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On the representation of discrete crack surfaces in
crack phase-field model realized by finite cover method
(BIE#E L% B\ - Crack phase-field €7 )L DB S E DRI

Jike Han V) Yuichi Shintaku 2 Shuji Moriguchi ®) and Kenjiro Terada ®

1)Department of Civil and Environmental Engineering, Tohoku University (E-mail:han.jike.s7@dc.tohoku.ac.jp)
2 Faculty of Engineering, Information and Systems, University of Tsukuba
3 International Research Institute of Disaster Science, Tohoku University

This study presents a diffusive-discrete crack transition scheme that can trace an actual crack
path as closely as possible and stably update its explicit crack tip even in a large deformation
regime. The crack initiation, propagation, and bifurcation processes are determined from an
energy minimization problem with respect to the crack phase-field modeling. At the same time,
the obtained diffusive crack path is replaced by a discrete representation by applying the finite
cover method. The transition scheme is established within the dynamic fracture framework under
the finite strain framework. Thus, a series of events from the crack initiation to the division
of an original object into multiple portions and independent motions of divided portions can be

simulated at once.
Key Words :

1. INTRODUCTION

The crack phase-field model (CPFM) [1] is a promising
approach for capturing arbitrary crack initiation, propaga-
tion, and bifurcation phenomena in materials. Recently,
CPFMs have been combined with meshfree methods, such
as XFEM, to realize the diffusive-discrete crack transition
and to overcome shortcomings of the standard FEM, such
as mesh distortion. While several studies [2—-5], including
authors’ contribution, have been presented, the path has yet
to be open to describe dynamic fracture.

In this context, this study enhances the diffusive-discrete
crack transition scheme [5] to describe dynamic fracture
under the finite strain framework. In the scheme, the crack
initiation, propagation, and bifurcation processes are deter-
mined from an energy minimization problem with respect
to the crack phase-field modeling. At the same time, the
predicted path of a diffuse crack topology is replaced by
a discrete representation by applying the FCM. Accord-
ingly, the severely damaged region is no more continuous
with respect to displacement, and independent motions of
divided portions can be captured. After the formulation
and the numerical algorithms are explained, representative
numerical examples are presented to demonstrate the per-
formance and capability of the developed scheme.

2. CPFM FOR DYNAMIC FRACTURE

Consider a continuum body under the finite strain frame-
work. Then, the domain of the body and its boundary
are defined as By C R®* & 0By C R and B; C R* &
0B; C R®, which represent the initial and current config-
urations, respectively. Here, s denotes the dimensionality

Crack phase-field, Finite cover method, Fracture, Finite strain

of the body. Also, the boundary conditions are imposed on
the Neumann and Dirichlet boundaries, OB~ and 98P , re-
spectively. To describe the deformation of the body, a map-
ping function = ¢ (X, t) is introduced, which maps the
points X € B onto points x € B; attime ¢t € T = [0, 7.
Accordingly, u =  — X denotes the total displacement.

Meanwhile, the crack phase-field modeling is consid-
ered to describe the damage, for which a discrete crack I'
is numerically approximated as a diffusive crack I';, using
a scalar variable d. Note that d = 1 is the fully broken
state, whereas d = 0 is the sound state. In addition, the ir-
reversibility condition of the damage evolution, i.e., d >0,
is postulated.

Based on the first law of thermodynamics, the following
energy conservation relation holds:

E+K+D=P |, )

where

5:/ vdV
Bo

= [ {V°(F,d)+ ¥ (d,Vd)}aV,
Bo

@)

1
K= / KV = [ Cpolalfav . @)
Bo Bo

D:/ de:/ /(c.u)-udtdv "
Bo Bo Jt
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and

P = P,dVv +/ PdA
Bo 9By

:/ /B-udth—i—/ /T udtdA.
Bo Jt 0Bo

Here, &, K, D, and P denote the constitutive work poten-
tial, kinetic energy, dissipation energy, and external work.
Also, ¥, K, D, P, and P, are the constitutive work den-
sity, kinetic energy density, dissipation energy density to
due numerical damping, and external work densities of
body and traction forces, respectively.

The constitutive work density ¥ is furthermore decom-
posed into the elastic strain energy density ¥© and crack
generation energy density Wf, whose specific forms are
given as

(&)

\I/e (d) (\Ij?) dev + \IJO vol) + 0 for J Z 1 (6)
(d) \Ij(),dev + \Ij(),vol for J <1
and
d?+1 d||?
W = Gy, = G IV ™

2l¢ ’

respectively. Here, F' = 0x/0X is the deformation gradi-
ent, and J = det [F'] denotes the determinant of the defor-
mation gradient F'. Also, g (d) is the degradation function
to represent the deterioration of the material, and G & I¢
are the fracture toughness and the crack length scale pa-
rameter, respectively. In addition, V is a spatial gradient
operator with respect to the initial configuration.

Meanwhile, the kinetic energy density K is computed
from the mass density pg and the velocity vector . Also,
the dissipation energy density D is introduced as a numer-
ical damping quantity for maintaining computational sta-
bility. In addition, the external work densities 7, & P; are
computed by the body force B and traction force T, re-
spectively.

Subsequently, the time derivative of Eq.(1) yields

E+K+D=P |, ®)
and thus leads the following power balance equation:

—/ (V-P+ B — pyii — C-a1) - adV
Bo

. ag()e+7% d— 12v2 ;
/B< 0Dy — S (a—v2) ) dav

+ (P-N-T)-udA . 9)
OB

+/ (PN —T)-adA
oBh

+ G.lVd- NddA =0
880

HBBEEETHHER

Similarly, the first-order stability condition for any possi-
ble admissible variations {du, dd} is given as

—/ (V-P+ B —pyis — C -a) - éudV
Bo

_ Jg (d) e+ Ge 1292
/Bo< 9 —Y; I (d Y d) oddV

. (10)
s [ (PN -T) - guda
oBY

+/ G lyVd - NoddA > 0
8B

From Eq.(9), Eq.(10), and the prescribed condition d>0,
the governing equations of the displacement and damage
fields are derived as follows:

V.-P+B=pyit+C- -u inB
P.N=T onoBY 11

w=1a ondBY

and
ag( ) e+ G 272
e (d— <
ad —0 It (d Y d) <0
@f in Bo
d >0 . (12)
dfd=0

GCZde -IN =0on 860

3. NUMERICAL ALGORITHM

Eq.(11) and Eq.(12) are spatially discretized by the
FCM, and the Newmark method is employed to discretize
time. Algorithm 1 presents the overview of the numerical
algorithm employed in numerical simulations, which is an
enhancement of the standard staggered iterative algorithm
and realizes the transition from diffusive to discrete cracks;
also refer to Han et al. [5]. Note that the algorithm enjoys
the benefits of both the crack phase-field and the strong dis-
continuity of the FCM, which can reproduce the geometry
of a discrete crack path that is propagated and even curved
in a short time interval within the finite strain framework.

According to the algorithm, at each FC-based staggered
iteration k, the damage and displacement fields are com-
puted alternately. When both fields are determined, the
configuration for computing the deformation gradient is
updated. Subsequently, the norm of the staggered iterative
residual Tesg, 1 is computed by

norm [7eSag, i
Eh+kl-¢gl -kt (43)
EL+ K

with ressltagyk =

where the index I denotes the node number. If the value of
this norm is smaller than the predefined threshold TOL,

two fields are considered converged at the current loading
step, and a new displacement/force increment is imposed

-E-11-02 -
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ALGORITHM 1 FC-based staggered iterative algorithm for dynamic fracture.

1: (% At the time step t,,, Upn k=0 = Up—1 and dy, y—o = d,—1 are known.)
2: Update the old velocity and acceleration for newmark method: t,,—1 = 1y, k=0 and i, 1 = tp r—0

3: while norm [resgq4. 1] > TOLg do
4 k =k + 1 (% FC-based staggered iteration)

AR A

if norm [resstqq 1] > TOLy. then
10:
11: end if
12: end while

NR loop: Compute the damage d,, ;, with the fixed displacement w,, 1
NR loop: Compute the displacement u,, ;, with the fixed damage d,, 1,
Update configuration for computing deformation gradient: X, 41 = Tn k
Compute the staggered iterative residual by Eq.(13)

Check if the transition from diffusive to discrete cracks is needed; see Reference [5]

for the next loading step. If not, the necessity of updating
explicit crack tips is checked before going to the next FC-
based staggered iteration k + 1.

/1111741177777 Fully fixed /4111771777777 Fully fixed

@MH

0.5 mm
0.5 mm

0.5 mm

E
" 0.5 mm
N
S

0.25 mm

1 mm
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(a) Case lh

1 mm

(b) Case lv

Fig. 1: Geometry with boundary conditions.

Table 1: Material parameters.

Parameter Value Unit
Young’s modulus E 1.5 x 107 MPa
Poisson’s ratio v 0.3 -
Density Po 1.0 x 10°  kg/mm?®
Gravity g (0,-9.81,0)  mm/s®
Fracture toughness Ge 1.0 N/mm
Crack length scale parameter lg 0.015 mm
Pseudo-Lamé’s constant Apse 0.577 MPa
Pseudo-Lamé’s constant Ipse 0.385 MPa

4. NUMERICAL SIMULATION

This example targets the impact failures of a L-shaped
plate, whose geometry and boundary conditions are illus-
trated in Figure 1. As shown in the figure, the top edge is
fully fixed, while the following sinusoidal pressure is hor-
izontally or vertically applied to the right edge:

s
in(——+¢) if0<t<0.005
a(t)z{%sm(o.oo5) posts [s]
0

otherwise (14)

with & = 15 [MPal.

Also, the black-colored regions are assumed intact in sim-
ulations. This example aims to demonstrate a series of
events of dynamic fracture that involves arbitrary crack ini-
tiation, propagation, bifurcation, division of the original

object into multiple portions, and independent motions of
divided portions. Material parameters are listed in Table
1, in which the gravity is assumed to be 0.1% of Earth’s
for visualization purposes. The cubic degradation function
g(d)=(s—2)(1—d)’ + (3—s)(1—d)* withs = 0.1
is used to represent the deterioration of the material.

The transition behavior of energy components and the
snapshots of crack propagations are shown in Figure 2(a)-
(d) and Figure 3, respectively. As shown in Figure 3, the
crack initiation times and points, as well as propagation di-
rections, differ with applied pressures: Case lh exhibits a
single horizontal crack without a bifurcation, whereas Case
v exhibits a skew crack direction involving a bifurcation.
In the meantime, the increases of initial energy are con-
firmed; see black-dashed lines in Figure 2(a) and Figure
2(c). These tendencies are due to the approximation capa-
bility of the finite covers. In fact, such ill-posed variations
of energy are not observed before and after crack propaga-
tions; see Figure 2(b) and Figure 2(d).

On the other hand, the motions of two cases after divi-
sions are shown in Figure 2(e) & (f) and Figure 4, respec-
tively. Here, the values of displacement are taken from the
white point at the top of the right edge, as shown in Figure
1. From Figure 2(e) & (f), the motions of the y direction
exhibit free falls, while those of the x direction exhibit dif-
ferent tendencies in the two cases. To be specific, a con-
stant velocity linear motion with small oscillations is con-
firmed for Case lh, while the motion of Case lv seems to
be governed by rotation. In fact, Figure 4(b) indeed shows
that the divided portion is free-falling and rotating. It is
noted that the fall speed of Case lv is faster than that of
Case hv because the pressure is applied horizontally and
vertically.

Based on these numerical results, we confirm that the
developed scheme is reasonable to simulate the series of
events from the crack initiation to the independent motions
of portions after crack propagation.

5. CONCLUSION

This study presents the transition scheme from diffu-
sive to discrete crack topologies to describe dynamic frac-
ture under the finite strain framework. The crack initi-

-E-11-02 -
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Fig. 2: Transition behavior of energy components and displacement-time relations. Ela: elastic strain energy; Fra: crack
generation energy; Kin: kinetic energy; Dis: dissipation energy; Ext: external energy of body force; Ini: initial energy
(Ela+Fra+Kin+Dis-Ext).

ation, propagation, and bifurcation processes are deter-  dynamic fracture involving arbitrary crack initiation, prop-
mined from an energy minimization problem, while the  agation, bifurcation, division of the portion, and indepen-
predicted crack path is explicitly represented by the FCM.  dent motions of post-division, is successfully computed in

Enjoying the feature of the scheme, a series of events of  one simulation.
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(a) Case Ih t = 0.048 t = 0.056 t = 0.064 t =0.070 t =0.080

(b) Case Iv t = 0.009 t=0.024 t = 0.045 t = 0.059 t = 0.080
o M

Fig. 3: Snapshots of crack propagations.
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Fig. 4: Trajectories of motions.
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Seepage Failure Analysis of Unsaturated Soil using Semi-Implicit MPM
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Soma Hidano, Yuya Yamaguchi, Shinsuke Takase, Shuji Moriguchi, Kenji Kaneko, Kenjiro Terada
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The standard material point method (MPM) for unsaturated soil employs the explicit time integration scheme
using the large water bulk modulus but has two weakness. One is the pore water pressure oscillation, and
the other is the large computational cost. An alternative is the semi-implicit MPM, which assumes the
incompressibilty of water . This assumption improves the numerical stability and computational efficiency.
Nevertheless, few studies have so far been made to deal with large deformation of sloped made of unsaturated
soil. In this study, we develop a semi-implicit MPM for unsaturated soil, and several numerical examples are
presented to demonstrate the capability and performance of this proposed method. In particular, a validation
analysis is carried out using a model experiment of infiltration-induced slope failure.

Key Words : Unsaturated soil, Seepage failure, Material point method
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AR, SUREEIZ —K & 3 2 SN0 EY, 7
S E D MMENCH 2. ZHUIIKDIRBIC X 51
BUKOEM, TRhbE, LEROEMIGH DD ICE
HALTW3., ZOHRFOEHRIZIZ, TOBEATRT
KTHiTz XN TWAREMEZ T TR, BRICESE
SO0 FEREORBLIDREL 5. ZDE
2= & B ORI U 7= 8l Tk & LT Material
Point Method (MPM) 237F H &L TW3. MPM 3R F
EDO—DOTH 20, ARERELHLUDO T LTV X A
PERAZNS. GRERELIEKRT 22, KEEEZH]K
IGETHRX Y ¥ 2 DBFEDPRZRVAESEDH L. %
7z, ORI FIEL T 2 v, EBHEREO KL,
Euler IO B I T IITIT S 728D, R TR
AETHY, ftEaAMNEMZ 2T 3.

L LRSS, ZOMPM % HWER3EDZ < (X EIf
TERRE LTED, TR ZNRE U5 [1][2]
A0 AT, BEEZERH U725 o MK
FEREME 2 AE T BIGENZ 0D, ZO5E, EFITK
= K DEREHER 2 Wi ud 7z o F, MERKE
MARLE L 25, %72, CFL S&MHIZ/KDOIRFETHMER A
BEND D, FEZAREEZ/NE S LRTNUIR 5%
WAERE BT 3 [3][4]. TS5 OREICR LT, Rk
IKDIEFEREME % AR E T % fractional-step LD T % F
E [41[5] DHRRE N, ZOMESHRIATVWED,
BRI 2 R & U7 e TSR s S LT,

Z ZTARME T, Atz xge L, Bk
Feig U C & b ZERNCHRMT T & % fractional-step 1% £
L7 MPM %2B%3 5. DIRTIE, IBEFEOER
LD 2 EiRA L, B2 BUERENT B X D BEAMERE
ZAREE L 721, RHARSEAEERR O BRI X 5 %
LD EITS.

2. HAEEFE

1 ZEEAER
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Pw = OSyPw. )

ZZT, OFHERE s ZERETHL. 2O X, &
B8 & MUK D & 72 2 IRERDEH LA TD L 512
REIN3.

