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Abstract

A CAE framework which realizes mass-scale multiphase fluid simulation in practical commercial
products by means of finite volume method on unstructured grids has been opened. In order to utilize
the multiphase fluid simulations in real-case applications, calculation robustness and efficient high
performance computing must be satisfied in the framework. TVD on finite volume method has been
applied for the purpose of stabilizing advection calculation on polyhedral unstructured grids. Multi-
process and multi-threaded calculations on GPU server and supercomputer “Fugaku” has been
conducted using Non-Conformal boundary Domain Decomposition Method on unstructured grids. This
framework has been applied to multiphase fluid simulations of the shower, which is able to evaluate
various qualities of spouts.
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Fig. 1 TVD method for finite volume method on polyhedral unstructured grids
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Fig. 2 Preconditioned Conjugate Gradient method for Poisson equation’s solver
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Fig. 3 Approximation of interface on PLIC
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Fig. 4 Rudman’s benchmark test [6] for the evaluation of accuracy on interface calculation methods
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Fig. 5 The results of Rudman’s benchmark test [6] after one evolution (left : TVD, middle : PLIC, right : STAA[2])
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Fig. 6 The method of data exchange on unstructured grids with Message Passing Interface (MPI)
(VIOLET : Cell values to be send to domain 2, GREEN : Cell values to be received from domain 2)
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Fig. 7 Setting the bucket for unstructured grids on Non-Conformal Domain Decomposition Method (NC-DDM)
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int i, ns, j, p; int i, ii, ie, j, p;
double sum; double sum, sump[NS];
i = threadIdx.x + blockDim.x * blockIdx.x; #pragma omp parallel for private(ii,j,i,p,sump)
ns = blockDim.x * gridDim.x; for (i@ = @; i@ < N-N%NS; i@ += NS) {
for (ii = @; ii < NS; ii++) sump[ii] = 0.0;
for (; i < N; i += ns) { for (3 = 0; J < M; j++) {
sum = 0.0; #pragma loop nounroll
for (j =0; j < M; j++) { #pragma loop swp
p = neighbor(i,j); for (ii = @; ii < NS; ii++) {
- i =10 + ii;
sum += v[p] * ... p = neighbor(i,j);
}
val[i] += sum * ... sump[ii] += v[p] * ...
} }
}

#pragma loop nounroll
#pragma loop swp
for (ii = @; ii < NS; ii++) {
i=1i0 + ii;
val[i] += sump[ii] * ...
}
}
/] Y Oy, V=T NIk —FERL
for (i = N-N%NS; i < N; i++) {

}

Fig. 8 A typical coding for unstructured grids (left : for GPU-CUDA, right : for A64FX)
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5. EREHERMREE

ARG O CAE EF AOEAFIL LT, K9 RISV ERE R @ik v U —BUTRE T VIcBN T
M EEZ T T D, 20T ¥ UV —3RE LBICEERE SD. I U B OMHK ORISR 2 & T
MM E 2 FF D, 300mm RO KRR ETHD Z LD, ¥y U —ERILE L UMK R
HRETH7-01C, K10 OKRBEEOIFEER TIREET VER WD, K153 15549 T TH 5.

