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Numerical Analyses and Experiments of Transport Processes

Hiroyuki OZOE, Takayoshi INOUE and Mitsuo IWAMOTO

Transport processes in manufacturing functional materials determinate the quality and
the functions of the materials especially for semi-conducting and/or optical devices. The
substrate of integrate circuits is mostly manufactured by Czochralski method for which an
external magnetic field is employed to control the convection of the feed material. Followings
are experimental and theoretical approaches to study the effect of magnetic field on the
convection of liquid metals as feed material. Thin film formation experiment and clustering
of water molecules are also studied for their mechanism of formation and functions.
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1) Temperature

T=0.5 at Y=10

T=-0.5 at Y=L

aT/aX=10 at X=0 and L
2) Velocity

Uu=v=290 at X=0 and L

Eak HE25 (1990

—25

L—Y
Fig. A-1 System Considered and Grid Points.

at Y=0 and L
3) Stream function
=10 at X=0 and L
at Y=0 and L
4) Vorticity

Q=02V/aX at X=0 and L

Q=-03U/aY at Y=0 and L
5) Magnetic vector potential

A=0 at Y=0

A=Ra"? at Y=L

A=Y at X=90 and L -

6) Magnetic field
Bx=1 and 8By/@X=0 at X=0 and L
Byv=0 and @Bx/8Y=0 at Y=0 and L
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Table. A-1 The Effect of the Prandtl Number on the Nusselt
Number and the Central Stream Function at Ra=
10¢ without a Magnetic Force.

Pr Nu Nu* v, V. /Pr
9.17 9.38 10.859 21.745 2.371
1 9.36 9.309 17.385 17.385
0.1 7.00 6.697 12.169 121.69
0.054 6.08 5.960 10.506 194.55

Nu*=Correlation equation by Churchill
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Fig. A-2 Responses of a Central Stream Function.
Curve 1 is for a steady state at Ha=1,
Curve 2 is for a steady state at Ha=10,
Curve 3 is for a steady state at Ha=100,
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Fig. A-3 Transient Response of a Central Stream Function
at Ha=1000, and Ra=10¢,

(Ha?/Ra) =- 2 OB}, 2 DDRL - HtEOE»SE 2
sihfze % 2T, BRI AP iIcEN:Ha/Ra* % 1
BHIZE > b DRHA-5RTZOKIZIZSENITE
ShRERERS LT, 2D & S s iz Churchill and
Usagi [A.12] OFETROEBRTEZ 5 Z Lo
k3,

Table A-2 The Effect of the Hartmann Number on the Central Stream
Function and the Average Nusselt Number at Ra=10°, Pr=0.054 and Prn =1

Ha Nu W, (Bx) max (Bx)min (By)max (Bv)min Umax .
1 6.078 10.499 6.53 0.0574 0.955 —4.51 1.233
10 6.094 10.473 ' 6.52 0.0607 0.955 —4.55 1.233
100 4.622 6.552 4.17 0.287 1.188 —4.31 0.879
1000 1.004 0.206 1.05 0.957 O’. 0355 —0.108 \ 0.0369
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Table A-3 Computed Results to Correlate the Average Nusselt Number at Prn=1 and Pr=0.054

Ra Ha Nu [(Nu—1] / [Nu(Ha=0)—1] Ha/Ra'® Ha?/Ra
10¢ 0 1.850 1 0 0
100 1.004 0.0047 - 4.6416 1
10° 0 3.304 1 0 0
33.333 2.907 0.828 0.7181 0.0111
100 1.262 _ 0.114 2.154 10~
10¢ 0 6.084 1 0 0
1 6.078 0.999 0.01 10-¢
10 6.094 1.002 0.1 10-*
10? 4.622 0.712 - 1 102
108 1.004 0.001 10 1
/ T ‘: 5 1 T T T ! ?r' Y T T
Nt | M= | N |
3 i ! i
Nutria=g-] | %o > Nubte0-1 | g ;
Q /0 o /oo' i
05 o0’ — 05—a 10° —
a10? Ly o :
‘ —£q.(33) !
4 O O I 1 '
! ! ! { I ! LA L N i
765432 1 0 - -/ 0 /
/3
Log (HlRa) 0 Log (Ho/Rd"Y)
Fig. A-4 A Primary Plot for the Correlation of the Aver- Fig. A-5 General Plot for the Average Nusselt Number at
age Nusselt Number at Pr=0.054 and Prn=1. Pr=0.054 and Prm=1.

