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Uquid-metal flows In current collectors for homopolar machines:
Fully developed salutioas for the primary azimuthal velocity

Gita Talmage and John S. Walkr

!$anWe H. Brown and Neal A. Sonde~rgead
046rd ityko, Ro~werh Coei. Ie'heude .t~rYJkd U

*(Roceived! 21 July 1988; accepted for publication 17 Febriuary j9"9) Aceso o

Liquid metal% in thoc small raialw gaps between the rot-ws and stators orhornopolar machines DTIC TAB
represent low-rcsitance electric current collectlors. De~ ign predictions for theae liquid-metal Unnnune
current colkectors require a thorogh knwledge of liqu d-metal flows in a narrow gap betwm uti ten____
a fixed and a mnoving surface, with a strong applied magli'vtic field a~nd a free surface beyond
each end of the gap. The radial and axial velocities in the i mobiary klw art reduced by a
strong axial or radial magnetic fid. For a sufficiently strongi ik'., the azimuthal momentum Disriutontranoiport by thewoeodary florw can be neglected. This asu 1vo .i .c h problem for ihe tiutln
primary azimutiial vlocity toa fully developed malfretohydrodyn imic dut %w prcbkm Aylltitblity, Code@
with x moving wall and two free surfaces. Asymptotic solutions forsi; l 1j 'ormi;non numbers FAvailan or
are presented for skewed magnetic flr*,s with both raoi~d and axial compomiceOs. Coiec.$% blat I t 0 0 1 I
without any eklctical insulation or with insulation on the stator sdes, or rotor sies. or both
are considered. Solutions for a ptely axia magnetic fid and arbtrary Hiartmonn numbcr"
are als prmsnted.

1. INTRODUCTION perfect conductoi in the presence of a strong ma'kgneic fid
and with a free surface beyond! each end of the gap. One

In a bomopolar genecrator, the rotation of ekerically objective is to predict the voltage difference between the sta.
conducting disks in a strong, axial magnetic field produces a tor and rotor ror a given electric current between them. A
large dc: eketric current. This current can be used to drive a second objective is to predict and minimize the viscous duali.
homopolar motor which has a different applied axial mag. potion and Joulean power losses in the liquid metal. A third

* netic field strength, a different number of disks, and a differ. objective is to insure that the liquid metal stays in the radial
cnt dlisk radius. This motor-generator combination provides gap at all operating speeds. In present prototypes an insta-
a highly efficienit and extremely flexible method of speed bility occurr at somne critical rtation rate and leads to ejec-
reduction, along with other advantages such as maximum tion of the liquid metal from the Sap. This ejection appears to
torque at zero) motor speed. If homopolak devices can be involve a Kelvin-lielmholtz instability at the free surface
perfected, they will have a number or i-.pwrtnt applies. due to the difference between the primary azimuthal veloc.
tio11S.' ities in the liquid metal and cover gso.' The axial gaps be.

Trhedeeleciriccurrent, with a typical current densityof tween the sides or the rotor and confining radial walls are
10' MW,& miust flow between the tip or each rotating disk filled with an inert cover gas Wrin the shaft to the liquid.
(rotor) andi a static current collector (stator) with a mini. metal free surface near the rotor tip. Accurate predictions of
inum voltlige drop. State of the art solid brush-slip ring sys- azimuthal velocities in the liquid metal under various oper-
tenii.' such as silver graphite brushes on a copper slip ring ating conditions are needed to develop stable designis.
with a protective humidified carbon dioxide atmosphere, A typical value of the magnetic Reynolds number
typically have contact resistances in the range or 200-600 RA.. 1c liL is 0.027. Here, pp - 4wX 10 ' Hi/m is the
lil at current ticiitctin to 6-7,- 10" A/mi. For larger magnetic permeability, u = 2.38 x 10" S/rn is the electrical
current denities, the Joulean heating at the interface causes conductivity ofa liquid sodium-potassium eutectic mixture
excessive wear, Furthermore, because of the required cool- at 311 K, U~ = R =90 rn/sec is the rotor tip velocity,
ing and mechanical loadings on the brush, it is difficult to L = 10' m is the radial gap between the rotor tip and the
achieve packing densities of the brush on the sl-p ing of stator, 11 = 300 rad/sec is the angular velocity, and R 0.3
greater than 50%-60%. On the other hand, liquid metals, in mn is the rotor radius. Therefore, we neglect the magnetic
addition to providing uniform slip ring coverage and essen- field produced by the electric currents in the liquid metal.

* tially wear-free operation, have contact resistances of 1 .4 ,01  The magnetic field in the liquid-metal region consists of the
at 7 x 10" A/M2. Furthermore, liquid-metal current collec- radial and axial magnetic field components, which are pro-
tors; have been experimentally demonstrated to run for ex- duced by superconducting coils around the shaft, and the

* tended periods at an order of magnitude larger current den- azimuthal magnetic field component, which is produced by
sity.,the electric currents in the solid conductors. The magnetic

Liquid-metal current collector design predictions re- field varies spatially over distances which are comparable to
quire a thorough understanding of the liquid-metal flow in a A. Since L = 3.3 X 10-"R and a typical axial dimension of
narrow gap between a moving perfect conductor and a static the liquid-metal region is 26L = 8.7 X 10- 1A, we neglect the

1268 PIys. Fluids Al1 (7), Ju y 1989 00904213/89071261-11$01.90 1 919AMm InstituI9 of Physics 126



-.......... ~u ~.the e rtmagnetic body forme opposing the weoiidary flow
gives i characteristic velocity Art the radial and axial veloc-
itieS, namely

ItrwThe ratio or the chaateristic electromagnetle body forc
r%(4 a-bthat acts an the rgimay flow, OUR "I, to the charmceriutic

frofttransport of azimothal momentum by the secondary flow,

i thetraction parameter

FIG I L tftwuieiwrdu with a typical value of A2 for 5- 6 T. Here we minute
&Wd kohwmeth rsewm,*s*cI by ihc Wal.. iap hiph I that N. 1, so that the transpiort ofatinuthal momentum by

the secondary flw is neglected. With this assumption. the
primary flow is decoupled fIrom the seondary flow wit! we
can determine v independent orywand! w. Once v is known .#

variations of the magnetic field coimpontrnts in he csmall liq. and w can be determined. where the centrugl body force
uid-metal region. -. paeR it. ig aknown driving force for the oecondary flow