Dp.
GCW ﬂ

+ 54V v+ V- [Osy(vy —v)]=0. (3)
ZIT, v,y lEENER, TEEOHEE, FRKDH
EERL, 7> aY p. &, pe, =p.—pw & LTH
FRZESUE L FBRKIEDZ Y T 5. F72, oy WdKDTFE:
iR &R E B LK HEETH D, R TIE VG E
FO6) ZERAT 2. ZDrE, AMEINE sy LR
DX TERINS.
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T IZT, Qug Ny, Myg ZNTA—=RTH 5.
F7z, TEKEEBRKOEFHHERIUL T LS
RINS.

psas =V - [0-, — (1 = 6)swpwll +psb + Ps, 5)
Pwy = =V - (Osypyl) + pyb + Py, (6)
ZIT, agaylE, TEKEREBKONEETHD, b

BYIEhTH 3. £, o BTEBERDOISHTHD, #
AN Hencky BT T VR L, 4 HiDIRERH

-E-11-03 -



E-11-03

BFENTICB VTR, BHEE ORI D 72 9IZ Drucker-
Prager DFFRILHEE NS, AT, ps, po ELEREE
MUKOMEEER I TH Y, DR TRHEINS.
ﬁs = _ﬁw = Qqws Wy —vs) — pwv(esw)' @)
Z 2T, Gus = Oswpuglhys TH Y, g XENNHEE DK
X ky WBEKIRETH . ks 1 SEIREKIREL K2 pe
SLUIRORTEHT S [7].
1 Mg 2

ks =R oo (1= 1= 0™ | ®)
TIT, £, BATA—RTH .

BB, AETIIEED =D ICERZEKDOZEE I+
BRERRIBRKDEE I LT HM/ NI WEREL, M
RZERDEE Y [ENEEr L ARET % [11[2]. %72, kL
THLERERRL, TR U TRI/KERRET
%7z, THEMI Lagrange FNCEEiR L, MEBR7KIE Buler
ANCEIR T 3.

(2) ErrERERL
AWFFECERA 3 % fractional-step £ TlE, MIHE % L
TOESEHRT .

n+1 n
an+1 Ve TV
¢ At

n+1 *
[ v(l

At

3k 1
4 Vo = Va

At

=a)+a, (9

ZZT, MIERAFD @ =s,w E LB E 3R
KOETH2 %, EAEFHRZATDn 3KL " TD
ETH2 Izl TBD, AridEHETTHS. X
7o, HREREE v 3B X HRIIGEE of, BENEE a*
&, HECROBRICH S.

vi =V 4+ Atal, v =y + Atal. (10)
o2, HAFHEIZOWTE, KEZIAREZKE LT
% 7= DI RS 2 VTR S 5 [4]. MU EXD,

IR L L 72 E BRI T XS icksh 3.

PV AL = gy vy = v3) = pivg/ At

+ Vo™ = (1 = 0")sepy 1} + pib" — pLV(@'sy), (11)
PV AL = plvi /At

= V[ =65y APy T = Ayt VE'sy,), (12)
v AL+ gl (V) = ¥))

= Pava /AL =V - (@55, pal) + pab” + piV(O'ss), (13)
iVl A

= Pava/ Dt =V - (@" sy APYD + ApLIV(E's,).  (14)

T2, BRAEKOBEHFERIB I UK (3) &b, EJIPois-
son HEERIIXRD L5 1cRKREIN 3.

BBEEETHHER

(3) ZERIBERLE

ZEREERLICIE MPM 280§ 5. 72721, M T AR
FEDD I NGEEE R O RBUTHI N B
REZ RIS, BEEPLETS., LA
W92 TlE, LBB $&fF 2723 X 5 #ES ¥ MK TS
DFHlif%Z 3 53 7-D1Z, Sub-Grid 1% [8] ZHRH T 3.
FD7, M-1(a) D X 5 IZREBRKTS O T 13
DIF_onr T 5.

HEEfE T D 2R TFIETIIFES Poisson HFEzNE H
WS T CHIBRKIEZ R 2 DI LT, BB#EET
X, Pl icHEafFII» kD 2. 22T, K-1
(b) D & 5 1EE R T ORIBEKTE DR M % 5481
NORLTFDOHL (BEEHED ) 3 2 FiK[9] ZHH
L, MBKEOZELEXS.

RERT
MBRKERT

MAEE ’C <t
WEs (e

(a) Sub-Grid i (b) TR =HIF D>
-1 FFKESDFER

3. IREEHIRE

1) —RITEZRER

BRI 3 2 Y MRRGE & U C—OTIER R &
o, IREFIEDMR% Terzaghi OJEHBEHICE S S H
AfRE X CEEDR L LT 5. -1 IR T X —
R, X2 1ZfMTE TV 2 ETH O BBRKE DR Z AL
ZRT. ZOMD S, FGIERETIEEA R E RO R
IKIEDREETH 20, REFIETIIEMAEERD SK
ELBBRKESE SN TVWS AR TE 3.

-1 —REFBERTHERTIMENTXA—&

RTRX—& s (B fH
Tk R ps (kg/m®) 2600
HIHARpR R 6° 0.3
Young # E (MPa) 10.0
Poisson k. v 0.25
IKE pw (kg/m?) 1000
BRI R K2 (m/s) 1.0x 1073
002 [m]T =10 [kPa]
\ J.g T
o
3
IS
O
O
1m
S
I—2—i
§ L= Vs =0
o 10° 10 100

w " o
op, =0 BRI [s]

oo APV e =
ey Y e AV [ (ay - a0 B2 — R EERIE L L EEOMRAEOBEZL
= VY V[0S0 -], (15)
© Mt EEABARGTEIRS -E-11-03 -
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(2) —RTRERENR
RIS 2 ZAMMRALD 728, RV F<—2

BBEEETHHER

&-3 HEREFERROBRBITTERTSMHANIX—4%

© —MRAFEABARGEIER

L LT & HIBN S~ RTEERNER 10 oFEE X=X ics (B fit
WEITS. FEBZ, 81Tk Ledkossc TR ps (kg/m?) 2731
ML, KE»SELGOWAR, KH koMb e PIHRERE ¢ 0.50
L, EETOKOTRHEEZFHLZbDTHE. Young 3 E (MPa) 3.00
Dr &, KEMOTOBMEIIRL NSRS, Poisson Lt v 0.30
2R T X =& [11] %, K3 ZRHTEFLE Wi ¢ (kPa) 0.0
Y. BB, gy LCiskoBmiic ket WA RKEAMNID o (kP 20.0
bEDETITS. CFL &l & BRI KIS 3 & PR PR A ¢ () 35.0
%8 U CRERNCIRT 3 IERI% 06D _LFREM R o KA T2 —f v () 0
fHE LT, FEED 1.0x 1070, RRTIEA 1.0x10™%s IR pw (kg/m?) 1.00
&9 % [3][4]. BIAE KRR K2 (m/s)  421x107
-3 AR THERD &, REFHIMMHEIC X T/ NI Sy 0.02
DR AOMERERLTED, RchmkEkorm — RARMIE S\ 1.0
HEE S ERER EBA LTV 2 AR TE 3. AR R v 0.28
NRIR—=R Nyg 12.898
=23 il o= Myg 0.923
-2 —RTBERITEAT BHENSX—2 : 05
RIRX—R sl (A A = :
Tk AR ps (kg/m’) 2720
HARIBR=R §° 0.37
2?:152 E (MPa) 13 = 250 150 200  [mm]
Poisson Lt v 0.4
IKEE pw (kg/m?) 1000
BORLE KRR K2 (m/s) 45x107°°
o/ N FE st 0.02
R BRI 53, 1.0
FEFKDEE oy, 0.02
NRIA =X Nyg 1.5
Myg 1.03 0.01 [m]
Eve 3.5 ) =
.!. N #5&71] : c = 0(kPa) is; p,=0(s,=1) 5::::
020 @Ham) BT 22 | 04 [m] I
{vws=0 ) P N\
APp=5- -l #5277 : ¢ = 20(kPa) <
002fm = o 3Bk
8 ) ps A, A A v
I _8_»IVSX =0 gs
T B4 HESSHERROTT L L ERERET I
8 e
I—o—I )
S
o T e e RS D EERFE R B & ORISR 25 1TRT.
T BB (i DD B, FEERTIEE FOWALD & KIHEHRIZR

B-3 —RITREENETILEERDRHERE DR HEL

4. NERERAERER D BIRFEN

IKDIFEIC & 2 RHE RS O £ 7OLVFEB O HHREN %
175, RI3WMEARTIA—%%, K4 IZERET LY
AT ET VERT. BT MCBT 2 EEMTFOV A
13 0.01X0.0lm T, —t&FH7zh 2x2 DR FZHLE
T3, KREZAMEZ1.0x10™4s ¥ § 5. 7271, BKkH
1 (10x 10 DIEERST) DR T DR S11E ¢ = 20kPa
¥ L7z ZAUSHREERRICIR K OAHE Ok 723540 T
VHBERBINKR LW e 2 =0Th 3.

BL, 40 JFHEET 2 &R 2R LR L= 2
EDTERRTE 2. REFIETR, BEHRITKPRET
ST ORITETED, 40 pETHEZ R BHHE
RIIRBE L RIZERE BBORAESL TV,

I OWTIX, FEBToRE D & REb L7
TN B XS ICHNBR %, ISR TORET
XTWVWBILHHERTES. LHALAENS, EERTI,
R o Jebn o B ER U C B o R E A S % B
BER 72 BREEDSFEAE LTS, AT IS U 7= R S
MEDR T DHENZ D EEHOR FICH M L, FiE
L7=RFIZE 28R 6N S K5I L TE D, fiEe—
RIGEWHRZII NS,
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44:00

40:00

228[E

i
i3

AR T

46:00 49:00

M-5 REROEES & URIME L RIREM V3 S DEITER

5. fEam

FRIAI 20 R e LT, MRRKEZ BN AT RE
7% fractional-step IEZE A U720 MPM Z 25 L 7.
COEANCED, GIREORETH 2FHHa R b i
BUKFEDRZEEZIH S 2 2B TE, ZDOOMEE
B> & Z DR MR TE /. MAT, PEIREHR
HERO BB TIX, Nt toRtm»stafL, #
HFehifHE D ST 2k F 2 R T X 7.

Y EDS, GRE L e TREEZI AR D ERRE % K
ZLTDZEHNARETH D, 2 OLERNHEBIKEZ
HELRYS, REVGORAEFTEZ—HLTHRITE
ZFRERRBETELL VRS, L, ERTORRK
MR BB RIUC OV TIISHROFEL Lz w.

BE

[1] Bandara, S., Ferrari, A. and Laloui, L.: Modelling
landslides in unsaturated slopes subjected to rainfall
infiltration using material point method, Interna-
tional Journal for Numerical and Analytical Meth-
ods in Geomechanics, Vol. 40, No. 9, pp. 1358-1380,
2016.

Ceccato, F., Yerro, A., Girardi, V. and Simonini,
P.: Two-phase dynamic mpm formulation for unsat-
urated soil, Computers and Geotechnics, Vol. 129, p.
103876, 2021.

Mieremet, M., Stolle, D., Ceccato, F. and Vuik, C.:
Numerical stability for modelling of dynamic two-
phase interaction, International Journal for Nu-
merical and Analytical Methods in Geomechanics,
Vol. 40, No. 9, pp. 1284-1294, 2016.

Kularathna, S., Liang, W., Zhao, T., Chandra, B.,
Zhao, J. and Soga, K.: A semi-implicit material point

(2]

(3]

(5]

[6]

(8]

[9]

[10]

(11]

-E-11-03 -

method based on fractional-step method for saturated
soil, International Journal for Numerical and Analyt-
ical Methods in Geomechanics, No. March, pp. 1-32,
2021.

Yamaguchi, Y., Takase, S., Moriguchi, S. and Ter-
ada, K.: Solid-liquid coupled material point method
for simulation of ground collapse with fluidization,
Computational Particle Mechanics, Vol. 7, pp. 209—
223, 2020.

van Genuchten, M. T.. A closed-form equation
for predicting the hydraulic conductivity of unsatu-
rated soils, Soil Science Society of America Journal,
Vol. 44, No. 5, pp. 892-898, 1980.

Mualem, Y.: A new model for predicting the hy-
draulic conductivity of unsaturated porous media,
Water Resources Research, Vol. 12, No. 3, pp. 513—
522, 1976.

Bressan, A. and Sangalli, G.: Isogeometric dis-
cretizations of the stokes problem: stability analysis
by the macroelement technique, IMA Journal of Nu-
merical Analysis, Vol. 33, No. 2, pp. 629-651, 2013.
Bandara, S. and Soga, K.: Coupling of soil deforma-
tion and pore fluid flow using material point method,
Computers and Geotechnics, Vol. 63, pp. 199-214,
2015.

Liakopoulos, A. C.: Transient flow through unsatu-
rated porous media, University of California, Berke-
ley, 1964.

Uzuoka, R. and Borja, R. I.: Dynamics of unsatu-
rated poroelastic solids at finite strain, International
Journal for Numerical and Analytical Methods in Ge-
omechanics.



© —MHHEABARGEIZS

E-11-04

FHEIFEESHXE Vol28 (2023F5A8)

BB ETHHEES

HEI¥s

FIFEICKSDFEEBEERETILORMRE
B UBORNREREET~DEA

Semi-resolved coupling model using particle methods

and its application to the simulation of internal erosion in soil

SEEED, AR, AERIE Y

Kumpei Tsuji, Mitsuteru Asai and Kiyonobu Kasama

D) 1 (1) sAERY KFBE LR Bh
(T980-8579 Aili13 T 4E X 54575 4£6-6-06, E-mail: kumpei.tsuji.c1 @tohoku.ac.jp)

2) 1 (L) JuRY: Trgebe s HRinrg ez
(T 819-0395 f& M i vE X L[] 744, E-mail: asai@doc.kyushu-u.ac.jp)

3) 1 (L) JuMRY: TFisebe tha AR i
(T 819-0395 f& i vE[X Ll 744, E-mail: kasama@civil.kyushu-u.ac.jp)

The present study aims to realize a numerical simulation of internal erosion caused by the complex
interaction between the soil and seepage flow with a particle size distribution. We propose a semi-resolved
coupling model, a hybrid type combining conventional unresolved and resolved coupled models in the
framework of the particle method (ISPH-DEM). The applicability of the proposed model to internal
erosion analysis is demonstrated through numerical experiments using a particle layer with vertical

upward flow.

Key Words : ISPH, DEM, Semi-resolved coupling model, Internal erosion

1. [FXLC®»IC
HAENEORERIC L > TR &R SND TR A]
I, BIEREN E OB RKEERFOHBOAELBIR L
A7 TORBEEFIEE LTV, ZOHET, #l
IZHETET KBS (FLSRRZR & o) Ol k> T
INE IR RBE - AT D 2 & TRERBIERL, &R
Mg DR AP Z FHRT 5. WIlHRRIL, i A 7 —
OB RS THREEZ: = & BB E - TR 728
MELFRIND. 5%, WHIREIZ X 5 2R D R E
b & O BIEM: % ERERNCEHE T 2120, (ABRY e £ fif =
BRIZ K D 72 T S TR R U > R 2 L—v 3 U
B TR0 155.
REMRAEOBIEY I 2 L—32 9 U &24T9H121%, R
&K DM EAER 2@ E T b Lz BT, 2R&IC
5 LR OB 8 CRILATRE A # AT S L CTHh 5.
Z OERLTIENL, BT & IR OB A AT RE A TR
BAGHELE T V| &, R RHT) - IBERE T I
S BERERMERET V) ICKBlENS. 2L, B
DOWFFENZ LY, WF TR T & RO ZE MR E D) &
HEUNHIWr TR &E L DRENRINTWA[L2]. 72720,
i R R 9 D B e ok Lok B IR R T L
OEMITFHFE =2 A ME»SIEBRATH D, RN
FEfRGELERLE T N Cl, RIFZERRIG T2 NHRA
72 EO RPN IR ORBELNREETH H[3]. TDT=D,
RS LRV R O E &R e T DB G R E T L

DOREFENLEEND.

