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Abstract

A magnetohydrodynamic flow of a viscous and conducting fluid confined between two
parallel differentially moving boundaries is considered. The whole system is in a strong
magnetic field chosen in such a way that the Hartmann boundary layers which form in this
problem become singular at the points where the magnetic field becomes tangent to the
boundary. Two geometries are taken into account: plane and spherical. Within the class of such
configurations, the velocity field of the fluid and the influence of the conductivity of the
boundaries on the fluid’s motion are reviewed here. In the region of singularity, where the
magnetic field is tangent to the boundary, the fluid’s velocity exceeds that of the moving
boundary. The effect of nonzero conductivity of the boundaries on the super-speeding jets is
vital and has been enlightened in a series of papers, including experimental and theoretical
findings. The mechanism of the formation of super-speeding jets in the considered configura-
tions has been explained, which is based on strong Hartmann currents allowed to enter the
boundary layer due to the singularity. In the case of both perfectly conducting boundaries, the

super velocity was shown to be as strong as to scale with the Hartmann number as O (Ml / 2) .

Keywords: super rotation, magnetohydrodynamics, MHD boundary layers, Hartmann
layer singularity, nonzero conductivity

1. Introduction

Super-speeding jets in the geometry of magnetohydrodynamic (MHD) spherical Couette flow
have been first noticed in the numerical simulations of Dormy et al. [1]. They have analyzed a
flow of an electrically conducting fluid in a spherical gap between concentric spherical shells,
rapidly and differentially rotating about a common axis in a centered axial dipolar magnetic
field. The solid inner sphere, which had the same conductivity as the fluid, was spinning
slightly faster than the insulating outer shell. The stationary flow obtained via DNS exhibited
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a super-rotating structure near the region, where the critical magnetic field line, henceforth
denoted by C, was tangent to the outer shell. The angular velocity of the flow in that region was
about 50% greater than that of the inner sphere, which was driving the flow.

Hollerbach [2] for the first time investigated numerically the effect of nonzero conductivity of
the outer shell in the same spherical geometry but the outer boundary was held motionless,
thus eliminating the Coriolis force from the problem. He reported that the super rotation in the
singular region was greatly enhanced and scaled with the value of the Hartmann number M.
Hollerbach [3] studied the MHD spherical Couette flow for several different topologies of the
external field lines and also observed that singular points of isolated contact of the magnetic
lines with boundaries result in the formation of jets.

In a following sequence of three theoretical papers, the mechanism of super-velocity formation
and the effect of nonzero conductivity of the boundaries have been explained. Dormy et al. [4]
performed a joint analytical and numerical study of the system analyzed previously by
Hollerbach [2], where they have described the super rotating shear layer along the critical
magnetic line C which grazes the outer boundary and found analytic expressions for super
rotation within the scope of asymptotic theory for M > 1, confirmed by the results of numerical
simulations. Not only they have explained the physics of the mechanism behind the formation
of super-speeding jets in the studied configuration, which relies on the enhancement of the
Lorentz force accelerating the flow, due to strong currents entering the singular Hartmann
boundary layer at the outer shell near the point of contact of the critical field line C with the
boundary, but also their analysis set grounds for the following theoretical findings. The study
of Mizerski and Bajer [5] greatly relied on that of Dormy et al. [4], although it involved
geometries—planar and spherical, and the resting boundary was weakly conducting (as
opposed to the previous study, where it was insulating). The two geometries studied by
Mizerski and Bajer [5] are depicted on Figure 1. In the plane geometry, the bottom boundary
is moving at a constant speed and has the same conductivity as the fluid, whereas the conduc-
tivity of the upper boundary relative to the fluid’s conductivity € is assumed small at the order
€ ~ M. The rest of the space was an insulator. The crucial features of the external field in this
configuration are that it is potential and that there exists a critical magnetic line, which grazes
the upper boundary thus creating a singularity of the Hartmann layer. The two configurations
depicted on Figure 1 are planar and spherical counterparts, equivalent from the point of view
of physics of the super-speeding jets which form near the singularities. The plane configura-
tion, however, captures all the necessary physical ingredients of the problem but at the same
time makes the problem more transparent, avoiding the complications resulting from the
curvature of the boundaries. Mizerski and Bajer [5] utilized this simplification and demon-
strated the super-velocity excess, that is, the difference between the super velocity in the cases

of a conducting and insulating outer boundary scales like O (€M3/ 4). They have also studied a

somewhat similar case of a strongly conducting, but thin outer shell, with conductivity being
the same as that of the fluid, but the relative thickness of the conducting shell to the thickness

