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The study of oxygen transfer phenomena in silicon melt
with melt-convection and chemical reaction.

Susumu SAKAI
Department of Materials Science and Chemical Engineering,
Shizuoka University, Hamamatsu, JAPAN

Summary

In order to investigate the oxygen transport phenomena during
CZ-Si crystal growth, processes of oxygen dissolution from silica glass,
oxygen transfer in silicon melt and oxygen evaporation from melt
surface were clarified numerically and experimentally.

A drop method, which improved the previous method for measuring
the oxygen dissolution rate from silica to silicon melt, has developed.
The dissolution rate obtained by the drop method was much larger than
that from the previous method and a much near intrinsic oxygen
dissolution rate could be obtained. Moreover, the followings were
noticed: (1) the dissolution rate decreased under the magnetic field
and/or when ambient gas flow rate decreased, and (2) different silica
materials with different OH concentrations was not affected the oxygen
dissolution.

Concerning natural and Marangoni convections in a silicon
hemispheric drop, the following are obtained by the numerical analysis:
(1) when the radius of the silicon droplet became larger than 7.5mm, it was
found that the effect of the temperature difference between center and edge of the
droplet on the natural convection could not ignored. (2) When Marangoni
convection was dominated, intensity of the convection followed the theoretical
relationship between Marangoni number Ma and Reynolds number Reg based on
interfacial velocity: Reg = o[Ma] for Reg<o[1] and Reg = o[Ma2/ 3] for Reg>o[1].

The new model formula for evaporation reaction and diffusion
transfer mechanisms of oxygen at the drop surface is constructed. The
analysis, which considers free energy of evaporation reaction and
concentration boundary layer thickness as a parameter, has been
carried out. The experimental results by the drop method could be
explained using the above numerical model. It was also found that the
oxygen concentration at the free surface of silicon drop affected strongly
the oxygen dissolution rate.
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Fig.1-2 Schematic diagram of oxygen transprot
during CZ-silicon crystal growth!).



Table 1-1 Solubility of oxygen in silicon melt.

C(T) = A exp(- %) [atoms/cm3]

A B
Carlberg 14) 122x10%4  2237x10% *
Ekhult and Carlberg 15)  1.55x1023 2.0929 X 104 **
Organ and Riley 18) 1.587X1033  33.99XT,, ***
Hirata and Hoshikawa 16) 4.0 1023 2.0x 104
Huang et al. 17) 132x1019  32x103

Togawa et al. 19)

* Theoretical caluculation for "SiO — O + Si ()"

** Theoretical caluculation for "1/2 8iOp — O + 1/2 Si ()"

k% Ty s melting point
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Fig.1-4 Distribution of oxygen in silicon crystal.

* Experimental result for high-oxygen concentration in silicon
crystal with cusp magnetic field.

** Experimantal results are depicted by a ratio of crystal position
to whole crystal-lengh because it is difficult to define the
solidified fraction when liquid feeding CZ crystal growth
and double-layered CZ crystal growth are applied.
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Fig.2-1 Oxygen transport process from silica glass to

argon gas through a silicon melt; (a) oxygen
concentration distribution model and (b)
resistance model.
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p\ ‘ transportation process in melt
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Si melt volume

silica crucible Sessile drop method

Fig.2-2 Basic concept for the sessile drop method for measurement of the
oxygen dissolution rate from silica glass to silicon melt.
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Fig.2-3 Schematic diagram of the experimental apparatus.
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Silicon drop

Silica plate

Fig.2-4 Schematic diagram for calculating
the shape of silicon drop.
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Fig.2-5 Comparison between calculated shape and
hemisphere.
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Fig.2-6 Contact area between silica plate and silicon melt.
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(b) 1415C

(c) 1416C (d) Desired temperature

Fig.2-7 Photographs of the in situ observation
of melting silicon material.
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Fig.2-8 Photograph of the trace of moving
silicon droplet.
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Fig.2-9 Weight change of the blank silica plate treated
at 1450°C for 300 min.
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Fig. 2-10 The oxygen dissolution rate obtained from 100 mg

sessile drop samples at 20 Torr. Data from ref. 4,5, and
ref. 6 at 10 Torr, ref. 7 at 760 Torr and ref. 11 at 20 Torr are
also presented for comparison.
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Fig. 2-11 Effect of the contact area between the silica plate

and the silicon melt on the oxygen dissolution rate at 20
Torr at different temperatures.