ARBFGETIE, WEARMEHTICIXISPH  (Incompressible
Smoothed Particle Hydrodynamics) , 7712 /(&85 31k
DEM (Discrete Element Method) %M L, NIRRT =
T AR D TR OB E) & B R B AR R A 1
WY R 2 L= BT 5. 2 LT, hE EREAER
THRFEE AW BEERAEL T, {EROERET
NOEABRREZIET S L L bIZ, E D Z YIS
BOW IR G - UGN A T Y RE AT D
HRGAER T T N 2 RET D,

2. BHEFE
B-1120%, 1527 DRG0 - MBI 7Y v K& A

T OYIRAGHELEEE T VO SRR E R LTS, BEET IV
ETNVTHE, FEERRLL EORE 2R 7 CHRLT) 1%, Hb
BN ORMBIROTALUCRE S HEE 2 55X, R
BIRNERRE T NV EEAT 5. — 5T, BRI T O/ S
7ok GRRLZY) 12 L TiE, ZOIRMBRIICE 2 58
B3, WKW LIRSS Ko lcE®haz Ry &
AREL, FMGIRENRET VAT 5.

(1) ISPHIZ & % FRikfEHT

RPN OWRIL, BIBREE T A —& & LTI %
754, &+ % Darcy-Brinkman! X fl FRERUZHE Y D & L,
N E L EACISPHIE[4NC &L - TAE< .
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¢ (e)Dv 1 .
?D—t = —p—fVP +g +VE(8)|7 'Uf
{—a(s)evr — b(e)e?|v,|v, (¢ < 0.8)
—c(&)|v, v, =08 @D
Dpr (%
et (F)=0 @

Z I TP, g, p5 5, vy, CATENLERL, ET), EINEE,
TARE L, FRE, RARE ERE, BRMREE &,
lFHUE DA R L, FHEXIGOSPHAL D EHEN
IZA > TV 5 DEMHKL T ORRIRFED HEIERNZ KD 5. &
DORERREZHNT, FLv—ifil v, = ev K OHAENO
FL T O Wi ,Ef = epfé”?%'aé. £72, a,b,c,vgldHE
PR, KvEREE . RO)IZRRReE T A —& L
LC, #3&i & BEROm FICHET 2R E 70, BB
PRI TR F D3 —2 b WA (e = 1) 13HIF 72 Navier-
stokes TRER & 72D, —J, WERBNIC R 2MFET
D86 (e< 1), FHDFATEL OGN HESER T 2 4L
BAN AN D, 22T, R34 L7- iR
(£ <0.8) LEBRE/ARHEHIK (¢ 2 0.8) T, WMIKICERAT B
NHEEGOEZ D, Z OB, Z OGN E Bhito
MHEERI 20, FR e Lhi 7O #EEy, 2 &0 4%
MG HEFHMET 5. Zhic kv, ik %%
EhEESE L & U ClET Tilthy, /DNRLT R E o 72 1%
BEEE LT RRSER E L TERT 2 H LS.

(2) DEMIZ &k % LA FDEERMT

AT, TRFOE#HEZDEMTEIRTH. KED
WNEBIR A OFEFEBRIC BT, /N I3 EKEDEMKL ¢
RBLL, Kh T -HEAT v 7T LI T OES R E
T ETHEBMARBTS.

dv
msd_;=msg_VPI/s+fd+ch 3)

dwg

T, mg,V, —VPVY,, fa, flETNENDEMAL - D &,
B85, 2, fuh, BRFREOEMT) 2R, Bk
%, —PRDEMTHWOHN D ANR « Xy afy ME
TERAL, Sl JOBEARAT L. £, ke
ORAENER I E 2 DHNf 1%, TR OGN O K AE
MELTIERT 2. ESEB HRAUTE T 51, ws, m,,13,
ERIERL - OMEMEE— A v b, A, Bt (B )
W82 M7 &g £z, MR O 1k 7 03 R DliE A3
DHPLE, MRRERIERL I X RELT D720, Im3 Y B
Bm, kB L7

F 7o, WARDWIITIR A 5 2 DMK, EED
EKIEOR A2 5A L OBRERIA L, kAR TES
BXEM ZLIckoC, WMIKICHT 2B E L
TS

F28MOEEITHHEER
av
d(19)

ZIZT, MLV, QIZFNEARIE k) o-E &, Bk
TV, W, A ERT. Fo, M, Fp M 3RIRICHE
T 5 Lkt & o)), SN L 2 MLy, TR T-H
SIEAT DI T, IR L D bV 2R d. 22T,
Lk & SRR A U DA EAEA S, Koshizuka & OPMS
BT NVSNEEDWIZEREIT 5. SR B oML, @
W ODEM THfill - BREEHE A21T\, HLRL 7 OiEENE, 7
J A5 —DEM (BEEOERMRL T & fEA L THEEEIR A
BT 2ET V) I K DHUBMRET 24T 5. 72k, WEOER
EENZBI L CiE, PWot¥k (quaternion) & & B ERILEH
wf%%%ﬁo@

\ i‘\
[
>,/”‘\ \,
> |

RS R B R kT

o IR HMTFEBBERRERS

o FRK-FBHIFR  PMSICE S CRIANEH
o ¥IFM : DEMIC &k SiEMEtHE

HRBAERETIL

RSB T N
T EEERT HRER O\
o FA-MITR : D Y\ 0
. HFR : DEMIC & BIEREtE

B-1 $REIERE TILOBIKE

3. HNERBOHIEERER

(1) BHIETIL - BFES

AR TIE, BEBEBFEONERE OB OFRBNMRE

ERTHZEICENL, b LIBiER ¥y v 7 &k
ORLFE Sy A DR T B D EER )N B ik & — EiE TRA &
TR EE R4 S 52T O FER % FEhi L 7-.
-2\ i3 figtre 7 v, -V &2 R Lz 22T
1%, MAEE v, I L DNERRET 77 XD % ik

L2, v;,=0.5,2.0 cm/s THUEEE L OISPHO fit ki 12
SRHEINICENE B & ofi# A 5 2 THRA LT 5. 728,
RHE U R 1, AR NEIZELE L 7224 O BE D S
NHEMASERD, FOHBNE A~ & A S D iEBR
WEER LT, T 7r—2 & LT, (BRI
RETNVEMA LIEGEA L, 1BET D 0)MEeEAER T
TNEEA LTS E Ol AT 7.
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»l
P

> —— DEMOEHER

SO

R 'y
a Ef: #HHF 1.0cm
INBLF 0.1 cm
2
i v 5lelt.ki£r§ Vin
! ﬁﬁ,k / .U cnvs
el
80 [mm]
X-2 RNEIBEREOHERBROENETIL
-1 AEREOHEREBROFBITEY

ik (KFEILISPH)
WHAR TR dx 0.10 cm
BE Pr 1.00 g/cm?
Efa TR vr 0.01 cm%/s
RERNG A4 y 0.001
BRI S Atgpy 10%s
IMVAIF (BRFSDEM)
HiFZ d 0.10 cm
BE Ds 2.6 g/cm?
REZRE e 0.80
EEERHK U 0.30
INREH (A FR) k 25000 N/m
BFfES Atpem 10%s
HPF (U 5X2—DEM)
BRATE ‘ dy | 0.10 cm

(AL F DYIEE - /DNHLF & RFHRDIE)

* Sub-cyclelZ & B BFHTES £ XM (Atspy > Atppm)

(2) KR

a) RICERGEERETILEEALEEE
B-3421E, A AR TR % U 7235 & O FENT RS R
o LT, NTIERI T340 ORI, MUK T D258 & T
1b) (SR T OFEN i E BERGbEZ LD L, T4
L U e iR O 2 f b L2 b O &R LT
(@) A Ev;,=0.5 cm/sDIE, t=10.0 sif s ChL 1 & K i
D /PNRIT-DEEZ ERVITHE LD, NEITIIEE
A EERIFR L, NEMRBIZAE T2, (b)v=2.0 cm/sD
LA TThH, KD O/ ORI IR TX 503, b1
FEOM OKAZBIZ72 0 15 50RE) s> THIEDM R

BB ETHHEES

TOINHREORHMEZMET S Z LT T2, KR
LR O 2 5 &, WO RAERE DOSE
Th, IEFHE EM & OBERNRTRE R LTS, Zh
1, DarcyHIlZHE 5 F-HIM 721235 i % 5T R 9 2 JEfRig Al
RET N EZ RN THD. ZD7=, HR DK
B (H58F) 2P L TR TNERE R 2755 2 MERiEh
X, BERDIEMGIRIERET L TIIERI LI Wb L
Ezohb.

1=4.0 1=8.0s]
, v' ,\ N
[HF - RES ] [HF - REH ]
1=0.05 =40  (=8.0[s] 1=0.05 (=40  1=8.0]s]
TRETEA R | ‘
AR AL A A ool |09
! (%) oo old 6%
Vu © (A= d uu HV ooV Vqﬁv
VVVUM A vuu \L va \-::Lu vu %
Qo RO KdS e BieS
© oo oo Yoo | Yoo
Yoo haid e © Y0 vieo
Ferool I g M.»WY CPFool 50T
watel I skl (o] [y [
[FRAKHLF DBER] [RARHLF DEER]
E——— e v [onvs] |v| [emys]
0 5 10 0 5 10

(a) v, =0.5cm/s () viy =2.0cm/s

H-3 fRFTHER CGERGEERTETIL)

b) FMEIERETIEZEALLES

B-4120%, IREFIETH DMBGA - FEFGIINA T )
K2 A 7 OYfRGRGERE T N & L7256 OfHTRs
RER LTz, RIEOIEMBGEELERE T L CTIEWNER R
U Do IR NEEv;,=0.5 cm/siZRB W T, figfgrl
G Al )t MO k> 2 N N e =L BURVAY 3k YA Y 51 b
S/ANKL A E TSR EOREIMRTEX L. Zh
X, CPEARGALE R X o CHKL - & 3B L Tt 2 iRk
ZEENRDBLCE, MR TOWE & /KL 18 < L) 238
KU7eZ & CRFTNRBEZ R TE B2 b5,
T2, AEE,,=2.0 cn/sDBFE, KRBT Tz
<, BT T H /IR T-28 EJFICHR L H S H, NS
EEASE LB TE D, ZOEKOEEEL
KB ZEIEL, /R 2EH ST ROMEL AT
S¥T. ZORFTRREE L ORIEE, Mk ORIICE
U2 K& 2yt (BEEAIZIEHATEE DO2045 L EojitiE)
ERITECEIICKHHTELEZLDOTHD. 1T,
Darcy Hl\ZHE 95 — #7212 % it & #H5 9° 5 FEMR (G i £
FORE TIIHRT 5 2 LIRS, M+ 42 B 88
BERE L TR, RPMICKE 2iE 2 R o2 KB
L1 2 P AlsR T L2 LT, 10 THNEMRA
EFRBTEX DI hoTcbotEZLND.
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t=0.05

(9
c
3

‘
é

©.©
C

T T DBEH]

EE v [envs)
10

(b) vy, =2.0cm/s

®-4 M@BITER (FREEERETIL)
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R LTI RERET VR EAT DL 97, ~NA T
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BB ETHHEES

LMD, NEMRRORHEAZRBT 5 Z LIXTERN .
— A CIREFILETH 2 PR EGRERET VAR L
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BT T VAR FIEORS A TR & U, EIAV KL
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Estimating the Porosity in Granular Porous Material Forming Process by SPH Method

FERED, ARJERE?

Xuelong Lyu and Kazumi Matsui

DREIEE N K

BEIEHAFeRe  18( L) (T240-8501 7)1 IRERILTIR -7 R X R 798 TE,
E-mail: lu-xuelong-tc@ynu.ac.jp)
W% (T 240-8501 P73 IRFBRIETIR L R FE B T9RTE,

QBRUEENL T BRELNG AT Tl

E-mail: kzm@ynu.ac.jp)
In this paper, we used the SPH method to model granules as aggregates of particles. Tortuosity is
calculated by random walk method, considering the contact rate after plastic deformation of granules.
Estimated the porosity in the granular porous material forming process from the calculated tortuosity. We

confirmed the validity in a complex gear model.

Key Words : SPH, Tortuosity, Porosity, Random walk, Plastic deformation, Granule, Porous material

1. [FLC®IC

MR T3, 5 E 2 B8R T 2 v 7 A Bk
REREENTHD. INHOEEEFTET 2RI K
WL, MELESE LIEMRICERT 5. oD RIBED
BUELUEEKMEOSEICEET DL HE T 72
ORVFRIEI R L OV R RAL D E 20 RO FHRLO R

TR & D BIFR & B3R D BFJEANEFEITIT DAL TV 5[],

[2].

TR W TR TR O B L A3 2, HART B 78 <0
RAFDEPETERADIKGFELWS U REANNT 2720
B S 2 b—v a VR EI O R~ AT 2 & 3 A
AT TN D JRHEPH ORI D ) FHIEE) 2 KRBT &
% BB ARATE 7 V1L BB ZE SR 1k (Discrete Element Method)
ZARE T 5 Ik ARy J) F X° MPS £ (Moving Particle
Simulation Method),SPH % (Smoothed Particle Hydro-
dynamics) & {379~ 2 #HN 1 FFERH T b5 [3], [4],
[51. [6].

5 1F,SPHIEZ IV TINERIZIZE B L BRI P2
ol & JTRARE DD b — Ykl T O BRET B IE S O
BT D RIBRMEE B S—T ¢ 7 MAERCT 2 8 < T8
RIRFME & 3 SREHFig.1] 21T > TV 5.

HENERBE

|l II II [T ]

(1)FH s (I FEHEEE QUNBFAL

Fig.1l HEki A OB AR (SPH S—F 1 7 L)

WIBA TR EE (1) TR BIC Rk & 7222 M“Ea“é F
FIEANT AR % O Bk S FFRLS 3 L O ZE I

ORI OZERS B2 (D) . & BIZEAREMNT 5 &,
TERL O VAMEZS I 6 K O 23 F8 46 L 22 B 2303 5 (1),
OF 0 JEEEE(EE SR X O IEE ), JERLR M (IR,
LGB BE) T RUTE 2R BN R 5 R ZE BRI O
RO BRI I BALR 9 5.

F 7 EE BN LI R & < B S, H T b ERERL
Wik el E i (Solid Oxide Fuel Cell,LL T~ SOFC) D MEfE ) L,
it A RTAR L2 3 W O BB i (R A 2 FLUE THERR &
TV B) L EMMER TR 5 ik LT, ZERE %2
T omilhREHEY > 7 ¥ —HEEET ANMERE SN
TWS. L L BIRTIEF ORESENMLETH D[7].

AR CIX,SPHOR. £) 5% W C ki &2 S—F 4 7 LD
E£LHRE LTET ML L ER O SIPEZTE % Ol 2 N
WLAET v F AuA—27I12 k0 Bl RE2 5 H UBRRE
TR 7‘%)7”@4@?@&33&%%%%3“5

2. MAEBEROETVY

SPHEIXIHGE Y /1 F B ARAT Tk C, Wi, B (AT~ A
IS EN TV AI4), [5], [8], [9]AHWFZE Ti, HUpNIC et
L 7= BEhLfE O M X 5K HEZE L % Fig.1,Fig.2 T/ 9 &
I NZHERINZERR 72 < JBRLORIFIZ 2 — T 4 U 7RI D E O,
HARNR—FT 4 7 X ET LT B,
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um

IN—T 42 LR 1um

150um
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S MWHT A A —r LflhRE2HHT 5.
AL F 72 RISV A TR EOR AN LM RO LT
— T BOBME L IR L CEHET .
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2>1 ) °
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A new basic equation of fluid flow immersed to wall-boundary
and its application to airfoil flow analysis

KRBT

Nobuyuki Oshima

1) T JbyEE R TEFoE

bt A% (T 060-8628 FLIRMALXAL1345PE8 T H, E-mail: oshima@eng.hokudai.ac.jp)

This research proposes a modifying Navier-Stokes equations of fluid flow immersed body boundary.
Object shape is represented by a continuous level-set function defined in the Cartesian uniform mesh
where a solution does not introduce numerical instability without any additional numerical viscosities,
upwind convection schemes or filters. A new equation system immersed to wall boundary is conducted
essentially free from the mesh generation. Using the governing equation corresponding to the wall slip
condition, an example of application to the flow analysis around the blade is shown.