'He fitted an exponent of M"® to his numerical results, which however, was later shown not to be the true asymptotic
scaling law.
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Figure 1. A sketch of the two situations considered: the plane case on the left (the bottom boundary is moving) and the
spherical case on the right (the inner sphere is rotating). After Mizerski and Bajer [5].

of the fluid layer 6 was assumed small, at the order 6 ~ M. They demonstrated that both

cases, € ~ M', 5 ~ 1 and the other onee ~ 1 and 6 ~ M~!, are exactly equivalent in terms of the
flow structure and the super-velocity magnitude. In the latter case, the super-velocity excess

was shown to scale like O(6M3/ 4). The same scalings were shown to pertain to the spherical

geometry. The most notable contribution to the problem of super-speeding jets was the
remarkable comprehensive analysis of Soward and Dormy [6] in the spherical geometry. They

have emphasized the role of the parameter eM>* (or 5M** for the case of thin outer shell),
identified in Mizerski and Bajer [5], for the general case of continuously varying relative
conductivity of the outer shell e from zero to infinity. They have reported the following scaling
laws for the super velocity (angular velocity) in the singular region, for the case of perfectly
conducting inner boundary.

Qpax = O(M1/2> for 1<e<eM*

Quuax = O(ez/ SMY/ 2) for e<1<eM®* @
Quar = O(1) for e<xeM’*«1

The magnitude of the super rotation €,,,, was shown to be proportional to the magnitude of
current on the critical C-line, denoted by ¢Z, i.e., Qe ~ _£..

The phenomenon of super rotation was also observed in the experimental setup called
“Derviche Tourneur Sodium” (DTS) located in Grenoble at the Université Joseph-Fourier.
Nataf et al. [7] conducted experiments on the spherical Couette flow of liquid sodium in an
external, centered axial dipolar field, with both boundaries differentially rotating. The outer
shell was only 5 mm thick, about 27 times thinner than the fluid gap and about 8 times less
electrically conductive than liquid sodium. The Hartmann number in the experiment was at
the order of a thousand. They observed the super-rotating jets and obtained a very good
agreement with the numerical models. However, they also observed that the super-speeding jets
can be destabilized and reported oscillatory motion near the singular region. More recently, Brito
et al. [8] further exploited the same DTS experimental setup and explored the effects of strong
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inertia. They also reported strong super rotation; however, they clearly demonstrated that the
Coriolis force tends to suppress the super-speeding jets.

Wei and Hollerbach [9] investigated numerically the effect of strong inertia, that is, large
Reynolds number, on the spherical Couette flow configuration with the outer shell stationary.
Three configurations of the external magnetic field were chosen, which resulted from a combi-
nation of dipolar and axial fields. The super-speeding jets have been destabilized by increasing
the Reynolds number, whereas strengthening the filed had the opposite effect. Most recently,
Hollerbach and Hulot [10] performed numerical analysis of a similar problem in cylindrical
geometry, putting an emphasis on the role of conductivity of the boundaries. The field config-
urations were also chosen so as to create singularities in the flow. When the boundaries were
electrically conducting, super-speeding jets were reported on the contrary to the case with
insulating boundaries, when simply shear layers were observed in the singular regions. A
curious observation is made by the introduction of a nonzero azimuthal component of the
external field in which case the conductivity of the boundaries has the opposite effect to the
previous case, greatly suppressing the magnitude of super rotation.

The motivation for some of the aforementioned studies was justified on geophysical grounds.
The investigations of the Earth’s interior reveal differential rotation of the inner core (cf. [11, 12])
and that the electrical conductivity of the lower mantle is nonnegligible [13]. Moreover, some
evidence can be found for the existence of a very thin layer of anomalously high conductivity
at the base of the mantle [14, 15]. It must be said, however, that the model of MHD spherical
Couette flow is so idealized with respect to the true dynamics of the core, neglecting thermal
and compositional driving, turbulence, the solidification processes at the inner core, etc., that
no direct comparisons with the flow at the core-mantle boundary can be made. Nevertheless, it
might be possible that the effect of super rotation manifests itself on the field zero isolines
locally at the core mantle boundary.