The assumption that ,, AR aNi means that variatimn' of and f is a unit vector. Here, we only present solutions f6N the
the radial coordinate arc negligible,ws that we con usc: the primary nlow.
Cartesian coerdmnate system shown in Fig I. The origin isat The aswnpotion N)o I is probably reasonably accurate
the centr or the stator, the - axs is parallel to the shaft for 5, 6 T, but would not be appropriate ror machines
center lint. theynxi% points radially inward toward the cen- with weaker magnetic lldk In a future paper, we will pres.
ter line, and the x axis is in the o'imuthal direction. rhe cot numerical results for arbitrary N, with full coupling
coordinatesod "egths are normalized by the radial gap betwe the primary and secondary flows. The present
length L,. so that 2bt, is thetaxial length of the rotor tip. and larle.NV analytical solutions and the future arbitrary-N am.
echb axial gap has a length of uL~ We use the typical values mericol violutionis are complementary. The analytical solu-
b = 10 and a - 3. so that tht axial dimension of the liquid- tions are sufficiently simple to treat a wide variety of operat.
metal region #s 261.. litre. - 0, and B. represent the radial ing conditins and gain ph~ysical inights into the flow
and axial components or the magnetuc field. respectively, phenomena. The numerical solutions, using the approach or
while 0is the angle between their resultant and they xxi and Langlois and WslkrA are ore accurate, particularly for
5ll w (D~ + B~"~ We n-.ed only consider t he range weaker magnetic Aeds. but require *uffcient -ompulcr tit
00'. W9 becuseswitching thesign orfi, simply reflects; the such that only a fcw important case can be treated thor.
solution about the z -0 plane, while switching the signs of oughly.
both fir and R, %iimply changes the signs ofertaun variables. Since here we only consider the primary flow, the azi.

If it ,har, is horizortal. theni gravity prixduces a dcvi. miuthal miagnetic fitld R, plays no role in the milutim. The
ation fromn ani uxisymmetric free-surface geomctry and solo. electric currents do) interact with i, ito prodluce pressure
tions. A simple application or lubricatin theory indicates variations which influence the free-surface locations, but
that a dimeimsionleo; paramecter t hat reflects the relative devi. thes effects are part of thesecondary flow probkm. Here we
ation from an axisymmectric solution is take the free-surface locations as known.

G w pga IL %/U J, The llartmann number

wherep - K67 kg/ni' and /i - 6.5 - 10) 'kg/m see are thme 114 /00

density and viscosity or the liquid metial, while x 9.Ni mf has a typical value ofr36.3 ow B,, - 6 T. The characteristic
Jhec'. A typical value for 6 is 0.013.T'herclwe, we neglect ratitn of the electromagnetic body force, acting on the pri.
gravitational effects and treat only axisyninitric flkws in mary flow, i., the viscous force isM -. For M), 1. the liquid.
which all variables are independent of x. While gravity pro- metal region can be divided into the subregions shown in
duces only a small perturbation of the axisymmeick flow, Fig. 2foraxial free surfaees aligned with the rotor tip, i.e..fror
this small perturbation may play a key role in determining f, (z) =J2z) = 1. Here Cl-C3 are the -jiviscid core region%,
the ejection point in the Kelvin-Helmholtz instability. In a HI-HR are the Hartmann layers with O(M -) thickness
future paper, we will present a perturbation solution for which separate the core region% from solid or f'ree surfaces,
gravitational effects for G4 1. anid F1 and F2 are the interior or free shear layers with

While the primary azimuthal velocity av is always corn- O(M "') thickness which lie along the two magnetic field
parable to the rotor tip velocity Ui = 11A, a strong magnetic lines through the corners where the perfectly conducting ro-
field suppresses the secondary flow involving the radial and tor tip meets the electrically insulating free surface. Asymp-
axial velocities - u and w, respectively.'A balancebetween totic treatments or fully developed liquid-metal magnetohy-
the radial centrifugal force due to the azimuthal velocity and drodynamic (MHD) duct flows for M). I have been

lift R"y. Fhids A, Vol. 1,No, 7. Juy 19619 Taimag*I al. 1266
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S •ducting sawr normalized by UJ5L. Equation (is) is the
azimuthal compoent of. the momentum euaton for axi-

. sy etrc Raw. with negigi6ble azimuthal moment 1
I no I Inmsp~obythesecondarylkw;EqL(b)and(c)arethe

.... { . . . .. I and t components o(Obm's low, and E . (Id) s the n-
I CtJej j-111 I M'alion o( currnt equatio.

C, , Since 6 is the dinsion e e deviatio from t eleric
,10 .rr -=-;a... . - -z-'-!- p I -ttial in the stator. the boundary condition at * ibm

stator surfaces art
110 % rs*.i(Ihe lqwd .nia A M)I a*5 th Csit acolni, a' 0, (2s)
nal* V l1k lolkmalklk a (2b)

Since the rotor is a perfect conductor moving through a mag.
netic kid, the boundary conditions at the rotor fact ar

prccncI in a number iHpaperm publithd during the 1940s it I, (3a)
wid were thiyoughly rcicwed by Hunt and Sherclhf.1 The . , + , (36)
present paper applieshi ll.esablished approach to w
Ovel problem of lechnoloiw.4l importance, where ac is the dt)nonles pototial at the c ter ofnhe

'rhe -4ohtion for the geoetry shown in Fig. 2 for M) I rotor race, i.m.e atn y o oa 0, OdIer o e. t-A - $rn.

and 0,. #%Iarctan(a) - 72' is preented in Sec. l. This solu. The dinsional voltag dime het~w the ror ad

tion for the special frIesurflace locationsUust ra l al the staior at their midplane z m 0. k 0 /AL. We assume that
impofant clemcnts ofa largeM. asymptotic slution. In Sir- the cow gas is an electrical insulator with nqligible shear
ill, we ow thai the larg.Vasympotc¢analysis not up" sm in that the boundary conditions at both rree sar-

priprit rim nearly axial magnetic fields and we present a faces are
"eparate. arbitrary.M solution for the axial magnetic fkid O(4)
caic# W, In Sec. IV. wecxtend theanalysistootherfree.
surfacelocition./f, ,and/,> 1with M)o I and c90. In J 0. (4b)
Sec. V. we extend the analysis further to include the cases
where the sides of the rotor at z e b or the W : the In the thre c region CI-C3, all derivativ r
.,tator at: - f (u , b) are covered with thin W .ra O(l),sothathesolutionoFqs, (I) is
electrical insulator. Since.14 "A 0.17for5,, ; . not - 0, (Sa)
particularly -small and becom larger for weaker fields., the (5bi
large.M solutions presented here are only valid for ver 4. 0. q.

sirtng magitctic fields, A future paper will present numen- , . , (5c)
cal solutions for arbitrary Nand 31.