Key Words : Cartesian uniform mesh, Navier-Stokes equation immersed to wall-boundary, Airfoil

1. [EL®IC
Hﬁ%®%ﬁ&%%ﬂﬁ%,@@®ﬁ&%fﬁ%®
Fea pfERET VA NT—2 L LTHR—HICH S 2 &
XoTHEHALEL. 59)‘3%%%3&an;3+%3/1:1“‘5’“(
WH HEY I = b—va v 320 RE L TITH %
LS, FORBIC IO TN e 7 I o 2%k
¥, 9 hb b, HEHA T LM T RAICKTE L CE

UL TEUESEER ) & U TR A2z 52 573,

— H CRABA~OEIETFE L T AR &0 9 DT
7 a Z s RT3 LT B[],

TAVE T RO A B LR mE L ORI IE L K2R
TN, £ ORITEIR O — DN IERMIER 112 &
DEMBEBRBEHRELARE Lz THOIALERIE

(Immersed Boundary Method) | T 223, WIREER O THfE
Bl LW O R A A U D [2). EE R D
FER R LA REHNCIE L AT, MR L
:6 MR & 20 RSO (251 T

FEORFIROAENLE L N Z D,

—ﬁ3M@mmﬁﬁﬁ%®%7wm&LTm,t&iﬁ

FAF i~ Dphase field &5 /L LPRBE K %5 ~ D flamelet & 5
V7R EOYBLELRLE T VI K o T, AT P OB
BATIREER 2 20 (B 2T, KRR fERE 2 LE L
T 5) SmEiE L F 0O~ 7 a8 a2l T 2 A IESE
INTWVD. T ODEGIRAE TR K > THRT
iR %1%, Wi %, Thickened interfaceilT{El ~D 21y
MmO B1E 52T 5D

ORI ICKHBFIHZERT D 2 L DLV
VI ab—va BV TR K A fiE R A AT 5 [H]
FROEE T VRO T 7 r —F R RSB E T
BY, TONREH LT 2 DB DR A RERIE
LCTVDAF— L4, BLIEO VA VAR ET LT — -

TT 4 Ialb—ray (LES) 7 &b TERFHCHIC
P E DTN D

&1 RAREOREBEAREAXEELETIL

Big JRE TR WBRET HAAEE Y
I3 F R e Thickened-
A + o EEh R Phase field iT{2L interface
" B EBRAT N Thickened-
P/S bR Flamelet YT interface
JESEN I3 —ORAT S . 4.
TR AR Rt Rk AR TVD %1
EL NS Ffes LA VR | LES
Bk ? BEEHI Level-set

TS O PEAE AT IE I L@ 2T T e —F &
LT, BRI D < FEMR (Wb 2 EHEEUERHE)
OFEZH L, TN E LT 28T V2@ LT, i
B2 BB (3 2 WIXEHR D) CoOREMOE N Fik%
R LTV D, 2 L » T, BT E O IS
W7z - COFEMER GEEUSE, BiEZE M, FHHE=
72 L) OFEMPORMAIRIRESAED b T X 72[4].

I 6T, FEHEE DR T, Bk ik, B I
THETVHMEL TR IR EME L X5 LA
HET NN—R KT YA > (MBD: model based design) ~

DOERA[S)1 % RadwiE, Wi o BEEROBRLIZH
M ) 2R SR A 7 B IS X 2 DT BRI AR iR BE T iR

Kdbind o,
PAFIZ, KEB6IZHE-T, BEEIEDAENTHIZE
AR XA E T 5.
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HEU BN, INEMEBET DEMEMICB O CEEE I
HHM (non-slip) 23, —J5, BERUE ARG L2V EfiE
WU 0 &1 (slip) NFEBRGE LT 5. Zhbz
LI LA 2 VRSN BT D EEERIE T VIT - T, F
B X b= AHFBRAOBLAITT VE RIS L X, £
NENOEMHERIITED K S IepBET AN ERILSH
DH?

non-slipE7 VR EZ 5. 2 57-9121%, b7 &b
B EEHED 2 DORFANZ OV TREG &Rk & o
HBERABRERILSNDMERNH D, FEEMEMETRIL O S
O F T, EAWNVERRFANE, MRS 713 BB R R 7R
LRV E L O LB X b, ZOMERMITE D &I
EBER S A WU & DR RIE (728 21, MACIE
S°SIMPLE 72 &) A I N5

—5, slipT T ATEERE 2 AR L 7a AT A AR E L
THEY, BMEMEHTIZB W TIMMEAEZE L2V Euler 2
KNEET D, 2D L x, BEiREGEEOMRAERIZES
WL TORBESINDIDT, 1 2OFLFHI, B 51X
BERFANINE T HEBEXDHENTES.

FIT, KVHEMASMEE L TslipET VEEBEL L
TEREEZFZUDIZBEZ D ERGEHNRT T e —F &
Wx &9,

DX, BAEMGE L oA Z Y BT 2121, thow
HBSET L TOT FTu—FRNRBVEHE 25, Thb
B, GLIET MR T 5B (L) PMRGEECE S
LIeflfif s 525 2 LIZERT S &, —RICHERBER
MR TR CHLAMR) 25 25 2 & CTEETHORD
PRk a 7o L, BEMRGE L OMERREE 7D, =
D LD 72 L SN TR O F PRI R BliT Level-set
EELTHENLL, JISH STV D[T).

Oshima[3 /38R HE K 2 OF A A A8 L 7= Wi i 4 3¢
Bl D RFRITRERRIC O W TEZEIRH 21TV, hvg
Level-set A2 RO KEEAE & BRI, £ O—{LET L)
BRI ERNE & PE O AR AR O phase fieldiT{BlRe, #AHE
LD flameleti TN EHTEX A2 L2 L. ZubiT,
AR E O~ 7 v 28 % FBHE RN L EH S 2 9E
M7 RFR & BES I -y FRERIz L v ERb X
, A7 FIE (72 & 21E, Level-setfEDFEFIHA) <
Rl 7o i el (7= & 20, A B2 KD N TR %
AOPHE LR E S NS Z LT, Zhick3 < il
FIEDO RS R EME OB BRIRNT BNR S L 7o 7.

FITIE, MU S - BB RS LT (=
7 airftle LTo) slipgeff &M ofFIZ - L, »
D, MGG Ui R iR & - 2 2 JRER 5
ANBHETEDN?  Zhnd, RO EE /S
Rt L7225,

Q) BAEERLYIZEHIEAKRERETIL

Bix e RELple s vicdhg+ 57 7 e —F L LT,
F9, R A MY 5N A EE L, £ 2 CoOwL
HEEFTHRRETVEE 25, BICEL L L1, Bk

FBBEE BT HHER

sipZRfFICkt LT, M b S gIs kT U OB &k
RN B SN D E 15 & YN 5 2 DHRET VA3
WL, KRB EA»OENBICBIT 2 BERAFRIN
BAERRED S ORAEPERICL > Tilil-&ah s a5 2
B &, Tl RO B MRBER ORISR b R IARARFE D
b OVEPERR, 7206, (ABMERE COWRME LR R (4L
F : porosity) & DFMAIZ LV ER{fLEINDEEZS.
2D XD IeMEE T VTS LUEN OB & AE L
7o LT—RRIZU T o X3 IcERIfLE TV 5 [9].
a/';(9+V-pgv =0 (D
ot
opev

Mass:

+V.pevv=—-eVp+V- T +ef
Momentum: Ot )

T=,u(VV+(Vv)t)+/1(V~V)I

ZALE WA TIL v 2SR SE I D FEE HE (substantial
velocity) %, &V ERER A & T AT 0 T2 B
(superficial velocity) Z#& L CTW\5%.
(D) & Q)2 EAREER 2 BAUE Uiz e 2 & 971203,
el ziE, Louvty FEBOBFIIEIERIC R b 2T,
BETRI 7> & ONLIE 2 2 97 ST EREER & 2 v,

&= ltanh [éj + 1 A3)
2 A) 2

il T L OICBIAR e NEZRIN D, MhSRElE o REmR
LTI (ESA) 2KE LT, BEERHNETO, =5
OWAEE T &5 X5 el e BEx 6256
O (& 72 212G=0.5) ME K@ ZTE T 5 L~v
Ty ML D, D& E, T e OARAEERE DOIEMR

HfT_Z7 h L
n :E (4)
Vel

HZ 5. EgEROESHE (LY B ZHW Y
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Correction in the gradient and Laplacian operators have the potential to drastically increase the ac-
curacy of the Smoothed Particle Hydrodynamics (SPH) at the expense of computational stability.
This paper proposes a stable implementation of such corrections in all derivative operators to the
Arbitrary Lagrangian Eulerian incompressible SPH (ALE-ISPH) method. To solve the problem
of instability, we have developed a novel density-based particle shifting technique (PST) that uses
the numerical density as a critical constraint variable to maintain the fluid’s overall volume for the
whole simulation. In addition, we propose a novel Neumann boundary condition (BC) applied
directly on the velocity, which increases the accuracy even further. The method has been verified
and validated, and, at last, we show an application of the method for surface tension problems.

Key Words : ISPH, ALE, Particle Shifting Technique, Surface Tension

1. INTRODUCTION

Since its conception, the Smoothed Particle Hydrody-
namics (SPH; [1,2]) have been greatly improved over the
years in terms of numerical accuracy. Highlighting this im-
provements we have the correction of kernel gradient [3,4]
and Laplacian operator [5].

The use of such corrections in purely Lagrangian de-
scription of SPH causes particles to move along stream-
lines, which leads to particle clustering, an intrinsic prob-
lem of particle methods. This results in anisotropic particle
configurations within the compact support, which degrade
the accuracy of the kernel interpolation of the SPH method.
Particle Shifting Techniques (PST), firstly proposed by [6],
prevent anisotropic particle configuration by slightly shift-
ing the particle position and realigning the particles regard-
less of the Lagrange velocity. It is an effective method to
solve the problem of particle clustering. Examples of par-
ticle shifting techniques can be found on [7,8,9].

However, current PSTs do not shift if the particle config-
uration in the compact support is nearly isotropic. There-
fore, even if the particle configuration becomes increas-
ingly sparse, it will not be shifted if the configuration is
considered isotropic, resulting in a gradual expansion of
the overall volume. In our opinion, the discussion of vol-
ume conservation by PST is not well discussed. In this
paper, we propose a new PST specifically designed to im-
pose volume conservation on incompressible fluids. Given
that we use the numerical density of the particle to evaluate
volume conservation, we call this technique Density-based
Particle Shifting.

Another contribution of this paper is related to boundary
conditions (BC). A widely used method of wall boundary
conditions for particle simulations is the Fixed Wall Ghost

Particles (FWGPs) (e.g. [10,11]). This method satisfies the
wall BCs by placing ghost particles inside the wall bound-
ary and applying the desired BC on them, usually treating
the wall particles as an extension of the fluid (i.e., inter-
polating pressure and velocity over the wall particles). As
a result, it is usually necessary to include several layers
of wall particles to satisfy the unity condition. Here, we
propose a novel Neumann boundary condition on the wall
particles that perfectly satisfy the non-penetration BC in a
single layer wall particles, applying it directly on the ve-
locity.

2. ISPH PROJECTION IN ALE DESCRIPTION
Let us start with the Navier—Stokes and continuity equa-
tions for incompressible fluid in the ALE description

1
@—Fc-Vv:——Vp—H/VQV—i—g, 1)
ot Po

V.v=0. 2)

In ALE description, the material point (particle) moves
according to an arbitrary reference velocity called transport
velocity, here represented by w. In the above equations, v
is the Lagrangian fluid velocity, ¢ is the relative velocity
¢ = v —w, pis the fluid pressure, v is the kinematic vis-
cosity, g is the gravity acceleration and py is the reference
fluid density.

Following the traditional projection method [12,13,14],
Eq. 1 is split into a predictor step

V=V 4+ At(vVAV 4 g — " VYY) 3)

and a corrector step
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1
Vit =y At(—Vp"“), )
Po

where superscripts n, * and n + 1 represent the current,
predictor and next steps, respectively.

To obtain the pressure Poisson equation, one must mul-
tiply both sides of the corrector step (Eq. 4) by V and,
considering the incompressible condition (Eq. 2) for n + 1
step, we may find, after rearranging,

Po
Vit = =V v 5
= At )

Finally, one must calculate the transport velocity w”*!
and update the particle position as

X" = x" 4+ Atwn L (6)

Probably the most important advantage of ALE formu-
lation is its versatility in terms of adapting to different sit-
uations. For instance, one may chose the transport velocity
w equals to the Lagrangian velocity v and retrieve back
the Lagrangian formulation. Another option is, for steady
flows, for example, chose w = 0, so it becomes an Eule-
rian formulation. In a more gereral case, following [15],
the transport velocity is calculated as

1
wn+1 = n+1 + ECSrQh]fh (7)

where drgyg is a small shifting of the particle position
with the objective of leading to a better particle distribu-
tion (|0rspire/ At| << |v]).

3. SPH OPERATORS

Here, we summarize the SPH operators used in this
study. All formulas are derived from the the original SPH
approximations [1,2] for an arbitrary function f

N
Hi=>" —fg (rij, h), (®)
J
where, m represents the mass, W is the SPH weight func-
tion, r is the relative position, h is the smoothing length
(in our code, h = 1.2d, d being the particle diameter), N
is the total number of particles, () represents the SPH ap-
proximation and the subscripts ¢ and j represent target and
neighboring particle, respectively. To simplify the nota-
tion, we abbreviate W (r;;, h) as W;; and VW (r;;, h) as
VW”
In this study, the correction of kernel gradient [3,4] is
calculated as

BBEEETHHER

We use the Laplacian operator derived from [5], which,
after some rearranging of the original equation, can be cac-
ulated as

N
=Y A5 - 1) (11)
J
where
N _—
A;kj = AU + (ZAijrij> . JVWZ‘]‘, (12)
5 Pj
2 1, W’L
Ay =B;: 4 ”VQ g, (13)
P T
and
N M N M
Bi : [Z —JrijeijeijVWij + (Z —JeijeijVWij)-
~ P ~ P

N
L;- (Z ﬁrijrijvwij)} =L (14)
~ p;
J
Here, e;; = r;;/|r;;|. For more details on the formulations

and the rearranging of the Laplacian operator, please refer
to [16].

4. BOUNDARY CONDITIONS

For the wall, we use fixed wall ghost particles (FWGPs)
to represent the wall surface. In this method, the wall is
represented by a single layer wall ghost particles located
behind the wall surface. Hence, to describe each particle,
it is necessary to provide its location and normal direction
n of the wall surface that it represents.

(1) Slip/non-slip boundary conditions

First, we show the application of boundary conditions
for the predictor step, that is, considering either slip or non-
slip condition. Let us start with the viscous term of the
Navier—Stokes equations already discretized with the SPH
approximation:

N
vi +V; o,
= Z 2 JAij(Vi — Vj). (15)
J

<I/V2V>i
Then, enforcing the slip/non-slip condition is equivalent
to find the value of v; (for j € wall) that satisfies this
condition. Here, we solve this problem with two simple
rules:
* For non-slip condition: v; = Vya;
* For slip condition: v; = v;.

