RBKRERNERAT 1T 57—

Academic Center for Computing and Media Studies, Kyoto University

Vol.19, No.1 2020

v 2—HEIRRHRS
('%%I]TGEE‘E)

[EEES]Vol19, Nol SDRTFICH > TIFEE
[R—\=OrEa-2HEFEAMEHE (EF - ZHEREE
SRR HARERE] LA 2EHORE IRAORE &%
OtH B EOWH R Z O O/ b vIVA REE
©Daniel Cardoso CordeiroOH # 2= & OZHANG Jiangao
OBEAR ZZHIOH £ A |, R E—BR, FH BROKL
2 [A-/N\—OVE1—2HFMEHIE (KREHES
&%) el BisE  BEF KD [(TO/SLBE
{EHEREMZERE] LA ELOERE #HOKXH i




Vol.19, No.1 5D FEFNZ Y72 - T

FEBRFAMERA T+ T2y 2 — HE A

KT, FERFAMIERA T 1+ 712 X —I2BWTHEM S 17z 2019 5 O FERFZEHRE 12D W
THREWZ LU 9. 2019 FFEIE, 130D THEF - 2CMEMSRESENE], 10 TREIBEHE TR,
ZUT 3D 1 7a 7 I AGmE LR 12 & 2 HAEMEIERmS N E L.

PHEHRA T« 7Y R =T, A—_"—arVa—&tFEPEHEL LT, T - gipiegiE
k), TRBIBEIE TN, 170277 AmE AIEAMLE] &S STHB oM EFHEE EMmL T
WET. FREARIIEERRIIRICITbNET. £/, FERTTEMBEELEEBINZGERDH D
Y. SEINLFEOREIE, A— -3 V¥ a—XEAPMEAHEZEAERXICTREEINET. Al
[ FEHIFE AN DG 5E 5 1R HUA AR O FEMIZ D & £ LTI, http://www.iime.kyoto-u.ac.jp/ja/
services/comp/support/kyodo/ % TSI NI L.

FEOLFRMEHED S b, THF - ZERRESE) OISZEERK, (1) 40 ki OF Fitsed
(FEZEGL, HEHITHDR), HEWE, (2) KEWEE (FimiElbawn), EInTHWEYT. 20
[ETF - VeGP TlE, A= =0 VY a—X&2FHT 28 TEMIZA VN0 MDD 5
R EBIHTE BB LT, S HAHSOREFEZIE 2 AR Z—PEHLTVET.
oI, THETF - VRGP 1, JHPCN (EBRRBIRIE RS RIR A - SEEZEIR) O
Fo—BReMEDTSNTED, ENZHEIEX, JHPCN OfFMILRFRE~EEI N E . HEX
N7-HEIL, JHPCN Y VARV D AZTHRAR =R EZITD ZEDVHERLE L5 EDORMAH D £5
DT, I OLFMFEHEEZ ZTHH 72230,

RIS N 13D T F - ZCVERFZEE BEEIFE ] OIS TIE, EHERIAS X OUiikiE
WG, VE— MY YV TICEBBREE =X VY, U ORNOMEEKE O HFE T IVEE, 3
v 7)) — b OGN, B, SMODFEINFEEE, fEERR ST B Z RS TD
N, ®E 7T KRFEENLESFEEMER 1 ROET - WHEREHEOMA I FA—bwiUi Lk 4,
JHPCN O #iZERISE R 1% 10 A OFEA RIS L E U 7.

[RBURGHE B 1k, R4 T ATIE 128 /— K x 2], X4 7B Tlk64 /—F x 2 8M
FCOFEER - PiE R AHEL LFEMEHE T, AHAHSIEIARE Y X2 2FAHTIEDT
T 2019 D TREIBGEHE TN <1, ZaMz AT 5 EREOLRE EMTh N X L.
4 eV O KBBRAGHRIC & 0, ELNIEE &SRO ZE SN DB (R EOFENIC MG & h, AR
BERPEOSNE L.

7z, 7077 AEBELAENE] TlE, FHRFOA—N—a v a—RE2I)NV—Ta2—-A%]/
BEHZ I A% 3—ATIHADHYEE (JHPCN 8 X O HPCI IZ THABRKFD A==V ¥ a—
REMMATHEMEZELEL) 20R12, 7075 L0KEREE - F— X EOWRBIZ X B MEEF 2 —
=V 7ML FEOWE, MESE - AN EORBIZ L2 KEEGE 707 I L0 EE
b - @R bR &2 HEUTOWET. 2019 FEE 1L, (1) 3IRTEHIANRET VIZ LS 37 ) — MEE
WIOER - WY I ab—>ay, (2) KeHERIE T 58/NMI~ 1 7 aicER 77 XA<ED 30T
BFEt8, (3) HRIC XA RERBORBAERY I 2L —YarvoEEl, v 3o 7as 5 A
EEALEEITVWE L. 2o 0HEMETIE, ALy RIFHER AR DNy 77 1) v 7, R
7 MVALEGETFIEDEA, £72, HBAENZ LR TY —T 1« V7 OBE R ENEmS N, FHEEE
EEndftd LI, T TLORRBERREVRINE L.

SHBBHERROME, BHEICITEAOZET2E ey X —8ELRILTWEXTOT, TF
M- TXBOIEY, AU BEVHL EIFET.

