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Abstract Three classic MHD problems are revisited assuming hydrodynamic slip condition at the interface
between the electrically conducting fluid and the insulating wall: (1) Hartmann flow; (2) fully developed flow
in a rectangular duct; and (3) quasi-two-dimensional (Q2D) turbulent flow. The first two problems have been
solved analytically. Additionally to the Hartmann number (Ha), a new dimensionless parameter S, the ratio
of the slip length to the thickness of the Hartmann layer, has been identified. One of the most important
conclusions of the paper is that the duct flows with the slip still exhibit Hartmann layers, whose thickness
scales as 1/Ha, while the thickness of the side layers is a function of both Ha and S. In the case of Q2D
flows, a new expression for the Hartmann braking time has been derived showing its increase at Ha >> 1 by
factor (1 4 S). Numerical simulations performed for a flow with the “M-shaped” velocity profile show that in
the presence of the slip, a Q2D flow becomes more irregular as vortical structures experience less Joule and
viscous dissipation in the Hartmann layers.

Keywords Magnetohydrodynamic duct flow - Slip condition - Hartmann layer - Quasi-two-dimensional
turbulence

PACS 47.65.-d, 47.60.Dx

1 Introduction

In most of the cooling applications where a viscous fluid flows in contact with a solid wall, for example in heat
exchangers, a common assumption is a good wetability at the liquid—solid interface. When such is the case,
the so-called hydrodynamic “no-slip” boundary condition is normally applied. In contrast, in some special
applications, e.g., in microfluidic and nanofluidic devices, where the surface-to-volume ratio is large, the slip
behavior is more typical, and the mixed “slip” hydrodynamic boundary condition is usually used [1], as first
proposed by Navier.

There exist many physical reasons for the slip over hydrophobic surfaces, among which are: molecular slip
[2], small dipole moment of polar liquids [3], and trapping the naturally present gas bubbles on the solid surface
(see references in [4]). Regardless the slip mechanism, the degree of slip is normally quantified through the slip
length Ly, defined as the distance from the liquid to the surface within the solid phase, where the extrapolated
flow velocity vanishes (Fig. 1). The slip length can vary from nanometers [5,6] to microns or even tens of
microns for specially designed superhydrophobic surfaces [7]. Using the slip length, the corresponding mixed
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Fig. 1 Sketch of a magnetohydrodynamic flow under hydrodynamic slip conditions

boundary condition at the liquid—solid interface can be written as a linear relation between the slip velocity Us
and the tangential stress, which in the case of a simple unidirectional flow, takes the following form:

Us =Ly (1)

In this paper, we focus on a special case of magnetohydrodynamic (MHD) rectangular duct flows in a
uniform transverse magnetic field By, which demonstrate slip behavior (Fig. 1). Without the slip, such flows
are known to exhibit special boundary layers: (1) Hartman layers at the walls perpendicular to the magnetic
field, whose thickness 8, in a strong magnetic field scales as1/Ha and (2) the side layers with the thickness
scaling as1/+/Ha. Here, the Hartmann number squared Ha?” expresses the ratio between the electromagnetic
and the viscous force in the fluid: Ha = Bob+/o/vp, where b is the Hartmann length (half of the duct width in
the magnetic field direction), and o, v, and p are the fluid electrical conductivity, kinematic viscosity, and the
density correspondingly. In strong magnetic field applications (e.g., liquid-metal blankets of a fusion reactor),
Ha ~ 10° — 10°. In these conditions, if the slip behavior occurs, the slip length can be comparable or even
larger than the thickness of the Hartmann layer, indicating that the slip effect on MHD flows can be much more
pronounced compared to ordinary flows, where the boundary layer is typically much thicker. For example, for
a 10 T magnetic field typical to future fusion reactors, the estimate for the Hartmann layer thickness in a liquid
metal flow is 1 um. One can expect a pronounced slip effect on such a flow if Lg/8g, > 0.1 that corresponds
to the conditions when Lg > 100 nm. Providing the micron size slip length could exist, the corresponding
ratio of the slip length to the Hartmann layer thickness would exceed unity. This value, as shown below, would
result in a dramatic effect on the blanket flows.