N
m;j
Z 7; — fi)Li i VWi, €)) (2) Novel Neumann boundary condition

J We developed a novel Neumann boundary condition in
where which the non-penetration condition is enforced directly
on the pressure value of wall particles. Let us multiply the
L, = (Z @VWU ® rﬁ,) 71. (10)  corrector step (Eq. 4) on both sides by the unity normal

5 Pi direction vector of a wall surface n
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v+l p = [v* - At(inT”l)} n. (16

The imposition of the non-penetration condition re-
quires to solve Eq. 16 substituting v**! by the real wall
velocity vy, Notice that the target particle of this equa-
tion is a wall particle. After rearranging the pressure to
the left-hand side and applying the non-penetration BC, we

find

Vpn+1 n= &(V*

Al T Vigall) © . 17

(3) PPE including boundary conditions

Succinctly, pressure calculation including free-surface
(FS) and non-penetration boundary conditions can be sum-
marized as the following equations:

pitt =0, if i € FS
Vprtlom; = fovrom;,  ificwall  (18)
Vipptt = %V v, if i € fluid

Applying the SPH operators for the gradient (Eq. 9)
and Laplacian (Eq. 11) of p"Jr1 respectively, we derive a
system of linear equations with asymmetrical coefficients,
given that the equations used for target wall and fluid par-
ticles are different. In this study, we use the well-known
Biconjugate Gradient Stabilized (BICCGSTAB) method to
solve it.

5. DENSITY-BASED SHIFTING TECHNIQUE

We developed a novel particle shifting technique (PST)
that can reliably be applied in the context of incompress-
ible fluids. The objective of the proposed PST is to address
three existing problems: lead to an evenly distributed par-
ticle continuum (a), avoid particle clumping (b), and main-
tain overall numerical density (c).

In SPH, the numerical density is usually calculated with
Eq. 8 directly. However, since we are using only one layer
of wall particles, this equation would lead to lower num-
ber densities near the wall surface. To compensate that,
we propose using Eq. 8 applied to a small influence radius
df; = (1.1v/D)d, where D is the number of dimensions.
Let us call the domain of neighboring particles within the
small influence radius as S*. Then, to compensate the
smaller influence radius, we multiply Eq. 8 by a fixed
parameter 3, which leads to p; = pg for a grid particle
distribution. In Mathematical terms,

N
phi=BY mWi, (19)
jES*

where dist(¢, 7) is a function that returns the distance be-
tween points ¢ and j. For the cubic spline with i = 1.2d,
in three-dimensions, 3 =~ 1.028.

Then, our proposed shifting equation can be written as

Ospife,i = shifth<5rw,i + 5rdens,i)7 (20)

where

BBEEETHHER

Oy = ory,; — (orf,; - Ni)N;, ifi € F.S e
ory, s otherwise
N
= (00Wy e 22)
TSNPy
JjES
and
N
6rdens,i = Z (@ -1+ @ — 1)eij- (23)
jes* Po Lo

In Eq. 20, Cyys is a constant shifting parameter, the
dry, ; term aims to solve problems (a) and (b), while drgens,;
was designed specifically to solve problem (c). Here, N; is
calculated as [8]

N;
NG|

7

N; = (24)

N

=2

J

oy (A — \) VW, (25)
P

where )\; is the minimum eigenvalue of L L

6. NUMERICAL EXAMPLES
(1) Verification: Poisenuille Flow

This example is to test the proposed method wall bound-
ary conditions. The pipe model is illustrated in Fig.1(a),
with dimensions L = 0.002 m and wall particles posi-
tioned at r (radial distance from the center) equals R =
0.0005 m. We have selected the Eulerian framework for
this problem. In this way, the inlet/outlet conditions are re-
duced to fixed Dirichlet pressure conditions (here we chose
Ap =1 Pa).

All particles are initiated with null pressure and velocity.
We simulate this problem with three particle sizes: d =
6.25x1072,5x 1075 and 2x 10~2 m. Because of the novel
Neumann BC and [5]’s Laplacian correction applied to the
viscous term of the Navier—Stokes equation (Eq. 1), the
results for x velocity become basically indistinguishable
from the theoretical solution (as seen in Fig.2) for all three
cases.

(2) Validation: Rotating Square Patch

This example was first proposed by [17]. A 2D square
fluid is centered at the origin (0, 0) and an initial velocity
(wy, —wz) is applied to all particles without the presence
of gravity. Then, the fluid rotates and stretches in the di-
rection of its corners, which generates a negative pressure.
Here, we have chosen a square of size L = 1 m, particle
size of d = 0.02 m and angular velocity of w = 1s7!. The
objective of this example is to test the proposed density-
based PST under an unfavorable situation (negative pres-
sure). The shifting coefficient is set to Cypire = 0.005.

First, Fig.3 shows that the proposed corrected ISPH
method is not stable without the application of any PST.
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Fig. 1 Poisenuille flow: definition of geometrical vari-
ables(a) and snapshots at 0.5 s for pressure field
(b) and x velocity (c)

0.0006

Theory
= 0.0005 + d=6.25 X 10°m
- e d=50 X 10°m
o 0.0004 x d=25 X 105m
[+
‘» 0.0003
o]
< 0.0002
o
[¢]
¥ 0.0001
0.0000
0.00 0.01 0.02 0.03 0.04

Velocity (m/s)

Fig. 2 Poisenuille flow: graphical results at 0.5 s for dif-
ferent particle sizes comparing with the theoret-
ical solution

However, as observed in Fig.4, we demonstrate that the
proposed density-based PST is capable of solving this
problem in a very stable manner for an extended period
of time. Next, as illustrated in Fig.5, we conclude that
our proposed density-based PST is more suitable than [9]’s
OPS in terms of stabilizing the free-surface and maintain-
ing the numerical density. Lastly, the resulting pressure at
the center from our proposed corrected ISPH with density-
based PST is more stable than [15]’s, since it does not show
any relevant oscillatory behavior. Also, our results are al-
most indistinguishable from [18]’s reference pressure re-
sults at the center.

(3) Application: Surface Tension

The last numerical test is the application of the proposed
method to surface tension problems. Here we selected
a conventional macroscopic approach to surface tension,
which is calculated as

ng = —O'Iii(SNi, (26)

where o, k, 6 and N are surface tension coefficient, cur-
vature, coefficient of unit conversion and normal direction
vector, respectively. In general, curvature is calculated as
half of the divergence of normal direction. However, by

BBEEETHHER

wt=0.2

wt=0.7

After

Diverged

Pressure (Pa)
-50 -30 -5
| i |

Fig. 3 Rotating square patch: resulting pressure field

with the proposed corrected SPH and without
any PST for different time steps

wt=4

Pressure (Pa)
-50  -30 -5
— —

Fig. 4 Rotating square patch: resulting pressure field
with the proposed corrected SPH and density-
based PST for different time steps

Density-based PST ||

!' { 12000000000 80000 , | :JV
! Density (kg/m3)

950 1000 1050
——

Fig. 5 Rotating square patch: resulting numerical den-
sity field with the proposed corrected SPH us-
ing OPS [9] and proposed density-based PST for
wt =2

personal experience, we substituted this “half” coefficient
by 0.41, leading to

Nrgs )
L(N; = N,) - L,V Wy,

ri=041y T

JEFS Pj

27

where FS refers to the domain of neighboring free-surface
particles. Notice that this force is only applied to free-
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Fig. 6 Rotating square patch: time series of pressure
at (0,0) comparing the proposed method (using
density-based PST) with [15] and [18]

t=0s

t=0.002s t =.01 s t=0.04s (1/m)

4000

2000 -
oM

t=0.04s

Pressure (Pa)
0 75 15
—

Fig. 7 Cube with surface tension: snapshots of several
time steps (L = 0.002 m and d = 0.0001 m)

surface particles. ¢ is also chosen based on personal ex-
perience, and it is considered a fixed value of 6 = 0.1/d.
Then, the surface tension force is included in the predic-
tor step as an external force. Also, the Dirichlet boundary
condition of free-surface particles changes as the surface
tension promotes a pressure value of 20 x;.

The first example consists of a cubic fluid with size L
under no gravity. o is fixed as 0.007 N/m, and we con-
ducted several tests with several values of d and L. Fig.7
shows some screen shots of this simulation for 3D and cen-
tered cross-section views at different time steps. Notice
that both the curvature and pressure fields are reasonably
smooth. Next, on Fig.8, we plot 9 results with several val-
ues of d and L, showing that the solution agrees with the
Laplace pressure, which is given by 20 /R, where R is the
radius of the sphere.

Lastly, we include the simulation of a cuboid droplet of
dimensions 2L x 2L x L (length, depth and height, re-
spectively) initially located on a ceiling. The droplet is
under the gravity acceleration of 5 m/s?, which is counter-
balanced only by the surface tension force. Also, we
include the concept of contact angle (6) simply modify-
ing the normal direction vector N as shown in Fig.9. In
this way, the resulting surface tension from that enforced
contact angle automatically generates the correct forces.

HoSHEHEILEES
©
14 Q’L“\ -
12 O
10 Y
g e
< 8
g 6
& 4 & d=0.0001m
) O d=0.0002m
® d=0.0005m
0
0 200 400 600 800 1000

Curvature (1/m)

Fig. 8 Cube under surface tension: graphical results of
the average pressure over curvature comparing
with the theoretical Laplace pressure for various
values of L

6>90°

6 < 90°

Before correction

After correction

Fig. 9 Correction of the normal direction at the wall
interface to enforce the desired contact angle

t=0s t=0.005s t=0.02s t=0.06s

0 =60°

6 =120° .

Fig. 10 Surface tension with contact angle: snapshots
of several time steps of the droplet formation
(L = 0.004 m and d = 0.0002 m)

1000

0 500
o < (1/m)

Fig.10 shows the formation of the fluid droplet with two
different contact angles. We chose a higher value of 0 =
0.07 N/m as to generate an almost stable situation when
6 = 60°. On the other hand, for 8 = 120°, the surface
tension forces facilitate the fall of the droplet.

-E-12-02 -



© —MRAFEABARGEIER

E-12-02

7. CONCLUSION

This paper proposes a stable and accurate implementa-
tion of the SPH method using the gradient and Laplacian
corrections. Then, to increase the method’s accuracy and
stability, we propose a novel Neumann BC for the non-
penetration condition on pressure and an original density-
based PST.

As a result, our proposed corrected ISPH method is
capable of simulating boundary conditions accurately us-
ing only one layer of wall particles. Also, the proposed
density-based PST has been tested and proved to effec-
tively stabilize the method and maintain the numerical den-
sity of the fluid. For verification and validation, we have
conducted the Poisenuille and the rotating square patch
tests. Finally, we demonstrate that this numerical frame-
work is capable of simulating surface tension problems ac-
curately.
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Numerical scheme for particle motion in the natural coordinate system by the transfer matrix finite element
method and discrete Helmholtz decomposition
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In a previous paper, | have proposed a generalized force method (GFM), in which the simultaneous

equation is constructed

novel reduction method for the treatment of the continua. This report is part

of research regarding Helmholtz theorem, to apply the Helmholtz decomposition (H-d) to the finite
element method. H-d is, however, in a certain coordinate expression. | proposed an improved H-d
expression called dHd. The dHd includes H-d and other coordinate expressions. That is a multidirectional
FEM concept. The objective of this report is to represent the particle motions into Cartesian coordinate
system, which is in general expressed in cylindrical or polar coordinate system such as multibody
dynamics. Depends on your habit, because | fell it complicate. | propose the system to represent in the

transfer finite element method and in above dHd.

Key Words : Particle method, Particle-mesh method, PFEM, Solid analysis, Unit cell method (UCM),
Locking-free finite element method, C!-continuity element method, Coulomb gauge.
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EAATE TEMA L, Coulomb” — (divip = 0) Zifi7= L
T17<.

LMo T—HICE O RmAKEE, VPEir Lz
Helmholtz/3 i & 5 2 5. (PIRIERIG TR, L ER
L7cfihge i, )

7272, ENE2RETE 2 5 LBUERTE L, WA K.

D EDIEREE (JE) THDH. WE—2F3 Nk BE
IThs.

RIEZES g EEME L, KROEREELTHHASH
5L9THD.

77 E L g &, HIERDS L 2 & (14£%6,400km) (2 & 5
TAHBIOBFRGHFE LML TND. o ke %
DO ETITERRS.

FNHD g EBERMECLT, KEEZEDT, EHPTH
+. (BEZpLLT, p=P/p. )

FHMARL X ¥ BT 4 72 E OB TIX, P Zgivenk
LTg=P/paiHT5. LoTpvg BASNT LDES
AL 72V, REBENDHEIND.

WE—DD, DL DENE, HEBOF Yy T 471
—THELD LD 7, MR p I X 500 uVrd (= uve)

DIUBDIE L fRIRT . (VHIEAD T —IZ b, )
2T, 0T A L~ULdCoulomb”s — ¢, temporary 7
TE¥EH VO 20 L Clilz LTIF<. (Vo =0,Vid =
divW)

fifim & LC, RUEDAPHEZATERT. (F AT L—I [

R O TII A LBEN 4D, P DENTENRED Y H—
D)

ST - KIE, {P}o &5 2T, /— K87 A =% (VP},
EHELTUTE, ROPOMi%EE5.

PEBGHRIZIE, @ik {0, W} EHREZHEH L TEHE LT
T (OPEELYY) . UNHEEO & ZHELXB]TDHHED
HHEAITIE, 04 THET.)

—fBIZIZ P DA (L7278 > TARE Tl @ D4RX)
i, WA OERENT -2 & L UERENS.

PIIMEIEL, Ve 252 T< V2o -Vid=0>T
AR,

(6) FIF—AwPaik

ARET N, Kt “Ayvail” THYH, 1M
RTENEELET Ay a7 —ETERn. |

PFEM (Particle Finite Element Method) ¢ 7S i {A % 55 it

T )( b4 :/3— 7 U _‘zﬁf‘%), %@Z*ﬁ¥ﬂi {go}particle = 0
LU, AT A~ (Volparticte %, JAFORL T &
O TEUFFIE L TITL, & THHATES.

F28METETHHEERR

TLHD.
ETVOREIY 1X1X1 OEA'ALT, NEHKRERZL
REAIC R T BARIEICE D . WAL (UCM) & RS,

ANHERERIEL ) — Fk OFEEE {x; )& T Eh, B
AE/OTES / — FiEE L, 3EIRER CANmEHIRE
E

UCMT, NEAREROMNIEE x; Z5H L TIT<

VU T R B2 SR DPFEMIZ X, UCMIZ X 5 AN HA B R
PEDHH DAL, BELLA NI EIZTES.

() BEER

AIRERET, BEEHEL ) — FOTA—4) 2HH§
L2 THASED.

BATHS ) — FEES “Ayva” off, R VELOKE
THEES WAy a” 2B52D.

Yo b=y A IRRIEORL T A v 22 D
12 % A (permanent address) & BTN, FH A BEILR & ANFE I
Figk L, B@hrh A BiA:ET (current address) & FES.

BEITIIET O L OELEZBEFTE L, W
Xt A v a AT,

WMot A w2 a2 OARFERELVELEZENT, PIHIHEA A
DN 5 NN B WANTIT N SR (N

Ko TAREEZWIE, BENERERENYS.

F DORHERE R RFEII W O HLAL 2 L RRE & BUE S
L, ZRHTHERSB DT, Coulomb” — T &= 3 L 2 ELE
L T17<.

b OBEh R, NEEGRERELZBFETTRIL,
Pk CIEIEL TIT< 2 & T, TOELANE TRT.

(8) BEx - 18

U K5I, R EETIE AR & AERAIR
£ 5.

TAX 2T A — OB E ZBET UL, 3EERR ST
NEIRIELOX v 7 T TIETE T, AiBEHRICEXD
WP EREF 2 LS.

HBOAVYUHEE S, EICERTIUL, Az Ak
X5EEEIGHAT S, ZEnfiEs.