FHAR BMEEX T« Ty — 2EHEFAR [LH] Vol.19 No.1 (Oct.2020) - |



AT/ AV —YHEMERE EF - KIEMRERME) HARS

BRIERIERIEICE 1T S Eimih & SRR RIE DR

WA Hidh

FACRFR AR AR OB A, TR IR~ v 7 ¢ 7 TR

1 #

i [

WIROTHEEM R L, SR, i L%
PEEETHWOND T, ZOEABETHZ L
IS CEETH D, ZOREENXIRED &
W) BRI IFER ICHMAEMETITIH D b DD, &
DIRA ORI CRAT DB IIET | HHET
HD, Fio, WIRIZT TR KRR BES
DIREDMATE LT D 5o Cldsafse N O
A THHdEE ORFRE L EELL 725,

FRAOFHPE I LT, ZRETHHEE O
WZEDTONTE T, BlZIE, KUERE AL A
O TP ETCIE, Hinze DOSKIEAITKRTT HFHRY
A[1124EZ Y | Zhou and Kresta [2]X° Paul 5[3]iZ &
> Treview SIVTWD KD IS, KTHBITHT DK
DAY EBRAVITAERL S 772, Zhou and
Kresta 213 4=/ X —@ufg Clde < . T
kT R F TR — Y v 7B L LD
B RTZENTEDERLTE, —FHT,
Andersson and Andersson [4] X 912, ELFEHOA
TSI Dy BT /UEATE & SLTRO BRI
HET/UEENTE T, Ik & [FRREE O
A RADEGMPIDZI TG D LS, ZD&D
BOHET N A TR E 2 L— 3 LN T U ZFE

TR HBE SN TVOVB[5], L LRid b,

TBHPEN CORIEN L L BLITRO BRI % 5250,
b U< I3t 2R L CEBERICR X 7= b O
37w, B DTSR i BRI 2 B
(2B 72— BOBFSE 6,7 4TV, FHEEE% )
BFAT 2 BRI O AW & - TN
DT HEERRM LTz, ZORSECIIEmRT
O AW &> TEBEOI NS WRTEA~ & 5
SNDHBG (W Ar— %) bRER SN,
R L > TR LTIZRICS 5 —BENRT 5
AT = ANTEINTRR, KT, =R F—H A

2 - Academic Center for Computing and Media Studies, Kyoto University

2r— RIZ &> CEI B 2L LTy gia &%
LS 22N B LTI iR STy, i e
[FRRE DY A ZOEFGRD AT EHT HDTH
UL, =R —H 27— RIZL > TALRIC
Ko THHINDAREMED BETE R,

AW TIE, EREA D= L a5 B
B & LT BEL OB mESE A BT L -
TR L7z,

2 RERRITFE

AR 192 mm, 15 S 200 mm OFEARZRNICT LV
L= LAFEER TR &S 6 BolilitE < h D1t
FRER) A4 A L, 300, 400 rpm ClHESE7Z, =
DR Reynolds 253 18000, 24000 Td> %,

TE R T Navier-Stokes 2., i T % &
L7-, HR#E oER T Sliding grid B2 FH42 2
& CHEBARR S, sliding SURICHE eyclic AMI 52
REMEFIM LT, £, 288 RO AR
CHEmSM AL, FECIEENARICIL U
HRASIE AR Lz, LES IC X - CELi A
TMeL, — A7 7 v KRR —)ET
WEFIR LT,

2SI DB TFIE L LT 2 IRKSEERIRARIENE,
I OB L5 & LT 2 RFEE backward 25, 33
FEES B T E L CPIMPLE 7L = U X L %&F]
MUz, BHRRE I3 T b L, GRS
FEUFHY 1400 T T o T2, AFHFIIA—T > V) —
A Td 5 OpenFOAM ZFIF Uiz, HfEifiht 21—
R OMEETEEEOFZES] TI TV, RS ot
% ERel 3 X 72,

3 FBRLER

Tt 2 FE 2 S HT R OB % Fig. 112



RY, BT AR T Y N OE AL ED
S DA HEE Uiz, BT 2RI L C
RN & 0 il ) Uiz, B3 3dem
Ter & UCTAERC L, MR 3R> CTE ST~ &
a5, SHEEE & dho huf S CRbR X
o, MENSZ L, HofHCIIRER | 25
ZETEOmMEEE L, ETRETHOT i~ S A
L., BRIt s 2, E7z, [EfE s
52 & TR EMRE~ 2 L, B
REDMBRT 5,

(a) top view bottom view
P . ] g

£

Fig. 1 Trailing vortices during mecha;jcal s.tin*ing: (@)
at 300 rpm and (b) 400 rpm.

B FHE A TS 572012, 400 rpm DS
TRZIT DRSNS > Tz 0 LER LTz
FERA Fig 21071, ZOBHREMEREZ Bo9<
T o728, A 35-90 mm OFEEIAFEET DD
HaRY, FHEReMEE L LT, B3R
IDEG TN TEAE S OMIVERT 553,
PEREDS 3 DREN D IZHEV, BOhT 2 DITHE R
FEROWAVERS D, FTz. [FHETT RO FRR 21
DAZHNAHETS Do ZHUL, B TRALCHE
TS A AT & LR AE L £ OB
Bold 5 2 & T [RHRS RO R DD A B
FHEST DL DR DB TH D,

FATIIENC L D & R EPIIREIAATER
TEIT TN DFEE L 73t Oifipet i o A
Wz k> THES B[7], — T, SEFEE LI X

INZ, PR DR D I 2 oduEE D T 5
D3, ROEHET RO > 7o fE AT D, 2D
7D, RHH D &L 9 2258 AT D3I AET D 2

WK LHEERX T« 7y — LEKAAAR [53H] Vol.19 No.1 (0ct.2020) - 3

EDEELLSRY | RIARRIZFGT DO L <
RHEEZLIND,

4 FEER

FEFRERER OB & 2RO BIRIEIZ DU
TR D721, R RO B 2
U7z, FeEErh TR i T T
AL, EDMEHH ISR > TR~ L IRA D,
Z DJRIA 2R CHbb IEE A L L, R
DI, BEFEIR O~ & 295 Z 235570

27,

PG

[17J. O. Hinze, AIChE J. 1, 289-295 (1955).

[2] G. Zhou and S. M. Kresta, Chem. Eng. Sci. 53,
2063-2079 (1998).

[3] E. L. Paul et al, Handbook of industrial mixing
science and practice (Wiley, Hoboken, 2004).

[4] R. Andersson and B. Andersson, AIChE J. 52,
2031-2038 (2006).

[5] S. Solsvik et al, Ind. Eng. Chem. Res. 55,
2872-2882 (2016).

[6] T. Yamamoto et al., Chem. Eng. Sci. 197, 26-36
(2019).

[7] T. Yamamoto and S. V. Komarov, Chem. Eng. Sci.
207, 1007-1016 (2019).