In liquid flows, the slip length can be affected by many physico-chemical parameters, including wetting,
surface roughness, impurities, dissolved gas, shear rate, pressure, temperature, etc. [6]. The physical mech-
anism of the interfacial slip is interplay of all these parameters. Among them, wetting is always considered
to be the most important factor as almost all experiments on hydrophobic surfaces have indicated some drag
reduction, often demonstrating strong correlation between the slip length and the contact angle (see references
in [6]). Another key parameter is the surface roughness, which can either decrease or increase the slip length.
The increase can be associated with the increase of contact area and especially with trapping gas bubbles,
which are usually present in the liquid. The effect of poor wetting in MHD flows between liquid metals and
metallic walls are well known among experimentalists. However, running the liquid metal flow for a sufficiently
long time eliminates this effect due to formation of an inter-metallic layer. As for ceramics, it seems to be
different, as no chemical interaction occurs with liquid metals even at elevated temperatures. As an example,
we can refer to experimental studies for the eutectic alloy lead-lithium (PbLi) in contact with silicon carbide
(SiC), which have demonstrated poor wetting over a long period of time [8—10]. One can anticipate similar
behavior in the so-called DCLL (dual-coolant lead-lithium) blanket [11], where PbLi flows occur inside the
electroinsulating flow insert made of SiC, either composite or foam. Additional factors, which most likely can
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increase the slip length in DCLL-type blankets, are formation of the helium bubbles in the PbLi and the wall
roughness associated with the structure of silicon carbide.

In what follows, we assume conditions leading to the interfacial slip with the slip length constant over the
interface area. The relevant MHD flow equations are essentially the same as standard ones (see, e.g., [12]) and
are not duplicated here. The solid structure confining the fluid is assumed to be electrically non-conducting,
so that all induced currents are closed in the flow domain. Under these assumptions, we readdress three clas-
sic MHD problems by replacing the no-slip hydrodynamic boundary condition with the slip condition in the
form suggested by Eq. (1). The problems considered below are analogs for: (1) Hartmann flow [13], (2) fully
developed laminar flow in a rectangular duct [14], and (3) quasi-two-dimensional (Q2D) turbulent flow in a
strong magnetic field [15].

2 Hartmann flow with the slip

Hartmann flow is the MHD counterpart of the classic plane Poiseuille flow [13]. In this problem, an electrically
conducting liquid flows in the x direction between two parallel walls, which are 2b apart. The magnetic field
is applied in the z direction, perpendicular to the walls. The axial velocity U (z) and the induced magnetic field
by (z) are governed by two equations (see, e.g., [16]):

0—1+d20+H by )
- T T
d%b, dU
0= Ha—. 3
REZT: )

Here, the equations are written in a dimensionless form as indicated by “~”. The velocity scale is built using
the flow-driving pressure gradient d P/dx : [U] = b*v~! p~!(=dP/dx); the induced magnetic field is scaled
by [by] = [Uluos/ovp (o is the magnetic permeability); and the Hartmann length b is used as the length
scale. The boundary conditions in the presence of the slip are the following:

- dU
z=i1:Uia7=0, b, =0, 4)
Z

where o = L /b denotes the dimensionless slip length. The solution to this problem is as follows:

UG = ; (] M 5
@ =t e \I ™ cosh(Ha) ) )
5.G) = — Z 1 sinh(Ha ?) ©)

Ha + Hatanh(Ha) cosh(Ha)

As a matter of fact, the only difference of this solution with the classic Hartmann solution is the term « in
formula (5) for the velocity. As a result, the thickness of the Hartmann layer does not depend on L;: in a
strong magnetic field, 8, ~ 1/Ha. Therefore, the structure of the Hartmann flow in the slip conditions is still
similar to that without the slip. Namely, the flow demonstrates a uniform core and two thin Hartmann layers.
The velocity in the core is, however, different. In a strong magnetic field, with the slip, U. = « + 1/Ha, while
U. =1 /Ha in the no-slip conditions. At the same time, the induced magnetic field distribution in the core
does not change with the slip: b = —% /Ha.

It is convenient to rescale solution (5) using the mean bulk velocity U, = ﬁ ffb U(z)dz as a new scale.