9) K- BRAEOFHE

R R OFEIE8] A MEERTAUE, IR R R
JE P ZBERSL S L LT Neumann St TR X, KFRIZIRHE
RN E & B RSN & L CDirichletSefE T ik, &5
2L,

7272, FHUIES) BB THE U RmIER T O ) « 28
AT 280 THY, FEERTHIEOT IO S E
B EHZTRETHD.

dHd TiE < u = APVD, uV(ADdVd) = V(ADPVF) > Th
L0, EigZFOBERMEER ) T, v i35 mEIE
1T R 57 O Frilifse S8, IERRT IS VE DR 4y
KT RETHD. T REEDE ThHD.
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ZZTRET VTR, REEME THRNTTL. Q&
BOTHIIEBANCRNERE L 72D, )

SR T ENI B 2 #E s L, BALAEL ST A —4
TOESREML . WIS TNTZNENDOERN T
HEEND. ZOMISTIOBER & AL E AWES
ELTHAGEE) LTN5.

L7z TS — Rk, ERFAOIEINRT A—4
LRSI AR NN T A= TERTONEE L.
CIEZEDOWEM 72 & CLRERIE, Lv®EELW. )

(10) EFA1TIE

BEBATHE]6] 1R TTIE[T] & bR, BE~ Y
v 7 ZIE[8] & BERRE LTV D,

B, ARTaylor ¥k CANMN O BRI E R T DITK
L, BRATHIGIRESEE TIX, A Vu; UL EORETEIC I
AEMEARER o (B TITMIEG) % 3 U T {VE} (= u{Vu}o)
THET.

L7eH» T, DN D Taylor O REIED, £5I1
{VF}o/u TR

REEDET, ELOAIRESR L EBITHIAIRESR D
2 0o THELTTK D THS.

IS8T A= F DEGATIIAMEF L A TIT AR <,
IEH DI IR THIAL Z & L7 D.

(11) Cauchy-Riemann®D B &= (HRLEHE)
FfELockingDJFUAIF2>5H 5.

12o0%, EFEHELS HITT-ERIZRD L, REEn
WEHTIHHETE 2, oI A2 LockingTHh 5.
ERIEWHEHZER THLHEN T 50T, b & TE
FbHEET HARET LTI HE .

N FE 121X Cauchy-Riemann (C.-R.) @D B3R & i iE 3 5
ZETES.

BB IL(A+B) & (A-B) & L4 (1) 224 & BECR, W5 0K
BREWIEZTZEE2ERL VD, LMIRTED.

2% Y C-R.OMST UL, (A+B)E D Cauchy Dtz /15K
TRTHFEAL, (ABEO MECTRI HEXE, R
fif< Z & EFERL VD,

C.-R.Dfit sy (A-B)=0 (%, 23 iE45° FEAm|aldis
FZOHAMOTHTHY, (A+B)=0 D= & 12
Tz %BERTS. (LER-T, TTOREREER
OFAWOTHERIMET S, )

2oORE R Z T u 23R T 2720, ZhEh A
B UP L VP TELTHOTIT OB dHd B TH 5.

3. HERERF—L
(1) EAXMERH
FEARBERIFSEIK B TR R bR UK
EFTDTAVNRTARNY v 7 EROGETRT.

F28METETHHEERR

HHNBIRT v vy VEFTET

iRk E CodHd OFEE BN E 2 E, BEER A X —
LT KREBHR LD,

BT E B R E R Z #E < 72O ICBFs S TE 20,
ARETILVOREEIL, PAZEHEIC b - T 5.

D, R MR 2 MBI LTV D,

R WR 2 A, BRREET VTR OB K TH
5. EICIEET2H0THY, Whp bl Liihve L
T, ® EHEOALTHEL .

FIZTRETALDZ2HTH, OEROHLDAF— L%
FETIRT

INEZMAOWIVER TUL, $ERLHMATHD.
722 T, BVBRWIE O EHREDOADET L L KEL
EDLRNOT, (O,%) EHRIEIIHEMMETRT.

WAIOFHFE L, DirichletZF CTHA T, PAZMMELE L
TR AEBIGRICHIS LB WAE T L0, AT O %50
BMThD.

7212, 22 CIRERIORE 2HHIF v T ¢ &, PAZEH
BIEDOMRFER L LTRT.

FIZZEDORNS, ROEHRT =y FOFLCTIEEE
IR DOHERT » T h R T

) B LOS - & 2 AREORIEE &%

O BHECI, TEE AN E B T, BRI A0
PIo WSS, OHEFET

AR ()R

DO
popt VP HVER =0 (VIO = 0) (6)

VP IIXETH 52, LT TIIEKT S.

PEEIHIZ,
1G5,

VWi = 0 Z/EH S iU, BAWEOR(T)

,ﬁg—ueﬁm¢+mﬂ®=0(W¢=m (7
3OD2DEEHE T, KR, D 2oFNEIIRT 5 F TRIE
RS

KEPEHEEIZ I, BEEHOE/MEA <nai?d = 0>
EHIFISMERE L s, R6) X%, LT
KX CRIFFICARS .

L7235 T, KRNI <imi2® = 0,nai2d = 0> &l
FiEE LT sz Lic 5.

@) 7Ty DR

fie b i 72 1D > Couette Hiii O FELIRAERH L T, AL
EROWRAEE T

BkERS v L LT, FRAEKEG)TH D.

4
-E-12-03 -



© —MHHEABAGEIZS

E-12-03

2
Ve ®)
Ref] 2 7 » 7" n=0 ORI Z 1L (U=0) &£ L, n=1
DOBEESEE E (U=1.0) &L, n=0 ~1 MITHEENL
LT 5.
Tz & WHETEREIE, & = 1.0 onwall T, 2> OEH.
FABOTRIT< 0d/dy = dD on wall > THET.

WHEL, y HEERO ) — KT XA =2 % (0@}, L L
TRT. EHEIF2ROERETRTONREE L. H1iH
— FiZ {o®},, TET.)

IR IR By F At O %2 — & CRiEfe) &3 5.
O WHOILHIEE, IHETE & given LT, FFRILIE
n—0T, RO)TIHHET . (AD ITH4Y.)

f[&uéf+6i9wggffﬁzﬁdn=o 9)
Q At dy dy

JHEEEIT n + 0 C, JEEEZgivend L CRHAT 5.

B1AT v 7IIn+0=0+0 OMBHEFHHETH Y, R
X ol =0 TH5.

3D%, Coulomb”7 —T & Mx i, #HEAT v 7 1IF T
ThY, BRIZFORF—LFHADTDR L.

2EMBRNINDT A T — 7Ty hOFPWNHHILT
W5,

1IDO 7 =y Mgk, BAT z FEIZEER TIEEL
T2DE L, MBI CIMEE < 0W/0z — 0W/0y > & FHIE,
2EMERET NV (ERMEIREK) AR T, TaylorifidatHE
MAREL 72 5.

() s F¥ ET+ OBEFHE R

O TR LW ERLE AV, BEIBGHE ITY, O (=1) T
5.2 7%, Wi (EER ) Cldt e & LT, WMigEROBE)
HCHRIEZEILT 2. (& =0onwall)

BT =y MR L AR, & = 1.0 onwall, AW
T ©010) on wall, (W = 0 onwall) THZBDIFEE, 9
TlE7R, W000) = §(000) — 1 W(001) = ¢(001) = ( on wall)
THZDHEEDD.

BHEIZ, OERLYERZOTAMOT ISR
Ttk D, (000 = gl

TAT— vy hONS, (BEEEL u=10 TIX
72<, w=1.0 TzZHMICKE). ) ¢EZXDLZEHTED.

2DE T V& < JHHIBE RS DirichletEE R > & LT, g%
ANTZET L.

L7=Ro>T, DXy ET 417 — 7 —ihOFHEETT L
LEZDHILEHLTE .

-1 F0, BEEEDS u=1.0 & T AFWEERIETS,
TR CMREEL Z LN TE TN A.

F28METETHHEERR

EE D T LI, 2EMBRS T EEZE TR 5ET L
&, WA M, FEhEEZE GEEE) TBRET 5 ET LTS
AT —EFR UIRERNS, RUMICARD, 282 RLT
AV

KR, Vu ORERLSY GEXHATE) 60 1 30 IR T
5, LT HAMEHROIEREHTAHLHIE 725,

4., FLHLS5HDRE

MBDSCKI 71 TIE, H AR IT I - M ok
DIN—fETIH 20, T H /L FEIERFIRZ 5 0, WA
WA LEARERY, & LU TEBITHIRREE R L.
HE, WIMEERKOD v 7 ) v 7R L.

BRI —i%s, BHEABEBREEZ GG E L, Wb bk
LN ER .

P 2= R R & Hi 71 o Lagrange™ (MR ERE ) T, 72
PREEE CHE T D HiEE, BfHelmholtz oy fifiZ F3 &
R LTz,

ARSI IL, @ TRTAEE, W TRI/NE Al
EHEE, OT_XTERTELE.

IR XD OA T, B mEEEZ R E LT, Al
(AR DT, 7 LA FEEZ N2 5ET L, & L.

Kit-— A v ¥ 2 EO KK O Lagrange il figikic F H L C,
FIZERIMBEICEM T 5705, $HMADKERET V%
HWHTRETHD.

A% OFMEIIRAERIRMEEIC B D08, AETANIAL R
HMENT, ZLDODANTHIES N, BIZHERESND Z & MK
ROFEEHHFTH B,

[f18% 1] BBHelmholtzZ % (dHd ) RIRi&
FEEOXY MGV %, W THMRERRT 5.

V =V0C + VW (divW = 0, Vg0, % = VO) (@)

VO [IHER ST DN D, FEERMERLS TH Y, VO [TJEHE -
[k T b, (Vid =0,Vief = 0)

Vaiag P 13, V¥ OXFARy %247 L9 %. Coulomb’s —
DVICLVEBITHDLD, RO (Vaiqg¥ = V) & L7z,
VAW T, SFBLRICOE © #0809 /0 x; AR T, LT 5.

ThbHL VY OITRITERTRI M Thb.

VIZOTHRY bAGERT & LT, BT Mrdu
FkATET .

u=Ve“ + V'Y (divy = 0,059 = Vo) (b)
FIZ, KT vy b7 A [ TRATRT LT 5.
P = Vb + V2 (divd = 0,V ;054 = VV) ()

®C = V2, d = V20 72 EOBMANED.
o7 Mg, ERRICER LTITL.
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[ 18R 2 ] FRELBEBRFORBEERTE EER
031(}1LLJ4‘$ET§'%L :ET/WM%@Q , TS TIE
R EICTED . (8 %, BB OB, )
(Dﬁi(}ljfﬂ‘%@ﬁé'(?)@ BB OZEIT AX =u T
H5.
Z I TIEHEEDOSIIAG bR ERZIAD, ok
FARTDERGIAD T, Wi E K™ & bIES, &7 5.

SF VY, 1HITO & DLagrange/EEE & i i@ FEAE T 9.
BN 1 RIRR & R A TR

K7 — A ¥ (T, RifRE A m AR R R L, R
7, AIRERBIETHIR L TR T 5.

RIBROFERRITIR), 1 K OVEIERR - KRR 7 ) é”ifh LLT
F LTI 2, KOfRAEAE (LagrangelBi%) & 97huid, Mpksy
ILFEER - BERFMOOTH - IahE LThbENS.

7272, R0 BRI D O 2 Tidde <, thiodih)E
DHEHDH. FITourl® bAELTRT.

VR DU EEIE 2 Xp TR L, W (5L RE) FEAE %
Xo THRTLTD.

VO HIRAREIE CR LI ARl E 72 5.

dHA TIZ VD = Vg0, P TET L LTZ. @ OT UV MR
EEOHSTHD. DEVIXFHRLTHY, O IXIELEH
ERTLELTVWDOT, VId=0TH 5.

VO (XIEBROT A (DT HIVNEERR) TH Y, FHxtE
Thb.

LR SO & O, FBESIIOVE ThH.

B vy F At O %2 Ad &3 3UE, At [ o vz
BED¥Sy = u GEEMEZENL) THY, u=A40Vd TH 5.

{M*ﬁ{m B E ADCVI(D + ADC) & L, —fxfR
=0 ZMATET.

APV [T EREE#E LT = u(s,n,¢) (:FEEME, Lagrange
JERE. s SEERR TR, ) THRT.

dHd TiZ Vgig® =V L ER LD T APV, ¥ = u
THY, WOTaylorBRLRDIE < AXp - V¥ > %HER
R < =AYV > LT, fithlir < = AtY; Vgie P > I
FERTHIE, <At202=A2(W2 +Wi+93) > ThHY,
O [ THAFMHETH D .

GEFE & D) AtdVD 8 AXp /At = up/At TH 5.

7 71V b (Eulerian) FEAERI T < U; = WV, > Th
v, EEH TIIMEEEL N TWEMYETRTH.

AR (Lagrangian) FEAEARLC 4, JiEEEFR R CTlX, Ak
ThD.

BB HIX curl® 5 BEET 5. IEFEICIE shr® 5
SARRLZRN L AR 5.

ADVD = u [TIRIEERRE TRRT D & LIehy, EALiZE
PE L CHRTEEAE CRIAEEAT) TH b, BERCIIARAEE
FMOEALNTIBHIE L TRT “FRREAEIE “ & bR K .

TS

F28METETHHEERR

HIREN FEAEFR RO G RENLARY F IV ADVD 1X, FEFR
ETHnHZ LIEETA.

HEERFAT ORI R At $2121%, WA T v 7 & n=
0,1,2,- & LT, u™?! = (14 4t)(APVP)" = (ADPVP)"+L
ThY, HEBGEHE CIRAARRH At (/N EWIEE, SRE
b, R RHEmEED.

EEORY MR ERT LT DHdHD T, u=Viy T
5. (=721, in case (divyp = 0). )

MEORRICBE L CIIROEY TH 5.

LR C, B curl® ©7 v MEETHRT & L.

curl®; 3 x-y 8l Lo, HNBEBFEROWETHS.

7212 L, W 1IASK3DE R TH Y, 2DTIE z 5 |
K (0W;/0z = 0w?/0z=0) TH DM, AT A ALT xy
Fith BB z o mIe, NI RZEEOML EET 5.

ThE, NS AELENLEEET S, ERBLLT.

3DD 0W;/0z # 0 3 NEAT, < 0W3/dy — 0Ws/0x >
305 FES (TR - MR EER) TH 5.

HER D AERASRRR &0, A IHEROE Y 2/ &<
NEELRNR S, AT D, &¢525.

INS TR ANERE shr® TR L, BHERZ curl® TERT D
LOTHD. (HOHEML, HER»SITR ARV, )

20, Wy Oz BhE Y x-y SER DA TIEAR L, P, ¥,
D/NETRANTR - HIRHTEY, HHEICEIRT .
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Development of SPH with Spatial 2nd-Order Accuracy and Application to Fluid Analysis
~ Formulation and V&V ~

RN 5 ERY, AR SBEEY, AR)INF =z,

P, IR

Shujiro Fujioka, Yusuke Saeki, Daniel Morikawa, Kumpei Tsuji and Mitsuteru Asai

1) JUNKRT REFEBE L LA T FHEL (T819-0395 #& i 174 X It [i744, E-mail: s-fujioka@doc.kyushu-u.ac.jp)
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3) RN FEPH SR A
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SPH methods generally use interpolation approximations with a fixed kernel function depending on the
distance from the target particle to neighboring particles, so that computational accuracy is guaranteed only
in the case of regular particle configurations. Several methods to support its accuracy are proposed such as
particle shifting methods, which re-arrange the particle configuration to a regular state, and the correction
of the derivative models in response to particle disorder. In this context, we present a high precision second-
derivative model (SPH(2)) and demonstrate the performance improvement with a few examples. In addition,
we find that particle shifting methods to modify the particle distribution provides higher accuracy and

stability of SPH simulation.