[8] T. Yamamoto et al., J. Mater. Process. Technol. 261,
164-172 (2018).

A
ABFTERIEE (T - LoMEIITEE L) 245

SHETHEWET L5, ZOBEEE) TEL L
L k5,



REOEREMEZERLALBEETINICES

7y

J)—bMD3IRTHEIES I 2L —

V=

MG J&N

FIPR ARG TEMARMER A 7 T Y AT ARFAEIK

1 FUL®IC

TARMEY Z MR T 280> 2 ) — N, MR
ko B a8ear 20 — b alaabE i
ETHY, Sar oV — bohFEREX, $E o
Yo7 — MEOMNEEFICKRESHEINS. S
Layvr)— MEOMNEIX, TICHEORKE N, B
I, SR X5 KEEPIIIC X > TR
SoTWa., #ifar o) — OBl T, Z
NS DEBER Z MM E T UL L TWS FHER
FEAETHD, BEEMTICIKMIEZAIERIEE
AERL, BHOIRDET VAL AT a v o
D — N DOEVEREZ T & 2 HiEIKIE L A .

Z ZTAMFE T, MEERNZEERM IS
fEfRNT 2 ML, EMEREDREZR S RC XD OIFE
HEOHBINEZMRGET 5.

2 HUEfRTFE

Rz, FERIEE A EALRIZ D < von-Mises
EETI, 2V )— B XORMEIZI, B
DR ZEU-BGET V1] 2EHT 5. A
o Tl 2T TV TR, TR OB D28,
IR TRINS.

o=(1-D)Ce (1

ZIZT, okeld7+x—7 MRAIZKBIIIRT b
WEOTARY ML, CIEBMERE~ Ny 2 A, D
X0~ 1 DEZINAEEERTHS.

T T o EE R B 2 E AL 5728, BHEmIZE
BRI LRMEEREEZ S, TR TI, Xy v aft
XK (o) ZRAFTEBERDER Y 5. BEREI

4 — Academic Center for Computing and Media Studies, Kyoto University

Interface

== @

Round bar (¢#16) Deformed bar (D16)

Cross section

1: RC 30 OAREHZEE T

LTI OF A e, < 0 0 ¥ (2 5l & 1l
U, B DRINE % G S 5 2 ¥ THM % &
HY 5. HEAAOIEH o BRATERENG.

0"1 = C118’1 + (1 - D)C]gé‘é + (1 = D)C138é (2)

MR OMEXEY 2ENMLT 5728, 7—o v
DA ZE AT 5, BIEIGH ¢ Ik THRI N5,
T = pory = plo| 3)

ZIZT, pldBEBRE, o, FBERITHS.

PEBIS ST & BRI SEATICER S 28 AW DK
EX ¢ ANIET 22 LT, BUETOREE LD &
ET D, 1> |t T, BAKRNGIRRATRINS.

T =Gy, “)
731 = GYy, (&)



£ 1 MRS =%

E v Oyo (0] b

Steel 200 GPa 0.3 380 MPa 200 MPa 40

E v k Gy & H

Concrete 30 GPa 0.2 20 0.1 N/mm 0.0001 —

Interface 200 MPa 0.2 20 0.4 N/mm 0.004 0.2

ZIZT, GIFEAMMMETH 5.
SHUT, 1 < || T, BAMIGHIZRATERE
Nnas.
, , 4
7}, = (1 - D)GY}, + Drf———2— (6)
YR YA

/ / ’y
74, = (1 = DGy}, + Dri—=2— (7)

72 72
VY12 1751

3 FEMBEDELR S RCILY) DRGIE
EHOHIRM
3.1 B

X 1A MERE D B 2 A8 & B SR % L
7RI D RC 1Z Y OARERE TN E2RT. 5t
FRME2ZE L, frHEPEZ 1/4 & U7z, BRI2IE, 1
iR 1 IREEZMEHT 5. SHOREIIRZ FEMC
7L, SHERmICEZ 0.5 mm OFmEHEZ #
7z, BETFIVOH FBIIH 15 75, EHEEIZH 80
HThH5. X1LIIHE ST A =2 %RT. mEIEA
9mm % 300 step THZ7-. SMOREHIRDOET
WMAEDAEIEZ, 27— ADfFEN % £ L 7-.

32 fRTRER

X 2, 3 (2 — 2N Bk & N DIBG i % R T
FEILEA & W72 RC I 0 T, SRAI) 7 L il
DI FEHEZRL, OUCENRNEL 72FERE 725
7. U, ME AW RCIZY T, RIESG
DI & 2 ZFEEE A W20, BAREMEL,
S HIERWAEL NV TRENHEET 5720, B
VDUENDANREET 2B HE SNz,

FEAE BHEEX T« Py — 2ELEFAR [KH] Vol.19 No.1 (Oct.2020) - 5

50—
100 -
2
<
<
Q
|
50
o Ana. (Round bar)
2 Ana. (Deformed bar)
0 1 1 1 1 1 1 1 1 1 |
0 5 10

Displacement (mm)

B 2: Jufis & OCRBEIE T I BT BHTE — 20 HEE

(a) RC beam with round bars: 40/300 (49.1 kN)

(b) RC beam with deformed bars: 220/300 (120.0 kN)

0.0 [TTTTT T | .0

Internal damage variable

X 3: i & CREEME T BT 2 NEROEL S A

4 BHYIZ

KIFETIE, NEVEBED H 72 5 JUH & B8k %
R U 72T D RC 120 25 & L 7= U7
MizFEmL, SFoRmMPIREELZ 52T, 5
MEREDH 5 RC XD OWIEZE 2B TE 52 L
R U7z,

& 3R

[1] AERS SN, HEA JRRiE - S D BRI 2 8 U 715145
ETVZLZHMaY ) - bORBIES I 2L -3
v, bEARFEHSCE A2(06HT1%), Vol.75, pp.l_165-
1.173,2019.



