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This paper treats the flow of an electrically conducting liquid in an insulating cylinder with a
spatially uniform, transverse, rotating magnetic field. The frequency of the externally applied
magnetic field is sufficiently low that this field penetrates throughout the liquid. Previous
researchers have treated the steady, axisymmetric flow driven by the azimuthal average of the
electromagnetic body force. This paper presents an analytical solution for the nonaxisymmetric flow
perturbation driven by the deviation of the body force from its azimuthal average. For the magnetic
field strengths and frequencies currently used in crystal-growth processes, the values of the
interaction parameted and the Reynolds number Re, both based on the frequency of the magnetic
field, are small and large, respectively. The results of the appropriate asymptotic analysis show that
the ratio of the nonaxisymmetric flow to the axisymmetric one is extremely small, thus validating
the common neglect of the nonaxisymmetric flow. Therefore a rotating magnetic field may provide
beneficial stirring without disturbing the desirable axisymmetric distribution of additives in the
liquid. © 1999 American Institute of Physids$1070-663199)01407-3

I. INTRODUCTION cally insulating ampoule and the crystal grows axially from a
) ) ~ seed at one end of the ampoule. In order to compute typical
Since most molten semiconductors are good electrica)qes of the important dimensionless parameters, we use the

conductors, an externally applied magnetic field can be usefqherties of molten silicon with an electrical conductivity

to control the motion of the liquid during the growth of __'; 46 g/ densityp=2530 kg/n3, and dynamic viscos-
single crystals in order to produce better crystals. Recerﬁy ,u=7><1&)’4 Pa-< The parame,ter values for gallium-

experim_en_ts have shown j[hat certair_l p_eriodic, transversgrsenide indium-phosphide and germanium-silicon do not
magnetic fields, called rotating magnetic fiel@VIFs), pro- differ by more than a factor of two from those for silicon.

duce much better solid-solution or alloyed crystaland re- . o .
. S . For our typical values, the inside radius of the ampoule
duce small-scale spatial oscillations of the additive concen-