Key Words : SPH method, second-derivative model, lid-driven cavity flow, Karman vortex

1. %8

B RARNTICH Y B AL D SPH[1,2], MPS[3]72 ¥ ki1
BT, REFZM4 S B HREFRECREO SR - G E
BERGICRBTEDLLWIHRENRH DH[4,5]. —HT, 7
77 Y aFRiRIZ IS R FIEORE |, RLFIXiEiLIC
o CTEMEBENT D202, B0 DLE /2B EN
REETE T, RFREOENANREET S, 22T, hirzx
DT BT L T — %2 % BRI 70 DTkl - £ T
O REHE IS U7z [EE U — 3 VB (EA RO —H)
Tl o 7o PRI 24T 9 728, KT An N % 2 Bl i
HALGE DR, FEBENSEIND. ZO DR {EE
DOENOFLERMENTEE O TICIEF ICEHN D, T OHE
FAR DIRIEAIZ & DREE DR T 285 < 7= O i3k +id
B O ELAVTIS U7 7 L O A 1E 2R 1 fid & o #LHI8
IRRIE~OHEENMNE L 2 5. Z ORI L, At
FIOLDOMIEIZ W C i Taylor BB O 1R DIEE T+
BETIL Ao T a[6].

% ZTAME T, TaylorBB M2 DIAE T A e+
BB ET L (BLF, SPHQ)EMSEE) ZIEL, %
DOFIEAE LT, BEEDSPHE T /WA EL 7B DU
THRETT 5.

2. SRELHBEMASETILOEY

(1) WEETIL

AT T VL TR T Taylor BBl 2 WV CEH S
5.

ndim ndim

U =9U. 12 —
¢ rY Vo +2 ; 2,
Z 2 CoUTRL T OB R (PY = @) — ¢P), r(=1] — 1)
VR DFRRNLE 2 RV, RyIINKREL EDOREIATIEZ /R
9. F£72, ndim(lor2or3) i dkcHEzE£L, L] ZTH
v NEERE RIS EUT B EAEER O S5 1A A o g, (D) DAL,
BT H B R T Ok TS D EAWY O FEVWY &
FUTHSL, RrIC LB O E L CEET 5

EUTDE I ITRESND.

o) = | Jvi(9¥ - R)TwY

JES;

62¢i
dr 0y

W+ Rs )

@

-1
Vwi = Liywi (Li = [U Vi(vwi@rd) > 3)
JES;

T, ViRERENOR T BRET IMEROEHE T
HORTOEEM L BE EHGW =mi/pl L FED.
B, FEINCNE, RO E SR LR FREEGE L
L7-fECTH D Z EEEWRT S, RQ)ITHVThHE 7B
LRI ORENT B 72 R BB IC B W C e =7 ¢ Sefth & A%
YO EMRET D ELITHAITAE 72, DI, %
I B2 EORIRIEEZ RS & RITRT, TEAER) 72 AR
ETINERD.

@ = | Jyigous “
ZOETMEE=T 4 FEEE L TH D720, KHIK
TRRFBLE T d o T h R BB L L 72 kB8 Tl Taylor/&
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BIOIKROE LR LAEWET AL TH D, 2, XQ)ITE

WORU EORIGREEZMEE L2 FOET AHRILL< A
WHRS IRIEEDETF L Th 5.

Vo) = ViU vwl

V), Q $UTw )

AWFFETIELLFICART, 2R E TORMNHEE B E L 722K
FEE DO ARCE TV & FVCSPHQR)DEH 21T 9

(Vo) =

ndim ndim
U Vi ¢l —l Z Z rr | Twii
2 = £ 67"167"]1 J (6)

JESI

(2) 2BEMAETIL

2B TV DB Tl Taylor BB D2 DIHE T%
T DL HIEHELTH . ()O3R EORIKIAZ Y E
L, ABHEIZR6)DF I —EHjEkIC AKX, (RAT
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Smoothed Particle Hydrodynamics (SPH) is a Lagrangian particle method that is well suited for splitting
and coalescing of fluids, but it still has fatal errors that degrade due to particle turbulence during simulation.
Therefore, a higher order spatial derivative formulation of SPH that satisfies the second -order accuracy
of the Taylor expansion has been developed by our research group. Free-surface flows, in which the
particle array is easily disrupted by violent water surface changes and particles within the radius of
influence are inevitably lost near the water surface, were expected to be an example of application of a
highly accurate model, but numerical instability remains a problem. In this study, we reviewed the entire
calculation scheme of the particle method except for the derivative operator and proposed an improved
treatment that includes free surface determination. Then, the proposed method is demonstrated through
rotating square and dam failure analyses to show the accuracy and robustness. Finally, Finally, the solitary
wave analysis shows the usefulness of the model in conserving energy, even with high accuracy.

Key Words : SPH, High-precision SPH, Free Surface Judge, Solitary Wave
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Multi-grid preconditioned solver for accelerating the Moving Particle Hydrodynamic method for
Incompressible flows (MPH-I)

UTHERERRD, FaAHE—D, EEA LD

Masahiro Kondo, Junichi Matsumoto, Tomohiro Sawada

1) [(T) pESEAFRAMIZEAT (T305-8568 FRIEIRD < IZmiMER1-1-1 H 4552, E-mail: kondo.masahiro@aist.go.jp)

A multigrid preconditioned solver was developed for the moving particle hydrodynamics method for
incompressible flows (MPH-1 method), which is a physically consistent particle method adopting the time
integration algorithm where both the pressure and velocity are implicitly treated at the same time. By
constructing the bucket based geometric multigrid preconditioner, the scalability was obtained in spite of
the matrix equation which is non-diagonally dominant, having a lot of nonzero elements and large
condition number. The performance of the multigrid solver was presented by comparing number of
iterations with the conventional conjugate gradient method without preconditioning.

Key Words : Particle methods, SPH, MPS, MPH, Implicit calculation, Multigrid solver, Scalability
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Fast GPU computation of the Poisson solver in particle method
using multigrid method

AEHIEA D Kim Taehwan! FEEFRTE D
Ryota Tadachi, Tachwan Kim and Tomoya Tatsuno

DELZEERFERZGGEHRE TR HR - 2y b v — 27 T2EHL (T 182-8585 B EHSFAM s » & 1-5-1)

Fast GPU computation of the Poisson solver in the MPS method is investigated using the multigrid method.
We constructed a bucket-based multigrid which determines the coarse grid from the particle location. In
the conversion between fine and coarse grids, a scale corrected cycle is invoked to accelerate convergence.
We also examined mixed-precision and sparse matrix-vector multiplication optimized for GPU calculations.
For the benchmark problems of the Poisson equation and dam-break simulations in 2D and 3D, we have
confirmed the significant speedup of the proposed method.

Key Words : MPS method, Pressure Poisson equation, Bucket-based multigrid, Parallel computing,

GPU
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N TS 2 5% FIW T 2 O RE % A58 LT % 205,
K-cycle [ZIEERILEE T H - 7= D MFFHEEF 2§
ZNFEETENZ . GPU IR 5 Z L 28 L,
AFFETIX X D & > T TRIERTIETH 5 27— L
fifilE BMG iK% 2R3 5,

T DITAT — 2D WT, fHED7=DI1Z 2 Kotk
7Y VIBEROEMETHET 2, Mirnwr Uy K E
DFEXZ

Afef er (13)

ELT. 7Yy FiExE h & LHDESZRW S &
BANEICBIT 2 A, O ifTHOESRE Ay, X

1
A= (ol L4l L) (d)

b, M2 TRENBEDIT4DDT Yy FE 1D
WKE LD XS RHEEITH PRV 2, REEITKR
DN Y v R EOHERN (12) 3RD XSk 5,

PTAfPeC = PTrf (15)

TIZT. A =P AP REET S L,
1
Aci=15(0200,2,-8,2,....2,.)  (16)

LI B0, BOPPERNSRD TAREBATHN A 137V v il
320 I8 DT,

—4,1,...,1,..) (17)

Y%, KoT, A =8A, DBAGRDH D, PTrpilko

THAFZ4BEEhTWB2DT, 13 Dfirr X (15 %

fift { 2 & TEPNIALIREDORICIZ e ~ 2Pe, DBIRD
H%, TAUX3KITT BRI 2 EOBBRHHEET %,
Z T, REBATHI A 7

A, = %PTAfP (18)
CEBRT B I TR — AN FER Y —
L. INHEDIES 2 2 e lifFcE 3, Ll BUE
FEERINZ L 0L 01 DB F 22527V v RADEEE D
TOARER AT —NVEEICESDERD D, HE

BBEEETHHER

B, MG P CGIETHIHT 27 FURIL, NAERT
BT DOWTIX cuBLAS[13] 2 L. BEfTHINRZ h L
& (SpMV) 3AH (4) THHT 2 M FifickiEt L7- B
EDBEEFR ST 2, X7 LR, FIMERTE L
prefix sum {2 Thrust[14] ZEH L7z

1) BMG EICEIT3 Yy 7y Ol
a) {#E1TY P OAFIFE

BT P AR T A5 712 ) X LI2DWT 2R
TLDEE ZBNCHT 5, (1) DX ST Pidng xn,
DITHITH D, BATIC 1 DDIEFEEENH D, {HIZ 1T
Hb, XoT, BE ny O 1 XthEANCIEBEZDHIF
BERBHNT 2, HIDICLL0ICBWTEN T i BT
BT ]‘%%%ﬁ Qo,,‘ ity v 5,

Qo,i = (

Xi — Xmin Yi = Ymin
AB, AB,

(i) VERLF @ DEEEE, | | & floor BA%L. ABy 131X
V0BT BIREEN AT v MR, NIZNTETH 3,
Xmnin> Ymin (& PR DR T-DFET 2/ METH %,
PNV w B ED2XTENT v b ES Qp IZDWT
BERITLDOHEE%Z 2 TYIDHETHRE ST 5 Z 2T, HlfRE
THHZHWZY v FED 2T v b ES Q. 23R
52N TEDS, Q. IT prefix sum ZHWT 1 ZTDH
BIEFAT T 2170, #ET5 P 2 AR T 5, Zhod
BAEZ ST NTAINCEHET 2 Z e TE B,
b) PTAP QIF|HE

WE1TH P 2 VT A, = PTA;P Z5GIHET 27
NIV XL DOWTEAT %, ABy > 2r, & 3THUE, L
AV 1 LIBEDREATH A DEATDIEFEHEZRT 2 KIC.
3RTDHGETENENGEL9,2THTH %, PTAP D
WHEIE 7LD X461 %2RT, TV v FOBRE
75 A X CSR ITER TR T2 Z 2 ic L. HOBS %
Acvas FIBESDEFNE Areq & LTS, {THEIDEIL
i 2FIAEDENL jOHNTY v K EDOANT Y FRED
EEFETZZLT, HERELAEDEDS A OXIET 3
NERSZEHRICEHET 28D TE S, Apea B -1 T
B 3 BRIZBEDEE LR VDTN T 20ERDH 3,

J) O<i<N) (19

Algorithm 1 PTAP OMiFIFHE 7L 3) X 4 (2 KIT)
Input: Af, P, Q.
Output: A

I Aevalli] <0 (0<i<9n)

2: Accallil <= -1 (0<i<9n)

3: for i = 0 to ny — 1 do in parallel

4 Q. <« P[i]
&: c]: Of&iﬂyﬁ‘lﬁfﬁ\% L/ < %'ﬂ:j‘% : K i]i‘% D 7::0 c]: D 5. (ix, ly) — Qc[l]
T, LNLOL TR — A IEZR{TD S, 20l 6: forj=0ton;—1ifAs;#0do
TODAHAT —IMIEZIT L T 5, 7 i PLj] ’
- = 8: (Jxs Jy) < QelJl
4. GPU —Co)jﬁ§ljﬂ+§ N 9: (dx, dy) «— (_]x _ ix + 17jy _ iy + 1)
AP THRET 5 BMG ikid GPU ETCUDA[121 2 k < 3dy + dx
HWTHiFNCEITS %, RRCRIRN A HIGH A H#E L @ Avo9i 4 K] j
W, BMGZED+E Y b7y FICBET 257 a0 X A ' ol c .
. : ’ . 12: Acval9i+k] — A va[9i+k]+Ar;; (atomicAdd
Y. GPU OFHER S LT MG loRlilt, dfeie o ol T Aealieledsy - (omieAdd
DVTHIAT 2, 14; end for
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(2) BMIBICHITZEAEENE

GPU \ZHFEEHEAE 2GR LTED, HHEEET
EMEREDS 2N 2 2 3%\, Shioya & [15] 1 ILU 43 fi#
HTALER(F & BiCGSTAB iEICBWT, R % BORS R,
XA NANZAEREETEHE LT BEERD 5 IR
HEDOEAIIZBE SRV LTW3,

AT BRI T H 3 MG iEZ S THKEE CHE
L. XA YINANRD CGCEDAEREETHET 2B
FEE 2 L72. MGCG £ T30 ML Z R LIRE &
WERT O KIERESEEIFTE 2,

(3) WTFEICHITS SpMV OEE{E

CG 7% MG % Tl SpMV OFFE KRR 5 5,
SpMV % GPU 1253 55513 1 ALy FT 1 17%8t
HT2Ze0200, 11728 AL Yy FIckd VX7
Ya X THHET 2 5ENH 5, CSREAE
W7z SpMV TIRHMREBATHIDE L SRS DX EY 72
CANKR IV A TR BTD, VR a YR
W3 Z e THEENEXAEY 77 2AE2EHTE S, K
METIE 1728 ALy FTEHEL, 27— KX=E
VEHAWT8 ALy FORBAEIHEZIT I,

5. R7YUVILNDOBIERER
1) FEEH%
RD2KIGE 3XICICBIF B R Y v HERZHW
THBUEERRZ1T - 72,
Q={xeR'|0<x;<1je[ldl] (20)
d

V2 = ]—[ sin27x; in Q 1)
j=1
$=0 on 6Q 22)
1 d
dexaer = 75 1_1[ sin 27x; (23)

HABEBY 757 TR G) R () 2f#
U7z, BB EEN FRIBERER [h b LT 22Xt
T r, = 3.1y, 3 XTTRIETIE r, = 2.10) & L7z,
Q NE ORI FZ2 AR F & L, HAIEL <M Fm ki
AT xR OBEL RN Z Tz 2P ZRLT i DA
B35,

2P = x4 40,3006, (24)

Z 2T, 6 € [-1, 1] IZ B —FEELE R 7 P LT H B,
BRI 2 R T EEE 2ROz, QANBIZ2 ED
SR T2 M8 F R RICHRIE L CEE Uy ¢8C = dexact
3374 V7 VEREG RS X 5, BN R
TEIMAERN T OAERE, BFK T13R (9) 1B 5%
BATHI DR ARy v Y — RIEICEN S, & 2T REUT
FNIMFMTHN 725, XA I IAUANDOIGRHEIEZ € &
FEGEEZE 2 L A% FNT

Ib - Adl _
1l

L7z TITONEE 7 %Fed, RIBOWIHMEX
20 =0 &3 %, ARERTIZ CPU I Intel Core i7-11700 X

(25)

BBEEETHHER

£ Y 16GB. GPU iZ NVIDIA GeForce RTX3060ti 8GB
ZAERAL 72,

(2) EEBREORBRER

BAEREDOIRMICOWT, 2 RIchEZE W T
EEERZ1T 5, K-cycle ¥ 24 — LAHIE W-cycle (S-W-
cycle L il 3 %) THWVWT, 2N ZENERE L REE
JE IR & 3HEIR 2 iR U 7z, R 780 N = 10242
L. PDCRHEZ =101 2 L7z,

K-cycle DRGSR TIE. 5 %2 FW 72358 3R E
1074 TR L7243, IREREZ V7858130
ZEDHIEE R Z 721078 7z b THUEFEL L 72, S-W-
cycle DFER T, BHE., BERELSH 5 bR CKRIE
[ B CHEMERZE 10714 TR L7z, S-W-cycle DEFHE
Ry LTk, ERBETIX215BTH2 DI LTE
BHEETE1L2BTHD. ¥ 1.25 FomEmEtr)»F{s
N,