After integrating Eq. (5),
b n 1 1 tanh(Ha) 7
=a+——7-—-(1—-—7¢—"),
" Hatanh(Ha) Ha

and

®)

U Ha (1 cosh(Ha Z))

U, _ Ha(l+S) — tanh(Ha) cosh(Ha)
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Fig. 2 Velocity distribution in the Hartmann layer in the 1-D flow with the slip: a effect of Ha at § = 0.5 and b effect of S at

Ha =100
where
S =aHatanh(Ha). )
Therefore, the velocity profile in the Hartmann flow under the slip conditions is fully determined by two
parameters: Ha and S (Fig. 2).
Two useful formulas can be derived from Eq. (8). First, the slip to mean bulk velocity ratio is
U SH
= a . (10)
Un Ha(l + S) —tanh(Ha)
Second, the pressure drop coefficient, defined as A = — pdlfz/ ?;b ,is
Ha Hatanh(Ha) (11

A=2—
Re Ha(l + S) —tanh(Ha)’
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where Re = U,,,b/v is the Reynolds number. This formula can be rewritten using Uy /U,, and S as

Ha Ug 1
A =2———tanh(Ha). (12)
Re U, S

In the asymptotic case of high Hartmann numbers, Egs. (9), (10), and (12) can be simplified:

L
§=_—, (13)
8Ha
U S
== (14)
Un 1+S
)¥Ha
A= . 15
14+ S (13)

Equation (13) allows a very simple interpretation of parameter S as the ratio between the slip length and the
Hartmann layer thickness. Equation (14) shows that in a strong magnetic field, the slip to mean velocity ratio is
fully determined by parameter S. Formula (15) illustrates directly the reduction of the pressure drop coefficient
in the flow under the slip conditions compared to that A gy, = 2Ha/Re in the classic Hartmann flow in a strong
magnetic field.

The following example stresses the significance of the slip in blanket applications. Typically, in a liquid
metal blanket, » = 0.1 m, Ha = 10* (at By ~ 5 T), so that 85, = 10 pm. Providing Ly = 10 pum, the
anticipated reduction in the MHD pressure drop coefficient due to the interfacial slip based on Eq. (15) is by
factor of two. Measuring the pressure drop reduction in experimental conditions would be challenging unless
strong multi-Tesla magnetic fields, comparable with those in the fusion reactor, are used. Finally, it should be
noted, that the strong effect of the slip on the pressure drop in the Hartmann flow is due to the fact that the slip
length, even small, can be comparable with the thickness of the Hartmann layer, which is, as shown here, not
affected by the slip itself.

3 Fully developed flow in a rectangular duct with the slip at the Hartmann walls and no slip
at the side walls

We consider a fully developed flow in a rectangular duct (Fig. 3) driven by a pressure gradient. The Hartmann
walls are treated as “slip” walls, while the other two (the side walls) are assumed to have no slip. Relative to

Y
U=0,/bx=0
o o
|| I
e e
el Ra}
T T
N N
< | |2a <
= 0 S5 Z
g (g~
Lt 2b K
= =)
U=0, bx=0
Magnetic field -

Fig. 3 Sketch of the 2-D reference duct flow with the slip
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the flow sketch in Fig. 3, the equations describing the flow are (see, e.g. [14]):

920 + 020 +1+4+H b 0 (16)
gy L oY a -0,

9z ay 0z

9y + 9%y +H il 0 (17)
— + = a— =0.

072 0y? 0z

These equations are written in the dimensionless form, using the same scales as described above. The boundary
conditions at the Hartmann walls 7 = 41 and at the side walls y = £d (d = a/b) are the following:

z=x1:Uxa—=0, b, =0; (18)

§==4d:U =0, b,=0. (19)

It should be mentioned that the present choice of boundary conditions (namely, there is slip only at the Hart-
mann walls) is based only on our intention to obtain a purely analytical solution using a standard technique of
expanding the velocity and the induced magnetic field as Fourier cosine series in the direction perpendicular
to the applied magnetic field. More general case (all walls have the slip) cannot be attacked in the same way
because of the limitations of this analytical technique and will require a numerical or asymptotic approach.
The main conclusion about the modification of the side layer thickness (see the end of this section) seems,
however, to be qualitatively the same in both cases.