ARETIVTO AGAFX 28T % 4.2 Hid 22— R b itk TOR > b AR v MTBUT 2 5HEMERE ik
REX11IZRT. W OPOF T NA—F U TIEEHEILOIENELN 2NV HEORH D L0, KFEDHW 7L
—F R TICR > TEY, 27877 ATIEEELRTD 41% O3 FERRE CERBcE 2. ZBE%KD
1CPU OFHFEHE X, BE U UV — A YKo GPU AV 2K 8 £ETHO 2 — FD 1GPU O FHREHHE I T3 L
RWEETHY, FEDEZEO CPU ZHWD Z & T, BMARY I 2 L— a 2BV T GPU H—
— IR AR ATREAR S B RE NS BN D . ZOETFTADEHICHBIT HM A — L OWFhR 4K 12 12
RT3, A64FX @ 1CPU (X CMG (Core Memory Group) & K iXi 2 12 B 27 LN F v v o = TR S iz
FLFREENT 4 S THERR SN TE Y, 45 CMG 2% 8GB @ HBM2 A E VU IT 256GB/sec TEAE S 7= NUMA #AL T
HD. RETNTIL 96CMG K OFHEIZ AT Y RRITL Y FETTERNIZD, 96~240CMG DaFHHEFER %
R 13 1Z1% 96CMG DA OB RIFIGMEML S E O X 5 T 2/7R7. B EEKICHS T, 1CMG
21 7rtR12 ALy R&E|Y YT/ 240 164 (60CPU, 2,880 AL v~ R)T96 FDK 2.1 1%, 1 7k
ADKI197 5 HEE) OMAr—J VT4 BZHELNTEY, RETAOEEIZEBIT D EA RIS
RBITREINTWND.

Fig. 9 Overhead shower for the test simulation Fig.10 The test simulation model for unstructured grids
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Fig. 11 The result of (Elapsed time of A64FX-optimised code) / (elapsed time of original code)
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Fig. 12 The strong scalability of the simulation Fig.13 The result of NCDDM by 96 domains
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K14 12V 2 b—y g URERERT. PAE OIS AKDNRAT S 2 & CTREOZER Z I AR, B
RIBRERCERIAEZ R LN SR E BHE L TV X537, FEAICH LET X 5 icHAKkO s orkR
WHBEDHL T, BHIERICHEBICHELEZARND LTOE T LT YT LNATWS. Zo—HED:
AKolbAK 7 at ZADOEREM 15 BREOT I 2 b—3 g VICE LS EOFFEERRLIT 240 W4 TH 150 KT
HY, FEHEAICHARERGSEAICNE 72, AR VEREOBKRHEGRAFHATLIZ LIk, 2%
D —ANTA EWAT LU CRHETE, MEKRFFESOPMEMEICTEmATREE VW2 5.

Bk v U =3B E NSRS SN DT, HIEBOKENEZTHT S Z LITEEARIEEO - TH
5. K15 ICHETT NV THRET HERAE LR, X 15 OBFE, Bh-> THEIOHK QS OKRIENDNFE
BT 5. REMAMAEICHB T A KENDOFEIZ SN T EBE L RIEAITo7-. £ 1ITRT X 91T,
TE BT ERE TR 5° TOKENFRAEICK LEHHEERTIIMERA 66 TORELR-TEY, DT
MIRFRZEIZINE > TN D LNz 5. TR T, R 4~5" 055 CIIKRENOAEIZLE LR WFERT
holrZraEETAL. A Ial—YarfERiIBBbhRY Lz 5.

Fig. 14 The result of the simulation
(upper-left : water-filling step, upper-right : spouting step, lower : shut-off and leaking step)

Fig. 15 The model for evaluating leakage.

Table 1 Comparison between experiment and calculation

Inclined angle 6 Leakage
Experiment Calculation

0° O O

5° X O

6° X X

8.5° X X

O : Non-existence of leakage, x : Existence of leakage
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6. f&

FHEER F ORI MR 2 2 b —a v aE LK E D 0 BURIAIENT CAE D7 L — LU — 7 ZRER
L7=. TVD #jsi2 Eora A MEF EO 7O OERERLEEOFREEHL - WL LY, 1 EA v 2l
BRI OO EEERTEX L LI o7, ¥ U—IhAKEDKIEN & DMK EERE~DiHE
FHAMNARE L e ol Z & R LT-.