Fig. A-6 Steady State Profiles at Ha=100, Ra=10°, Pr=0.054 and Prn=1.
(a) isotherms (b) stream function
(¢) magnetic vector potential (d) magnetic field Bx.
(e) By (f) velocity vectors.
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Fig. A-7 Steady State Profiles at Ha=10%, Ra=10°% Pr=0.054 and Prm=1.
(a) isotherms (b) stream function
(c) magnetic vector potential (d) magnetic field Bx.

(e) By (f) velocity vectors.
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Fig. B-1 The System Considered in This Work with a Lat-
eral Magnetic Field.
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Fig. B-2 Contour Maps of Each Term in a Lorentz Force
and its Summation.
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Fig. B-3 Transient Responses of a Central Value of a
Stream Function after a Step Change in the
Hartmann Number from 100 to 500. Other Condi-
tions are Ra=10°% Pr=0.054 and Prm =1.
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Fig. B-4 Transient Profiles of Stream Function after a Step Change in the Hartmann Number
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(a) Instantaneous Stream Function Profiles.
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Fig. B-4 (b) Instantaneous Velocity Vectors.
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Fig. B-5 Instantenous Contour Maps of Each Property at
7=2440.
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Fig. C-3 Transient Responses of ¥y (CENTER) at
Ra=107 and Ha=100.

Table C-1 Summary of Computed Results

Ra | Ha | B Nu v, (CENTER)
107 0| — 10.524 '—15.708
107 | 100 | X 9.655 —13.682
107 | 100 | Y 10.445 —15.523
107 | 100 | Z 10.024 —14.805
10 0| — 5.7371 —8.876
106 | 100 | X 4.4577 —7.792
10° | 200 | X 2.9168 —4.670
10° | 300 | X 2.2508 —2.998

KIZRa=10°, XFFmRIANERIE I DT, Ha=100,
200,300 & L CEHE 1T > B EEC- 1 1R T B
BOWMINKELL D, ¥, (CENTER) #/h& < 72
D, Nud/hE > Tn{,

+§%%%IT#ZJIC5u¢m%E@%mﬁI
ZRT, Ha=0L WO BEBBO M L X X Ha=3000#
BObH5EEDBAMBEDL, BENEOE ZIZER
BHmASHEZTLES, HC-61@F~x7 bAKRT >~
Y NDYRIDEERE TR T, WMHEDOE N L % (Ha
=0) LR, HOEET T, ETEBVWOKERRA
MR LAERBHHN L > T35,

b3 e, BESEOZRITERNTIGCZ
D & O —KRITHIEHIER U7z & & O RINE%)
ROMET 21T\, SHEME < HHEICER LAERX
FFBEE BB L IRERNIKE L, RIZHEFR(Z AR
DN, TLBRBD OB, PRIKLT,
TN « WEIE ST TAFER Y ARSNGB TH 5 2
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. C-4 Vectorized Visualization of Lorentz Terms.
for X-directional Magnetic Field and (d), (¢) and (f) are

Y-directional Magnetic Field.

z

[‘K Y= 0. 00000

7= 0.S0000 ,—q i« 0.50009
[ v
{e}
| — T
[_‘y X= 0.50000 i,_q X= 0.50000
z \/
v
)
e —

Fig. C-5 Computed Isotherms at Ra=10° and Pr=0.054.

(a)-(c) are for Ha=0 and (d)-(f) are for Ha=2300.
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Fig. C-6 Contour Maps of Vector Potential ¥y at Ra=10°
and Pr=0.054. (a)-(c) are for Ha=0 and (d)~(f) are
. for Ha=300.
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Fig. D-4 Ra* vs. Nu (y-directional magnetic field)
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Fig. D-5 Ra* vs. Nu (z-directional magnetic field)
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Fig. E-1 (a) Description of Czochralski Crystallization
Scheme.
(b) Model Geometry for Czochralski Bulk Flow.
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Bk Z I ERHa=100DB 0 XX FAEERS, E

Table E-1 Magnitude of Average Velocity Components under
an Axial Magnetic Field at Re=10% Pr=0.054

