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the Navier-Stokes equations and a Darcy-type system for the electric potential via
Lorentz’s force in the momentum equation of the Navier-Stokes equations and the currents
generated by the moving fluid in Ohm’s law. The key feature of the FE formulation resides
in the design of the stabilization terms, which serve several purposes. First, the formulation
is suitable for convection dominated flows. Second, there is no need to use interpolation
spaces constrained to a compatibility condition in both sub-problems and therefore,
equal-order interpolation spaces can be used for all the unknowns. Finally, this formulation
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Variational multiscale method leads to a coupled linear system; this monolithic approach is effective, since the coupling
Monolithic scheme can be dealt by effective preconditioning and iterative solvers that allows to deal with high
HCLL test blanket module Hartmann numbers.
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1. Introduction

The objective of this work is to present a finite element (FE) method for the approximation of the inductionless magne-
tohydrodynamic (MHD) problem which arises when the magnetic field induced by currents in the liquid metal is negligible
compared to the external magnetic field, B. The inductionless approximation to the MHD problem consists of the momen-
tum, mass and charge conservation equations together with Ohm’s law; the problem is written in terms of velocity u, pres-
sure p, current density j and electric potential ¢. The structure of this system of partial differential equations corresponds to
the Navier-Stokes equations coupled to a Darcy-type problem via Lorentz’s force and generated currents terms.

This set of equations can be used to model several industrial processes, such as MHD pumps based on conduction or
induction principles, MHD generators, continuous casting of steel, crystal growth devices or test blanket modules (TBMs)
in nuclear fusion reactors. TBMs will be one of the key components of International Thermonuclear Experimental Reactor
(ITER), that should demonstrate the scientific reliability of fusion (see <www.iter.org> for more details). Each of these
breeding blankets is designed in a modular shape performing a triple function: (1) heat power extraction from the plasma,
(2) tritium generation (breeding) and (3) shielding of the magnets from neutron and gamma radiation. The breeding material
used is the eutectic lead-lithium liquid metal. In normal regimes, this liquid metal flow can be modeled by the inductionless
MHD equations. The aim to design effective TBMs and the lack of experimental data has increased the demand of numerical
methods for this system of equations.

The FE approximation of the inductionless MHD system faces several difficulties. First, there is the classical and well-
known problem of dealing with cases in which the first order derivatives, i.e. the convective term in the Navier-Stokes
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equations, dominate the second order ones, i.e. the viscous term. In this singular limit, the elliptic nature of the system of
differential equations vanishes. This behavior may lead to oscillations when using crude Galerkin techniques. Second, there
is the compatibility condition between the approximation spaces for the velocity and the pressure, but also for the current
density and the electric potential. These conditions are expressed in a classical inf-sup form. Finally, the coupling between
the hydrodynamic and the electromagnetic problems may lead to numerical difficulties when solving the resulting discrete
system of equations. In the Navier-Stokes equations, the coupling comes from Lorentz’s force, whereas in the magnetic prob-
lem the coupling appears in Ohm'’s law because the conducting fluid moves with velocity u. The goal of this work is to design
a stabilized FE method able to circumvent all these problems.

The stabilization technique presented in this work is developed in the variational multiscale framework introduced in
[18]. It is based on a two-scale decomposition of the unknowns into a FE component and a subgrid scale or subscale that
corresponds to the unknown component that can not be captured by the FE space. The key ingredient is the model for
the subgrid scales. In this work, we have considered the subgrid scales as a projection of the residual of the FE approximation
times a matrix of stabilization parameters. Among the several options for the projection and the structure of the matrix of
stabilization parameters, the identity and a diagonal structure have been chosen, respectively. Up to this point, the only
missing issue to close the formulation is the design of the stabilization parameters. Based on the stability and convergence
analyses of the method, we have obtained an effective expression for them.