ASEIABRLIZZ =20 =7 1320V T N EBECGEMOERIL E TH—T v L 7> TV B EEFIEOMAED
BT THEINTEY, C SO0l T AFERN T HHEMERLIERS ICa— FERTE D L-UL OB M
FEBIOEEGEE L2 HLd. % CAE O MHAITBNT, (koW s o e L-fEH = — RoF|H
Tix7eV, BfEER IR SR CAE BREREEICHIAARETH D, 2 — KZHAMENT A R 7
HZEITED, ZHETGPU RFEEHLE VST YEHRHT O HPC v AT AT I TE 722 E K& 727
Lol RO LWHPC HIfIC b A7 L —LA T — 27 2 WHL B @A SEHZ LN Tx 5. -8
BREIZHOWTIE, B2 I3EE) SRR OBIREIC OV T TVD i S ARFR CIP ka2 By 7 —2 L LTH
BELTEE, MES U THEBROMNNH LAAZEET 5 Z & THEDENZITNRAEETH S, I HIT TVD iE
IZ VanLeer 7217 T <& 72 ) R v ZOXUELEL TRITT A Z L RS TH D, il X " kE ByEICAE
T2 50F, Y(rp) = (rp +3)/4L THUL X, AR KIRA E 5 F2RUCI VT PLIC 15 & STAA B4 {# V%)
A2 EBEHICTE D, RRENHREICONWTY, CSF T AEMOET L, HlzIXL bt v MEICHK
S FERE, MBRETHMEIIS . CEICEETE S, T bOfrdsidix, BN TD oo
HL R AEENEIC b RN EEZOND. WTHICE XL RS 7 VAU~ BHEET D Z L3I
ETHY, EHIMICHS CAE Y — L e LTOFRIHICHZ 9 2 L) ICEARLEEMETLINERDD.

RBART L—250U—7 THO D IEEER F-1X OpenFOAM %X U & U CHEX 22 FERE T - B O i IR it >
T hT 2T TRFAERARETHD. —HlE LTEMAY 7 7 =7 scFLOW & W= IEEER BRI D\ T
FIEDOHEE % Appendix B (2R

A%, TRE LT CAE 7 L — AU — 7 Zkk 2 2 BB IS L, S E N E~oF 52 iET L &
HiZ, HoN=T—F%&2H LIS LR AEBE, sEMEREoR B2 BiET.

HEE

AWFREOFENFER O AL, HPCI > A7 AR HIERE GRERES  hp210013) 418 U T, #H{b7HF
TTDOA—"—ar Va—% [FiE] OFREROEMEZZIF, 2021 43 A5 2022 43 A2/ TEi
L7z, ZZICEHLTHEL2ERTS.
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18k A EEZEAFBERFOI—T 1 27 Hl

AFECTRR L2 TEZAREYLOFTHOMTE LT, a—F 1 v 7 Hl% Code 1~6 |Z-7.

Code 1 Finite volume method for unstructured grids

1 //

2 /] BRERED 2 — R4

3 //

4 // Np T A&

5  // nface[i] ¢ A FE LD HE DR

6 // Pface number(i,j) : K FEFIDFJEHOHEF T+, Ko CHELERT
7 // flux[f] D HEBTOT T v A, BREOEEue, FANIHE L THL
8 // area[f] D & SO

9 // volume[i] L KT EBLORE

10 //

11

12 int i, j, fo, f, s;
13  double sum;

14
15 for (i = 0; 1 < Np; i++) {
16 sum = 0.0;
17 for (j = 0; j < nface[i]; j++) {
18 f0 = Pface_number(i,j);
19 f = abs(fe) - 1;
20 s=(foe<0)?-1:1;
21 sum += flux[f] * area[f] * s;
22 }
23 phi[i] += delta_T * sum / volume[i];
24}
25 //
Code 2 TVD scheme for unstructured grids
26 //
27 // TVDIED z— R
28 //
29  // NF T O
30 // Fcell_number(i,j) D EETLICHET 2% H O FE S
31 // uf[i], vf[i], wf[i] D EE IO Y R L (u,v,w)
32 // nvx[i], nvy[i], nvz[i] T EETIOERARY F L
33 // phix[C], phiy[C], phiz[C] : I&FFEFCD ¢ DA/ Y ML, FANTHR/N ZFRIETHHE L THL
34 // x[C], y[C], z[C] L BB COX, Y, ZHEFE
35 //
36