TYPE | Gr/Re? | U| Ha=0 | Ha=100{ Ha=1000
Uf 0.2448 | 0.4420 | 0.0041
1 18.5 (V| 0.1118 | 0.0829 | 0.0813
W/ 0.7410 | 1.6150 0.0194
U| 0.0895 | 0.0296 0.0003
2 1.0 V1 0.5484 | 0.0218 0.0215
W/ 0.1437 | 0.0664 0.0010
U| 0.0827 | 0.0393 0.0006
3 2.31 |V 0.4433 | 0.1643 0.1625
W{ 0.2763 | 0.0880 0.0019
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Table E-2 The Effect of the Hartmann Number on the
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TYPE Gr/Re? Ha average Nu
0 2.9204
1 18.5 100 6.4062
1000 1.7412
0 1.1430
2 1.0 100 1.0731
1000 1.0373
0 1.3101
3 2.31 100 1.1781
1000 1.0704
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1) BT,

Nomenclature

abbreviated A,

dimensionless magnetic vector potential
(-]

magnetic induction (magsetic field)
[Webersm=2] = [voltssem™2]

external magnetic field [Weber>m2]

=bx/B, [—]

= by/ Bo [ - ]

height of an enclosure

x-component of the magnetic field [Weber-

m~?] .

y-component of the magnetic field [Weber*

m2]

specific heat [J/(kg*K)]

electric displacement [Cem~2]

electric field intensity [Vem~!]

unit vector for an external magnetic field
(-]

acceleration due to gravity [m/s?]

Grashof number=gg(6,— &) ¢*/ v —]

=gBD*Quee/ (Sv?k) [—]

=h/ziRa"*[—]

melt depth {m]

Hartmann number= (ce/u)"* B¢ [—]

thermal conductivity of fluid [J/(m+s*K)]

=4/x,=Ra'® [—]

4

Nu

NN < M¥ g5 << as cel™

> ™ R

o o

Mm

Pe
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distance between vertical hot and cold
walls [m]

an average Nusselt number=Q,..¢ / Sk A 8
pressure [N/m?]

dimensionless pressure [—]

Prandt] number of the fluid=v/a [—]
magnetic Prandt] number=u,/a [—)
heat flux density [J/(m?+s)]

net heat flow []J/s]

total heat flow [J/s)

coordinate [m]

/1o

radius of inner cylinder [m]

inner radius of crucible [m]

Rayleigh number=Gr+Pr [—]

area of hot wall [m?]

dimensionless temperature=(8—6,)/(6,—
6) [—]

time [s]

velocity vector [m/s™!]

dimensionless velocity vector [—]
x—component of velocity [m/s]

u/u, [—]

y-component of velocity [m/s]

v/ve [—]

z-component of velocity [m/s]

w/w, [—]

coordinate [m]

x/%o [—]

coordinate [m]

Y/ Yo [—]

coordinate [m]

z/zy [—]

Greek letters

thermal diffusivity [m?/s]

volumetric coefficient of expansion [K~1]

dielectric constant [C*V~lem™]

temperature [K]

cold wall temperature [K]

hot wall temperature [K]

viscosity of fluid [kgem's1]

magnetic permeability [henryem!]

kinematic viscosity [m?2+s~!]

coefficient of magnetic viscosity =1/ (e tm)
[ohm*m?-henry~!]

vorticity vector [s']

density of fluid [kgem™3]

electric charge density of fluid [Cem™3]
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electric conductivity of fluid [Q~!'+m™!]
dimensionless time=t/t, [—)

vector potential for a flow field [m?+s™']

scalar potential for an electric field
[Weberss™'] = [V]

dimensionless vector potential for a flow

field=y/a [—]

abbreviated ¥, [—]

dimensionless scalar potential for an electic

field=y/a [—]

dimensionless vorticity vector= & / (ax,~2

(-]

— 149 —

F4E FE25  (1990)

9)
Qe

@

D/D~r
vz

abbreviated Q, [—]
dimensionless rotation rate [—]
rotation rate [s!]

Operator

=3/ar+Ua/aX+Va/aY+Wa/aZ
=&/aX*+ &#/aY*+ &/ aZ?
=(a/9X, a/dY, 2/97)

vector product