neglecting 0(,1 ') terms. Here0, (t) andjw (t) are inte-
II. AXIAL FREE SURFACES AT THE ROTOR TIP WITH A gration functions which are determined by matching the
SKEWED MAGNETIC FIELD Hartmann layer solutions. The Hartmann layers adjacent to

Ilcrc we prcsnt the asymptotic solution for M)> I for the stator or rotor surfaces satisfy the boundary conditions
0,, U. arctan(u) and fA - f. . I. It is convenient to use a (2a) and (3a) and match any core velocity. The Hartmann
different set of Cartesian coordinates (x,,') which have layer structure that accommodates a jump in the 0() u
been rotated by an angle 0 about the x axis, so that the I axis kads toan O(M ' )jump in the electric potential Kross the
is parallel to the resultant of the radial and axial magnetic layer for any perfectly conducting wall whose surface is not
ficld compolents. a. shown in Fig. 2. The dimensionless gov. perpendicular or parallel to the magnetic field vector. Since
crnilg equations for the primary flow are the maximumjump in 0isO(1 '),theconditions (2b) and

/(,l~u du' (3b) can be applied directly to the 0(l) core solutions. For
.1, 31 q t- .- J, (1a) the Hartmann INyers adjacent to the two fr,-e surfaces, the

0(0) u is continuous through the layer. The boundary layer

- (lb) structure develops if the 0(l) value of &/y in the core is
i?" -not zero at y = I. This structure involves a jump in the

O (0 0(M - 1) velocity and the O(M -1) normal electric current
-- + u. () densityj,. Therefore, the boundary condition (4b) can be

0,4(I d) applied to the 0(0) and O(M -') variables in the core re-
+ j4 0, (1d) gions CI and C3.

For the core regions Cl and C3, the solution (5) that
where u is the azimuthal velocity component normalized by satisfies the Hartmann layer jump conditions is
U,],, andj, are two components of the electric current den- (6a)
sity normalized by uUBl,, and # is the deviation of the elec- =
tric potential function from its value in the perfectly con- = 0, (6b)

1270 Phys. Fkid A, Vol. 1. No. 7. July 19 Taimage tal, 1270
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4.. MO, (6c) coordinate, so that the free shear layer solution matches the
U, no, (6d) ClIor C2core soluton as -sor- a,respectively.

(k) With the teeter involving #1 and A in Eqs. (1), the free
nelecting 0(M '2) terms. The boundary condition (2b) is sha lae varible #,, at,J,, fhdJjj ame universal Iiac
appliedto the0( I) and 0(M 1)potntak~bccause thee to of the ~to corO (q,) an am compltey
is nojump in t'..400l) aerom any ofthc stator arimann ir- epeat or the paraaete 0* . a. and b. With The ub.
layers H4, HS H7, and HS. In the core C2, the 00) v&6 sal'gion ($).thekleding t... inEqs(L~bcome
ablesare L!.(a

- COS9 (7a) IV:(9a

Utz it Cos09 - $in 0(* t), (7c) h
whee the rotor-Suwlace potential *(J) is defined by Eq. U#, o (90)
(3b). The O(M ') variaN4sin core C1 UMesily "OWiie
by matching the jump cm.etons (or the Hartmann layerx
H2 and H6, but these variable are no( presented herm be- (9d)
cause they represent minor -.orrecons. The core solumv(W 4
(7) holds in the region defined by There art Hartmann layers with OWM 1) thicknevi

0.c, ~ ~ ~ fo I~a9sctt i sin~lehcmos WIhch se"rate the trM SheAr layer trom the Stator. rigor,

The core regon% Cl and 03 are stagnant, current-fret iond free surrace. The jump in 4 acroo. the llartmann layers
rqeion.Thecore C~involvesan 0(l) current density which adjcent to thestaor and rotor i-Seain 0OW '),so that thc

is araleltothemagetc Gld nd qul t th lcalpotn. boundary conditions (2b) and (3b) can be applied to the
Ispallfel nbtoe th nt ktd and equlgo the localW bye 0(l1) free shear layer . The jumip min, acroK,4 the rree-%ur.

tia dlernc btwen hesatr nd otr *( ) ivied~ face Harimann layerI W is '%w~ shat the boondary con.
thte distance between the stator und rotor abonS a m~nctic ditwot C4h) can be applied toy the 0(l) fkv shear layer cur-
id line se S. The first term in the velocity soIWKWIn (70) rtnt dcowiy. Theie condlitions become

repreentA linear Oucic flow and the .sccoond term is an
additional velocity a~sociated with the current fklow. This 40* - 0. at - 0. tor - ace-COC. (104)
additional veloity is indcpeodet ot lonear in .decteascs 4, - 1. at iI . tot 0-uC 0. C(lob)
linearly as ,,is Increased, and vanishes tor a purely radial
magdid - 0We discu the core olutionsfurther - -0. at 1'u I. tot - a C<(0. 000e
after we present the tree shear layer.sltos

The core solueons (60) and (7b) indicate that each t~rce Matching the core solutions 1, 60 and ONb gives
slim layer mum accommodate ajmpin the 00) potent.. Ot -o0 as (.-~ lIl
#. The magnitude o(this jump increases linearly trom Yero at 6 .a b
thestator 10# 1 =O-hcoseor#2 . #, + bcosext the *as Cb
rotor comertforthetfree %bear lnyer Fl or F2, respectively. Once we And the solution i'6,rthat saisfies E4. (9d) and the
With an 00) potential#. Eq.(ON implies thatJ,is0) as conditions (10) and 0 1). 1hether variables are given by
well. Since a /aV - 0CM I"2) inside a tree shear layer. F.4. F. (94)-00c.
(Id) implies thatJ4 6~ 0CM "'). Equation (1c) then im- The .%eprIttit of variables solution o( Eq*. (9d) tor
pliesthat Yisverylarge, namly0(M 1"),Thefirst and last - -, -O which %atisrics conditions (1(M, 000), and
terms in Eq. (Ia) now balance, which ik why the tret shear 0(la), Is
layer thickness is 0(M 111). We consider only Fl bcause 4, sin (2a.,1We 14 o~~
its solution reduces to a universal solution which applies tor is
layer F2 and any similartlre shear layer. t 8,. %'"(o-')1. rot . (12)

For the trt shear layer FI, we rcscae he depeindet where
and independent variaNes by substituting ((~~

*=41 ,(',i+0( 'r.(S) he corresponding separation or variables solution tor
u= M"'#,A " (1. ) + 0( 1). (8b) 04.< ag, which satisfies conditionts 000M. (10b). and

#, - lg A 1,.iP + 0CM - 11), (kc) (I Ib). is

= M 112#1A -31' 2.4J i + 0CM - ), (8d) =I + sin(nirlW C Cos co().