1.1. Ferraro’s law of isorotation

Throughout this chapter, we will assume that the Hartmann number,

M=_PoL _ 91 2)
Vi \ v

is large. In the above, u, p, v, 1, and o are the magnetic permeability, constant density,
viscosity, magnetic diffusivity, and electrical conductivity of the fluid, respectively; By is the
typical strength of the external magnetic field; and L is the distance between the boundaries.

In such a case, the Ferraro’s law of isorotation states that for a steady azimuthal motion about
an axis of symmetry of an electrically conducting fluid, the magnitude of the angular velocity
is predominantly constant along a magnetic field line. This means that in the studied configu-
rations presented in Figure 1, the flow in the equatorial region & in the spherical case and
region I in the planar case both bounded by the critical line which grazes the outer/upper
boundary must significantly differ from the flow outside those regions. The magnetic lines
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Figure 2. The moving electrically conducting boundary drags the field lines with it, but only those lines which experience
drag from the top, stationary boundary are tilted (solid lines). The lines within the arcade bounded by the critical C-line
are carried with the same velocity as that of the bottom boundary. After Mizerski and Bajer [5].

within the regions & and I do not reach the outer/upper boundary and their both footpoints lie
on the inner/bottom boundary, which is moving. Since the moving boundary is assumed
electrically conducting with the same conductivity as the fluid, the magnetic field lines within
the arcade bounded by the C-line are carried by the fluid without any tilt. Therefore, by the
Ferraro’s law, the flow within the arcade must be uniform, with the same magnitude as the
velocity of the moving boundary. On the contrary, the magnetic lines outside those regions
extend from one boundary to the other; therefore, they are tilted due to advection by the inner/
bottom boundary and the drag they experience from the outer/top, stationary boundary. The
effect of competition of the moving and the stationary boundary makes the flow vary from one
field line to the other. This is illustrated in Figure 2 for the case of planar geometry.

In the following, we review the analytic approach and most important results for the two cases
introduced in Figure 1.

2. Mathematical formulation

We study two types of stationary, magnetohydrodynamic Couette flow, that is, a flow between
two parallel boundaries one of which is moving with a constant velocity: plane and spherical.
The flow interacts with a strong (large Hartmann numbers) force-free magnetic field tangent to
the boundaries at some isolated points. In the spherical case, the external field is a dipole field
with a source at the center of the system and in the plane case, it is harmonic with oscillatory
dependence in the direction perpendicular to the velocity of the moving boundary with an
arbitrary period Z%. Figure 1 illustrates both the spherical and the plane cases.

We focus here on the phenomenon of super velocities in the regions of singularity of the
Hartmann boundary layers which are present in this problem, that is, in the vicinity of points,
where the magnetic field becomes tangent to the stationary boundary. In those regions, the
fluid’s velocity exceeds the velocity of the moving boundary. The aim of this chapter is to
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review the influence of conductivity of the upper/outer boundary on the enhancement of the
super-velocity magnitude and explain why the super velocities are larger in the case when the
stationary boundary is conducting when compared to the case where it is insulating. As
mentioned in the introduction, this fact was proved numerically by several authors. We adopt
here the analytic approach and notations of Dormy et al. [4] and Mizerski and Bajer [5].
Majority of the analysis will be done in the simpler and therefore more transparent planar
geometry.

We consider here a stationary state in which the velocity of the fluid and the induced
magnetic field have only one component, the same as the velocity of the moving boundary,
axisymmetric for the spherical case and translationally invariant in the direction of the flow
for the flat case. Small differential rotation/motion of the boundaries is assumed for the
Couette flow dominated by the magnetic forces, that is, the magnetic Reynolds number is
assumed small,

L
Rey = % <1 3)

where 1 is the velocity of the moving boundary and the Hartmann number (2) is large. The
above assumption of small Rey; implies that the flow-induced component of the magnetic field
is of the order Reys, and thus the magnetic field is decomposed in the following way

B = By(x,z) + Remb(x,z)e, for the plannar case 4)