In the last years, the increasing demand of computational tools for the design on fusion reactor technology has increased
the interest on computational MHD. However, the literature about the numerical approximation of the inductionless MHD
equations is still quite scarce. There has been some recent research done in the finite difference and finite volume commu-
nity. The finite volume method has been used to solve the inductionless MHD equations in simulations of the HCLL test blan-
ket module in nuclear fusion reactors (see, e.g., [6,21] for examples in this field). In all cases, the methodology consists of first
solving a Poisson equation for the electric potential (obtained by taking the divergence of the Ohm’s law) and then, solving
the Navier-Stokes equations adding the Lorentz force as a body force in the momentum equation. A crude fixed point iter-
ative algorithm is used to converge to the coupled solution. Using this approach, a conservative finite volume scheme for
incompressible MHD flows is proposed in [24,25]; the scheme further uncouples the computation of velocities and pressures
via a pressure segregation scheme; see, e.g., [1,10] for a detailed exposition of pressure segregation schemes and the quite
poor performance of fixed point iterations over the u-p resulting system. Since block-Jacobi and block-Gauss-Seidel precon-
ditioned Richardson iterations converge in a quite poor fashion (when convergence is attained), more effective precondi-
tioned solvers are mandatory for large scale simulations (see, e.g., [15]). This observation motivates the monolithic
approach proposed herein; the scheme we propose ends up with a linear system that couples the fluid and magnetic prob-
lems. The coupling can be transferred to the preconditioner in an effective manner and then an efficient and robust iterative
solver (like GMRES) can be used, leading to optimal MHD solvers. In this work, we have considered incomplete LU factoriza-
tions of the monolithic system as preconditioners, together with a GMRES iterative solver.

There exist several articles applying the FE method to solve the full MHD equations in the general case of non-negligible
induced magnetic field (see for instance [12,17,28-30]) but the authors are not aware of previous works dealing with the
approximation of the inductionless MHD by the FE method. For this work, we have used the same methodology as for
the full MHD problem in [11], treating the same issues with a similar strategy, even though the problems considered are
significantly different from the point of view of the mathematical structure.

The article is organized as follows. The problem to be solved is stated in Section 2, both in its continuous and its varia-
tional form. Issues regarding the time integration and the linearization of the nonlinear term are discussed in Section 3, lead-
ing to a time discrete and linearized scheme. Next, the variational multiscale framework is applied to the inductionless MHD
problem in Section 4. After proposing the stabilization method, it is fully analyzed regarding its stability, accuracy and con-
vergence properties; it motivates an optimal expression of the stabilization parameters that takes into account the coupling.
The final scheme proposed in this work is written in Section 5. Numerical experiments verifying the theoretical results are
presented in Section 6 and finally, some conclusions are drawn in Section 7.

2. Problem statement
2.1. Initial and boundary value problem

Let Q c R?(d = 2 or 3) be a domain where we want to solve the inductionless MHD problem during the time interval [0, T].
The unknowns of the problem are the fluid velocity u :  x (0,T) — R¢, the pressure p : Q x (0,T) — R, the current density
j:Qx(0,T) — R? and the electric potential ¢ : Q x (0,T) — R, which are the solution of the system of partial differential
equations:

8[u+u-Vu—vAu+fo%(ixB)=f7 M

V-u=0,
j+oVé—auxB)=0,
V.j=0,
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where p is the fluid density, B the external magnetic field, fthe body forces of the flow motion and ¢ the electric conductivity. Itis
important to note that the pressure p we are working with here is the kinematic pressure (pressure divided by density).

Let us define two different partitions of the domain boundary I' = Q. The first one, for imposing the boundary conditions
of the hydrodynamic unknowns, is divided into the part I'g, in which essential (Dirichlet) boundary conditions are enforced,
and the rest of the boundary I'y, where we impose natural (Neumann) boundary conditions. The other partition is used for
the boundary conditions of the magnetic problem. It consists of the part of the boundary I'c; that corresponds to perfectly
conducting walls and the part I';; that corresponds to perfectly insulated walls. So, we have:

F:FEVUUFN‘UZFCJUFU, and @:FE_UF‘IFN‘UZFCJI"IFU.

The boundary conditions for the velocity at the walls are the non-slip wall conditions, that is to say, # =0 on I'g,. On the
other hand, the free boundary conditions for the velocity are zero traction conditions,

—pn+vvwn-Vu=0, on [y,.

Two different kinds of boundary conditions have been considered for the magnetic equations. For insulating walls, the
electric currents cannot cross the wall surface, which implies that the normal component of the density currents has to van-
ish, thatis, j - n =0 on I';;. On the other hand, perfectly conducting walls do not apply any resistance to the current and there-
fore, the electric currents cross the wall surface in an orthogonal way. This means that the tangential component of the
density current has to vanish on the boundary, i.e. j x n =0 on I'¢;. Note that, because u = 0 on the wall boundary, the density
current and the electric potential are related as j= —aV¢. Therefore, on a perfectly conducting wall it is verified that V¢
x n = 0. This means that ¢ must be constant on the boundary. So, we can model conducting walls by the boundary condition
¢ =0 on I'c; without loss of generality.