07(i+ bsi60'+ tan Osin 6)Af (Sc)

C=M"(t +sin0 + bcos 9)A -l, (8f) hee + D.sin(#.4)J. tor 04 <a, (13)
where A =sec 0is the length ofthefree shear layertfrom the whr
stator to the rotor comner. The coordinate Ilis a local rescal- -8 1r
ing ofthe 17coordinate, so that I = 0Oat thcstator and i = I at The constants A.,. B.,, C, and D., are determined by
the rotor corner. The coordinate is the stretched local t thetfour conditions that #,,and its first three derivatives with
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respecttoCarecontinuousat'-0.Theovrninequaion problem (9)-(l1) excel, that the free-surface condition
(9d) then ensures that all derivatives with respect to are (10c) is replaced by
coatinuous at. 0. Since the Fourierseries in the solutions r aZq,
(12) and (13) arc not orthogonal torAch other, we truncate V att=, for - .cO-, (14)
both series and define a residual from the conditions at A,

. 0: which is thel I larmann layer matching condition at thesolid
' I a & a insulator. This difference precludes Ihe ue of the present

(.0 - e.d0 , sparation of variables solutions. With a solid insulator, a
Fouricr transform reduces, he problem to an integral equa-

where the truncated milutioon 112) and (13) arc uscd to tion which must h solvcd numerically,' In spite of the fact
compute valuc% at S 0 and at 0', respoctively. This that the problem with a sid insulator requires a much morie
residual is minum/cd with respect to trei constants .4., N , complcx *)lution technique, the results for the velocit- *wo-
C., and 1), and this numnhization gives a set of simulta. files and the other variables are very similar to the present
ntous, linear. algebraic cquationi for these constants. hest results.
equatons arelved withGauo€slinnnationandthetruncat- The solution in the free shear layer F2 in terms of the
Cd serie, (12) and (13) are used to compute the other free sase universal functions u., 4 .jr, andjr is
shear layer %arihle', from l"qs (Oa)-(9 ,). A 4, ) (M '.)+ (I,.A)

The profiles of u, at ( - 0.2. 04.0.6, 0. . 0.94, and 1.0 , +0(l), (15b)
arc presented in Fig. 3. At tw 1.0, i) auO, for U - M A ut

- 6. ° - 29. ii u incrcases rapidly from zero at JA - h. (t,.) + 0Of ') (Ise)
- 2.9 to0.7 at S - 0, and iii) urhasadiscOntinuity at - M ':A +O(M 1). (15)

-0 after whih uv -0 for . 0. For < - 0.1, the pro- - v % A '%.Ci.4') C50
fiks at t 0.94 and 1.0 are very elos. However. the discon- ( l+sinOtanO-b.mnfiA , (1 )
tinuity a( - 0fort:- 1.0ireplcedbyarapiddecrease -m',(! I.sinO-bcosO)) A '. 05f)
between - 0.1 and,' - 0.9 fort - 0.94. At I -. 0.94. up lere, the potential jumpacrtm the free shear layer increases

0 for 0.9 , 2. As t dtcrcaict from 0.94, the Ptak veloc. linearly from zero at the sator to 4; w 40 + h cos 9 *t the
ny deurc;iss to 0.42 at ' - 0.44 for t = 0.8. to 0.278 at rotor corner, while A 0 is the length or the layer from

0.5 fir t n 0.6. to 0174 at - 0.53 for e 0.4. the stator to he rotor.
nd to) 0.064 at C - - 0.6 for : 0.2. In addition, the Ve- For no net electric current between the stator and rotor,

I.icity profiles spread out as: decrears. Equation (9c) and t 0 .0, - b C 0. and A hco 9. The solutions
comidtions ( I1) sh,)w that (8b) and ( I Sb) indicate that the free %bear layers are idei-

t-. cal jets in the - x direction for this case. The rotor tip andJ, d I, liquid metal in the free shear layers are Oing in opposite

,o that the now caruied by each of the profiles in Fig. 3 is azimuthal directions, The velocity at the free surface very

prop rtional to u near each rotor corner is appronimately

Walker et al. -4 treat a similar free rStar layer with the - 0.7.W "b(cos 0) ". As , is increased from xero to drive

present f-ec surface replaced by a solid electrical insulator, a net current from the rotor to the stator, the free shar layer

ther boundary value problem ii th same as the present R 2 becomrs a stroner jet in the - x direction, while layer
FI decrcas in strength to zero hlow aw # - b cos 0. For
,, - b cos 0. layer FI becomtsaj t in th + xdirection. As

C! . is decreased from zero to drive a net current from the
stator to rotor. the above description of layer FI applies to

Ur layer N2 and vice vera.
For core C2, the net dimensionless elctric current from

the rotor to the %tator. per unit A.r. is

Q4 to2k 1 C 16)

Equation ( 16) is multiploed by 2wuUB,,LR to obtain the net
03 dimensional current from the rotor to the stator. As 1 in-

creases from zero, the eletrical resistance of the liquid.mnet-
o2 al region increases as sec 0: This is because the length of the

current lines increases as sc 0, while the area perpendicular
0.1 Ito the current direction decreases as cos 0. The core regions

Cl and C3 carry no current. The two free shear layers allow
0o 1a small additional current to flow between the stator and

-- ,rotor because electric current lines are allowed to fringe an
40(,t ")distancebeyond thelincs = -sin0±bcos9.

However, the ratio of this additional free shear layer current
FIG, 3 Frc sh.e.ar l:)cr vclociy u, at I - 0.2.0.4.0.6. 0.1O.94. md 1.0. totheC2corecurrent iscomparabletoM - '" (sec 0)IZ .
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Thk rtisquite sal, cxI.pa approachs 9(.whichi k MM0. at 2=41+b. (me)
the ciae treated in See. IlI. Whike the current-line fringing 4-. at 2-a0+ b, (201)
inide the treesthear layers does not sinificantly increas the(2g
net current, it does produccasmall 0(M 1"1)ckctrccur- ~ I t~ I te0zb 25
rent comnponent perpendiculor to the magnectic: kid. The A~ tp-~,ke 0%zCb. 0%O)
electromagneticbody force due to thissmmlljc drives thejcts
with O(lE "2) Y in"id the freeshear layers, 0, at YM orbza b (26)