37 int i, j1i, j2, C, D;
38 double dot, phi_C, phi_D, phi_U, rf, psi;

39

40 for (i =0; i < Nf; i++) {

41 j1 = Fcell_number(i,@); j2 = Fcell_number(i,1);

42 dot = uf[i] * nvx[i] + vf[i] * nvy[i] + wf[i] * nvz[i];
43 if (dot > @.0) {

44 C=3j1; D = 32;

45 } else {

46 C = 3j2; D = j1;

47 }

48 phi_C = phi[C]; phi_D = phi[D];

49 phi_U = phi_D + 2.0 * (phix[C] * (x[C] - x[D]) + phiy[C] * (y[C] - y[D])
50 +phiz[C] * (z[C] - z[D]));

51 rf = (phi_C - phi_U) / (phi_D - phi_C);

52 psi = (rf + fabs(rf)) / (1.0 + fabs(rf));

53 phif[i] = phi_C + 0.5 * psi * (phi_D - phi_C);

54 }

55 //

11
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Code 3 Generation of the face which has been cut by the interface-plane for PLIC reconstruction

56  //

57 // PLICHFAEELOD 7= b DEE I Z 5 St Tl L7z & & /LRl =1 — N
58 //

59 // i s BUELBE L TV D iR

60 // nedge[i] T &SI O

61 // Fnode_number(i,j) L R FLIOFEH OHRES

62 // nx, ny, nz 2 Y0 BD i O BB 7 oV

63 // q : Gl ELD O g

64 // codn[j*3] T RO ZIROUEEER S BV

65 // edge_plane_cross_pt(..) : 2m &SI & il & DO A& AT 5 Bk
66 // point_list[] s ARSIV E OTERERE Y Ak

67 //

68

69 int j, jo, ji, j2, k, M, in_liquid;
70 double *pl, *p2, *pm, r;

71

72 M = nedge[i];

73  j© = Fnode_number(i,0);
74k = 0

75

76 r = nx * codn[j@*3] + ny * codn[jO*3+1] + nz * codn[jO*3+2] + q;
77 in_liquid = @;
78 if (r >= 0.0) in_liquid = 1;

79

80 for (j =0; j<M; j++) {

81 j1 = Fnode_number(i,j);

82 j2 = Fnode_number(i, (j+1)%M);

83 pl = &(codn[j1*3]);

84 p2 = &(codn[j2*3]);

85 pm = edge_plane_cross_pt(pl,p2,nx,ny,nz,q);
86 if (pm != NULL) {

87 point_list[k++] = pm;

88 in_liquid = 1 - in_liquid;
89 }

90 if (in_liquid) point_list[k++] = p2;
91 }

92 //

12
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Code 4 Calculation of gradient at vertices with Least Square Method for unstructured grids

93  //

94 /) /DN FEDa— R

95 //

96 // Nn s HiREK

97 // ncell[i] s BIAESLICEER L TV DRI

98 // Ncell_number(i,j) : Him&SilEHL TWAFEHOK &S
99 // x[pl, vIpl, z[p] T BRI PDX, Y, 2T

100 // xn[i], yn[i], zn[i] : HiSEBiOX,Y, ZHEE

101 // f[p] s & E S p OB R

102 // fx[i], fy[i], fz[i] : SIREFIOWMIEO AR~ L

103 // determinant4(..) D AXMTHIOITHIRGH R DA T A B
104 //

105

106 int i, 3, p;

107 double all, al2, al3, al4;

108 double a22, a23, a34;

109 double a33, a34;

110 double a44;

111 double bl, b2, b3, b4;

112 double xx, yy, zz, pp, detA, fxo0, fyo, fzo;