Finally, an initial condition for the velocity field has to be considered, i.e. u = ug in € at instant t = 0.

2.2. Weak form

Let us introduce some notation. Let < f,g>,, := [, fg, where fand g are two generic functions defined on a region w such
that the integral of their product is well defined. When f, g € L2(Q), we will write (f,g)., := <f, £ > «,. The norm in L%(Q) will be
denoted by |fl:=(f)'>

Let v,q,k and s be the test functions for u,p,j and ¢, respectively. We consider them time-independent because time will
be discretized using a finite difference scheme. To obtain the weak form of (1)-(4), the equations are multiplied by the cor-
responding test functions, integrated over the domain 2 and the second order terms are integrated by parts, resulting in the
variational form

(01,9) + (- Vu,0) + ¥(V0,T9) - (0.V - 0) - B.v) = f.0) 5)
(q,V-u) =0, (6)
(,k)+0(Vp,k)—a(uxBk)=0, (7)
= (Vy.j) =—=(j-m, (8)

which must hold for all test functions v, g, k and i in the functional spaces that will be defined next. Note that ¢ is assumed
to be constant and that the boundary term appearing from integration by parts in (8) is zero both in the case of conducting
walls and in the case of insulating walls. Let us assume that B € L*(£2), in order for this system to be well-posed in the sub-
sequent functional setting. The functional spaces considered in this work are

Vi= {ve H'(@)%v=0on FE_U},
Vo= {0 @) [a=0if Fnu = @},
Vi

{k € LZ(Q)d‘k-n =0on F,_j},

V, = {l// c Hl(g)‘lp —0on rc_j}.

Remark 1. It is important to note that the j-¢ system has the same structure as the Darcy problem. The formulation selected
in this work corresponds to the primal version of the problem. However, there exists also the dual formulation which
consists of considering a different functional setting of the problem: j € H (div;Q2) and ¢ € [*(Q2), see [2] for a complete
definition and stabilized FE analysis of these two formulations for Darcy’s problem.

Remark 2. From (3), it follows that the trace of j-n is well defined if so is the trace of n- V¢ and n - (u x B)=(n x B) - u. The
first term is well defined because ¢ € H'(£2). The second term is well-defined for B € H(curl;Q) (e.g., for B a given datum solv-
ing the Maxwell equations), since u € H'(€2)? has trace on I'y; (for almost all t).
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The multilinear forms appearing in the variational form of the problem are well defined and continuous for

uecl’(0,T;V,), weV,

peD(0,T;V,), qeV,,

JjeD(0.T;V), keV;,

¢ € D/(O’ T; V(/>)7 lﬂ € Vz/)-
In these expressions, the Bochner space L(0,T ; X) denotes the set of mappings defined on € x (0,T) such that their X-spatial
norm is an L%(0,T) function. Similarly, 7’(0, T; X) denotes the set of mappings for which their X-spatial norm is a distribution
in time.

The variational form of the problem (5)-(8) can be written as a single variational equation of the form

M(8:U,V) +A(U,V) = L(V), 9)

where

U = [u7p7j7 ¢]t7 V = [v7 q7 k7 w}[7
AU, V):=@-Vu,v)+v(Vu,Vo) — (p,V-0)+(q,V -u) —%{i x B, v)

+05((j, k) + a(V, k) — o(u x B, k)] + o[- (V. )],
LV) = (f,v),
M(U,V) := (u, v).

The scaling coefficients «; and o, are introduced to make A(U,U) dimensionally consistent. A possible choice of these
coefficients is

o =—, Oy=—.
i= o6 %7

3. Linearization, time discretization and spatial approximation
3.1. Linearization of the stationary inductionless MHD problem

The simplest way to linearize problem (9) is by a fixed point method, i.e. Picard’s method. Let us assume there exists an
estimate for the velocity at iteration k, u*. Then, the approximation of A(U, V) at iteration k + 1 using Picard’s method can be
written as

AU V) = (k- V)t o)+ v(Ve Vo) - (04T Vo) 4 (g, V k) — % (' < B.w)+ pl—a G k)

1

1 1
+— (V! k) — — (! x B,k Vi, .
p( k) p( x B, k) p( Vi)

Remark 3. Note that the linearization proposed above is the only one that leads to a stable scheme that satisfies an energy
bound. It comes from the fact that testing the linearized system with v = u**' and k =j**!, the coupling terms cancel out:

_%Gkﬂ N B, ul<+1> _ %(ukﬂ % B,jkﬂ) =0.