B = By(s,z) + Remb(s,z)e, for the spherical case 5)

where (s, @, z) are the cylindrical polar coordinates, By is the external potential field, and Rey/b
is the perturbation magnetic field generated by the flow. Indeed, in the numerical simulations
of Hollerbach and Skinner [16] for infinitesimally small rotation rate, the flow was axisymmet-
ric with only the azimuthal components of the velocity and the induced magnetic field present.
The assumption of the small magnetic Reynolds number is crucial for the spherical case to
neglect the nonlinear term which does not vanish because of the curvature effects. In the flat
case, however, this assumption is not necessary to simplify the equations, because the
nonlinear term vanishes due to the translational symmetry in the direction of the flow. Never-
theless, we keep the Reynolds numbers small even in the plane flow, since for high Rm, the
unidirectional solutions are most probably unstable.

Furthermore, the solution for the plane flow is also valid when both boundaries are moving
with different velocities since it is just a matter of changing the frame of reference to one
moving at the same constant velocity as one of the boundaries. In the spherical case, however,
when both boundaries rotate at different angular velocities, the Coriolis force substantially
modifies the solution even in the case of small differential rotation unless the flow is strongly
dominated by the magnetic force. The problem of MHD Couette flow with Coriolis force was
investigated numerically by Hollerbach [17] and Dormy et al. [1] and analytically, for small
Elsasser numbers, by N. Kleeorin et al. [18]. As remarked in the introduction, Brito et al. [8]
demonstrated experimentally the detrimental effect of the Coriolis force on superrotation.
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2.1. The equations and the main flow solution

As mentioned, we present the analysis for the flat case illustrated on the left panel of Figure 1.

" _r

In Cartesian coordinates (x,y,z), the lower boundary is moving in the “y” direction and the

z” axis is perpendicular to both parallel boundaries. The dimensionless external magnetic
field is given by

Bo(x,z) = VA xe, = VD = [e_Azsin/\x, O,e_AZcosAx}, (6)

where A = exp(—Az)sinAx/A, ® = —exp(—Az)cosAx/A, and 27t/A is the arbitrary period of
oscillation of the external field in the “x” direction.

The lower moving boundary is assumed to have the same conductivity as the fluid, while the

conductivity of the upper one, which is at rest,
0
€e=— (7)
of

can vary from zero to infinity, where ¢, and of are the electrical conductivities of the upper
boundary and the fluid, respectively. The magnetic permeabilities of boundaries and the fluid
are assumed to be same.

£“_ 7

The general set of equations for the analyzed stationary state is obtained by taking the “y
components of the induction and the Navier-Stokes equations

By - Vu+V?h =0

1 for 0<z<1 8
Bo-Vb+WV2u:O ot z ®)

with M > 1 and no-slip boundary conditions for the velocity field u(x, z)

u(x,1)=0 ©)
u(x,0) = 1.

Inside the rigid conductors, the magnetic field b has to satisfy Laplace equations:

V2b1 =0 for 1l<z<1406 (10)

Vzbzzo for — 0 <z<0
where b; and 0; are the perturbation magnetic fields inside the rigid conductors and their
dimensionless thickness (with i =1 for the upper conductor and i = 2 for the lower one). At
the boundaries with the insulator at z = 1 + 6; and at z = —0,, the perturbation magnetic field

“"_Jr

must vanish since there is no imposed magnetic field in the “y” direction

bi(x,14+01)=0

ba(x, ~52) = 0 )

Finally, the conditions at z=0 and at z=1 for the magnetic field can be written in the
following form
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{b(x,O) :bz(X,O) {b(xvl) :bl(xvl)
(12)

o — W

— ‘ b _
0zlz=0 0z 1z=0

&zlm1 = $|z:1

To understand the structure of the flow, it is Very important to note the symmetries in the
system with respect to planes defined by x = 15} for n €N (see Figure 1). Since the problem

has to be periodic in the “x” direction w1th the period of the applied field 27, it is enough to
analyze only the region where 0 < x < Z. The symmetry of the external field Bg, the symmetric
boundary conditions on u(x, z), and the boundary conditions on b(x, z) listed above imply that

uly - az) =u(yr+az) ((b(gr—oz) = (G +a2)
u(i—q—a,z):ueq—%a z) and b(i—Z—a,z>:—b<;A+a z) (13)
| e we) =t a) b(F - az) =b(T 4 a2)

for any @ € R. One can see now the precise analogy between the flat and spherical cases. In the

spherical problem, the meridional angle “9” corresponds to the “x” coordinate in the flat case,

with the equatorial plane corresponding to the planes x = o and x = 3—” The azimuthal angle

£’ 77

¢@” and the radial coordinate

“” II £“_ 7

are of course analogous to “y” and “z,” respectively.