113

114 for (i = 0; 1 < Nn; i++) {

115 all = 90.9; al2 = 0.9; al3 = 0.0; ald = 0.0;

116 a22 = 0.9; a23 = 0.9; a24 = 0.0;

117 a33 = 0.9; a34 = 0.9;

118 ad44 = 0.9;

119 bl = 0.0; b2 = 0.9; b3 = 0.0; b4 = 0.0;

120 for (j = 0; j < ncell[i]; j++) {

121 p = Ncell_number(i,j);

122 xx = x[p] - xn[i];

123 yy = ylpl - yn[i];

124 zz = z[p] - zn[i];

125 pp = flpl;

126 all += xx * xx;

127 al2 += xx * yy;

128 al3 += xx * zz;

129 ald += xx;

130 a22 += yy * yy;

131 a23 += yy * zz;

132 a24 += yy;

133 a33 += zz * zz;

134 a34 += zz;

135 ad44 += 1.0;

136 bl += xx * pp;

137 b2 += yy * pp;

138 b3 += zz * pp;

139 b4 += pp;

140 }

141 detA = determinant4(all,al2,al3,al4,al2,a22,a23,a24,al3,a23,a33,a34,al4,a24,a34,a44);
142 fx0 = determinant4( bl,al2,al3,al4, b2,a22,a23,a24, b3,a23,a33,a34, b4,a24,a34,a44) / detA;
143 fy@ = determinant4(all, bl,al3,al4,al2, b2,a23,a24,al3, b3,a33,a34,ald, b4,a34,ad4d) / detA;
144 fz0 = determinant4(all,al2, bl,al4,al2,a22, b2,a24,al3,a23, b3,a34,al4,a24, bd,add) / detA;
145 fx[i] = fxe;

146 fy[i] = fye;

147 fz[i] = fze;

148 }

149 //

13
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Code 5 Finite volume method for unstructured grids (GPU-CUDA code)

150 //

151 // AREREEO 2 — RFl, GPU(CUDA)/N— 3

152 //

153 // Np T BT

154 // nface[i] L TR BLIOW O

155 // Pface_number(i,j) : HEFiOFEHOEEF+1, 5 TREL LT
156 // flux[f] D EESTOT Ty s A, BIRHOS GG, FANCEHE L TBL
157 // area[f] D B O A

158 // volume[i] S R S LIN T

159 //

160

161 int i, j, ns, fo, f, s;

162 double sum;

163

164 i = threadIdx.x + blockDim.x * blockIdx.x;
165 ns = blockDim.x * gridDim.x;

166 for (; i < Np; i += ns) {

167 sum = 0.0;
168 for (j = 0; j < nface[i]; j++) {
169 0 = Pface_number(i,j);
170 f = abs(f0) - 1;
171 s =(foe<0)? -1:1;
172 sum += flux[f] * area[f] * s;
173 }
174 phi[i] += delta_T * sum / volume[i];
175 }
176 //
Code 6 Finite volume method for unstructured grids (A64FX code)
177 //
178 // AMRAEFEED 2 — R, A64FX(E )/ N\—Y 2 v
179 //
180 // Np T A&
181 // MFACE T KR S0 E DR D B KA
182 // Pface_number(i,j) : #1TEFiOFEHOHET+1, FHTRELZET
183 // flux[f] P EESTOT T v 7 A, BIREOSE U, FANIEHE L THL
184 // area[f] D RSO WS
185 // volume[i] O R S LN =i
186 //
187
188 #define NS 64
189

190 int ie, i, j, ii, fe, f, s, Np2;

191 double sump[NS], sum;

192

193 Np2 = Np - Np % NS;

194

195 #pragma omp parallel for private(i,j,ii,sump,fe,f,s)
196 for (i@ = @; i@ < Np2; i@ += NS) {

197 for (ii = @; ii < NS; ii++) sump[ii] = 0.0;
198 for (j = 0; j < MFACE; j++) {