EEAHRARAKGR ORI A TSRS FORE LB FIiED
FERaAZEA

HEF B

SEKFRFBET IR 57T

B
ji

1

RILT 4 1) 13400450 nmiZSoretdy & FEEIL 558
VWY & 550-600 nmlZQAF & FEIEIL 2 FFEEE DRI
EHb, Wkl LTHEThH D, & LTHEEIC,
a2 7 v a-TNWARN T ¢ ) AR S
A, EVEEEENEB SN TE T, £, &
FafbT & v RICEET DA ITR L ¥—
PHRIERIZT Tl BV ORMIMANEZ BN TE
EEMEEE R, BT 4 U o AFEDLL TR
FIVIR AERAEIED N HIVTE T2, VR R
W LT & B IE L0902 & SR LR
FOMAELAR T S5 K E 7o TWDHID, K
ViR < Wb T & ANTRAET DWAEFEDBRFEN L E
Nd, —FH. BT a—MIbT 2 AR WIS T
LT ENMBNTNDD, BT a—/LOE 5%
DI=OIZ, T 3—/)VaE RO TR )
RIMEMEIZHE E > T 20720, 73—
JUCETREIEDOERILAEATHZ LICLD, 7
T 2 —)LOSEVWEREATE LoD, KSR

CeH13\©\ OCGHW CeH1s .- Cetliz
| jewe
N NS

HO OH
ZnPTC YD2-0-C8

Figure 1. Molecular structures of porphyrin dyes.
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Figure 2. Plots of the amount of porphyrin dyes on the
TiO, surface as a function of immersion time for
ZnPTC (gray) and YD2-0-C8 (black) under THF/H.O
(1:1 v/v) solution containing 28 mM acetic acid (solid
lines) and 0.1 mM NaOH (dashed lines).
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and (b) YD2-0-C8 obtained by DFT calculations with the
B3LYP/6-31G(d) level. To simplify the calculations,
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Figure 1. (Top) Aqueous silicic acid [1] (Bottom)
Photocatalysis at anatase TiO2(112).
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Fig. 1 Principle component analysis for 100 ns trajectory of N-linked glycosylated model. The sticks

represent the sugar chain.
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Numerical simulation of deepwater oil blowout

Crossflow and droplet size distribution

Daniel Cardoso Cordeiro
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1 Introduction

In 2010, one of the largest offshore oil spills of
all time happened in the Gulf of Mexico, USA.
For the first time, the sub-sea injection of
chemical dispersants was used to treat
deepwater oil spills. However, with only few
studies prior to its application, the overall
effectiveness of this method is still questioned
as appropriate measures of the oil droplets
were not performed in situ.

In order to investigate the impact of the
water current crossflow in an oil blowout, as
real-scale experiments are clearly unfeasible,
with the aid of numerical simulations it is
possible to get some information that might
help us improve our understanding of
deepwater blowouts in a cross flow. The jet
trajectories can be analyzed [1]. Specially, by
using dimensionless numbers, it is possible to
assess the effect of several parameters in the oil
jet behavior. In this research, three parameters
that influence the jet under crossflow are
considered: the Weber number (Way = pw UEDA),
the Reynolds number (Rav = pwUDp), and the
inlet velocity ratio (r= Uy Us) [2], where p is the
density, Dis the oil inlet diameter, Uis the inlet
velocity, p 1s the water wviscosity, and the
subscripts w and o indicates water and oil,
respectively. We investigate the effect of these
parameters on the behavior of the oil jet and
the velocity field.
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2 Numerical methods

To investigate the relationship between oil
plumes and the aforementioned dimensionless
numbers, numerical simulations of oil blowout
in a cross flow were executed using the
schematics shown in Fig. 1.

The governing equations solved are the
Continuity (Eq. 1) and Navier-Stokes (Eq. 2)

equations:

aak
ﬁ +ug Vo, =0 (1)
a
PO | oyt Pty = a7 +7. () +
+pp8 + Fox 2
+ng + Fm

where u i1s the velocity, is the volume
fraction, ¢ is time, p is the density, p is the
pressure, g'is the gravity acceleration, F3x is
the surface tension force, Fbx is the drag force,
Fmx 1s the virtual mass force and the
subscript & indicates the fluid phase. The
Euler-Euler method was used to model the
multiphase flow coupled with a
Schiller-Naumann drag model. The
open-source OpenFOAM v4.0 was used for the

calculations.

3 Results and Discussion

Averaging the velocity and volume fraction
for 30 seconds (¢ = 10 s — t = 40s). In Fig. 2, the
effect of varying the velocity ratio () on the oil



plume trajectory. The  distances are
non-dimensionalized by the oil inlet diameter,
D. With the increase of Rewater, Wewater, and r,
the trajectories of the oil plumes centerlines
were ascendant, while with lower rthe plumes
quickly became horizontal. These effects are
highly dependent on the value of r, which
seems to change the behavior of the plume in
the interval 7 <r<2.

In Fig. 3, the oil mean velocity profiles for r =
Iwere shown. As the oil plume developed, the
oil plume was caught in the effect of the
vortexes near the inlet, which did not happen so
strongly in the values with r above 2. This
mechanism could explain the strong
dependence of the plume centerline tendency

according to the rratio.

4 Conclusion

The effects of the oil jet in a crossflow were
investigated using an Euler-Euler multiphase
numerical method.

The trajectory of the oil plume centerline was
strongly affected by the ratio r between the oil
inlet velocity and the water inlet velocity.

Vortexes near the inlet could be a mechanism
in favoring the faster horizontal trend of the
plume trajectory of the instead of a faster
plume ascendance.

Techniques that could generate such a vortex
near the well inlet could help in extending the
residence time of oil in the deeper ocean which
could enhance biodegradation.