X 5T, V-cycle ® W-cycle 72 ¥ D#E 7% MG RijLIH
TREAKEZEHRT2 2T, IRt EZRo 7%
FHERREZ D X2 2N TE S,

(3) BE cycle DILBRERER

cycle DFEFEH ¥ 2 7 — )UHIEIC & 2 IR ME © 5THE R
ZHET 2, #1222 RIL TR 7N = 10242 & L
7256 DB cycle DGR % LIRS %, 2 2Tl
V-cycle, W-cycle, K-cycle, A7 —filE%#1T5 S-W-
cycle D 4 D%HE L7z, MREK-Z3ITRTH, 22T
O AEEHEIEK-1 1281 % CGIEDBEAEEICE LW,
FETNEIX, Weycle ICA T —IUHIIEZR1TS Z & TIN
WE TORIEEIED K-cycle & FEEICETHEINS
ZrTHb,

RITKH FREEZZIEHEED, S-W-cycle & K-
cycle, BED=DICHH R — ) ¥ 7 % CG (DCG)
EOFERRZHE Lz, PORHEIZ e =10 2 L,
MGCGIEIZOWTIRIREREZ#A Lz, Z2heh 2 X
TLE 3RO EKE 2 -4, K-517F, M4, K-5
X D, MGCG iE®D S-W-cycle & K-cycle I3 FHBU Xt
L TR AR THRNTE D, Z2OHTDH S-W-cycle
PiRDEHETH D, X 51T S-W-cycle 1% 2 KITHET
FLFE0HY 100 FEOHETS 0.1 AT THRNTED,
DCG AL g3 3 & 10 5 E@E#HTH %,

1 T
10 7& eer V-Cycle |
10-7 ‘.“ W-Cycle |
ﬂm/ \ L —— K-Cycle
'p“ 103 A S e he = S-W-Cycle |
i \ ......
1075 \
0 20 40 60 80 100
REOH [RIE]

H-3 2 RIcREOUNREEHR
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T

—o— S-W-Cycle 7’

== K-Cycle 77

—=— DCG

— N/\'I

——= NA.5

1074

102<%

104 105 106 107
AT

B (7]

X4 2 RTREICE T BB cycle DEHEIER

T
100 i —@— S-W-Cycle d
== K-Cycle ,//
— —&— DCG /’/"
BI04 — N~ 7
s
> ~== NM4/3) %
102 —
104 105 108 107
T

X-5 3 XcRIREICH 1T B RE cycle DETEIER

6. HECZTaAL—arADEA
(1) SRERZMH

BEFEERTY U YANERA L MPS % H
W, 2RTT 3XTTDXR LT LA ZEDY I 21—
YayERiTwv, EMECNT 2 AMEEMEEL 7z, 5
BREMFIEN-6 1R T & 512, BETH 28O —
AR THIZZ L. R 0 B0 SIRAREINC X - THR
WAGEH P I 2L — T 5, XHEHERNZFET
A2 b =27 258X () LIEEMEE Q) 2HVWE, W
BT X —RIZEIIEE g = (0,-9.8,0)"m/s*. %
po = 1000kg/m*. BIREMEGREL v = 10°%m? /s & L7z, K
4) DETZLEND 720 DFEFRI 0.2 0T D
BHEART YV VITERE T3 2], K7V ¥V ILADIY
HEMFE e =102 2 L, BEYRY MGIEDOZ T
X—& FHEMZ () HIOEBSME L R—E L, B
FUIIBER T2 X 2 —h 1% 2 J8 3 DOECE L 72, MPS 1%
2B 2 EN TR ER — % AWz Uniform
Grid[8] ZfEH U/ze F7o. EER TV X MRAEKT S
Z & CilEhL R MR L. MFREAHEAER %
ERICETE L TW 5, BN FERR, EERFU R b
AR BRI EER 2 23 eTEISk L. GPU &
Bt hiELZITR-oTW5,

2 RICy 3RICICDOWTH FRDEL 220D 7 — R
TYIal—yaryziTd (£ K7V IV INDMR
FEIZIE A7 — VHIE W-cycle BMGCG 7 (MGCG % &
S 3) E DCGED 2 ZFHL, ¥Ial—va
VIER CERERE O EIT S, K7 —RADNRT X —
REFRVIWCRT, 72— VBB 02U T R2L5%
—EDKEZIANE At ZFET 5, 77— R 2A, 3A TlX
41 ET, ¥—R 2B, 3B TlX 001 BET> I
L—arEiTio7z,

F28MEtETREES
0.8m
TRAAIHALIE
7
l £
(o)
-~ o
2
c \ 9.8m/s
<
(en)
y (}/«“

.. Q
,L*xFazﬁ BY 4 LEER

B-6 4 LT LA UMBEDORREY

R-1 SLTLAVBBDNFT A=K

r—2 | d lolm] TRASKL T4 At[s]
2A 2| 1x1073 80000 2.5%x 107
2B 2.5x107* 1280000 | 6.25x 107
3A [ 3] 4x1073 250000 1x10™*
3B 2x1073 2000000 5% 107
0.0e+00 1 ;IBIOCiTY 4 4.8e+00

L

RT7Y Y INRICDCGEEFER LD D

K-7 77— 2A DR 1 BICHITIER RIFOBITEED
RESERD)

(2) #HBER

BRER W — 2 2A ORI 1 BT 32 32
L—yaUiEREZX-TITRT, K7 Y ¥V I MGCG
Y DCG #EEZAWIGEDOERIZR—BLTED,
AR TIRET 2 BMGIEERERT Y VY ANIERT 3
TR EBRBEEIRE LW EEZ BNS, RITMGCG
HEEHWTENT L —Z 3A OB 1 BicBiT sy
Tal—Ya UEREPN-8ITTRT, K-8 Tl +
DAEFRLTED, NTOGRTENEEZRL TV,
WoLrRENGPROH, EOERZREEF PR SN
%, 7 —RZ2B. 3BIZOWVWT, KixT v FH-bD
FHEREONRZK-9 127”3, DCGIEDKRHR T v 7
H1=H OFEFME 1 ¥ LT, MGCG % ¥ DCG iED
ZFNFNDOHEFITOWTT I 7k LTz, ERDFER
¥ LT MGCG %X DCG % & BEi LT 2 XyC T 5 5,
3RILT 4 U EEETH 5, DCGEEHWGER
MPS IEICBWTRT V U Y AANDHERM?Z L &5
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pressure
1000 1500 2000

0.0e+00 500 2.7e+03

K-8 MGCG ZZRW=T—X 3A OBZ 1 MICHIT3ER
FIFDBIIEHEEZRT)

B BMG setup
cycle

mm CG

s DCG

. REATHIER

RN TR
A FEEEIEA

-z oft

0.8

ETHEBSRE
o
o

0.4

3B[MGCG] 3B[DCG]

0.2

—
0
2B[MGCG] 2B[DCG]

K9 o—X 2B. 3B ICHITBAERREOAR

DL eBbhb, —H. 3KITHEIZEWT MGCG
HER WG EIEMPS IEE2RD S BRT Y VAN
HD BB EGXEREETH D, EHICUEIhTWS
Tehbrd,

BLEX D, RIFKTRET 2 X7 —AHiIE W-cycle
BMGCG X FEBEOWAS I aL—> a VICHEHAT 3
CEMAEETH D, GPU L TREKD DCG LD b
HICHETE 22 9o 72,

7. FLHLESBROEE

AFE TR FIEICBI B RT Y VY ILARDTILF
7 v RiEZ W GPU _ETOEMETEZMRET L 72,
MG EIIFR TN ED? SHW L RLVOEREZRET S
BMG i£% A L7z, CGIEDRINIE Y LT MG i£%#
L. MG ERHRE, CGIEEMEETIEAES RS
WEZHRA LR, $72. BMGEOt Y F7 v IS
A7 Y X LR FIEICER#E{L L7z SpMV D5
FEFFEIZOWTHHAL 72, ANV v RZEFTENN
72ERRD 2 r — L RN Y v RZERICEDE S
72 DIT A —AHIE cycle R L7z, 2 KT, 3 kT
WCBIFEZRTY VHEROBESER» S, A7 — L
IE W-cycle I35EA TS [6] TR O EETH S L INTE
7z K-cycle & [FIfREDOICRMEZFi5 . GPU LoiliFlEt
H Tl Kcycle KD b EHETH o 2o

FEEOFES I 21— a vy ADFEHAL LT, 2 KT,
3RTLDR LTV A Z %R R —)ffilE BMGCG 7%
Z W72 MPS 12 X - T GPU LT L7z, Z Dk
R, DCG L g LT, 853 2% MG i£id 2 Kot
TR FE 128 FOBEITHK 5 5. 3 KorhIEcldh

BBEEETHHER

TH 200 7T DIFETHK 4 OSBRI LTz, AR
WTIRET 5 27 — )L Weycle & W7z BMG HEI3HL
THECIEES T, MO X v 27 ) —HICHBEEIC
BWHT 2208 TE 3,
AHFFETIIREHER 72 MPS 5 TE AL 2 W F 751 D B
YR N F R E R LTED, X b ERKER
MPS (R B 2 IERFMTHIFRIEE L TR OE A
SBOBETH B, AT —NVMIE W-cycle I2B1T 3%
TS X=X DOEFELBEIZOWTIIMET ORI D 3,

BEHR
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FTEIFEERRIEE Vol. 28 (2023 4E 5 A)

BBEEETHHER

HEIys

MPS EIC K B RKEAGIEADREAFRICE L 7
TR FIRFEDRFE

Development of a Dynamic Particle Splitting Method
Suitable for MPS-Based Calculation of Shallow Water Equations

PEAE ek D

R B

Iori Saigo and Seiichi Koshizuka

DEERFERFBETE

MRS 27 ARIRFEER (T 113-0033 BEHE SR XA 7-3-1)

The shallow water equations (SWEs), derived from the depth integration of the Navier-Stokes equations,
can be applied to tsunami-like phenomena where the vertical scale is sufficiently small compared to the
horizontal scale. Since we can reduce the number of dimensions, the SWEs are more computationally
efficient than the Navier-Stokes equations. While solving the SWEs with particle methods provides benefits,
such as eliminating the need to generate a grid, it also has several problems. One of these problems is that
particle distances increase, i.e., spatial resolution reduces, in regions of low water level. To address this
issue, we developed a dynamic particle splitting method suitable for solving the SWEs, aiming to maintain
appropriate particle distances and spatial resolution even when the water level is low. A dam-break problem
was used as a benchmark test, and good agreement with the analytical solution was obtained.

Key Words : Farticle Method, MPS, Shallow Water Equations, Particle Splitting

1. &=

H T2 ¥ DIKFER T — IV DIKERA 7 —L & D b +5
WREVWHRICEH T 256, KESRAOYEE I
WBEETERY. Z0EZICHD = 3 XoIEEmETR
RERED T ¥ Navier-Stokes TR & /KIE T RN FE S
L CEH XN DDEIKEAIERTH 5. Navier-Stokes
FHERXORD D ICEKE AR Z M 2 & TitEZEM
DRTCEDTED, FHERFEIEEENS.

R AR ER TIETHZ 5 3§ % A1E Wang
and Shen [1] I EFT 3. FOk, HiARIFRIZID
ATEREEE ED 2N TTHhIR T X/ [2-8] . ZDfthd
gD FEEY LTiE CG ANDIGH [9,10], WA HIE
FL[11-13], 1 ZouIEHEZIREE [14], Boussinesq HTEIN
ADEH [15], Well-balanced 2 ¥ — 4 [16-19], V&Y
RHE OB [6,20], DR [21], HET— X
Z W X LR (221, 1 KoT-2 KonEEHE (8]
REDHD. EILOFUIET SPHIEICE S B, i
ETIE MPS TEIC X 2 EDIRE STV S [23,24].

HRAKEARERERN TIETHRL 22T, SHERTEE
BT 20BNV Vo TR FEORENME LN S —
77, W ODEEBELT B, 205 B0D—21F, K
ROV TR SR X RS, Thbb2EH
FRAREDET T2 2 WO RIETH 5. de Leffe et al. 1T
PMTFHEIEBEICED ZOMEORRE X -7 [4]. D%
Vacondio et al. DEI N T HFEERREL, HHEOD
T ZDOFESHNSNT WS [13,25,26]. LAL,
JED DR FECE % S8 U 72 B b 7 0 TR 1R 2 oK
BAERORICE L-RE Zh gy, Z
2T, ARWFRTCIEEAKE RO EICHE L 281k
PP RHFEORBEEHNE 5.

2. HEFE
1) ZEgAEN

2 ok A ERUE 3 KOTIFERETETRIA D #fE D
¢ Navier-Stokes FTERNEKIFEHTNER T 5 Z e THE
H&Xhad., Zo, HEIXREAAEILEh, E
TEENKETRBREINS. 2 KotiRKiEHERIZT
Lagrange JTERXTRD L S icR SN 5 [27].

Dh

@ﬁ@ﬁ:-E:—MVu) (1)
R RIEH] % = —gVz,— gSy )

22T, hIIOKEE, wlIShE AN b LR S
bov, g WXEINEE, z, 13KME (surface) D z FEIE
TH3. KEH (bottom/bed) Dz FEfER 7, T2 L,
g =h+z OBFEBH S (K-1) . BT, §pI30KEH»S
ZFBEBIRZ AL THD, XRTEEINS.

ny lulu

RS
Z Z T, ny t& Manning DHEREL, R IFKITHEFET
»H5.

Sy = 3)

z 7K

/\_/_\
h Zg KEHE
Zp

x

-1 EEBOESR
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2 oK AR 2 R < 56, IEEMMETRIR 2 S5
ELHBETH o> THKVHE LM 2 E R T 2 K
WHEESDETHE. ZHUIRD XS ICHERTES. 3
TN EA RS2 RE L, £ OHEBOEHER
A, FEEHRIADKGEE h, KEE V, BEEEZmt T 5.
KA FDEE % pop, TMADEE % p3p (= const.) &
5L,

m m — P2p

= — = — = — = . 4
p3p =, = o ==~ = const 4

ThbOB, KROZENTIEH U TR EDOEENZ(L
T b, WKE 2 X ETREMERIED X
SIIRDHES. WITE 2L, BAKBOTIERIIEEREE
Tz ACFH_ECHEMERR & oo, SR 5K
RN 2 2 e TRTBERES LRz T
L5DTH5.

(2) MPSEICEBERE
KRR 3 KoTZEM % 2 Kot EME L CEtE
2175, €oT, BRTIE x—y FEHICOAFET 323,
Z0 D 2 TRIRDIEEFE A, KEEh, KFEV (= Ah)
ZihoyHe r FARICRET 2 (K-2) .

Z
h
Y -
]

X

Yy
e e o OOA’: :
X

-2 HFIC & BERER

BRI TR TE D P 5 BT IIEROFHAD B 5 .

1. AKEHFENC D AEE T 3.

2. 20K FEHITCOEMEEZE S 5. $4bb, KT
BB —E L ok,

3. AN —EL ROV, ZHUIRHFOEEITR
FT2KEIZETZ 1K 3.

I OEMICH S X, MPS EOERLERD L SI1C

Wb 3.
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In order to predict micro- and macro-behavior of lubricant and torque in rolling element bearings, a

numerical method has been studied based on particle methods. In this study, the moving particle

hydrodynamics method (MPH), which is a physically consistent particle method, is applied to a soft

Elasto-Hydrodynamic Lubrication (EHL) problem in line contact. Specifically, a Fluid-Structure

Interaction (FSI) method is developed based on the MPH method incorporating one-dimensional film

thickness equation and a load balancing equation. The proposed approach is validated against a numerical

solution based on the classic Reynolds equation and predicts well pressure and film thickness distributions.

As a result, the capability of the proposed approach for soft EHL problems is confirmed.
Key Words : Particle methods, MPH method, FSI, EHL, Lubrication
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