Analogously, we can easily check that a u — ¢ formulation in which ¢ is computed using a Poisson problem and j is recovered
as a postprocess cannot lead to a stable algorithm satisfying an energy inequality. This is one of the reasons that favor the
choice of a u — j formulation. It implies that the problem needs to be solved for u**!, p**!, j**' and ¢**! in a coupled way. Then,
it is very convenient to have all the unknowns in terms of their nodal values, i.e. equal order Lagrangian FE approximations of
all the components of the vectorial quantities and scalar quantities, which reinforces the choice of a monolithic approach to
solve the problem.

Therefore, calling a=u*, u=u
scaled problem is

=i

k+1 k+1

p=p and ¢ = ¢**', the linearization of the stationary inductionless MHD

—vAu+a-Vu+Vp—%(ixB):f,
V-u=0,
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1 1
—+fou B) =0,
po_ p¢p(X)

_v .j=0.
p
The linearized counterpart of the variational form (9) is written as

M(0,U,V) +A™(U, V) = L(V), (10)

where
A™NU V) =v(Vu, Vo) + (a-Vu,v)— (p,V-v)+(q,V - u) — %(j x B, v) +%u‘, k) +%(V¢,k)

—%(u < B.k) —%(vw).

3.2. Stability of the continuous and linearized problem

Consider the linearized stationary problem. Its variational form is: Find the solution Ue (V, x V, x V; x V) of the
problem

AU V) =L(V) WV e (VyxV,xVjxV,). (11)

Note that, since V - @ =0 at the continuous level, A'" satisfies the stability estimate
A"U,U) = v[Vu)* + o2 n:u (12)

In order to be able to guarantee that the linearized problem is well posed, the inf-sup conditions between V,, and V,, and
between V; and V; have to be added to the stability estimate given by (12); we refer to [5,16] for a detailed exposition of
these concepts. For the inductionless MHD problem, the corresponding inf-sup conditions are

inf sup ;o——— 9 V-v) > >0, inf sup =~ (VK

=7 >0,
Vs vev, (|G V]| veVy ey, VUK~ ’

where g* and y* are positive constants. Therefore, for each iteration k and given u¥, there exists a unique solution

(k1 pk1 j<+1 ¢%*1) of the linearized problem (11).

3.3. Time discretization of the linearized scheme

Consider the variational problem given by (10) and a uniform partition of the time domain [0, T] of size Jt, the time step
size. The method used in this work for the time integration is

M(5:U", V) + A™ U™ V) = L(V),

where 5,U" = 5t~ }(U™! — U™). This time discretization corresponds to the Backward-Euler method, which is a first-order
method in time. Other time integration schemes could also be applied to obtain the final discrete problem, e.g., the second
order Crank-Nicholson scheme. Anyway, the following discussion can straightforwardly be extended to other time integra-
tion schemes.

The time discrete and linearized scheme reads as:

Forn=0,1,2, ..., T/dt, given u" find u™!, p™1,j™1 and ¢™! as the converged solutions of the following iterative algorithm,
initialized with the values at the previous time step n:

(5tun.k+1 , 1)) 4 <(un+1,k N v)unﬂ.kﬂ’ 1}) + v(vun+l.k+1 , Vv) _ (pn+1,k+1 V- ll)

0 By = ), (13
(q,V-u"*T) =0, (14)
;_a (]H+1 k41 k) %(v¢n+l k41 k) p ( n+1 k+1 % B k) (1 5)
- % (V1) = 0, (16)

where k > 0 is the iteration counter. Therefore, considering @ = u™'¥ u = ™"k p = p*1k*1 j= j* k1 apd ¢ = ¢k the
differential equations associated to (13)-(16) are
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5tu—vAu+a-Vu+Vp—%(ixB) =f,
V-u=0,
1

1 1
—j+-V¢——(uxB) =0,
pGJ 5 ¢ p( ) =0,

1
-V.j=0.
p
This problem can be written as the vector differential equation
MsU + L(U)=F inQ, (17)

where M = diag (I,0,0,0), I being the d x d identity, 5,U = (6t)"}(U — U"), F=[f,0,0,0]° a vector of Ny, = 2d + 2 components
and the scaled operator £ is given by