Further research is needed to investigate the

jet in the crossflow phenomenon.
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Numerical simulation of the transport phenomena occurring in the

Bottom Seeded Solution Growth (BSSG) process of SiC

ZHANG dJiangao

Graduate School of Engineering Science, Osaka University

1 Introduction

Silicon carbide (SiC) is a promising wide-bandgap
semiconductor material for power devices due to its high
electrical breakdown field and high thermal conductivity. The
performance of SiC devices strongly depends on the
quality of the grown SiC crystal because of
high-dislocation density and high-residual stress. In
order to avoid these disadvantages, solution growth processes
have been developed to produce high-quality crystals since
these processes are performed at the condition close to
thermodynamic equilibrium. One example of such solution
growth processes is the Top-Seeded Solution Growth
(TSSG) method. However, it was found that, in this growth
process, the Marangoni convection developing along the melt
surface is strong and affects the crystal homogeneity. To
overcome this issue, we numerically study the Bottom
Seeded Solution Growth (BSSG) method for the growth of
SiC, since the Marangoni convection is not significant
because the seed is at the bottom of the crucible. Also, this
technique had shown a reduction in dislocation density in the
growth of GaAs [1].

Most numerical simulations were conducted in the 2D
axisymmetric model [2, 3]. In this study, we carried out a 3D
numerical simulation to investigate the transport phenomena
occurring during the BSSG process of SiC. The coil
frequencies have a significant effect on electromagnetic and
buoyancy flows, and the Marangoni, electromagnetic, and
buoyancy forces are the essential parameters of the growth of
SiC crystal. Yamamoto et al. [4] examined, in the TSSG
process, the effect of coil frequency on flow patterns in a
different furnace configurator, but the crystal growth rate and
its uniformity were not considered. In the present BSSG
method, the effect of the magnetic field induced by the radio

20 - Academic Center for Computing and Media Studies, Kyoto University

frequency coil on the crystal growth rate and its uniformity
will be comprehensively considered.

2 Numerical method

The BSSG fumace configuration is schematically
shown in Fig. 1. The radio coil is set outside the insulator, and
the Si-C melt is heated by the crucible, which is heated by the
induction coil. The simulation was based on the integrated
process model [5, 6] and carried out separately for the three
stages: (i) the electromagnetic field, (ii) the temperature field,
and (iii) the fluid flow in the melt. We first get the Lorentz
force, and the heat generation densities from step (i). After
that, we compute the temperature field (step (ii)) by using the
heat generation densities from step (i). In the end, we carry out
the melt flow in the step (iii) by using the heat generation
densities and Lorentz force from step (i) and the boundary

condition of temperature from the step (ii).

Argon gas

Insulator

m] #
Si melt

Induction coil
SiC seed

800 mm

142 mm

. | 72 mm
Crucible ! !

Figure 1 Schematic view of the growth setup

3 Results and discussion

The computed maximum values of the Lorentz force
density in the melt and the Joule heat density in the whole



furnace are plotted in Fig. 2 and Fig. 3. The maximum Joule
heat density increases with the coil frequency. On the other
hand, the maximum Lorentz force in the melt increases
quickly at the low coil frequency. When the frequency
exceeds a certain value (SkHz), the Lorentz force decreases
with the increase of the coil frequency.
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Figure 2 The maximum value of Joule heat density in the

furnace at various frequencies and current densities.
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Figure 3 The maximum value of Lorentz force density in the

melt at various frequencies and current densities.

We can also find that the maximum Lorentz force
value is located at the center edges of the melt for low
frequencies while it is located at the top and bottom comer of
the melt for high coil frequencies due to the skin effect, which
may affect the flow structure in the melt.

Figure 4 shows the effect of the coil frequencies on the
growth rate. For all the cases investigated, we only enhance
the current intensity to increase the temperature of the melt.
As seen, the growth rate increases with the increase of the
temperature. More carbon will dissolve fiom the crucible
walls, and the concentration of carbon in the Si-melt will be
high at a higher temperature. As a result, carbon flux at the

Besides, we can also find that the growth rate will
increase with the decrease of the coil frequency at the same
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temperature value when the coil frequency is lower than 30
kHz. It happens because the stronger Lorentz force will be
generated in the melt at the low frequencies, and the
electromagnetic flow is dominant. This developed flow thins
the concentration boundary layer along the crystal growth
interface and consequently makes the growth rate higher. The
flow structures in the melt are almost identical, and this
indicates that the frequency has no significant effect on the
uniformity of crystal growth. When the coil frequency is
higher than 30 kHz, the growth rates almost keep the same

because Marangoni flow is dominant.
= 800 s [KHz
= —e— 10kHz
=
Zoof 15Kz
g —v— 30kHz
j, —+— 80kHz
o 400 |
g
k=
2 200}
g
ol | _.:,,,/'/ —

1600 1800 2000 2200 2400 2600 2800
Max temperature in the melt (K)

Figure 4 The time-averaged growth rate at various
requencies.

4 Conclusion

The influence of coil frequencies on the crystal
growth rate and its uniformity during the BSSG
process of SiC is numerically investigated. The result shows
that the coil frequencies strongly affect the growth rate and
have no significant effect on the uniformity of crystal growth.
The growth rate can be enhanced at low frequency because of
the more potent Lorentz force. For low-frequency coil, the
electromagnetic flow is dominant. However, Marangoni flow
is dominant when the coil frequency exceeds a specific
frequency.
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Tablel Numerical conditions

Prandtl number Pr 28.6

Aspect ratio r |20

Ambient gas temperature  Tamb | 7C(=0)

Dynamic Bondnumber  Bd | 0.34

Biot number Bi 0.0~40

Reynoldsnumber ~ Re | LSA:Free
DNS : 900 ~ 1450

(N,,Ng,N,) | LSA:
(67,61, 120)
DNS:
(50,48,100)

Grid size
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MR Bt RAE RO 2RI XA R
L~ ThoT,

BT IR EE L Y7 —F v OEd b
FEEIHPRTRER, RHRIEIC 56 2EIB1E 50%
FREE CHIR CE 7o, TORE, K TRNOT
T ARIA-DALED B FHEMEFOF 2 —F—D 7
U R~Ef72 E&EY 4T3 allocation DH 7
J—F L FHERER AR 5 2 EG D KR
ML 30%FEE A HDDHIZE -T2, Z D allocation
DOFHERHHAO 7=, RiAfFFI L DT —#
5k, omp atomic (2 & B /L—7 NEHIAEL, T7—
ABENEHIR, A L REBIHEPE: Sz &l
L0 15%FTIK T L7,