Hierewcpraettthe0(MW)anidO31V"dmn onkem O
powcirkwisdueto~okan hatind~rvinaosdisiption. ,- 0. atir- 1. roe ii.z.,.+& (20j)
perunit Ax, Total tmcttsional po%%cr lslmcareobtained by Since the magnetic kid is now parallel to the rnqor surface,
multiplyingechl result by 2.- P V. T1hconly 0O.Wl dimest. this,%urfct is at z single diniensionless electric ptetial A.,

stlsspiiclo.sitheoulaiiea~n~nthcorC2Thi Inl the asymptotic solution for V> 1, it - 0 j n wj,
ious is given by the initpal or the square orsoluition (7a) 0Otoall orders in31.A eepWn athin bounary layer which
over the core region and the result i has an 0(31'M thickncoi and K adjacent to the fre andl

IN1 " Co 0(41 C)7 rotor surfaces at)' I .All the tetric: current (rmm the ma-
tor to the rotor Rlows axially inside this layer near the free

The COW1 ") cotributions to the power loses are (1) the sr adntrtrornrternr.ThxAomuthal
viscous dissipotin due to the large gradient Of the large vce velocity i s% 0(W1 )inside this layer, In Other woWdv. as
lo ..y in each free -.hear layer onl (it) the Joukan Itcming 11 .9r the two frce shear layers from the rotor ceas
duettc rwgngifth-( 1) ctwriccurrettknssty iitdc merge it, become a fee..surface, rtor.facc boundary layer,
the rceshear layer. With iliesolutioti% MAW) 0nd5). thvce the currcrntearrying; core C2 disaplicars; and the tagnant,
power lossr arr given by coeffickiens times iteguls Of cutrent.freec Core C3 espands to All1 momt Ofthe l.qdmetal
(O),/J )J and 40 over the region 0. t. 1. Y. - x region H~owever, the lag~laypoi ouinis no ap.
Since these universal funtioiare independentI ofall IMMra. propruoc f iran asial or neary axial magnetic IkId in homo-
cleft. these integrals give sums of the known coefficnts in polar tkviccs,
the sepairation of vanalikis olutions ( 12) and ( I A 'thee hgIurc I Nhow-s 161t the j6%s in the free 'hear layers arc
sums give sipecific numerical values, Which apply W all siffim vitifni it) 1 Z- 1. mi that IN. (86t indicates that the
lar free shear layers. The tesulti Iii, the dimrensMIlecss %I' frcc -hcarl Nyr i .sm;is 4A' I3 *. ' F- W 0- arcian (a),
coos dissipation and Jouleans heating arr the lcngth of ech free shear layer ik A - we ti The ratio of

0. 1331 N I WA l(M) the fresbar layer thicknessto the A; " 2h cos do(coreC2

0.407M1' '*6fA I '.h r% 1 1b(

respect ively, where 4, 4.or & rtlayerlor- Tk Iagc. Aor~l anlm 1%w o11'ril 31

IM. AXIAL MAGNE~TIC FIELD 0 11 aretani (a) as long as the abosve Moto iswsall, For
Thesolutionsinkc iinappy rort). uI urtait to 7' it 45". M1 6, 1. and h, 10. the ratio is 0,056, For the

for a -3. rFora purely axial magnectic field. 1i 90r, 11, ti. asafedeAeonshetic~tote 1 "')I
and ft, , B,, anid we use the original m.i CaIrte'iai co- thmetc-s layer adjacent to.v - . %o that A 2(u b ) As-
ordinate.% shown tit Pig 2 Witli the "m li iitietisiiitjiali. %unoig aZ i-. %till 4. ihe ratio of the y or th, layer to the
z.alion, 1q0. 0 ) arc rePlaced by InieA Iis

, 17-1 7' l11 412(a # hi/ I"'.
tq~,i;~ this r4t1o must be %mall (r the large.M asymptotic soton

toh be) valid foe the axial field case. For u 3. b - 10. andi
M1 36.3 this ratio is 3.39. Therefore. viscous; cffo:ts are

(lk igni mtit evcrywhcre and we must trvatstfls ant 00l) pa-
119 rateir

f~ Wc iltroduiv tit- electric current smrvainuncetKti

0d(1d hty,:), which t% defincd by

Thecflow is now symnietric about the: z (plaric,mithat we ~ Za
need only solve Eqs. ( 19) for 0, y- I uid 0. a + h. The
boundary conditions are J, M1 - (21h)

V=0, aty=O. (20a)
0=0 atY=O (2b.% Since], amid] 1 are eveni and odd functions of:, respectively. h

= 0.at ~ = . (0b) is an mid function of:. We eliminate 0 from 134%. (19b) and

du = , atz 0.(2(X) (19c),%otIhat Eqs. (19) become

= ,at z O, (20d) d -u + 2 'u + i h = .(22&)
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+ 02h ~(215) 
lo

T11 bounda coAdtions (20s), (20), (20), (20s), and
(20i) on m still apply, but the conditions (20b), (20d), y ,. .

(20. (20h,). and (20) on 0 are replaced by
-- O, y- O, (21a)

0 13 4 -64t'

h-0, at -0, (23b)

A M O. at z-ua+b, (23c) 14

w ig 0. at Y iM . for b -z*.Z' b (23d) I

hEchd' styuI, fob~z~a+b. (230)
The conm nt h, is prportkmal to the total dimensional k-
tric currnt rrfom the siator to the retor, which is 4 V * G

40",M 'vUfJ L = 4rhOU (O)" I 6. 0 5 4 ? a 9

Once the solutions for u mnd A are known, we introduce them
into Eq. (19c) and integrate with rpect to y to obtain m h",,.

002) and Ow
Equations (22) and the boundary conditions (20a),

(20), (20),and (23&)-(23c),except ty . ,reuatMikd
by the sepration of variables solutions

C,- :os (6, z) 0,.- . ,+ ,%. o ***:0 i ( 5 7 6 6 I N 6 3

(24a)

A sin(6z) [G.F. + H. (F'. - F.) (24b) 1100"0

where G,, and II. are arbitrary constants and

6. t- (o + 1) r/2 (a + b). oil III (24c) I

M-- ('- [ (I + M 16. 1)"z + l .z, (24d)

in, M(2) "16.[(+M8 )"-. ) 1", (24e) 'i

F, sinh(m,y)sn(",y), (24) 4 1 *a a

2. Csh(M'y)sin(M'y). (24g) FIG, 4, SKgflic cwr Um A ca md .,e y w o

F., s h(m,y)cos(my). (24h) CumihanntA 10. tb)w !ymtedsfkr.u l0, (c) iwu

F,. - cosh(m,y)cm(m,y). (24i) lCwft - I0 . (d) 1 d0 ( yh aafudskthu - 1Q

The conuants G. and H. are deermined by the resnang
boun ary conditions (20g), (20i), (23d), and (23) at
y I, We truncate the scries and deflne a residual show that electric current prefers to flow axially along the

h A 1 .magnetic Acld lines near the free surface, rather than flow
,E ( - +(A z across the feld lines in the central pet o the radial pp. For

kA- 10 or - 10, 78% or 60% orthe total current laves or

+ + (-+ V 1)J dx, (25) entersthestatorsideatz=a+b, ratherthantea uiasur-
J& G ) face at y = 0. For current from the stator to the rotor, Fg.