tration in nearly pure crystafsMost crystal-growth systems R=1cm anplwf 100n_rad/s(50 HZ.)' . .
have axisymmetric geometries. An RMF is produced by a The F’e”"d'c applled magnetu_: f'e.ld produces electric
number of magnet poles which are placed at equally Space(aJrrents in the elgctrlcally conducpng |IC]UId,. and these cur-
azimuthal positions around the crystal-growth furnace and€nts Produce an induced magnetic field which tends to can-
which are connected to the successive phases of a multiphaSg! the applied field in the interior of the liquid. The charac-
electric power source. This arrangement produces an esseigfistic ratio of the induced to applied magnetic field
tially constant magnetic-field pattern which rotates in the aziStrengths for an RMF is the shielding paramet,,
muthal direction with an angular velocitylp, wherew is the = #po@R?, where u, is the magnetic permeability of the
circular frequency of the magnetic field apds the ratio of ~ liquid. Our typical value iR,=0.0395,which is definitely
the number of poles to the number of phases in the powesmall enough to neglect the induced magnetic fieldp that
source. The pattern of the RMF dependsoif p=1, e.g., a the applied field penetrates throughout the liquid. There is
three-phase power source and three magnet poles, then tAks0 an induced field associated with the liquid motion, but it
RMF is essentially uniform over eack=constant plane, is even smaller.
wherer, 4, z are cylindrical coordinates with the-axis Three remaining dimensionless numbers complete the
along the center line of the crystal-growth furnace, with theset of important parameters. The first is the instantaneous
origin at the middle of the liquid region and with unit vectors aspect ratio, which is defined as the axial length of the liquid
r, 0, z. We assume that the magnet poles are axially longegion divided by the inside diameter of the ampoule and
enough that the RMF is spatially uniform over the entirewhich varies from a large value to zero during a crystal-
liquid region and we restrict our study f=1. growth process. Since crystal-growth processes are ex-
At present, RMFs are being used in Bridgman,tremely slow, quasisteady solutions for each instantaneous
floating-zon€® and traveling heater methbarystal-growth  value of the aspect ratio are appropriate. For the other two
systems. We only consider the Bridgman process where theey parameters, we use the interaction parameXer
molten semiconductor is contained in a cylindrical, electri-=oB?/pw and the Reynolds number RewR? u, both
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based on frequency, whekeis the magnetic flux density of flow, the solutions presented here may be used in future sta-
the spatially uniform RMF. Other pairs of dimensionless pa-bility analyses.
rameters, such as Hartmann number and magnetic Taylor
numb_er, can be defined as products of povyersl aind Re. Il PROBLEM FORMULATION AND SOLUTION
In a fixed laboratory reference frame, the time scale for in-
ertia is determined by the frequenayof the periodic forces, With r andz normalized byR, the boundaries of the fluid
so thatN and Re are the characteristic ratios of the largestegion are ar=1 and atz=+a, where AR is the dimen-
inertial term in the Navier-Stokes equation with the electro-sional length of this region. In the Bridgman crystal-growth
magnetic body force term and viscous term, respectivelyprocess, the aspect rati decreases as the crystal grows
Our typical values aréN=1.58% and Re=1.14x10°, with  from one end of the ampoule, but crystal growth is so slow
B in tesla. If N>1 and Re-1, most of the fluid motion that the motion of the crystal-melt interface can be ignored in
approaches a rigid-body rotation with the REfiEwhile the  the flow problem. The ampoule is an electrical insulator, but
nonaxisymmetric and axisymmetric flows are both compathe crystal has a nonzero electrical conductivity. For silicon,
rable towR. However,B ranges from 1 to 10 mT for RMFs the electrical conductivity of the crystals=0.05.° For N
currently being used in crystal growth, so tid&0.00015 >1, the parameter which reflects the role of the crystal's
for 50 Hz. ForN<1, the dimensional velocity in the labo- electrical conductivity is Has/o, where Ha= BR(a/ u)?
ratory frame is much smaller thanR, so that the induced is the Hartmann number. Since the value of Ha is always
electric field due to the interaction of the melt motion and thelarge whenN is large, the crystal is a very important part of
RMF is negligible in Ohm’s law for the laboratory frame, the electrical circuif. For N<1, the parameter reflecting the
and the problem governing the leading-order variables berole of the crystal's conductivity is simplys/o, or 0.05 for
comes two sequential problerfsThe dimensionless electric silicon, so that we treat the crystal as an electrical insulator in
current densityj, electric potential functionp, and electro- the present smal asymptotic solution.
magnetic(EM) body force due to the interaction pfind the We use a noninertial reference frame which rotates with
RMF are determined in the first problem, and then the flowthe RMF at the constant angular velocityaround thez axis.
driven by the EM body force is determined in the secondin this rotating frame, the RMF and the flow are both steady,
problem. The leading-order term for the EM body force inwhile the ampoule and crystal rotate with an angular velocity
the laboratory frame consists of a steady, axisymmetric, azi-- »z. The dimensional azimuthal liquid velocity in the ro-
muthal force, plus a three-dimensional force whose compotating reference frame equals that in the laboratory frame
nents vary as the sine or cosine oft2{wt) and which we  minuswRr. Thus the laboratory-frame time derivative in the
call the nonaxisymmetric body force. If the cylinder is infi- Navier-Stokes equations becomeswd/dé from the azi-
nitely long and all variables are independentzpthen the  muthal convective derivative in the rotating frame. Similarly,
nonaxisymmetric body force is irrotational, so that it only the time derivative of the magnetic field in Faraday’s law for
produces a nonaxisymmetric pressure and it does not drivige laboratory frame becomes an induced electric field
any flow1° However, for a finite-length cylinder where all or (- er0)><Bb in Ohm’s law for the rotating frame. With
part of the axial electric current is blocked by the ends of thene p—0 radius parallel to the spatially uniform RMF, the
;ﬁlénizrr'mtgte ggnsgfzgrgeggcabgfgsz)&f: ;;{;;g{ofnggr?;RMF is Bb, where the unit vectob= cosér — sin 66. With

| fhe assumption thaR,<1, the dimensionless governing

quence of assuming that<1 is that, to leading order, the equations in the nonlnertlal rotating reference frame are
fluid does not respond to the nonaxisymmetric body force

because in the laboratory frame this force oscillates with  (v.V)y—2vxz—rr=—Vp+Njxb+Re V2, (1a
twice the frequency of the RMF, i.e., the velocity produced R

during a half period of this force is small compared to the j=—V¢+vXb, (1b)
velocity produced by the steady, axisymmetric part of the V.v=0 (10
leading-order EM body forc#:!! Therefore most previous :
researchers have presented solutions for the steady, axisym- V.j=0, (1d)