FOMDY T I—F AZDUNT Bl TF 22—
=V T EATOTRER, a7 ARKE LT,
FVFADa—Rix LTA Ly RSk
(Inlp36t) THI28.6 5L Ttk d 2 Z & TE
77

ZORBUZINT, AR, BRDmEmEER D
723 SO ERE LR — MEEFA G DR,
BRI, BIPR oD allocation DH 7 —F 25
W, BRI R DWFUEDN S K22 D
SENZ K DVWIUEADRIE L 72D, ZDT8D, 4y
T L7 SRR S B E AL DR &R 5 DS |
ZIERRS DD D Y T2 T A —TF 2 divld
ZVER% L. allocation FFOMH L ODRIIC divld ZFFOY
H3 e Lz, FOfEHE. allocation D H DD
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FERMoTz, fERE LT, divld 1 1.5 f5REO®R
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BEXEEELROREREORBERBE S 2 L—avOEElL

HHEHE

TUNREFRFGE LA Tkt R AT

1 [ZCHIC

2011 AEHAEHT AT HEE CA2 U 7o KB
HIZ LY, IRRHROAREFR DL  ITFEE 72
7o HEEEEMNREEL G ETS 2T, AW .
FEARARIDER LT, FREOREITH) 2000 1k
NTH RO, KEEIRRHTITZ ORFER e B ALER
WAL, HIR - HEICENNAE L. 414,
R N7 770 8, [AHIEOHE - BREgEENE LD
fERRIED SN E DR STV D, OO
WD OWEEWEOREL L e IZT D 2 LITFEE
FTHLZ &b, NIIEEZERIZT 572012
H FBROTRIREE 210 ESw 5 L[RIRFZ,
MO & 2 OYLHCIR I 2 FRIEHE T2 2 & THR
EHOEINEINE R TR MLERHD.

PLEOWE FH 6 RS L O IR 2 KiEFR
BB 25 T R CEMS D 72D —
NOBFEEATSTe. ZOfTOT=DIZi, GIST—
HEN DT ROBYOET Uba BB L, £
7o )RR 72 RN B D 2O F R O IR
SR MIEMTE DY —VRLEEND. £ T
ABFFE TIT ) O BIEMITIZER D H % ASI-
Gauss {EEMRNT TEE UCGRIRL, KBB4 5
fid D7 ODEEEFTo 1. ETEAEFROET IV
{BATITIREE 3 B DX FHEUEI S HEIL U 72T A 11 5-
T 5 Z & TREUFRICEES LTI 4 55 L,
HIEEENC K 28T RIRICAAET D ARIEZ R O fiE
TEATREE L.

2 ASI-Gauss &k & ZFDEEIE
AKHFGE Tl ST FE & LT ASI-Gauss %

B U7z, ASI-Gauss {EITHE KRB HIZ X - T
Bi%E S 472 FEM ftr FECThH 5. 1% 2 >0

42 - Academic Center for Computing and Media Studies, Kyoto University

WETEL = 2T ERIZT THEIL, Hlifssy
K7 M52 LTI OREBRS 2k
B35 THETHY, Updated Lagrangian DERAL
(2 K0 KRETE £ T 2R v RE 728 R T I VEAR
WHETH L. ETmdbRE, BEROME ) Z i
THZLETHRIL TS, BRI E LTk A
AL, AFECiE Mx, My, N IZZFNZivx, y
el O FE—A 2 b, s L, WU
KRB A W, Z2C, A TFIRAFO “07 134Wr
HYBHECH D Z L &R T.

2
f, = (A’f—;)z + (;;'—yyo) + (N%)Z =1 1
1EkD ASI-Gauss VA1, WHFHRICHG L Tk

O7, FEFREDET A — X — DT i &

HEL TR, FHRZEROIERNT LY XL

DMEE LT, BRI od KBRS B AR 2

T 512H7-- T, ASI-Gauss {EDOWFNLI LOT v

Y X LDOEEPUEEE T o7
ASI-Gauss {EZ AT 5720, V—Ra—

RDOZ Ly RIFHE (LUF, OpenMP &Ftik) 2Bk

BEIINTAT o 7o, B 2R MosE < R & 5t

B, ENE—HRER Y LS — L fildgets 7 L =)

AL, EEAPETEREET LT X AOLRETT-

7o Y NAN—IZOW TR THIOREARIE & LT

CRS 7% (Compressed Row Storage) #H:H L, A

Uy RlFEhRO @AW ARET A 7 ) — %

W UT-. F-8REIE, BRI ROMITICE

DI ERAARRIETHOW BN TWA RNy 7 75

Uy e Ao TR VR GIEA ST A 2k

T, BRRT REEREIRET D Z & TKRIER R

Wbz FEEHL L.
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M—1 EFEREDOETTILTIE, SRR TARESIC

BE LU0 L, X—2 1O EHRH 217 7,
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LIk, Y —Az— RdD OpenMP b, Bafiddeds - 4=
IR TFREE T V) X LDOS B %17V, ASI-
Gauss {E IR BUEHRERART S I FTRE & 72 > 7z

3 KEREBET/VILisst

AT CxE G & DAREF R ORHUIIEF 1%
<, BT L O ET MU RARETH D, £
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EFTMEL, BEUFET LI SN - BgUEER
(AW 2R S8 558 Lz, X3 (2
RT LI, KEFREZIIY ERICLYET/VEE
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TWRIGHL, BELRIR (F) ZERIIT L—RICE
#a, BIR R AR S RE LTz, BT VOEE
1%, 12012 FUETHR AEFEEOMEZE & i
5 X0 RFBEEE T & ORI 720 OE
BESWTLZETRELE. BIR (R oREE%
PLRRERIT, SME NEEOEE AL BRI
B U7z, M OBRIT, JBRZE AN & D EIEIC
LI L&, BRI Uiz, BlxIE, 1959 FEALME
(ZHERLT DX —4 O, BEA T 2 BRI 3EH
EIAD 1120 rad, FEAHERT 5 EHIE 1/30 rad
(ZEE LIRS RRR &, BRI e o VA
ST, AXOMEHEEZ I, BRI ITE4H
WWERERE LTz, DLED X D1, KEFREZITY
TRIZTET /ML, BEEAUEEICHEIL L7 %
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Ji8 1257 4 (rad)
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4 WHLBETILOBEEENE