~VAu+a-Vu+Vp - (j xB)

£(v) v 18)
= 14,1 1
F]—O—;V(/)—;(u XB)
1 .
oVl
The time discrete and linearized version of the variational form (9) can be written as
M(5.U,V) +A™U,V) = L(V). (19)

3.4. Space discretization and stability of the Galerkin approximation

The space discretization of problem (19) is obtained by means of the classical Galerkin FE approximation. Therefore, the
problem can be stated as:
Given U}, find U, € (Vyp x Vp x Vjp x V) such that

M(6:Up, Vi) + A™ Uy, Vi) = L(V) YVh € (Vun x Vi % Vig x Vyp), (20)

where the FE spaces V,, Vp i, Vjn and V,, , are subspaces of their infinite dimensional counterparts V,,V,, V; and V, (i.e., a con-
forming approximation is considered).
The Galerkin approximation of the inductionless MHD problem satisfies the stability estimate

in 1 .
A™ (U, Uy) = V||V +ﬁ|uhu2. (21)

Remark 4. We have assumed here that V -a=0. This is not necessarily true at the discrete level, where a = u,:‘“’k.
Technically speaking, we should work with the skew-symmetric expression of the convective term, (u-V)u+1(V - uu.
However, the results obtained in the numerical analysis of the stabilized formulation would be the same. Therefore, we will
keep working with the assumption V-a =0 for simplicity. We refer to [3] for the technicalities associated to the use of the
skew-symmetric form.

The stability given by estimate (21) is not enough to guarantee that the discrete problem is well-posed. Thus, discrete
inf-sup conditions between V,,, and V,,, and between V;;, and V,;, have to be satisfied. The corresponding discrete inf-sup
conditions are

. (qh7v . vh) % : (VI//I‘nkh)
inf sup 2 -———2>p">0, inf sup —— " > >0, 22
e o A [N IR e o s A T el 22)

where * and y* are positive constants uniform with respect to the mesh size h and different from the constants appearing in
the inf-sup conditions for the continuous problem.

The Galerkin FE approximation of this problem faces several well-known difficulties. First, oscillations may appear when
dealing with problems where the first order derivatives dominate the second order derivatives in the Navier-Stokes equa-
tions. Second, the compatibility conditions being verified at the continuous level do not imply that the discrete versions will
also be verified. It depends on the choice of the FE spaces V,, Vo Vjn and V. For instance, equal order approximation
spaces V,, and V, or Vj;, and V,,, do not verify the discrete inf-sup conditions. Finally, when the coupling between the
hydrodynamical and the electromagnetic problems is strong, the solution of the discrete system of equations may lead to
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numerical difficulties. The approach taken in this work to face these difficulties is the use of a stabilization method able to
deal with all these drawbacks of the Galerkin FE approximation.

4. Stabilized formulation and numerical analysis
4.1. Stabilized FE approximation for the linearized problem

The basic idea of the stabilization method proposed in this work is based on the subgrid scale concept introduced in [18].
The following ideas are a summary of the approach described in [8]. The main idea is to split the continuous solution of the
problem in two components, the FE solution and the subscales or subgrid scales, which are the part of the solution that cannot
be captured by the discretization. In this situation, the problem is reduced to obtain a good approximation for the subscales.

There exist several subgrid scale (SGS) stabilization methods. The purpose of this paper is to see how to apply a well
established formulation to the inductionless MHD problem. This can be obtained by approximating the subscales by the
algebraic expression

U ~ tP[F — L(U,)], (23)

where 7 is a nynk X Nunk Matrix of stabilization parameters, the expression of which is discussed below, and P is the projec-
tion onto the space of subscales. The option taken in this work has been P = I, the identity, although it is also possible to take
P= Py, the projection orthogonal to the final element space; we refer to [9,26] for a discussion about the benefits of this last
approach. Herein, we have used P = I for simplicity and because it is the most widely used option in the variational multi-
scale community. Anyway, the statement of the orthogonal subscales method is straightforward.