Furnace with vertical MF

Fig.2-12 Photograph of the experimental appratus with
vertical magnetic field.
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Fig.2-13  Effect of magnetic field on the oxygen
dissolution rate at 1450°C and 20Torr.
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Fig. 2-14 Dependence of the oxygen dissolution rate on

Ar pressure for 50 mg drop samples at different
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Fig. 2-15 Dependence of the oxygen dissolution rate on
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Table 2-1 Activation energy for the chemical reaction, " SiO Z Si +20 "

Activation energy AE [J/mol]

Our work 3.10X 100

Abeetal. ) 5.10X 105
Carlberg 14 372X 107
[ Ekhult and Carlberg 15) 3 48 X 100
Organ and Riley 18) 9.51X10°
Hirata and Hoshikawa 16/ 3.33X10°
g 1. o
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Fig.2-16 Effect of flow rate of argon gas on the oxygen
dissolution rate at 1450°C and 20Torr.
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Interfacial phase

B =

Silica glass

Fig.2-17 Photograph of the interface between
silica glass and silicon melt after silica
glass was dipped into silicon melt22).
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Fig. 3-1 Schematic diagram for analysis.
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T =(T? +T(0)°XT+T,(0) . Ra’ =8ifi (3-18)
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FI0CTH o elz®d. Ta(mw /2) £1440C L3 E L 7z, Ta(0) IZH L TII.
Fig. 22 ICRARULZRRIZH —HR 22D LRI > TV Ok TFEERT 3
THODWEBNH S0, Ta(w/2) LD HEWIBOCTEREL /=,

ZZT, EFRLEEXCEKIL. ROXDTEREINS,
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uv
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2] 1> #2021 | 3Table 3-1 1.
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Table 3-1 Physical properties and parameters used
in the calculation 20:21),

Silicon
Density 0L =255 x 103 (kg/ m3]
Emissivity € =03
Heat-transfer coefficient h=11.0[W/(m2-K)]
Kinematic viscosity v =3.53 x 1077 [m2/s]
Melting temperature Tm = 1415 [C]
Specific heat Cp =1.06 x 103 [J/(kg-K)]
Temperature coefficient do/9T

of surface tension =-0.13 x 103 [N/(m-K)]

Thermal diffusivity @ =2.07 x 107 [m2/s]
Thermal expansion coefficient B =1.32x104[1/K]
Thermal conductivity AL =56.0[W/(m-K)]
Prandtl number Pr=0.017
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3.3 BRBIUEER

33.1 BHEEREELI-DORE
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L& FIRE DB & OB R ERERT 2 A WTRE L /2.
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10513 ROy 7RBIZ LT, 0.2mm<Ry<16.2mmic %4 T3, ROy FRETOYT >
ToMRITER L 2. LD ROKS RBEBRNEEHINZ,

Reg = 1.97%107 Grl-3 for Reg < o[1] (3-21)
Re, = 1.07%103 G99 for Reg > o[1] (3-22)
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Table 3-2  Effects of grid numbers on the calculated results when Pr=0.017,
Gr = 1.1X 103 (W=2.1mm) and Ma = 1.3 X 10%.