We look for solution of Eqgs. (16) and (17) in the form of the expansion of the velocity and the induced
magnetic field as Fourier cosine series in y:

oo oo
UG 5) =D fa@cos@d), b 5) = gn(Z)cos(@nd). (20)
n=0 n=0
To satisfy boundary conditions (19), one should put a, = (n + %)%. Inserting series (20) into Egs. (16) and
(17), and using the identity 1 = % > ((2;—2’11) cos(a,y), one can find the following ordinary differential
equations for unknown functions f;, and g,(n =0, 1,2...):

4 D"
2 2
f,;/—anfn—l—;m—l—Ha g, =0, g'—a;g,+ Ha f,=0. (21)
The boundary conditions are obtained from original boundary conditions (18) as follows:
z==xL fytaf, =0, g,=0. (22)

Taking into account symmetry in U and asymmetry in by, the solution of Egs. (21) with boundary conditions
(22) is sought as

fn =kn + Ay cosh(a,2) + B, cosh(Bn2), gn = Ay sinh(a,2) + By sinh(B,2). (23)
Substituting (23) into (21) results in two equations, which determine k,,, «,, and §,;:
4 (=D"
2
—a‘k - = 24
Wt o) @4
Ay (0} + Ha oy —a2) + By (B2 + Ha By — a2) = 0. (25)
From Eq. (24), one can find
2(=1)"
= . 26
n ar?l’d ( )
From Eq. (25),
—Ha+ \/Ha? + 4a} P —Ha — \/Ha? + 4a2 o)
ap = s n = .
2 2
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—=e— From (29) at a/b=100
1-D solution, Eq. (5)
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Fig. 4 Comparison between 1-D (Eq. 5) and 2-D solution (Egs. 29) for a slotted duct (d = 100) at Ha = 100

Two constants A, and B, entering solution (23) can be obtained from boundary conditions (22). They are
—k

cosh(a,) — sinh(a,) coth(8,) + a(a, — B,) sinh(ay,)’
—k

cosh(B,) — sinh(B,) coth(at,) + (B, — o) sinh(B,,) .

A, =
(28)

After collecting all results together, the dimensionless velocity and the induced magnetic field in the rectangular
duct with the slip at the Hartmann walls and no slip at the side walls are given by

7 ~ sh(o, 2 cosh(Bnz
U= Zsczo kn COS(an y) [l - COSh(Oln)_Sinh(an)gg:h((gn)j'a(an_ﬂn)Sinh(an) o COSh(ﬂn)_Sinh(ﬂn)gg:h((‘fn )Zj—a(ﬂ,,—a,,)sinh(ﬂ,,)] ’

r_ [ ~ sinh(«,2) sinh(B,2)

by = = 2uzo kn cos(any) [cosh(a,»—smh(an)corh(ﬁ,,)+a<a,,—ﬂ,,>sinh(a,,) + cosh(ﬂ,n—smh(ﬂn)coth(a,,>+a<ﬁ,,—a,,)sinh(ﬁ,,)] ’
2(=1"

an = (n + %)%7kn = (an) B

—Ha+«/Haz+4a,2, ﬂ _ —Ha—./Ha2+4a%
2 £ n .

- 2

op =

(29)

It can be demonstrated that solution (29) reduces to the solution of the Hartmann problem with the slip obtained
in Sect. 2, providing d — oo (Fig. 4). It also reduces to the quasi 2-D Poiseuille flow in case of large «.

If the dimensionless volumetric flow rate, Q, is defined by 0= ff 24y f_ll Uz, y)dz, then, from (29),

5 — k_n . B sinh (o) /oy
Q= 4; an sin(and) |:1 cosh(a,) — sinh(ay,) coth(B,) + a (o, — By) sinh(w,,)
_ sinh(By,)/Bn i| (30)
cosh(B,) — sinh(B,) coth(a,) + a (B, — ) sinh(B,) .