FRHAIROET I, HIEREHR S 2T 2 (GIS)
ZHWz, GIS X 0155 @O NRNL B IEH &
B ST — 2D, ST E T L 2
TE5., FRRET—200, R T2
M ET VOB S ATRETH D, AIFFETHRIG L
THERMIE, EAREET & L7z, ASI-Gauss 5%
RN BB T Ak D & 7 AL S ORI BT % 3
1T, SPH 1% &dpffiftird 2 2 & T, MR -
(2R AT A OAE R RN 2 i 5
FEtch D,

BT VOB 2RI~ 58 : Tkm X 10
km, S : 82,916, EHEEL : 43,411,162, HiSH
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DOHFEETHIT TE RN 2132208, 2H O/
\CRRIT A $E T SBT3, EROFHE#IC L5
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BRICRH AR BT 5 X 5 ([l 21T - 7.
ZOFIE LT, AT VA 20 XEIZ5E]
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1,514,782 (et « 1.1 %) T o7z, FEEE
DFER, FREOFRITRHIL 28 R 28 4>
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v 7)) \TPIZ D 2 ENTE, HRROHIBMHEITE
IVESENT (EALANT)) DA ORNIZFE T TEDH XD
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N T —a L B FAVEN A BT 5. HOmmOGE
MNEEREFNTND Z ENbInNG. 728, il
CIIER O, Hdie <, #ifalTr /v,
Hx DET MINBPRRE, BET L —ADKHET
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X—6 EENET VO E
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5 #WHEBETIVICE HREREEIERE
il

HB Ak D ARTE S R EIEEARET O FEBL AT REME 2 ffe
BT 5720, 1 XKEOET VE VT, 1000 A7 >
7, EIRE 20 FOOFRE A EM LT, ARIEFEHY
OffiREL 1000 AHOET /K LT, BV VEE %
RRE L, MRS IZAIAT) U e, BRI, Hefi,
PR, Huf & OB A B LT, T OREE, 56.6
RHE CRAE AR D Z L MR LT (RERH1&FR
T 42.2 D . —8 12 1 RWfET VAR LT
MRERT OB, T8). hI7—ar X —3nhEE
MaBERT 5. RO 210809 B, ZHRHD
el 5524 [BPFEA L TR, Mk IcEE L7 &
HE SN2 29311 [B1d 0, AEEITHIO T
R 37854 [BIE D L FHE Th - 7=, 2AMNE 75
HT Y XLAOWRIZE Y, HIN LN TR

RSSO R TR 72 o 7. DL,

AR AR D ARTE F AR BEART D EBL AT RE AR 2
Folz. BRETNLTY RLOWERIZLY, KHEIER
HERHT A DO BITK T 52 & 2R T T,
L%, BET L—RAEBNLHHTT WMIAEFR R
OYERE - WirfER A EA L, 4RI & ofEEEe
DOFHli~EHBESE L TETHD.
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6 BhVIc

BB S BB T A B R AT & 5
i g B 72912, ASI-Gauss {EZ mEd b S, 7 A5
TS LTEAREFROET ME T EE R L
7o, HHEROAERREZNELSETMET D7
D, GIS TEERS N DT T V& HEVE
B U7e. FEIAEEMNT A OpenMP {b, 7L
ALWEETDHZ LT, LRLOMRT % B30 e
WTERATREIC L7z, 5513, T mEOHERSK
Ff] & DIEIT £ D ARIEF BB D% 4 %
MR L, &5I2i% ASI-Gauss JEIZ K DFEROMET &
R HRRATIE AR D 2 & T, RS TR <
HEI V3 DR T Ak oo AR S R A I A~
DRENLEEND.

BIFFNL AR FFIMIERA T 4 T2 2 —
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7T BAEEAGITEHR W2 72 &, R CESL— RO RE
VN —OEE b I LN, 2 IS
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JI—EROER-HE

ORT L AEERR (20194108 ~ 2020538 )

1) PRSFHEEICHE D P—EAMRIEB L OV AT A X T RERERDL

PR T —E AR SRAT DI REEF RS
PRATREAG R Y — AR Ay PRSTIEH]] PSR ARy Y—EXHBEAR | X TR
2019/10/14 9:00 | 2019/10/17 16355 81.00 2019/11/11  14:220 | 2019/11/11  20:08 5.80
2019/12/05 9:00 | 2019/12/05  11:30 6.00
2020/03/30 9:00 | 2020/03/31  24:00 39.00

2) —ERRI

PF—ER — -

H#ﬁ-ﬁ[h] @fi ﬁl@ Eﬁ CPU I,Zi/}ﬁ%ij] J—R

S i) K] K] =R | R
10 H 662.40 36,918 182,302 57,866,786 46,713,480 17457 | 760 %
11 H 715.20 36,386 222,566 69,326,480 57,355,983 17982 | 816 %
12 H 744.00 50,889 285,720 73,444,981 57,553,181 17956 | 817 %
1H 744.00 73,141 284,384 76,523,814 54,088,568 17955 | 830 %
2 A 696.00 98,596 230,007 67,725,077 49,308,813 17926 | 793 %
34 705.60 50,476 250,096 71,487,519 56,244,208 17987 | 806 %
7 4,267.20 | 346,406 | 1,455,075 | 416,374,657 | 321,264,233 17877 | 804 %

J— FRIHR
100%
90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

10H 11H4 121 14 2H 34

o LAWEH = AFHEERHHx A = T4
o RN/ — RN = IR ONIREED / — R A (10 R OY 7' ) o 75 —4 L 0 EH)
o — R = BE ) — Rd 5V a TRFATENTND ) — ROEIE
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DRATLBEBIGIRR (20194108 ~ 2020438 )