where I he integrands are given by the semin (24) evaluated 4(b) shows that the maximum velocity is m - 3.13 near the

at y = I. When the residual (25) is minimized with respect rotor corner. For current from the rotor to the stator, Fig.

to the constants G. and H., it &ives a set of simulaneous, 4(d) shows that the minimum velocity at the free surface is

linear, algebraic equations for these constants. Tbee equa- u = - 1.4 near the rotor corner, but the minimum velocity

tions are solved using Gauss elimination, is m= -2 neary =0.5 for O<z<6.
Some typical eslts for a=3, b = 10, M- 40, and Inahomopolardevice, therear two groups of rotors or

Ao= ±10 anpresented in Fig. 4.Theyscaeisstretched by disks which are separated axially along the shaft. Each disk

a frtor of 5 relative to the z caie Figures 4(a) and 4(c) in one group is electrically connected along the shaft with
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one disk in the other gfoup. Electric current flows; radially eeb 1-6b Bo "a 4
inward inside all t*.e disks in one group and radislly outward
Inside all the disks in the other group. The motret coils cre. ~ '

sit axial magnetic Akd in opposite directions for the two SF *C
groups o(disks. Therefore, the leetromagneic body lorceis/
in the same azimutlal direction in all the disks in both C1 r /
groups. The aialysis here swiumes 1141 the disk's angular
velocity vcttor and the aial magneticiielI -.e n the samec /a S/F C1 ,/ 0
direttkn, I.e.. that U fIR 11 - 0 and 8, z* 0. F-or the present T11 1
solution, if we replace 8, - 58, with 5, - - 8 and we re-''
place A by - A. then the velocities arc exactly the same. In
adtiton, the electric currents arc exactly the samei, L.it are in
the opposite direction. Trhe rcsuls, for h. t. 0 apply for cur- Fn~ 5 Sqco' Othe liukJ fcIt fw .14.0 1i~ 3(flC.SI rftV.4b~rbK
rent from the stator to the rotor for 0, -, 0 and for current k'eiow 'tIt.ein ta)C% o9lh a wlr. ric %heAr 6W) at
frow the rotor to the stator fo 0, <0 and vioc versa for '~' ' ' '

Ad e 0. Theefore, h~~0 corrcspoad to all liquid-mcial cur-
rent collectors in a hotnopolar mior. In a motor. the ck-
tromagneutc body force in the deski and liquid metal is in the 1
directvmnOf rololioon.so that V is increased tom-o 1, asshowr. 13yers Fl and F2. which involve anl OW "') velocity. In
in Fig. 4(h).- On the o4hband., A, 0 corresponds to all Core C4.
current colkectors in ahornopolar generator.Itsa genrator. -4 P). At. - 1.,. it, - 0. (26)
the azimuthal clectromagnritc body force in the disks and
liquid metal is in the opposite azimuthal direction from the neglecting OW.~ )terms.

dikroam~o us is decrtased toma . 0. as shwn in Fig Theolution in the free shear layer F1 is given y esprcs-
4dk roaiosotatons (l9) m erms ofthe szime universalfutin4,. 4k

The value of 4,, i, a linear function tf Ad,. F~or example. and J.#. but ptow A is the free shear layer length from the
61U - 3. h - R". and W to. stator to the point where the free surface and rotor side meet

0 , .456-.082n 43 41 - 4,trSin 0 11f- h)jI b CoO
The total Joulean heating and viscou% disiraior are para. is 4, at th-,s pint.
bolic functioris of h,, For exurnple. ror u - 3. b 10. and For the free shear layer F2, we again rescakt the depen.

10 I. ahedimensionless totasl oukan iheating and viscous; dent and independent variables by introducing icxprcssions
dissipation arc (I!) with A - wee0 and 0: - O,+ b cos . II(,ver. the

2.736 10,954h.,,i 0.2909Ah,, functionts 4,., u.J.0, andjz# are not the same functions as
2le0 0).990", 1 .343/.;~, Weort, thus we add the subscript 2 todenote these new rfunc-

tions. These resealed variubles arn: functions of OX'.) for
respecti% eyTotal dimecnsional power lovsesare obtained by 0.%, j r whreulsteenhoth re

multplyig ech rsultby ffRLt~shear layer P. from the stator to t he rree surface divided by
,we U. Th functionsA , i t#,,o,4, I, and Itr4 depend on one
paranieterY, so) that they are no longer universal functions.

IV. GENERAL FREE-SURFACE LOCATION AND A There is a slot in the domaina at I for 0-4 e ac respesent-
STRONG, SKEWED MAGNETIC FIELD ing the two surfaces ot -he rotor, so that the variables need

Herc we present theciitensiontof the large-M asyrnptotic not be continuous at: I f or S'() Equations (9) and the
analysis for a skewed magnetic field ito general free-surface boundary conditions ( 10a). (l10b), and (IlIa) still apply,
locations at y -AC:) for - a b1.:.- - b and at y - f.(:) 'hei condition (10b) applies for both sides or the slet at
for bt.z-,u + A. as shown ina Fig. 5. The siolution (6) .still tI I- The fircv-surfacat conidition (100) becomes
applies in core regions CI and C3. The electric potential of ____ -- 0, at I=sr, for - ao<<c, (27)
all rotor surfaces is 1'~ 1 + sin Ii + Z. In core C2, the 7
solution in the radial gap is still given by the results (7) for while matching core regions C2 and C4 gives
it +sinGI<bcos 0. For - bcoril-.l -b)sinO<4a o o - <1 2a
<~ - bcos 0- sin , #, is a linear fusaction ofy. which ~ ~ *o o ~~,(k
etuls zoatthe stator and () at the rotor, whikj, and Or2 -I, as -ac, for I - IK. (28b)
u, are given by Lqs. (l b) and (5c), respectively. There is a The separation of variables solution (12) applies for
weak free shear layer at = - sin 0- b cos 0 along the 00 <4.COand 0.;tr.,, with a. replaced by
magnetic fild line through the corner at y = 1, z = - b.
The electric potential is continuous across this layer, but u, a I (2mi + I ) w/4*i"i
is discontinuous between the two parts of core C2. The free The separation of variables solution (13) applies for
shear layer structure that matches this jumnp in u, involves O<C < co and O<i t4 . For 0<c < Go and I < IK, we intro-
only an 0(I1) velocity, so that it is a much weaker layer than duce
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0 - I + ,in4[,14 (t e'" a'S

x PA c0(r4 .) + Q& xin(ri, )1. (29) Ct LOLW 6
where C

ThecocflkcntiA,. ft,,. C.. D., P,and Q, are determinedI
by minimizing the same residual .uied in Sec. iM. except //
that the limitso finittratin are from ( - 0 to t -K. re cZ CS