The pressure drop coefficient defined in Sect. 2 can easily be calculated using Q as A = R% . Its behavior is

Q=

illustrated in Fig. 5 for a square duct (d = 1) as a function of Ha and «.
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Fig. 5 Effect of the slip and Hartmann number on the pressure drop coefficient in a square duct

Figure 6 illustrate the slip effect on the velocity profile and the induced magnetic field distribution. One can
see that similar to the classic problem without the slip, the flow with the slip exhibits a core, where the velocity
tends to be uniform, while the velocity gradients are confined to the boundary layers. The boundary layers at
the walls perpendicular to the magnetic field, as directly seen from the numerical data, still have the thickness
scaling as 1/Ha and thus can be referred to as Hartmann layers. This conclusion also matches the analysis in
Sect. 2 for the particular case of the 1-D Hartmann flow with the slip, where, as shown, the thickness of the
boundary layer is not affected by the slip. The boundary layers at the side walls in the 2-D case are, however,
not scaled as 1/+/ Ha (Fig. 7). They can be significantly thicker than the classic side layers, especially if the
slip length is comparable or larger than the thickness of the Hartmann layer. Correspondingly, the core area of
uniform velocity in the center of the duct can be significantly smaller compared to the same flow in the no-slip
conditions. There are also four regions at the corners where the Hartmann and the side layers overlap.

Notice that the dimensionless slip length « enters both the series for the velocity in (29) and Eq. (30) for
the flow rate through the term «(o;, — B;,) in the denominator, which at high Ha transformsto S = Ls/Ha.
Therefore, similar to the 1-D case, the reference fully developed 2-D flow in a strong magnetic field is also
fully determined by the two parameters: Ha and S. Based on the results obtained, it appears that parameter
S plays a very important role in both the 1-D (Hartmann flow) and the 2-D problem. Namely, it determines
the relative contribution of the MHD effect and the slip itself. In the strong slip conditions, when § >> 1,
the induced electric currents are small, having almost no effect on the flow, and the flow is fully controlled by
the slip phenomenon. On the contrary, if S << 1, the flows don’t differ much from the corresponding classic
MHD flows without the slip. In the situations when § is of the order of unity, both MHD and slip effects are
important.

4 Quasi-two-dimensional MHD turbulent flow with the slip at the Hartmann walls

Here, we consider a flow of an electrically conducting fluid in a rectangular duct under the influence of a strong,
transverse, externally applied magnetic field. The cross-section of the duct and the magnetic field orientation
are sketched in Fig. 3 (see Sect. 3). The flow is assumed to be non-uniform in the x (axial) direction and
may demonstrate unsteady or even turbulent behavior as the liquid proceeds downstream. Such a flow, under
the no-slip conditions, has been intensively studied for decades in the context of Q2D turbulence (see, e.g.,
[15]). The novelty introduced in the present paper is the slip condition. In doing so, the Hartmann walls are
considered as slip walls while the other two walls are assumed to have no slip in accordance with boundary
conditions (18) and (19).
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z/b
Fig. 6 Effect of the slip on the velocity (left) and the induced magnetic field b, (right) in a square duct at Ha = 100:
aa=0.001,S=0.1;ba=0.005,S=0.5ca=0.02,5=2
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Fig. 7 Effect of the slip on velocity distribution in the side layer (y = 0) in a square duct at Ha = 100

The underlying physics of MHD duct flows in a strong magnetic field is related to the predominant electro-
magnetic dissipation mechanism (Joule dissipation), which enforces a strong flow anisotropy, until the limit
of Q2D turbulence is achieved. In a Q2D flow, the turbulence structures appear as big (comparable in size to
the duct dimension) columnar-like vortices with their axis aligned with the field direction. Three-dimensional
features can still be observed in the thin Hartmann layers, where almost all ohmic and viscous losses occur,
while the influence of inertia is negligible. Such Q2D eddies do not induce much electric current and thus are
weakly affected by the magnetic field. They persist over many eddy turnovers, until being damped via slow
dissipating processes in the Hartmann layers.