It is also clear from (13) that the “z” component of the currents j, = £ has to be symmetric with

respect to the planes x = 2, 3X while the “x” component j, = — % remains antisymmetric. This
means that j, must have an external value and j, must vanish at x = 7%, 3%,

The main flow is defined as the flow outside all boundary and internal layers in the problem.
When the upper boundary is insulating or only weakly conducting, the problem is greatly
simplified since the magnetic coupling of the fluid with the lower conductor, in the limit of the
large Hartmann number, is much stronger than with the upper one. The fluid therefore should
lock on to the lower boundary generating large shear in a Hartmann boundary layer adjacent
to the upper conductor, where the velocity decreases to zero on a distance in the order of M.
This allows to deduce that the electrical currents in the system, generated by the flow and
circulating through the boundary layers and both boundaries, in particular through the upper
poor conductor, should scale as O(M ') everywhere except for the boundary layers where the
shear is large. A schematic picture of the current circulation when the outer/upper boundary is
poorly conducting or insulating for both geometries is provided in Figure 3. It follows, that
everywhere the perturbation magnetic field is weak, that is b(x, z) = O(Mil). Therefore, from
(8), we infer that the main flow for the case of poorly conducting or insulating boundary is
determined by

{ By Vu=0+0(M") { u=F(A)+O0M™")
> (14)

B,-Vb=0+0O(M?) b=G(A)+O(M™2)
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Figure 3. A schematic picture of the current circulation in the planar (left panel) and spherical (right panel) configura-
tions. In the planar case, the direction of the external field oscillates in the x direction and so does the direction of currents,

which are strongest in a shear layer along the critical C-line. In the spherical case, strong currents flow from the inner
sphere to the outer shell in the shear layer along C and return in polar regions.
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where 7 and G depend on A alone, thus the flow and the induced magnetic field are constant
on the field lines. The second equation in (14) means of course, that at the leading order, the
Lorentz force vanishes everywhere in the main flow, which in turn implies that the currents are
parallel to the external field By.

It is clear now that the magnetic field lines which are tangent to the upper boundary,
referred to as the C lines, divide the flow into three regions I, II, and III (see Figure 1),
and the properties of the solution for each region are somewhat different since in regions II
and III, the external field lines intersect with both boundaries and in region I, only with the
lower one. Regions II and III are, therefore, very similar and the only difference between

them is the sign of the perturbation magnetic field since it is antisymmetric with respect

n 3n

to the planes x =77, 35. This antisymmetry of b and symmetry of u, together with (14)

results in

u=1+ O(M_l)
in region I (15)

b=0+0(M7?)

thus, the fluid in region I flows with the same uniform velocity of the bottom boundary and
the perturbation magnetic field vanishes at leading order. Therefore, in region I, the currents
also must vanish. However, in the area of singularity of the Hartmann layer, namely at

=% g—’; and at z =1, the “z” component of the currents, as it was stated earlier, has an
external value (while the “x” component is zero) and interacting with the external magnetic
field creates a Lorentz force which has to either accelerate or decelerate the fluid depending on
whether the signs of j, and By, are the same or opposite.

Since the C lines that create the singularity of the upper Hartmann layer connect regions of
different flow characteristics, a thin area along the lines has to be treated differently and the
dissipation must play an important role in this region. Those are shear layers, for which the
precise analysis allows to compute the magnitude of super velocity.
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The situation is more complicated when the upper boundary is strongly conducting.
According to Soward and Dormy [6], the Ferraro’s law still holds in region I (equatorial region
& for the spherical case) where the fluid locks on to the moving boundary, however, in regions
II and III (equivalently in polar regions &), the Ferraro’s law is violated by the influence of
ohmic diffusion. This happens, because the induced magnetic field b is no longer small, but of
comparable magnitude with the velocity field. Nevertheless, the shear layer along the critical
C-line still forms and strong currents enter the upper boundary in the region of tangent contact
between the line C and the boundary, thus creating strong Lorentz force, which accelerates the
flow. The results of numerical simulations of Mizerski and Bajer [5] are recalled here on
Figure 4 to demonstrate the enhancement of super velocities with the increasing conductivity
of the upper boundary.