Tmin

rx e at surface ‘Ifm:x M “‘/"*“
31x31 1429.69 1.480 4.536
61 x61 1429.69 1.476 4.593
91 x91 1429.69 1.475 4.595

101x101 1429.69 1.475 4.595




® ATisdependentonR. =09
102 [0 AT is constant (1C). Z{////
1.0

10l =
100
:; 10-1
7
10-2
10-3
Ma=0
104 Pr =0.017
' 1.0SGr=5.0Xx10°
103
109 101 102 103 104 105 106 107 108

Gr -]

Fig. 3-2 Effect of Gr, which is depend on the
radius of hemisphere, on Reg when

Pr=0.017 and Ma=0.
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T Y= Fa—Fik22) mEAULRE. UFOX>ic/25 (APPENDIX A BH) .
Re = 0[Gr] for Re<o[1] (3-23)

Re = o[Grl/2] for Re>o[1] (3-24)
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DRI K BXHRRE DEEP, MIREXEREZLE<Mo I LICK2BHOHEREN
ZZ60%5, €I T, THOREZE =Ty-Te) 2—& (UTC) ULEBFBTRWN, [
MO70v b TRLUEZ. HERPPREML Z2H00F—F— - FT - XV =Fa— Rk
& BMERE RSB LMo, UMb SETHERLZ KOy TEREE T
W UTEMITIZBWTIE, ROy TREOMRRE 2 FHIT 286, G2 . (3-22)
REFMATHZENEY THDEERLD., HRBRINEMLT BHERIZG>5% 104

(W>7.5mm) THo7z,

333 I IdWMROEE

ROy 782 NVIIHBHEVWMERT 2H L TS0, KETORBZFHL <
RETIBIIEFICEERILEEZ S, RARORENZNRICT S > Tt
Foensd, ¥ IR E LicEC RRABENENBE A E BV ECZHNHED Z
ETHD, AHTRIEEZCIDVELIRARNEERH N ETHIREEYS > Tox
OB E/NTA—FIZLTRIF 2T 2.

Fig.3-313MatRe; E DERERL 2, ° 5 T DIRE 2R TMaDEITI,
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Res [_]

Illull L1 1l

Gr=0 ;

Pr=0.017
Bi=4.1x104
||u_ui  aaual ra sl 111

103 104 105 109
Ma [-]

Fig. 3-3 Effect of Ma, which was changed by

various temperature coefficient of the
surface tension of the droplet, on Reg

when Pr=0.017 and Gr=0.

-76 -



D% HiE. Rg=2.1mm, Gr=0, Pr=0.0178 LU Bi=4.1X104 &L/, KWL D, UTFD
HENEIN,
Re, = 0.0022(Ma)! for Reg < o[1] (3-25)
Reg = 0.0575(Ma)3 for Reg > o[1] (3-26)
RIDIAZHAILDBED, F—F— « FT - XV Fa—REKICEVDEEHT
EUTFDOXSIRS,
Re= o[Mal] for Re < of1] (3-27)
Re= o[Ma2?3] for Re > o[1] (3-28)
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10 4 Gr Pr
changed 0.017 (cf.Fig.3-2)

1.1X103 changed

102
100
£ 1072
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104
Ma=0
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Fig. 3-4 Effect of PrBiGr, which was considered
change of Pr on ReS Pr when Ma=0,

and Pr ( thermal conductivity A) was
changed.



RegPr=o[ (PrBiGr)S ] (3-29)
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ENTESD,
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FHEEZOND, CORREHERT DD, Fig3-5 KPreB LIt -gaofinKe
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NITMBEORCERA DBDICX O FHKAALS OBAR ROy TREICHED, &R

WMBNRELEEEZSND, LEOKER, POy 7NOBREARMNHEML., SRR E
-79-



Wmin = -0.013
Wmax =0

1430TC ~ 1429C 1430C T1429C
(a) Pr=0.017 (b) Pr=0.50 ©Pr=1.0
PrBiGr = 7.7x 103 PrBiGr = 6.7 PrBiGr = 26.9