metric flow driven by the azimuthal average of the I(—:‘adim‘:lwherev is the liquid’s velocity in the rotating frame normal-
order EM body force due to the RME. q y 9

lﬂU 2p2
This paper presents an analytical solution for the unIzed bywR, pis the pressure normalized R% ] is the
electric current density normalized laywRB, and ¢ is the
steady, nonaxisymmetric flow perturbation driven by the
' . . o electrlc potential function in the rotating frame normalized
nonaxisymmetric body force, i.e., the deviation of theb ©R2B. Equation(1a) is the Navier-Stokes equation with
leading-order EM body force from its azimuthal average. y o q q

The primary purpose of this paper is to quantify the magni- the Coriolis acceleration-2vx z, the centripetal accelera-
tude of the small unsteady nonaxisymmetric flow and hopetion —rr, and the EM body forcélj x b; Eq. (1b) is Ohm’s
fully to validate the common neglect of this flow for the law, Eq.(1c) is conservation of mass, and Hdd) is a solu-
RMFs currently used in crystal-growth processes. Our seddility condition which insures that a solution for the ignored
ond purpose reflects the current interest in the stability of thé&(R,,) induced magnetic field is possible.

steady axisymmetric flow driven by an RMF. Since a small, In this rotating reference frame= —ré, plus smaller
but finite-amplitude periodic perturbation which is alwaysterms. The @L) j and ¢ are governed by Eq1d) and Eq.
present may affect the stability of the steady axisymmetriq1b), which becomes
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j=—V¢+rcosoz. (2)  nonaxisymmetric flow and for ReO(1), thetime deriva-
. . ) tive in the laboratory frame or the azimuthal convective de-
The boundary conditions on the electrical variables are i\ ative in the rotating frame is comparable to B¢éN) EM

j;=0 atr=1, (33 body force, so that the leading termvp is O(N). For v,
_ we only neede<<1, which is also required foid). Since the
jz=0 atz==a. (3b)  pressure balances part of ti&N) nonaxisymmetric EM

body force,p,=Np,o, plus smaller terms.
The O(N) terms in Egs.(1a and (1b), each minus its
gzimuthal average, give linear equations governipgand

The problem governingand ¢ is linear, so that the Fourier

components ind are independent of each other. The only
inhomogeneous term in the boundary value problems for th
various Fourier components arises from theosé term in Pno,

Eq. (2) through Eqgs(3b), so that only one Fourier compo- AV no Mo 1 ET0)
nent is nonzero andp=coséd(r,z). There is a simple %0 " a T Esm(za)[r— E}
separation-of-variables solution fdr,'2
v 2 dv
o % 23;(\pr)sinh(\2) @ tRe Vo~ -z, (63
A=1 Np(A2=1)J;(\,)coshnqa)’ ; L .
v

whereJ, is the Bessel function of the first kind akth order, - af;no =7 5;0 +5c0820) 1 - —
while \,, are the roots oh ,Jo(N,) —J1(N,) =0.

We define the axisymmetric velocity(r,z) as the azi- Y 2 duino Ueno
muthal average ofv and the nonaxisymmetric velocity +Re Vi gno+ 2790 2| (6b)
vp(r,0,2)=v—v,. We use the same process to splinto
Pa (r,2) andpy(r,,z). To each order in the asymptotic so- Uz Pno N 1. 26) e @
lution, the equations governing, and p, are given by the 90 oz 25|n( a r
azimuthal averages of Eqd.a) and(1b), while the equations 102
governingv,, and p, are given by Egs(1la) and(1b), each +Re V020, (60
minus its azimuthal average. There are certainly couplings 5, v, 0 1 dvgmo Vo
between the two problems beyond the first-order terms. or + ; + Py, 97 =0, (60)
Splitting the problem into axisymmetric and nonaxisymmet-
ric problems before introducing asymptotic expansions rewhere
duces the complexity arising from the different possible re- 2 19 12 P2
lationships between the two parametBraind Re. 2_ (60

For the axisymmetric flow, the dimensionless boundary are ror red0° iz

value problem involves a single parameter which is the Ma91he azimuthal derivatives on the left sides of E¢8a)
. _ _ 2p4/o,,2
netic Taylor numbefT ,,=(1/2)REN=pwoB?R"/2u?. For _through (6¢) would be time derivatives in the laboratory

the g>f<|s¥/r2nmetrlc E)/goblem, mertl_al lor VISCOrI;IS terms_dom"frame, reflecting the traditional statement that the nonaxi-
nate if Ty, ill or T <<_1|' respectively. For tde ”9””'?%’”; symmetric velocity is small because the fluid cannot respond
metric problem, inertial or viscous terms dominate It Re yiing the short half period of the fluctuating EM body force.