The discrete problem to be solved is: Find U, € (Vyn x Vp i x Vjn x Vi p) such that

AR (U, Vi) = Ly (Vi) Wi € (Vin X Vi X Vig x Vp)

where
Ay (Un, Vi) = A™ — (£*(V})), TL(UR)),, (24)
Lytab (V) = L(Vy) — (£*(V4), TF),, (25)

and where the notation

ey

(s '>h = Z<7 ’)5297

e=1

has been used. The adjoint operator of this problem £*(V;) is given by

—VAv, —a-Vuv, — th +%(kh X B)
—V~1}h
%kh _%leh +%(vh X B)
1V,

L(Vy) = (26)

The next step is to define an expression for the matrix of stabilization parameters 7. In the case we are considering, we
will see in the following subsection that stability can be improved maintaining optimal accuracy by taking a diagonal expres-
sion for 7, with one scalar component for each equation. In the 3D case we have

T = diag(ty, 71, T1, T2, T3, T3, T3, T4). (27)

Using both expressions (26) and (27) in problem (24) and (25), the stabilized bilinear form is

Ay (U, Vi) = A™ (U, V) — (£ (V3), TL(U)),,
= A™(Un, Vi) + (Xu(Oh, Gn, Rn) + VAR, T4 (Xu (U, D din) — VAUR)), + (V- 0, T2(V - 1)

" <xj<vh7wh> - %km (xj<uh., o) +pl—ajh) >h n <%v K, T (%v -jh)>h, (28)

where we have used the abbreviations

1
Xu(¥h,qn, Ky) == a- Vo, + Vg, — E(kh x B),

1 1
Xi(vn, ¥hy) = Ev‘//h _E(”h x B).
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The right-hand-side of the stabilized problem is given by

Lstan (Vi) = L(Vy) = (L7 (Vn), TF))y = L(Vi) + Xu(On, Gy, kn) + VADR, Tof ).

The definition of the stabilized FE method only misses the expression of the stabilization parameters. The expressions
proposed in this work are

o:=cC E-&-Ci /}-fcE -fci
=Gy 2h2, = 3p’ V= 4}00_7
1 -1 h2
=0 1+—p8] , Ta=05—,
1 < +m/> 2 51_1
a1 1 B _ P2h2
T3=Y <1+\/5‘“7ﬁ , Ta=Cg 5 (29)

These expressions are evaluated element by element. Here, a is the maximum norm of the velocity field @ computed in
the element under consideration. Likewise, B is the maximum norm of the magnetic field B in the corresponding element,
and h the element diameter.

The stabilization parameters have been developed for the steady problem. For the transient problem, we consider the
stabilized formulation

M(5:Up, Vi) + A (U, Vi) = Laab (Vi) YW € (Vi X Vi x Vi x Vi),

instead of (20). Therefore, the stabilization parameters are the same as those of the steady problem and do not depend on the
time step size.! Alternatively, in order to take into account the time behavior of the subscale, we could consider dynamic sub-
scales (see [13]). For the sake of conciseness, we have not included this option here, but it is straightforward from the quasi-
static formulation above and [13].

Note that if —£*(V},) is replaced by £(V},) (which amounts for a change in two signs), a GLS formulation of the induction-
less MHD problem is recovered [19].

4.2. Numerical analysis and justification of the stabilization parameters

In this subsection we proceed with the numerical analysis of the formulation introduced before that will justify the sta-
bilization parameter expression (29). For the sake of simplicity we assume that @ and B are constant and that the FE meshes
are quasi-uniform. Thus, we can consider a characteristic mesh size h in the definition of the stabilization parameters and
therefore 7;, i =1, 2, 3, 4 are constant. Moreover, for quasi-uniform meshes the following inverse estimates hold
G G

el VYol < == Vo), (30)
for any function ¢, in the FE space and for a certain constant Ci,y.

The stability and convergence analysis will be made using the mesh-dependent norm

IVon|| <

1 . 1. 1 1
U = VIVal 210l + Tl -Vt + TPy = 2 G x B + 2|V -l + T3]l 5 Vi = (2t < B
1 L2 PR P L2 2 2
Tz [Vl = VIV + Sl + 7 X, rdi) |+ T2V -l + TallXs 0t ) |
1 .
Fa IVl Gl

From now on, C will denote a positive constant independent of the mesh discretization and the physical parameters, not nec-
essarily the same at different stages.