Fig. 3-5 Temperature distribution (left) and streamlines (right) when

Gr=1.1X 103 and Ma=0: (a) Pr=0.017 (PrBiGr=7.7 X 10°3),
(b) Pr=0.5 (PrBiGr=6.7) and (c) Pr=1.0 (PrBiGr=26.9).
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Ma Pr

changed 0.017 (cf. Fig.3-3)
13x10% changed /
: l 2

3

&
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Gr=0
103=Pr=3.0
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Fig. 3-6  Effect of PrBiMa, which was considered
change of Pr (thermal conductivity, A ),
on Re;, Pr when Gr=0, and Pr (thermal

conductivity A ) was changed.
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Vmin = -0.425
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N

1430C 1429C
(a) Pr=0.017 (b) Pr=0.10 | (c) Pr=0.30
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Fig. 3-7 Temperature distribution (left) and streamlines (right) when

Ma=13X104 and Gr=0 : (a) Pr=0.017 (PrBiMa=0.09),
(b) Pr=0.1 (PrBiMa=3.1) and (c) Pr=0.3 (PrBiMa=28.3).
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3.5 fEMECH

g : EHIEEE [m/ s2]
h : BURERE [W/(m?-K)]
r i ey ) (m]
R s KOG ERTREER (=1/Ry) (-]
Ry s ROy TEE [m]
S TS TDEE (-]
t : e [s]
T D 1REE [*C]
T* : TRTTIRE (=(T-T,)/(T-Ty)) (-]
T, : FHEREE [C]
T,*  BRTHFEKRE (=(T,Tp)/(Ty-Ty) (-]
Tc ROy 7OH0RE [C]
Ty : RO THOEE [C]
Tm AR [*C]
u D R IAEREE [m/s)
U D BORTCHER IR (=uRy/ V) (-]
v : G [m/s]
Vs ROy JORHmEEOFR (0=45" ) KBITELEEE  [m/s]
\% : ORI G TEREE (= vRy/ V) (-]
x i S ) [m]
y : BRTEL T EAER (m]
z : BRTE 5 1) iR (m)



F) ¥ XF

a : LR [m?2/ 5]
B : PR R [1/K]
€ D AR (-]
0 AR [rad.]
K P AT T 7 =R EK [W/(m2-K*)]
A : RInBR [J/(m-s-K)]
I : KEPER [Pa-s]
v : B [m®/s]
o : RERS [N/ m]
T D FRTTHERE (= v t/RgP) (-]
P : WEEE [m3/ 5]
v : XTI (=9 /(VRY) - [-]
¢ . TR [rad.]
W DB = /- (0u/3 68)-dv/dr-v/r) [1/s]
Q  FRTHREER = R2w/ V) [-]
R

Bi : EF & (=hRy4/2 )

Gr IS AKRY 7K (=gBTYTYRg /v?) (-]
Ma 3520 (=10 0/0T |- (Tg-TyRy/(w-v))  [-]
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Fig.4-1 Schematic diagram of oxygen evaporation

process, through silicon melt - Ar gas
interface.
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Fig.4-2 Velocity vector around silicon droplet when argon gas
flows down from the top of carbon crucible.
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Oxygen dissolution rate
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Fig.4-4 Oxygen dissolution rate obtained by calculation
(Gr=2.6 X103, Ma(T)=3.0 X 104, Ma(C)=0 and

Pr=0.017) and by experiments with drop method
at 1450°C and 20Torr.
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Oxygen dissolution rate
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- AG [J/mol]

Fig.4-5 Effect of AG on the oxygen dissolution rate at

1450°C and 20Torr (Gr=2.6 X 103, Ma(T)=3.0 X 104,
Ma(C)=0 and Pr=0.017).
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Fig.4-6 Effectof 0 g ON the oxygen dissolution rate at

1450°C and 20Torr (Gr=2.6 X 103, Ma(T)=3.0 X 104,
Ma(C)=0 and Pr=0.017).
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(b) Condition B (AG=-2.55X 103 [J/mol])