The obvious conclusion of the above analysis is that the acceleration of the fluid at x = 77/2A
and z=1 is due to the curvature of the applied field By generating singularity at this point, and
the antisymmetry of external field's “z” component with respect to the plane x = /21 which
is responsible for the direction of the currents and therefore also the Lorentz force at z = 1.
At the singular point, the intensity of the currents entering the boundary layer and the upper
boundary increases with the conductivity of this boundary because its interaction with
the conducting fluid strengthens. This also implies the increase of the magnitude of the super
velocities with e.

These conclusions are also true for the spherical case for which the whole analysis differs only
with slightly more complicated boundary conditions and diffusive terms. This complication,
however, at the leading order affects mainly the analysis of the shear layer presented in the
next section but does not make the main flow analysis more difficult in any way:.

1 e ]
&
i
e Sl 0]
- =01
....... -
0 0 1 2 3 & 0

u

Figure 4. Velocity profiles at x = 1t/2 for four different values of the conductivity ratio for the upper boundary € = 0, 0.01,
0.1, and 1. The magnitude of super velocities is the highest near the upper boundary (in the region of singularity of the
Hartmann layer) and significantly increases with e. After Mizerski and Bajer [5].
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It may also be interesting to make a comment on a similar problem studied numerically by
Hollerbach & Skinner [16] of spherical Couette flow with axial magnetic field aligned with the
axis of rotation in terms of the singular perturbation method for large Hartmann numbers,
infinitesimal rotation and conductivity of the inner sphere. In this case, the Hartmann layers
also become singular at the equator where the external filed becomes tangent to the bound-
aries. This time, however, only the singularity at the inner sphere is important since the field
lines tangent to the outer shell leave the fluid and do not couple it to the boundary. Outside a
cylinder tangent to the inner sphere and aligned with the axis of rotation the fluid must be at
rest, since the velocity field must be constant on the magnetic field lines and the outer station-
ary sphere has the same conductivity as the fluid, thus the fluid is locked on to it. In such a
case, the currents leaving the inner boundary layer at § = 7 and interacting with the external
magnetic field create a Lorentz force which decelerates the fluid and produce a counter-
rotating jet as found by Hollerbach and Skinner [16].

A simple conclusion which can be stated now is that super- and counter-rotating jets in such
MHD systems as considered above are, in general, the outcome of three major features of these
systems: the presence of isolated singular points where the external magnetic field is tangent to
the boundary, the symmetries of the external magnetic field in respect to planes containing the
singular points and perpendicular to the boundaries (namely, antisymmetry of the component
perpendicular to the boundary and symmetry of the parallel component) and the symmetric
boundary conditions for the velocity field. However, as observed by [10] the singular points
can also be created in side the domain (away from the boundaries) by a magnetic field
configuration with X-type null points (see field configuration 4 in [10]); also in this case the
presence of super-rotation depends on the conductivity of boundaries.

3. The shear layer along the C-line

We will now briefly introduce the reader into the mathematical approach to the analysis of the
shear layer structure, which is based on the singular perturbation theory. To take into account of
the curvature of the C-line, it is more suitable to use different variables. As mentioned, the
symmetries of the system imply that it is enough to limit the analysis to the interval 0 <
x < 71t/2A. Thus, the magnetic field lines can be represented parametrically in the following way

x(t) =AA(T—1) + %
(16)

exp[Az(T)] = %sin [/\214(”[ -1)+ g}

and the point x = 7%, z = 1 where the Hartman layer singularity occurs (referred to as the point

S (see Figure 5)) is defined by A = A¢ and 7 = 1. Introducing a measure of distance along the
critical C-line

T

e—)\z(T’)
= —Atan[A\*A(t — 1)], (17)

Y1) = —j cos[Ax(7')