The major impact of the slip on the Q2D flow is the reduction of the dissipation losses in the Hartmann
layers, which still exist, as seen directly from the analysis in Sects. 2 and 3. To incorporate this new feature
in the mathematical model, we follow the general approach, first proposed in [15], by integrating the original
3-D flow equations along the magnetic field lines. When doing so, the velocity components in such a Q2D
flow are presented in the following way:

U= —%f(z), V= %f(Z), W =0, 3D
ay ox

where ¥ (x, y) is the 2-D stream function. The function f, independent on x and y, describes the variations
of the two flow components U and V in the direction of the applied magnetic field. In accordance with the
present analysis in Sects. 2 and 3, this function has the following form:

1
f@)= H—S(1+S—€Ha(|z/b‘_l)) for Ha >> 1. (32)
After inserting (31) and (32) in the original 3-D MHD equations and integrating them in z between the Hart-
mann walls (for details of integration, see, e.g. [17]), one ends up with the following set of 2-D equations
written in terms of the stream function and the z-component of vorticity (w(x, y) = (V x V);):

do Y dw Y dw 12w 3w ®
do _Wide Yo e ey (33)
ot dy dx  dx dy ox ay T
92 92
L i (34)
axz  9y?

An additional linear-drag term w/t on the right-hand side of Eq. (33) models the damping of Q2D vortices
at the Hartmann walls. This term includes a new parameter t, called Hartmann braking time, which is a
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Fig. 8 Sketch of the mid-plane of the Q2D turbulent MHD flow in a rectangular duct

characteristic timescale of vortex damping due to dissipation losses in the Hartmann layers:

1+ 8 b?
T = — =1+ 5. (35)
Ha v
The only difference of the newly-derived parameter t with the classic Hartmann braking time 79 = ﬁ%

(see, e.g. [15]) is the additional factor (1 4 ), which expresses the increase in the Hartmann braking time
associated with the reduction of dissipation losses at the Hartmann walls due to the slip.

To illustrate the slip effect on a Q2D flow, numerical simulations are performed for a flow sketched in Fig. 8.
The flow is driven by a pressure gradient and is opposed by a given uniform volumetric force F(—Fy, 0, 0)
applied over the whole duct length /:

sz[FO for —L <y<1L; (36)

0 for—a<y<-L,L<y<a.

Other details of the mathematical model and numerical procedure are explained in [18], where similar com-
putations were performed under the no-slip condition. The reference flow can be considered as a plane model
of the experimental flow in [19], where the flow opposing force appears due to applied voltage between the
row of internal electrodes embedded in the Hartmann wall and the cylindrical flow confining wall as the sec-
ond electrode. Providing the voltage is applied between the two rows of internal electrodes, the volumetric
force in this experiment would be very similar to that in the reference hypothetic flow (private communication
with Karim Messadek). Realization of such an experiment in practice could, however, be difficult and is not
discussed here as the main goal is to illustrate the anticipated effect. The problem with the slip is fully deter-
mined by the following dimensionless numbers: the Reynolds number Re = U,,a /v, the Hartmann number
Ha = Bob+/o/vp, the modified Froude number Fr = U,%L / Foa, the duct aspect ratio a /b, and the slip length
to the Hartmann layer thickness ratio S = Ly /8. The last parameter is specific to the problem with the slip.
In the computations, S is changed from O to 1, while other parameters remain constant. The reference flow
exhibits inflection points and at sufficiently high Reynolds numbers becomes unstable and eventually turbu-
lent. The effect of the slip on the flow is illustrated in Figs. 9 and 10. As expected, as parameter S increases,
the fluctuations associated with the inflectional instability increase in amplitude and the flow becomes more
irregular.

5 Summary and concluding remarks

In this paper, the classic problem for MHD flow in an insulating rectangular duct has been extended to take
into consideration the hydrodynamic slip at the interface between the flowing liquid and the solid wall. The
slip effect is introduced through the boundary condition in the form of Eq. (1), first proposed by Navier, which
relates the slip velocity and the tangential stress at the interface via the slip length. As current experimental
data suggest [8—10], the slip in MHD flows will likely occur in those fusion applications where eutectic alloy
PbLi flows in contact with silicon carbide. Although the slip effect is usually negligibly small in ordinary
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Fig. 9 Fluctuations of the stream function (at x/a = 10, y/a = 0) in the flow with the slip at Re = 1,000, Ha = 100, Fr =
10,a/b=1,L/a=04:a85=0,bS=05,¢c¢5=1
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Fig. 10 Effect of the slip on the vorticity distribution in the Q2D flow at Re = 1,000, Ha = 100, Fr =10,a/b =1, L/a = 0.4:
aS=0,bS=05c5=1

flows, in MHD flows, it appears to be much more important, since the slip length can be comparable or even
larger than the thickness of the Hartmann layer.