1) PRSFHEEICHE D P —EAMRIEB L OV AT A X U RERAERDL

PR T —E AR SRAT DI REEF RS
PRATREAG R Y — AR Ay PRSTIEH]] PSR ARy Y—EXHBEAR | X TR
2019/10/14 9:00 | 2019/10/17 16355 81.00 2019/11/11  14:220 | 2019/11/11  20:08 5.80
2019/12/05 9:00 | 2019/12/05  11:30 6.00
2020/03/30 9:00 | 2020/03/31  24:00 39.00

2) —ERRI

PF—ER — -

H#ﬁ-ﬁ[h] @fi ﬁ]@ Eﬁ CPU qzt@@ J—R

G~ WEHIIN] N BRI | R | R
10 H 662.40 119,090 657,152 | 11,986,043 9,221,575 7790 | 700 %
11 H 715.20 138,853 765,685 | 14,054,172 | 11,550,943 8079 | 732 %
12 H 744.00 153,638 791,775 | 14,589,627 | 12,012,627 8076 | 723 %
1H 744.00 336,625 893,723 | 14,805,263 | 12,319,297 8080 | 722 %
2 A 696.00 165,011 753,756 | 13,723,839 | 11,204,145 8080 | 708 %
34 705.60 113,642 624,961 | 13,506,733 | 10,670,110 8080 | 691 %
7 4,267.20 | 1,026,859 | 4,487,052 | 82,665,677 | 66,978,697 8031 | 713 %

J— FRIHR
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90%
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40%
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20%
10%

0%

10H 11H4 12H 14 2H 34

o LAWEH = AFHEERHHx A = T4
o RN/ — RN = IR ONIREED / — R A (10 R OY 7' ) o 75 —4 L 0 EH)
o — R = BE ) — Rd 5V a TRFATENTND ) — ROEIE
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ORT L CEBERIRIR (20194108 ~ 202043 8 )

1) PRSFHERICHE D P —EAMRIEB L OV AT A X U RERAERDL

PR T —E AR SRAT DI REEF RS
PRATREAG R Y — AR Ay PRSTIEH]] PSR ARy Y—EXHBEAR | X TR
2019/10/14 9:00 | 2019/10/17 16355 81.00 2019/11/11  14:220 | 2019/11/11  20:08 5.80
2019/12/05 9:00 | 2019/12/05  11:30 6.00
2020/03/30 9:00 | 2020/03/31  24:00 39.00

2) —ERRI

P—ER — -

Hjﬂ_’ﬁﬁ[h] @fi ﬁl@ Eﬁ CPU I,Zi-éﬁ%ij] J—R

TR | WD | RN | RN | o—RE | R
10 H 662.40 3,705 32,427 376,447 256,345 157 | 720 %
11 H 715.20 20,808 25,688 508,109 478,321 160 | 833 %
12 H 744.00 4,314 31,717 526,731 550,943 159 | 847 %
1H 744.00 4,613 37,859 516,085 573,616 160 | 726 %
2 A 696.00 3,134 22,247 378,711 251,428 160 | 706 %
34 705.60 2,300 28,396 304,021 236,200 159 | 468 %
7 4,267.20 38,874 178,334 2,610,104 2,346,853 159 | 717 %

J— FRIHR
100%
90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

10H 11H4 121 14 2H 34

o LAWEH = AFHEERHHx A = T4
o RN/ — RN = IR ONIREED / — R A (10 R OY 7' ) o 75 —4 L 0 EH)
o —FFIAR = BE ) — RT 5V a TRFITENTND ) — ROEIE
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AlF‘1 R—/IN—aVE21—FL AT L

RBEY—EX
FFARER 2iEese | RbL—2 | @
“ s = Su N = =3 i FIH —v WA
a—x 247 | wyk SZRFL| 1y F SRTLEE B Te | nmes
IR - HA 12,600 FA/%E B #*E BAR1/—RHEH((3607 . 128GBAE!)) x 1) 1 0.2 -
A4 TA | EHXK 100,000 A/ A #% | BKR4/—FHL((68a7. 16+96GBAE!)) x 4) 3.0
N=YFIL | 84TB | EX 100,000 A/ B *EF B4/ —RHEH(36a7 . 128GBAE!)) x 4) 168 3.0 -
A47C | #X 100,000 A/ c #E BA1/—F#%(7237. 3072GBAE!) x 1) 3.0
=/ 200,000 F/%E 4/—R((6837 . 16+96GBAE!)) X 4) 24.0 8
1 5 -
#ATA BINESR| 100,000 A/E &% 2/—R((6837 . 16+96GBAE!)) X 2) 12.0
=/ 240,000 F/%E ] 8/—R (6837 . 16+96GBAE!)) X 8) 28.8 16
A HEL
BATA2 BIMESR| 60,000 A/E R 2/—R (6837 . 16+96GBAE!)) X 2) 7.2 4
=/ 600,000 M/ 8/—R (6837 . 16+96GBAE!)) X 8) 48.0 16
BATAS BINESR| 300,000 A/E =H 4/—R (6837 . 16+96GBAE!)) X 4) 24.0
=/ 210,000 A/%E 4/—KR((3607 . 128GBAE!)) X 4) 24.0 8
1 5 -
B—7 2478 BINESR| 105000 A/E &% 2/—KR((3607 . 128GBAE!)) X 2) 336 12.0
54782 B/ 252,000 F/%E 5 @ 8/—K (3607 . 128GBAE!)) X 8) 28.8 16
BMESR| 63,000 A/E 2/—K((3607 . 128GBAE!)) X 2) 7.2 4
B/ 630,000 M/ 8/—K (3607, 128GBAE!)) X 8) 48.0 16
#4783 BMEL| 315000 A/E =H 4/—KR((3607 . 128GBAE!)) X 4) 24.0
B/ 130,000 A/ 1/—R (7227 . 3072GBAE"J)) x 1) 24.0 8
1 5 -
2470 BINESR| 130,000 A/E o &% 1/—R (7227 . 3072GBAE"J)) X 1) 24.0
=/ 156,000 M/ . 2/—K(7237 . 3072GBAE!)) X 2) 28.8 16
#4702 BMESR| 78,000 A/E R 1/—R (7227 . 3072GBAE"J)) X 1) 14.4
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