B-dr:—J Add =
S

N

1
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Figure 5. The shear layer along the critical magnetic field line C. The point S is the point x = 73, z = 1 at which the line

grazes the upper boundary and the point of intersection of the critical line with the lower boundary is denoted by 7. After
Mizerski and Bajer [5].

and letting I = y(77) be the distance between point S and the point of intersection of the field
line C with the lower boundary (referred to as the point Z (see Figure 5)) we introduce a new
set of coordinates

L Y e
I=1- T = 1-— T cos(Ax) (18)
n=MVI(Ac— A) = M:VT (AC - 6;2 sin()\x)) (19)

where [ is the coordinate along the basic magnetic field lines which has the property that [ =1
at S and [ = 0 at Z, whereas n is a measure of distance between other field lines and the C-line
within the shear layer of thickness M™Y2 (cf. [19, 20]). The so-defined coordinate 1 has the
properties, that it is 0 on the C-line, positive in region II and negative in region I, moreover

Ac = exp(—A)/A = V1= A’T?/A.

For the simplest case of poorly conducting or insulating upper/outer boundary, with the use of
the shear layer coordinates (I, ), the Eq. (8) can now be written at the leading order in the form

oV, oV,
i 20)
where
Vi =u+Mb. (21)

In the spherical geometry, the analogous formulation leads to the coupling of the two equa-
tions for V, through nonzero curvature terms on the right-hand sides
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V. V. lds o)
ol on? s dl
The coupling term, however, may be neglected if the narrow gap limit is assumed. More
importantly, however, the two equations, in both—planar and spherical configurations, are
coupled through the boundary conditions at I = 0, 1, thus at the points 7 and S. Egs. (20) and
(22) are diffusion equations (with a source in the spherical case) valid for all e < 1 < o, with
the variable | corresponding to time variable from standard diffusion processes in the case of
V_ and 1 — corresponding to time in the case of V.. The following solving procedure of
Egs. (20) or (22) can be applied. One can utilize the Green’s formula for the diffusion equation
and first solve for V| by the use of the “initial condition” at / =1 (1 — [ = 0). Then introduce
the obtained expression for V., into the “initial condition” for V_ at [ =0 and utilize the
Green'’s formula again. Finally, matching the two solutions through the condition at I = 1 again
yields an integral equation for the super velocities. Such procedure leads to an integral equa-
tion of Fredholm type, which has been solved numerically in Dormy et al. [4] and Mizerski and

Bajer [5] for the two cases € = 0 and € = ML

However, when the boundaries are perfectly conducting, the problem becomes more compli-
cated. The same equations as (20) and (22) are obtained for

Ve =M%y + M/?. (23)

(cf. Eq. (3.20) in [6]), but the problem becomes analytically intractable due to the complications
arising from vanishing of the current component parallel to the boundary at / = 1. Neverthe-
less, Soward and Dormy [6] have managed to show that for perfectly conducting boundaries,
the strong current leakage from the shear layer into the outer boundary in the vicinity of the

critical point causes strong super rotation Q) = O(Ml/ 2).

4. Summary

The plane and spherical magnetohydrodynamic Couette flow with an applied strong external
magnetic field creating Hartmann layer singularities on a boundary is a setting where fastly
moving jets form, with the magnitude of the flow exceeding that of the moving boundary,
which drives the entire flow. These are the so-called super velocities (super rotation in the
spherical case). We have concentrated here on the review of the results and analytic approach
to the problem of the formation of super velocities in strong, potential fields, with particular
emphasis on the enhancement of super velocities by the conductivity of the resting boundary.

As found by Soward and Dormy [6], the conductivity of the resting (upper/outer) boundary ¢
greatly influences the current leakage from the shear layer to that boundary near the point of
its tangent contact with the critical C-line. In the case of weakly conducting boundary

eM®/* <1, the current leakage is of the order (’)(eM3/ 4) and it increases with ¢ to become

order unity when eM**>>1. This strong current is perpendicular to the external field in the
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singular region, and thus a strong Lorentz force j x By is created, which accelerates the flow (or
decelerates in some cases as shown by [16], depending on the symmetries of the applied field).
In the case of interest when the moving boundary is strongly conducting and M>1, the
resulting super-velocity scales like O(Ml/ 2) when e€>1 is of the order O(ez/ SmY 2) when

3/4

1> e> M~3/* and becomes order unity when e < M~%/%,
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