First, the Hartmann problem with the slip has been solved analytically to characterize the slip effect on the
Hartmann layer. Although the thickness of the Hartmann layer remains unchanged, still scaling as 1/Ha, the
slip velocity increases and the velocity gradient in the Hartmann layer decreases as the slip length increases. It
has been shown that the pressure drop coefficient in the asymptotic case of a strong magnetic field is reduced
by factor (1 + S), where S is a new dimensionless parameter, which expresses the slip length to the Hartmann
layer thickness ratio.

Second, a fully developed flow in a rectangular duct has been considered in a particular case of hydrody-
namic slip at the Hartmann walls and no slip at the side walls. An analytical solution has been obtained (see
Egs. 29) using the standard technique by expanding the velocity and the induced magnetic field as Fourier
cosine series in the direction perpendicular to the applied magnetic field. More general case (all walls have
the slip) cannot be attacked in the same way because of the limitations of the analytical technique and will
require a numerical or asymptotic approach. As shown, the flow demonstrates a core, where the velocity tends
to be uniform, while the velocity gradients are confined to the boundary layers. The boundary layers at the
walls perpendicular to the magnetic field, as directly seen from the results, still have the thickness scaling as
1/Ha and thus can be referred to as Hartmann layers. The boundary layers at the side walls are, however, not
scaled asl/+/Ha. They can be significantly thicker than the classic side layers, especially if the slip length
is comparable or larger than the thickness of the Hartmann layer. Correspondingly, the core area of uniform
velocity in the center of the duct can be significantly smaller compared to the same flow in the no-slip condi-
tions. There are also four regions at the corners where the Hartmann and the side layers overlap. The analysis
performed for the fully developed flows in both 1-D and 2-D shows the importance of parameterS. Namely,
if § >> 1 (the slip length is much larger than the Hartmann layer thickness), the flow is fully dominated by
the hydrodynamic slip while the induced electric currents are small, having almost no effect on the flow. If
S << 1 (the slip length is much smaller than the Hartmann layer thickness), the slip effect is negligible and the
flow can be treated as purely MHD flow. In the case of § ~ 1, the slip and the MHD effect are both important.

Third, a time-dependent flow in a rectangular duct in a strong transverse magnetic field has been consid-
ered. The 3-D equations have been reduced to a Q2D form via their analytical integration along the magnetic
field lines, using the asymptotic representation of the velocity profile obtained earlier in the slip conditions
(see Eq. 32). The derived Q2D equations (Eqgs. 33 and 34) are, in fact, the extension of the classic equations
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obtained earlier in [15], also known as “SMS82” equations. The novelty introduced in the present analysis
is the modification of the classic Hartmann braking time, which expresses the characteristic timescale of
damping vortical structures due to Joule and viscous dissipation in the Hartmann layers. As shown, the
Hartmann braking time is increased by factor (1 + S) (see Eq. 35). As an illustration of the slip effect on
a Q2D flow, 2-D DNS-like computations are performed for a flow having an “M-shaped” velocity profile.
Such a flow becomes unstable and eventually turbulent if the Reynolds number is significantly high. As
expected, the flow demonstrates more irregular behavior as parameter S increases.

In conclusion, it may be said that the present theory should be verified experimentally as all experimental
evidences of the slip behavior are indirect and no direct quantitative measurements for the slip length have
been performed yet in the above mentioned liquid metal flows in contact with ceramics, and also because more
complex interfacial boundary conditions (rather than the simple Navier’s slip condition used in this study) may
be needed. Such an experiment will require a strong magnetic field or/and specially designed hydrophobic
surfaces. On the other hand, the present theory have demonstrated that engineering such hydrophobic surfaces
can be favorable for fusion applications, such as a DCLL blanket, as their use may result in a dramatic impact
on the MHD pressure drop and heat transfer enhancement. There can be some limitations of the theory in case
of large Hartmann slip, as it could happen that no uniform core is present when the slip length is large. These
limitations have also to be deduced from properly organized experiments or 3-D numerical modeling.
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