4.2.1. Coercivity
Let us start by proving stability in the form of coercivity of the bilinear form (28):

lin
Astab

in K 1 . .
(Up, Up) = A™ (U, Up) — (L7 (Uy), TL(U)), = V]|V +p—0|uhuz + T | Xu (8, Py i) |I° — 71V Auy
1 . 1 .
+ TallV -l + X0 )| = T i + Tz 17 -l

Using the second inverse estimate in (30), a sufficient condition for A™", to be coercive is

! This kind of stabilized transient formulation is the quasi-static subscale approach in [13]. Therein, we have justified why time step size dependent
stabilization parameters should be avoided.
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2 2
vfmzc"’v ocv<:)t]<(1—oc)lh7, (32)
h v Cinv
1 1 > 1 — 13 < (1 -a)po, (33)

ps “p2a~ “po
with 0 < o < 1. Conditions (32) and (33) imply
Ay (Un, Uy) > Cl[[UI,

for a constant C independent of the discretization and of the physical parameters.

4.2.2. Optimal accuracy

The requirement that the stabilized formulation is optimally accurate will allow us to obtain new conditions on the sta-
bilization parameters. These new conditions together with (32) and (33) from stability will lead to the final expression of the
stabilization parameters.

For a function v, let 7,(v) be its optimal FE approximation. We assume that the following estimates hold

10— 700(0) ) < &(2) == CH 0] . 1=0,1, (34)

)7
where [|v|yq o is the HI(€)-norm of v, that is, the sum of the L?(Q)-norm of the derivatives of v up to degree g, |¥pa ) the

corresponding semi-norm, and k the degree of the FE approximation.
We will prove next that the interpolation error function of the formulation is

E(h) := 1, eo(u) + 7, *e0(p) + 15 Peo(i) + T, eo ().

Let U be the solution of the continuous problem and 7,(U) its optimal FE approximation. The accuracy estimate that will be

needed to prove convergence is
Aip (U — T (U), V) < CE(R)][| V], (35)

for any FE function V.
Let us prove this by showing that both the Galerkin and the stabilization terms in Almb satisfy estimate (35) for sufficiently
smooth solutions of the continuous problem. Integrating by parts some terms in the Galerkin contribution we obtain

A"(U = (V). Vi) = v(V (1 — my(w)), Vo) - (u Th(u), @ - Vo) — (= (), V) = (p = T (p), V - 21)
+%(u77th(u),kh x B) +E(if Th(j), vn x B) +%(jfnh(i),kh) f%(jfnh(i),vwh)
—%w—nhw),vkh)«(s()(u) TP X2, Gy Rl + Ve V2V o+ e0(p)T, A1)

<V - vhH""‘gO(]) —1/2 1/2

1 _ 1
I i)+ el | + o)z, 24 219 khn) (36)

Conditions (32) and (33) and the expression of the interpolation errors imply

V2, () < Ceo(w)T; V2, o )l/zukhn 752k,

and therefore from (36) it follows that the Galerkin contribution to Ai‘{;b(U 7, (U), V) can be bounded as indicated in (35).
It remains to prove that also the stabilization terms can be bounded the same way:

—(L"(Vh),TL(U — 7y (U)))), = Xu(n, qy, Ky) + VAD,, T1 (Xy (U — 705 (0), p — (D). J — T () — VAU — T, (1)))),,
(V0 TV - (= (), + <%v : kh,u%v G- nh(j))>h

n <xj<vh,wh> —%kh,mx,-(u (), 6 — () +%<i— nhci)>>>h

< C (T} IXu(ar = o). p = T (p).d — Ta )]+ 71 VA — T (w))]))

< (IIVall+ 721 A0a1) + Ce3 a1 Vil + C5} Ser IVl
(BRI T, 6 - m@)] + 17 G- i) )
< (IIVall 4557kl ). 37)
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Using again conditions (32) and (33) and the inverse estimates (30) we have
172 1/2 G
TVAB| < CoAV2 S [V < IV
12 1 12 1
T/ —||ku|| < C(pa) = — kx|l < C|||V]]]-
g Ikl < Clpo)' ™ el < CIVAll

Therefore, we get from (37) that

1 B . 1

Vi), LU = mu(U))y < OVl 21 (o) + o) + sa(p) + 5 o)) + 737 (00 )
1 1 B 1
120 0 ooy b 2 1
+ 15 <p6800)+ph80(¢)+peo(u)> + 14 (ph&)(})ﬂ
vV oa 1 B 1
&o(U) [7:}/2 (h_2+ﬁ> + ré/zﬁ+r§/2 5} + &(p) {r}/z F}

B 1 1 1
o128 b gp T 12 b
+8°O){T] AT ph}%‘)(d))[a ph”'

< CllIValll

Using the definition (29) of the stabilization parameters it is easily checked that these terms can also be bounded as
indicated in (35).