Spiwific results for this new one.paromiter free shear / / /1
layer are not presented here. For 0,It I, ihe velocity profiks
arc very similar to those in Fig. 3. As; increases from I, the
velocity profiles spread out and the peak velocity decreases, FIG 6 Subqcoms n4 hqud iicl. rr if), I &W this ckitical twu
but with .he constraint that I I r t l APl' 11 - b) Mate l howa

f" I. tier allI I.+t A.

As the kA fret surface rises fromy = I toy -i(z), the
ree shear layer Fl simply follows the point y 4g f( - b), u , 1, ,w iC+ -bcsU+sin9, Jw-Ji-O,

z - - b and the frt.surface velocity is still zero, except neglectingO(M ) tcrms.Theconstant Ci determinedby
near the rotor.sde. The only changes in the free shear layer matching the free shear layer F22.
FI arises from changes in A aid 61. Some additional current The rexaling (8) and the boundary value problem (9)-
flows between the stator and rotor through the new patt of (II) for the free shear layer Fl is the same as that presented
core C2. As the right fret surface rises from yru I to in Sec. II, except that the fre:.surface condition (00) is
y --f.(z), a new core C4 with u - I develops alnd the free replaced by the solid insulator condition (14). Walker et
shear layer P2 intersects the free srfwe. The free.surface a ." present the solution for this modifed fret shtar loyer:
velocity is I from the rotor side to the free shear layer, Although the analysis is much more complex, the results are
± OWM ') inside the free shear layer, and zero from the surprisingly similar to those prented in Fig. 3.
free shear layer to the stator side. The -oumc flux per unit 'The boundary value problem for the free shear layer P2
Ai in the free shear layer F2 increases linealy from zero at is the same as thit presented in Sec. IV, except that the
the stator to a value at the rotor corner and then keep that boundary condition -m the top of the sl in the domain be.
constant value from the rotor corner to the free surface. come;

-+0. at t- I' for O<C'<o (30)
V. INSULATING LAYERS ON THE SIDES OF THE ROTOR o
ON STATOR and matching core C4 gives

Here we present theextension ortheanalysisofrSec. IV 4#:-C, as - . for I<t<;r. (31)

to devices with thin layers otelectrical insulators on the .sides The change from tIe boundary condition (10b) at - I -to
of the rotor at - s i. b or on the side. of the stator at condition (30) precludes the relatively simple sparation of
- - i (a + b). The thickness of the electrical insulators is variables solution discussed in Sec. IV. Without solving for
alumed to be much smaller than M " so that they are this new layer, we can draw some conclusions about its solu.
thinner than the free shear layers. tion. The integral orur. from " = - o to C = cc equals the

The subregions of the liquid metnl for insulators on the jump in #F1 at each value of t. For 04t < I, this intcgral
sidhs of the rotor are shown in Fig. 6. The solution (6), equals t, s that the velocity profiles here cannot deviate
negklctiig 0M ') terms. again holds in core regions CI significantly '-,m those in Fig. 3. With an insulator at z = b,
and C3. The Hlartmann layer adjacent to the insulator at thereis noct c-d potential jump for I < <r, but the jump
z n mist malch thejump in u from zero in core CI to I here must be independent ott, i.e., it must equal C. Thejet for
at the rotor surface. This 1 lartmann layer involves an 0( 1 ) I < I<, and the associated powntial jump C are driven by
current density j, and the circuit for this current must be continuity of the electric potential 4. and the electric cur-
cornptced through a fret shear layer at rent density J10 = - 0/ria: at t = I for - w, <'<0. The
g = - b cos 1 - f ( - b)sin 0, i.e., along the magnetic field velocity profiles may spread out ast increases from I, but the
line thrigh the point where the free surface and insulator total flow per unit At in each profile must be the same.
mee This implies an O(M "2) current density j inside The effect ofadding an insulating layer on the sideo'the
this tree shear layer, which in tur. implies an 0(l) fluid rotorat z = - b is to move the freeshearlayerFI from the
velocity u. Thus this free shear layer is ariother weak layer magnetic field line through the pointy -f,( - b), • = - b
involving only an 0( ) velocity, to the field line through the point y = 1, z = - b. The strip

The core region C2 occupies the same region and has the of fluid between hese two lines becomes stagnant and cur-
same solution (7), neglecting O(M ') terms, aLt in Sec. II. rent free, except in the Hartmann layer at z - - b. The net
In the core C4, electric current between the stator and rotor is once again
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2W co,2 em inSec. II.Theonlyrefectoradding theinsu. - I, M.- '('), J,,,-J M0, (35)
lating layer atz. = b Ir ) sfghtly alter the velocity prolles neglecting O(M 2) terms, in the new core C6. The free
inside the free shear layer 12. shear layer Fl lies along the magnetic kId line through the

Increasing the magnitude off(-z) in Fig. 6 does not corner aty =0. z= - a - band the C2 core solution ap-
change anything. However, ifft(:) is increased sul1icknitly plies to the right of the free shear layer. The solution of
so that the free shear layer F2 intersects the stator rather Walker ,t at" applia to layer Fl. The principal change is
than the free surface, then cscral changes occur in core C4 that the potential jump acro this layer is now zero at the
and thefreshearlaycr I'2 TheC4 coresolution with u, I rotorsurfkcct t = I and 1. 4k + %in 0 - (a + b)cos fat
still applies in the triangle formed by the insulator at: - b, the stator orner at t - 0. The insulating f surfac has
the fret surface at y -. (:), and the magnetic field line moved above layer FI and this layer now stems from the
through the point where the trec surface and stator meet at junction or the insulating and perfectly conducting stator
.v Yf,(a + b). : .;Iu t b. There is a new core CS btwen wall. Therefore, the velocity profiks closely resemble those
this magnetic field line and the frcshear layer F2, i.e., in the in Fig. 3 with: replaced by (I - t). Moving in the + ydirec.
strip tion from the free shear layer Fl, u, w I in the new core C6;

(4 + b)cos -(a + h)sin O,\h cos 0 - sin 0. u decreases from I to zero inside the weak free shear layer
(32) akngthemagnctic ficd lincthrough thepoint y -f1 ( - b),