>1 or Re<1, respectively. For the steady axisymmetric 1, g\ body force terms involvingp are known driving
flow, the viscous boundary layer thickness is reflected by 3

Reynolds number based on the actual azimuthal velocity, an§rrems, sinceb is given by Eq.(4). The boundary conditions
this Reynolds number i$,,. For the unsteady nonaxisym-

metric flow, the direction of the velocity changes twice with V=0, atr=1, (7a)
each rotation of the magnetic field, so that the boundary lay-
ers cannot grow much during the brief period of time while
the velocity is in one direction, so that their thickness is ~ While a numerical solution of Eq¢6) and (7) for any
reflected by Re based am For practical crystal-growth pro- value of Re would be quite simple, our typical value of Re is
cesses, botff,, and Re are large. The axisymmetric flow is 1.14x 10°, so that an asymptotic solution for Rd is cer-
discussed after we present the leading-order solution for thginly appropriate. For Rel, the liquid region is divided

V=0, atz==a. (7b)

nonaxisymmetric flow. into a core region and boundary layers w@iiRe *?) thick-
In the rotating frame, the asymptotic expansionsvpr ness adjacent to each boundary. In the core, the Fourier se-
andv,, are ries in @ for each variable has only one nonzero component,
- which is associated with the known driving functions in Egs.
Va=—T0+eVt . ..., (58 (6a)—(60), so that
Va=NVpo+O(&N), (5b) Uino=C0S20)V,(r,2), (8a)
where e is a small parameter and tl@(sN) terms in(5hb) U g0 =SIN20)V(T,2), (8b)

arise from the coupling termsy{,- V)v,,o and {,g- V) V0.
The value ofe depends o, and is discussed later. For the Um0=C0S260)V,(r,2), (80
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Pro=siN(26)P(r,z). (8d)
NeglectingO(Re ) terms in the core, Eq$6) give
v 1P 1 P 9
~2ata T wm) o
P 1 0P 9b
il | (90)
v 1P 1|0®d @ 9
I A | e

#P 1gP 4P 9°P
- —+—=0. (9d)

_+__
oz roar  r2 972

Inside the boundary layer adjacent to=1, v
=0(Re ¥?), and inside the boundary layers adjacent to the

ends az=*a, v,o=0(Re 3. Therefore, the boundary 2g _: -0,005
conditions on the core solution neglectiGRe *?) terms 4
are 1 |
V,=0, atr=1, (103 T 108 1
1 1 L ) i Il rn i 4 r
V=0, atz=za. b T T s T T o
r

The separation-of-variables solution for the core is
FIG. 1. Contours ol ,V, andV, for the core solution(a) V,=—0.00%

2= cosh @,2) for n=1to 9. (b) V,=0.00% for n=—3 to 7.(c) V,=0.00% for n=1to 7.
P= ZJFkZ‘l BkJZ(akr)W
- A Jp(Aar)cOSHA2) Vo= V:(r,2){c08 20)[ 1—exp({)cog )]
AW T —sin(20)exp()sint£)}, (130
where U gno=V(r,a){cog20)exp {)sin({)
Aoy, - tanh(\ ,a) +sin(20)[1—exp({)cog ()1} (130
Bk:(a§—4)32(ak) ,]Z’l (af—N)N,(N5—1)" 11D The boundary layer a=—a is the mirror image of the one

at z=a. Thus each boundary layer matches th@)Q@angen-
and  are the roots oty J;(ay) —2J5(ey) =0. tial velocities in the core and satisfies the no-slip conditions
For the boundary layer adjacentrte 1, we introduce the  at the boundary with a structure which is identical to that for
stretched coordinaté=Re"*(r —1). NeglectingO(Re *?)  the boundary layer on an oscillating flat plate.
terms, the solution which satisfies the boundary-layer equa-
tions and Eqs(7a) and which matches the core solution is Il. RESULTS