Fig.4-7 Temperature profile(left-color), streamlines(left-line)
and oxygen concentration distribution (right-line) when

Gr=2.6 X103, Ma(T)=3.0 X 104, Ma(C)=0 and Pr=0.017,

where A ¥=0.2 [-], AC=0.2 [1018 atoms/cm3] and
|6| max=4.5 I:IHHI/S].
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Fig.4-8 Oxygen concentration distribution along the free
surface of droplet.
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Fig.4-9 Oxygen dissolution rate obtained by calculation

(Gr=2.6 X 103, Ma(T)=3.0 X 104 and Pr=0.017)

and various experiments with drop method at
1450°C and 20Torr.
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Fig.4-10 Effect of A G on the oxygen dissolution rate at
1450°C and 20Torr (Gr=2.6 X 103, Ma(T)=3.0 X 104,
Ma(C)=2.7 X 103 and Pr=0.017).
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Fig.4-11 Effectof 6 g On the oxygen dissolution rate at
1450°C and 20Torr (Gr=2.6 X 103, Ma(T)=3.0 X 104,
Ma(C)=2.7 X 103 and Pr=0.017).
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4.5 fEREE

 TEE

 BRRBE

. HLHERE FEMEE (=2.0 X 1024 [atoms/m3] )
L 3) 2 CRRICH T 2R R ERE
: ROy JREORRBE

sy a R o) 2 VETRE
L EKTCERBE (=C/Cy)

s P2 H AR OB R DOILE R
2 31) O SRR OB RO R

. EJThmEEE

: (22) ATEDLINBRIEOABEIRIVF—EE
: B E K

: SIOHN A DRKE

: SIOH ADHE

: SEBRE TOSION A D E

g Syl a). 7

s BRI B RERR (=r/Ry)

: HAEEK

ROy TO¥E

: REE

: ROy 7HoORE (Fig3-128)

: U A OMRA

: ERTTIRE (=(T-T)/ Ty-Tr)
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u D ROy TNORE S EE [m/s]

U : ROy TROERITTHEEHFRE (=uRy/ v ) (-]
v : ROy T RNOEHHEE [m/s]
\Y : ROy TROEXRITTE S FERE (=vRy/ V m) [-]
151 @ ROy THOFE (= @2+02)1/2) [m/s]
FV P XF
@y U2 RO BILEER [m2/ s]
B : BB AR AR [1/K]
0g :TINIHAROKRBEICRT 2 REHNEES [m]
O0p TV HAROEEEREES [(m]
€ : ARFEREK [m/s]
6 D AR [rad.]
Ly U CRIROKEMER [Pa-s]
Ve 1 TIVIZHAOBIKE (m® /5]
Vi U RO Bk [m’® /5]
o : RIERS [N/ m]
¥ . FBEEK [m3/ s]
v D BRI (=9 /(v ' Ry) (-]
W : PR (=0/n-(0u/d 6)- dv/dr-v/1) [1/s]
Q D ERTTRERK (= 0 Rg2/v ) (-]
HERILE
Gr I ARy T (=gB@y TR /Vyy) [-]

MaC) : BEEYS I (=100/9CI1-CyRy/(um vy)) (-]
MaT) :REZETSIZK (=100/0TI T TRy (tm vy) [
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ROy 7 ERE T ORI, Reg <o[l] BEA & Reg> o[ 1] RBA., TihbbE NS
PXENBHE CBENNIENRBETHT T, L1 IV ZRICRIEFT Y S5 AKy 7
B, RSO BORBERN-,

A.1.1 Re <o[l] Dt

ETHRAWA KB IRIBEEEZ D, Reg <o[1]THBM SEMEAXD RS
NXEETH D, HDOBERMAOZEINRNEAITIL, Navier-Stokes X (3-2) . (3-3)
DNS AR, (Bl <o[ (KR &R0, DOBRHEHOEEN R 15, £oT,