In this new core, u, - ;. - , j . - 0, neglecting z - b; and u, - 0 in core C1 to the rrec surface.
O(M :) terms. There is a weak free shear layer between Wenoweo'iderthproblem ora high krt freesurface
cores C4 and CS. This weak layer matches the jump in u. with insulatorsat both a h and b. The free
from zero in C5 to I in C4 and completes thecircuit for 0(0) shear layer H is i the position shot t Fig. 6 ad its sou"
current dcnsityj, in the llartmann layer between the insula. hion is unchanged by the addition or the insulator at
toratz - band coreC5. In the|6oundary value problem for : - a - b.ThcCI coresolutkn with u, 4. -J, -J.,
the free shear layer F2, conditions (27) and (31) are re, - 0.neglecting0(M O ) lerms. appliesin thestrip between
placed by the fr e shear layer Fl and the magnetic feld line through

the stator corner at y - 0. : - - u - b. The new core C6S a0. t 1-, for - . (33a) occupics the strip defined by the limits (34) and has a solu.

r2 -0, a% for1. '-z, for I * iSA. (33h) tion
Alain, thevelocityprofilesfor0 t. I mustcloselyrsemble u. 0A 0. -0.51 Pf (u + b)cos 0 1, (36)
those presented in Fig. 3, but now the integral of ut, front withJ, 1. .0, neglecting O(M ) terms. ly conserva.

- c to " - rw must equz zero frir I ., .T~rhe profile tion ofcurrent, theJ, inside the lartmann layers adjacent to
at t w I " consists of - ut for t . 0 and t ul for 0. by the insulatorsat: - - b and at: u - b must he equal
continuity with thesolution at t I . As r incrcascs from 1, and opposite. Since the jump in u across these Hartmann
this basic character persists, but the magnitude of the veloc. layers is proportional to these currents, u, is 0.5 between a
ity quickly decrease% to zero. Therefore, for i - I. there is a movingand a fixed insulator. In the triangularcore Cl above
doublejet with no net flow which is concentrated very near the magnetic field line through the point y ( - b).
the rotor corner. : b,

We now consider the addition of inulating layers on the
sides of the stator at : - ( f b) t (thetituation ishown , 0.Sucos0- 0..A( - b)sin 0.
in Figs. 5 and 6, i.e., with insulators only on the stator sides with u, -j, J., 0, neglecting OM ') terms. Moving
and on both thestatorand rotorsides. respectively. For Figs. upward from layer Fl, u is first Yero. then 0.5; and finally,
5 and 6 we have asumed thatf1C - h) Is suflicienaly small zero again.
such that the magnetic field line through the point With a high right free surface, the triangular core C4
.y 'A( - b}, : -- h intersects the stator at y) 0 and extends to the stator atz =u + band there is a new core C5
fl(a + b) is sufficiently small such that the free %hear itter- between core C4 and the free layer P2, i.e., in the %trip de-
sects the frec surface. For these low freesurlrace locatiosu., fined by the limits (32). In the cores C3 and C4, M, - 0 and
the addition of insulators at : J, (U f h) has absolutely I, respectively, with or without insulators on either side. If
no erect ot the solutions wilh or without insulators at theslator side atz -- a + b is insulated, but the rotor side at
z ±kb. z - b is not insulated, then the solution (35) applies in the

IfA( - b) is increased, so that the magnetic field line new core C5. Therefore, u, 7 I throughout the axial gap
through the point y = fA ( - b), z = - b intersects the insu. above the free shear layer P2. The only distinction between
lated stator side at z = - a - b, then a new core C6 occurs cores C4 and C5 is that there is a weak free shear layer be-
betweenthismagncticfieldlincandthefieldlinethroughthe tween them which completes the circuit for thei, in the
cornery = 0, z = - a - b, i.e., in the strip Hartmann layer between the new core C5 and the insulator

at z = a + b. The boundary value problem for the free sheor
- b cos -A( - b)sin Or. - (a + b)cos 0. (34) layer F2 is the same as that discussed in Sec. IV, except that

the boundary condition (27) is replaced by
The Cl solution, with u. -0, still applies in the triangle

above 4= - bcos O-f(- b)sinO. a =or(
If the side of the rotor at z = - b is not insulated, then , ofo -c
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This change predudes the separation of variables solutions A typical value o(the Reynolds number for the pimary
presentedinSec. IV, butit does not change the fact that the flow, Re,=pUL/p, is 12000. At present, it is uncertain
integral of uF from C= - ao to C" = c is I for all I < t. whether this flow is laminar or turbulent. An ordinary

If both sides at z = b and z - a + b are insulated, then Couctte flow with this Reynolds number would probably be
thesolution (36) with0, =. 0.5 + C +sin 8- bcos ap- turbulent. However, a strong magnetic kld suppremes ur-
plies in the new core C5. The constant C is determined by bulence and increases the value o( the critical Reynolds
matching the free shear layer P2. As we move up the axial number. This magnetic suppression of turbulence depends
Sap from layer F2, u, first equals 0.5 in core CS and then on the electrical characteristics of the walls and is strongest
equals I in the core C4. The boundary value problem for the with highly conducting walls which allow current circuL-
free shear layer F2 is the same as that discussed earlier in this tions which damp the turbulent eddies. In addition, the gap
section, except that the boundary condition (33a) is re- is very small, sothatwalldampingisstrong.Theseconider-
placed by condition (37) and the matching condition (31) ations would indicate that the flow is laminar. On the other
applik. Again, the integral or lu from c = - a to c - ac hand, MHD effects lead to liquid.metal velocities which
equals a constant C for all I < miy, where Cisdilerent from maybeaslargeas 5Uor maybe negative, sothat Rebased on
that for an insulated rotor side and a petfectly conducting U and L may underestimate the largest velocity gradient in
stator sidc and is determined by solving the free shear layer the flow. The velocity profile depends on the amount ofeic-
problem. trio current between the stator and rotor, so that the flow

may be laminar for one current and turbulent for another.
The laminarixation ofr& turbulent flow by a strong magnetic

VI. CONCLUSIONS field has been studied experimentally for flows in circular

This paper presents solutions for the primary arimuthal pipes and rectangular ducts, but these results may not apply
flow in liquid.mtal current collectors for homopolar dc- for the present Couettc flows in a very small gap with strong
vice%. Ifthe local magnetic field is strong and has both radial electromagnetic pumping; there is clearly a need for appro-

and axial components, then an asymptotic analysis for large priate experiments.
Hartmann siumbers is appropriate. The solutions in the in-
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