199 #pragma loop nounroll

200 #pragma loop swp

201 for (ii = ©; ii < NS; ii++) {

202 i =1i0 + ii;

203 0 = Pface_number(i,j);

204 f = abs(f0) - 1;

205 s =(f6e<0) ? -1:1;

206 sump[ii] += flux[f] * area[f] * s;
207 }

208 }

209

210

14
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211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

#pragma loop nounroll
#pragma loop swp
for (ii = @; ii < NS; ii++) {
i=1i0 + ii;
phi[i] += delta_T * sump[ii] / volume[i];

}

/] RV Oy, M—TRIEERa— REFLT
for (i = Np2; i < Np; i++) {
sum = 0.0;
for (j = 0; j < nface[i]; j++) {
f0 = Pface_number(i,j);
f = abs(f0) - 1;
s =(foe<0)? -1:1;
sum += flux[f] * area[f] * s;
}

phi[i] += delta_T * sum / volume[i];

Copyright© The Open CAE Society of Japan
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{18% B scFLOW IZK B EBERFERB LUV YV ILN—~DAHTDF|EHE

AR CTRE LI ERFHREEE Y L R—ZB T, —flé LTHIRY 7 7 =7 scFLOW 2 k& 2kF4
RN YV ISR —FR AR I E DL FIED T A REm7.

FIE1. FEERFER

JEREERR %, scFLOW D7 U 71t v ¥ scFLOWpre THAf%4 5. scFLOWpre (%, scFLOW Zi#E) L7-
BRUICBRENDA =2 —OFYBDOT A a7 )y 7 TH5Z ETHHATES. /74y 7 AX—ELT, [
CA=a—lhHd 2= —Xh AR 27V vr7 L, EEH — Fa— )TV OIECHEY 2T =—
U TIVERIRL, BRINDIEEFIEICE > CT Y T v P HFEEZFE LN L ETHZ ENT
5. ZOPTIMERTERIZONTE, TNGARRE A vya@RE] OLIATEERNREIETFIRN R
éhfwé.%ﬁ%&ﬁhtbf@,iﬁA“ﬁ#%@ﬁ%%%#E@i%én,%@%Eﬁ%%%&ob
DFEEITE Y Zm BT PNEBIER IS, WEEE 0D ZHEE T ~OEBRIZ LY, FHRBERSED A
vV A EHET D LINTED.

Ay afElAE T LTz 6, scFLOWpre T7 7 A VA EEHT. W OO 7 7 A ANBNHITINDN, £
DT gph 77 ANVNGPH 7 7 AV E XIEND L DT, EEEKR T —F B A-STWND., TDOT7ALT
F+—<v MNE, Z2—HF—XHALF] O TR~ — [T7A4] TABINTNS.

FIE2. VILIN—ADEAH

AR TRELLE 7 L— LU — 7 OFMKIENT VL3 —I12, GPH 7 7 A V& fe A Te BT ALEE S 25BN % . GPH
Tr7ANT =<y MIEST fread() 2 EDNAF V=Y — RV AT AT — )L THARADL T LN TED.
WEH, /A hA—%—{X BIG_EENDIAN T& %. 7272 L scFLOWpre 753‘ FORTRAN ZRifEE LTS, CX
C++D 71 7T A Bt AT A 1X, FORTRAN B A U —IZih->C, & L a— ROYEEE & %l Bl
Ihd, MOT =20/ A MaERT 32 By NMEHIE (= 4A4%)%ﬁamifz£m%é.

AppendixA TR L7- LBV, FHEMEER T TlX Pface_number(i,j) <° Ncell number(i,j) (ZFHYT %,
Bpzss oM m 7e & L OERIEHR (a7 T 4T o L XiIEND) ERETHALERDHD. INHO IR
7T 4 BT i@ IR TTRAYNARIEEN DD, GPH 7 7 A VICHE SN TRV DIZHOWTIE, o=
XTI T4 ETAERNS, BRICI—T 4 7T HOMERNDD.
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