Urno=0, (129 Contour plots of the core variablag , V,, andV, for
. a=3 are presented in Fig. 1. Sinde andV, are even func-
Pno=sin(20)P(12), (12b) tions of z, while V, is an odd function, results are only pre-
U gno=V4(12){cog26)exp £)sin(&) sented for Gsz=a. For a=3, all velocities are essentially
_ zero for O<z=<1. The rotational part of the honaxisymmet-
+sin(20)[1—-exp(§)cog €)1}, (120 ric EM body force arises from the blockage of the axial
_ B electric currents by the insulating endszat*+a. The results
vzno=Vz(12){Co820)[1~exp¢)cog§)] show that the nonaxisymmetric flow is confined to an axial
—sin(26)exp(§)sin(£)}. (1200 length equal to two ampoule radii near each end. Therefore
) . the results are independent afor a=2.
For the boundary layer adjacent ze=a, we introduce the Equations(8) and the results in Fig. 1 indicate that the

; _ 1205 _ ; 1/ . . . . . .
stretched coord!nate—_Rel (z—a). NeglectingO(Re ) nonaxisymmetric flow involves four circulations. Since these
tfarms, the solution Whlch_satlsﬂes the boundary-lay_er €QUajrculations are symmetric about the four planesdato,
tions and Eq(7b), and which matches the core solution, is ¢=m, and 9=+ /2, which separate the four circulations,

v,0=0, (139 We only describe the circulation for96=< /2. Two closed
toroidal-like surfaces are presented in Fig. 2, where the cen-
Pro=SiN(20)P(r,a), (13b) ter line of each torus is a closed streamline for the nonaxi-
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num, Davidsoff presented asymptotic solutions for with
Tm>1. Two differences between crystal growth and con-
tinuous casting ar€l) that the liquid-solid interface is con-
cave for casting so that no part of this interface is parallel to
the axis of rotation, an(®) that the electrical conductivity of
the solid is comparable to that of the liquid so that the solid
does not block the axial electric currents, and the nonaxisym
metric part of the EM body force remains irrotational and
does not drive an unsteady nonaxisymmetric flow. David-
son’s solution applies to our axisymmetric flow away from
the ampoule wall at=1, which is parallel to the axis of
rotation. In Davidson’s solution, there is an inviscid core and
Ekman layers with atO(Tm™Y3) thickness adjacent to the
solid surfaces at= *a. In both the core and Ekman layers,

Vap IS O(TMY®): in the Ekman layerp,, and v,, are

1/6 —1/6 ; . : A
FIG. 2. Two closed toroidal surfaces whose center lines are closed streanQ(Tm ) andO(Tm )’ respectlvely, and in the coreg,

lines and whose radius is proportional to the magnitude of the velocity. Th@nd v, are bothO(Tm~Y%). The secondary flow in each
two streamlines pass through the-7/4 plane ar=0.2,z=2.9 andr=0.8,  g=constant plane consists of a strong radially inward jet in-
z_=2.9. The projections of the streaml_lne_s on a horizontal _plar_1e and a Velgide each Ekman |ayer which turns to enter the core at
tical plane are also shown. The velocity is zero along the line irvthe/4 . .
plane. ==a. In the core, this flow turns to become radially out-
ward. For our crystal-growth application, we also have a
Stewartson layer with a®(Tm™ 6 thickness adjacent to
symmetric flow and the radius of the torus at each pointhe ampoule wall atr=1 and corner regions with

along the streamline is proportional to the magnitude of theD(Tm™ Y% x O(Tm %) dimensions ar=1 and z=*a.

local nonaxisymmetric flow velocity. The other curve in Fig. The Stewartson layeil) matches the ., in the core, which

2 is the line in thef= /4 plane wher&/,=0. SinceV, and  jncreases monotonically with and satisfies the no-slip con-
V, are zero in this plane, the velocity is zero at this line, so

) X . 0 dition onv,, atr=1, and(2) accepts the radially outward
the nonaxisymmetric flow circulates around this line. The Vag @ P y

- , flow from the core and delivers it to the corner regions,
values ofV, in Fig. 1(b) represent the velocity across the hich return it to the Ek | at1 Whiles. . is al
plane até= /4, with flow in the + 6 direction for theV, which return itto the =kman layers - Whil€ v, IS AISO

>0 nearz=a and with flow in the— @ direction for theV/, O(Tm"8) inside the Stewartson layer and corner regions, the