0 [v-;—z] = o[ gBAT ] (A-1)

4
L85, 2B, AT=TT, THd., £/, BHEI.

g = 8PATcosB . gg =gPAT 5in8 (A-2)
ERBBM, KLDHZERLT (A-D) ROLDTHREELE. A1) K&, L1
ABCET E, UTFTOLORELTZENTES,

Re, =0 [215"-}= 0 {@5—%%] = o[Gr] (A-3)

T A MNTNZENZBETIE. ROy TRBETOIEHNT AR EEL S,
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0{ d.“EZ] 0[ Rd] (A-5) |
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A.12 Reg> o[l] Dk
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BA L2 KTEREREROEB AR EUTICRT.
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Fig. B-1 Schematic diagram for analysis.
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Table B-1

Physical properties and parameters used

in the calculation 2+5).

Argon gas

( 1430C ,20Torr )

Density

Kinematic viscosity

0 =748 x 1073 [kg/m3]
V g =0.988 [m?/s]

Flow rate

Radius of silicon drop
(S0mg)

Diameter of carbon crucible

up=23.18 [m/s]

R4=2.1x 1073 [m]

R,=4.0x 102 [m]

Reynold number in area I

Reynold number in area II

Rey =93.86 [-]
Re 1= 4.95 [—]

- 141 -



E

ou, ov

—L 4 —L 20 -

= ay (B-1)

Navier-Stokes T
1 2 2 )

u,-a—u-’-+ E!4-1-=1=——---€I-)+vg (ji__‘_‘L+_‘9_.L‘21.) (B-2)

y pex 8wl %
v v 1 v, 9?

uI_L+'vI——L=——g£'+Vg (_%L+—%L) (B-3)

4] Pg % a dy

LR OEFER P L U Navier-Stokes NZ  (B-4) RicRTHERy . RERK 2H
Wiy s &, B-5 . (B-6) ROELIIEDLTIENTED,

w,=%-@-‘1— . u,-=-a—w-L . 'v,=-§-%- (B-4)
dy dy ox
e AR
oy,
_..( ] + 3 ) (B'S)
ax dy
Navier-Stokes 2
7] d
22 By DT ®6)

GNT (B-7) RONTA—FEZRHNT (B-5) . (B-6) REEAILILT D, &Y
L=ty £t E B8) . (B9 w7, BHERFEIRIEA —RUBDIFOHERE
40mm7Z#EH LU 7z,
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X=—, Y=Rl\ U1=EL\ VI=E"

/ R
W, - . Qy=—L B-7
1=" &wl 1 0 @y (B-7)
T H R
2 2
i R 7
Q) =~ + (B-S)
! ax2 aY>
Navier-Stokes I,
U8y, 2 ——(‘929’ 6291) (B-9)
Fax 771 gy 9?2
7=7=0.
Re; = “0% (B-10)
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BREMFIIOWTIE, UUFCRLEEBDTH 23, BRBERBICRLET I T 7Ry
hECF I dFigB-1 ITRLEHD E—H,T B,
(a) 5DiFEE1 (ABBXUGH)

2
W =0 | g,=_-";{,‘5} (B-11)

(b) %DiFEE2 (AH)

W,
¥, =0, Q= —-‘Z——ZL (B-12)
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() %OiFEE3 (CDBXUEP

%,
Y, =Xc-Xp 2= __EFL (B-13)

&) BDiEr4 (D)
2
W =Xo-Xg \ @ =-k (B-14)
(e) HAFAD (BOC)

¥, =Xc-X. ;=0 (B-15)
) HAFHO (FG)

v Q2
—_—kl =0 —L =0 -
p v Ty (B-16)

P, #psaRk 88 . (B9 L REME (B-11) ~ (B-16) EHREMEI
kI oEEgikL. BrEfTiRoT.

