bI(Z) I: with respect to Inner DOF
(1) (2 : with respect to Inner
Ag; Ap/ Ass XB bg B: with respect to Interface DOF
Reduction

Interface pr'oblems. KXg = G

K = App — ZA(‘) (] e ZA(‘) {a} ",

Feb. 26, 2016 MI2 (g%ﬁ?ﬁaﬁé%lglﬁﬂﬁﬁ%ﬁ) tiﬂ;@?ﬁl;d:é%ﬁﬁﬁﬁ@JSTﬁaiﬁiﬂ_ 37



Construct the whole solution

Solve Kxg = G <\
Set xz as B.C. .

Subdomain problem:
QAR SRE L, (i)
AyX;” = by’ — AjgXp
Reconstruction of the solution
e e na
PP w®,p@) in 0@
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Bi-Conjugate Gradient procedure
Complex-symmetricy Choose ugy:

(vrotuy, rotvy) — (iwouy, vy,) g, = G— Kxgg:
+(vh' gr'adph) N (f: Uh), Wa = g . ,
gt For n=0,1,2,.;
V(Vn, qrn) € Vi X Q. ¥ (g' 'g ')'"'
nsn

FEM equations: AX = b Pn = R,
X = (ul' neey uNu; P11, - ;pr) XB,n+1 = XB,n — PnWn,
8n+1 :=_gn — PnKwy,;
hiE (gn+1» gn+1) :

Sty
Interface problem: If y, < €% break;
R Wii1 = 8n+1 T VunWn;
KXB =G End;

Xg = (uBl, SPl uBMu, pBl’ Nge iy pBMp)
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Reduction of CG procedure

Compute the initial residual go = G — Kxgogo by

Jo = 2 (Al(giz ABB) (Xgl()) xB,o)T — bp

i

with x;‘?, by solving the subdomain problem
. ; s T 3
ORI, (9 — p®
(AI; AI;?) (xl,o xB,O) = b,

The Lagrange multiplier component of x}i(), is

equal to O, then the ones component of g, is

also equal to 0. Therefore the computation of
such a component of g, is not required in the
CG procedure.
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Reduction of CG procedure

Compute Kw,, by

Kw,, = 2 (A5 Agg) (Y wn)T

i

by r'” by solving the subdomain problem
; : : T
(Ag? Agg) (r',(:) wn) =0

The Lagrange multiplier component of rY s
equal to O, then the ones component of Kw,
is also equal to 0. Therefore the computation
of such a component of Kw, is not required in
the CG procedure.
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Bi-Conjugate Gradient procedure

Choose ug:

Com‘EIex SYMMETriCY guo = (G~ Kxgo),

(vrotuy, rotvy) — (iwouy, vy,) G :
+(vp,gradpy) = (f,va), | Wuo ™= Buoe
(up, gradq,) = 0, For n=0,1,2,...;
V(Vn, qn) € Vi X Qp. e (gu,n» gu,n) _
FEM equations: AX g b b (W (Kwy)y)

x = (uy,...,uy,,0,..,0) UBn4+1 ‘= UBn — PnWun;
We can Sun+1 = 8un — pn(KWn)u;
reducefo  (Bun+18Bun+1)
compute | e ;

r‘ange (gu,nr gu,n)
2 .
Interface problem: ?’rlplyer‘ If ya < €%, break;
oty componen‘l' Wun+1 = 8un+1 T ¥YaWuns
KXB =G f End;

Xg = (uBl, SR uBMu, O, hley O)
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Simple 3D model

solenoidal coil

conductor

# of Elements: 4,310,648;
# of Nodes: 5,817,074;
# of DOF: 5,450,598

Magnetic field (real part)
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Computational conditions ITa

PC cluster:
Intel Core i7-2600@20
(3.4G6Hz; 64bit; 4cores)

Domain decomposition:
80x540 subdomains

Computational conditions:
Interface Problem Criterion = 1.0E-10
Subdomain problem
Conventional: ICBICG (criterion = 1.0E-9)
Proposed: LU with pivotting.



Convergence history IT

1.0e+04

106402 |- .- i
1.0c+00 |
10002 |
L0004 |

1.0e-06

Residual norms

1.0=08 L

1.oe-10 | Previous I —— _

8 Previous IT ——— |
1.0e-12 , : Proposed ——

0 5000 10000 15000 20000

Iteration counts on the interface
Convergence history of an iterative procedure in

.. Xterative DDM with/without gauge conditions.



Convergence history II-1

0 1000 2000 3000 4000 5000 6000 7000
[teration counts on the interface

Residual/Gauge of an iterative procedure in
Iterative DDM without gauge conditions (A).
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Convergence history II-2

Y

Residual norm
Coulomb gauge

,f" ! ."' 'I'w. _,"'J H

‘ 'l“" \‘ |l * Ill' \

1000 2000 3000 4000 5000 6000 7000 8000
[teration counts on the interface

Residual/Gauge of an iterative procedure in

.. Xterative DDM without gauge conditions (A-phi).




Convergence history II-3

Residual norm
Coulomb gauge

)
o0
o
<
o0

E

O
=
)

O
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! %LNM

"Whal wahwu |
U jl\m‘\hm_.LL*wJ W

1000 2000 3000 4000 5000 6000 7000 8000
[teration counts on the interface

Residual/Gauge of an iterative procedure in

. .. .k Teratiye DDM with gauge conditions.




Computational conditions ITIa

Oakleaf -fx@Univ. of Tokyo
Fujitsu Prime HPC FX10 384node

Domain decomposition:
6,114x1,140 subdomains

Computational conditions:
Interface Problem Criterion = 1.0E-10
Subdomain problem
Proposed: LU with pivotting.



Convergence history III
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