<0 nearr=1. The flow in the— @ direction across the secondary flow inside these regions is larger than that in the
: —1/1

= /4 plane near =1 first turns and flows axially toward SO %q% Ek”?a” _Iayers, namef(Tm ") rather than_

z=a nearr =1, as reflected by/,>0 in Fig. 1c). The flow O(Tm™~®). This slightly stronger secondary flow, which is

then turns and flows radially inzward neara. as reflecteq Cconfined to the Stewartson layer and corner regions, arises

by V, <0 in Fig. 1(a). The flow then turns to flow in the-¢  because there is an axial variation of DET M) Vag inside
direction back across th@=n/4 plane, as reflected by, the Stewartson layer, while the axial variationwgf, in the

>0 nearz=a in Fig. 1(b). Once beyond th&@=m/4 plane, core isO(Tm 1?).

the flow first flows radially outward near=a, again re- The asymptotic solution for the axisymmetric flow with
flected byV,<0 in Fig. 1(a), and then flows axially toward Tm>1 provides some very valuable insights, but it cannot
the plane of symmetry at=0 nearr=1, again reflected by provide accurate predictions because it assumes that
V,>0 in Fig. 1(c). Finally the flow turns to cross thé=m/4  Tm *12<1, while Tm~Y*2 is not small for practical pro-
plane in the—# direction, thus completing the circulation. cesses. For our exampl&m Y2=0.32. Thesteady axi-
The minimum value o¥, in Fig. 1(a) is —0.0308,V,in Fig.  symmetric flow may involve either a Taylor-Couette insta-
1(b) ranges from—0.0163 to 0.0413, and the maximum bility inside the Stewartson layer or a shear-layer instability

value ofV, in Fig. 1(c) is 0.0391. inside the Ekman layers. The shear layer instability has not
yet been investigated but models of the Taylor-Couette in-

IV. COMPARISON OF AXISYMMETRIC AND stability indicate that the critical value ofm lies between

NONAXISYMMETRIC FLOWS 10° and 16, for various values 0&.**'* Thus the solution

) ) ) . for Tm>1 does not provide accurate predictions for any

For the axisymmetric flow, we introducg,=N""Av,  staple axisymmetric flow. The most accurate results are pro-
+16), so thatv, is the steady axisymmetric velocity in the vided by numerical solutions with adequate resolution of the
laboratory frame, normalized byllsz. Then the leading Ekman and Stewartson layers.
term in the asymptotic expansion of for N<1 depends In terms of our asymptotic expansiofs), we takee
only on the magnetic Taylor numbeFm= (1/2)RéN,  =N¥2and considew,, to depend oTm which has a large
whose value is 9X10° for our typical Bridgman crystal- value. Fora=1 and Tm=1C°, numerical solutions for the
growth process witlBB=10 mT and 50 Hz. For electromag- steady axisymmetric flow indicate that the maximum values
netic stirring during the continuous casting of steel or alumi-of v,g,, va0g, @nduv g, are 0.3, 2.5, and 0.14, respectively.
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: : : SP. Sabhapathy and M. E. Salcudean, “Numerical study of Czochralski
these values timedN'? to the maximum magnitudes of '

. . . rowth of silicon in an axisymmetric magnetic field,” J. Cryst. Growth
Unor=0.031, p0y=0.041, andv o, =0.039 in Fig. 1, times  715"/¢, 100 Y 9 y

N. The maximum ratio of a nonaxisymmetric velocity to itS s wmartin witkowski and P. Marty, “Effect of a rotating magnetic field of
axisymmetric counterpart is roughly 03 for the axial ve- arbitrary frequency on a liquid metal column,” Eur. J. Mech. B/Flulds
locity. The maximum axial axisymmetric and nonaxisym- 239(1998.

metric velocities occur at roughly the same position. There-'K. Mazuruk, N. Ramachandran, M. P. Volz, and D. Gillies, “Study of
fore we conclude that the nonaxisymmetric velocity is frequency effects of a rotating magnetic field on fluid flow in vertical

. .. . . cylinders,” Soc. Photo-Opt. Instrum. Eng123 262 (1997.
Inde_ed negllglbl_e fo_r practical crystal-growth applications of 8A. Alemany and R. Moreau, “Ecoulement d’un fluide conducteur de
rotating magnetic fields.

I'electricite en presence d’'un champ magnetique tournant,” J. Mé¢.
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