B.1.2 S I OFHT

R U = =Kk P R R R O KR B R 2 A FITR T
a0

19 1ov
';_"""'(mn)"':_'u' =0 (B-17)
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“n or r 46 r pg v 36 Ve (V'ou * 6‘0) ( )

B (B-17) ~ (B-19) Z2WTIE, (B-20) RITRL AR Ky . HENK®
ERWTEMRL =, 2HZBOEBERZE B-21) . B-22) RiZRT.

oy vy 1du 1dy 1%
i | B | R etidad | § = =t ik 4/ § -
e Y T e 1T e Ty (B-20)
HE A B
Wy = ‘Vz"/’n (B-21)
Navier-Stokes =,
w, v, dw 2
Uy 81'” +“;"' (90” = Vg (Viwy) (B-22)
==L,
2 2
2 0 lg 19
Vie—sS4-——+5— (B-23)
ol " ror %0

FNT (B-24) RDONFA—FZHNWT (B21) . (B-22) RICERTILERL .
K Ll i R%E (B-25) . (B26) IT7T, BBREKLIRG ROy TORR
Z#EH L=,

-145-



He i R sl

2
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Navier-Stokes =
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o LYoy !
R R 30 Rey

=7ZL.

2

2 0 1
Ve = —s +—
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R 2 2
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Re, _URy
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(B-24)

(B-25)

(B-26)

(B-27)

(B-28)
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- ﬂq’u - B‘I’u
U” =g 5 20 N V” = —¢ § ﬂg (B-32)
2 2
2 0 7
vi-2 .5 ;
8= T 96 (B-33)

RWTHEREEEN, EERMITRITER | TROZRERy . HEREKo 220F

MR I OBHREAELLTHEALE, ROy THREUNOBEREEREZUTIRT.

v,=v . Q,=9 (B-34)

ROy 7REOERTHE > TIE, UTFOEIIZEHL -, 2BFGDHLIIFig.B-1
DEFICHET S,

U;=0 . V;=0 | (B-35)

¥y = lIllip'G v 2y = QIlFG (B-36)

Lk, iR (B-30) . (B-31) BXUENEMH (B34) ~ (B36) 2HE=E
MEIZX D EME LR BT o =,
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B.2 fEHiH

P EN

r L R TR BER

R : HKT E R MEER (=1/Ry)

Ry : ROvT7O¥g

R, : A=K BDIEDERE (=40mm)

U : BIBHEE (=23.18m/s)

U D FRAT U 1 DK G IR EE

Uy : FRARFEIR 1T D R s

U, D PRATBUR | DBRTTAKTFHENRE (=up/up)

v : AR [ OBE S HE

vy : PR 1L D 5 e B

\A : PR | D EAOTEE G FEE (=v;/uy)

X : FRAF IR 1 DK 10 R

X : PR 1 DRIOTANE T RBEER (=x/R))

: PRI 1 DIE 1) A

Y D FRATEUR | D FORTTEE SR EEE (=y/R,)
FV P XF

0g : TINILHAROBEEESEES

6  HAE

ve BHMiE

3 1 (B-29) RTRDLINDBELHREK
pg EE

vy TR [ OFBIK
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by o AR I ORI [m2/s]
Vo RRETER | ORKTRMEK (= B,/ (WR)) (-]
Vo RATER | ORKTTHREI (= B/ @gRy)) [-]
O ARHEEUR | DMK (= 0v,/dx- 0u/dy) [1/s]
Oy ARATER I DM (= Svy/ dr+vy/r- /D (duy/3 6) ) [1/s]
QTR T DRICTREMEK (= w; R /u)) [-]
Qu  : WHTHRIR | ORATHERE (= 0 Ry/uy) -]
DT
Rep MRHTER I OLA VK (=ugR/v ) [-]
Reyp : RATEBIOL A VXK (=ugRy/v ) (-]
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