Remark 5. The last step provides the crucial design condition for the stabilization parameters. Expressions (29) result from
solving

12(V @ 121 1/2§N -1/2

T (h2+h>+T2 pth P T (38)

N (39)
B 1 1

12 1/2 1/2 -1/2

/=41 + 17—~ 1 40

1 0 3 po 4 ph 3 (40)
1

12 b ap

(R oh T, 7 (41)

where ~ stands for equality up to constants that do not depend on the physical variables nor the mesh discretization.

4.2.3. Convergence

The properties of stability and optimal accuracy, in the sense of (35) allow us to show that the method is optimally con-
vergent. From the orthogonality property Asg‘;(U — Uy, V) = 0 for any FE function Vj,, a consequence of the consistency of the
method, we have that

Cl[|7t(U) = Uy||> < A" (74 (U) — Up, T (U) — Uy) < Ay (T (U) — U, 70 (U) — Up) + Al (U — Uy, T(U) — Uy)
< CE(h)|||ma(U) = U],

and so |||ta(U) — Upl|] < C E(h). If we apply the triangle inequality, we get
U = Ul < [[lU = T (U)]]| + [[|7(U) = U] < [[|U = (U] + CECh).

It is trivial to check that |||U — m,y(U)||| < C E(h) using the expression of the norm (31), the interpolation estimates (34) and
the stabilization parameters (29). Therefore,

lU = Uy|| < CE(h).

The fact that this error estimate is exactly the same as the estimate for the interpolation error |||U — w,(U)||| < CE(h) justifies
why it can be considered optimal.

5. Final numerical scheme

The final numerical scheme proposed to solve the inductionless MHD problem results from applying the stabilized FE
approximation described in Section 4.1 to the time discrete and linearized problem (13)-(16). Therefore, the final algorithm
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n+1
’

reads: For n=0,1, 2,..., T/ot and given u", find u™', p™!, 7" and ¢™! as the converged solutions of the following iterative

algorithm:
((5[UZJ<+1, vy + <(uz+1.k . v)u}rzﬂ.kﬂ’ vh> T V(VUEH”{H7V1I/1) _ (pZH'M,V ) — % <jz+1‘k+1 « B, vh>
+ <uz+l‘k Vv, + VAW, T?HkRZLLkH>h 4 <V U, T;+l‘kRz;l.I<+l>
_ <%(1}h % B),Tg”‘kR;;;l'k“>h _ <f n+17 vh>;
G,V - u;ﬂ.kﬂ) T <th,TT+I.I<Rn+1,k+l>h -0,

h,u
lo- (jzﬂ,kﬂ : kh) + % (V(f)zﬂ‘kﬂ , kh) _ %(uzﬂ‘kﬂ ~ B, kh)

h

P
1 n+1.k pn+1.k+1 1 n+1.k pn+1,k+1 1 n+1.k pn+1.k+1 o
<p(kh x B), TR h po_kh,1:3 Ry h+ pv ki, T3 R ) =0,
*1(Vlﬁh jgﬂ‘kﬂ) + <1Vlﬁh ‘L'nﬂ"kRnﬂ'kH =0
p ’ p » v3 h.j 0 ’

where the expression of the residuals is,
- 1.
Ry, := oy +a - Vu, — vAu, + Vp, —th x B) —f,
Rh.p =V -uy,
R = +1ng —l(u x B)
hj pOJh F; h P, h )
1 .
Ryy = EV Jn>

witha = uz*”‘. The superscript in the residuals and the stabilization parameters denotes the unknown with which they are
evaluated.

6. Numerical experimentation
6.1. Comparison between monolithic solvers and uncoupling schemes

There exist several strategies to solve the linear system of equations resulting from the final numerical scheme written in
Section 5. On one hand, the problem can be stated in a monolithic way, leading to a linear system of equations that includes
all the problem unknowns. We can state the problem in an algebraic setting as:

(e w)G)-(5)

where the arrays u and j include the fluid and electromagnetic unknowns respectively. Using this splitting of the unknowns,
we have written the system matrix and force vector in a block fashion. So, the block matrices A,; and Aj, represent the cou-
pling terms. In a compact form, the problem can simply be written as Ax = f.

The coupled linear system can be solved with our preferred solver and preconditioner. A flexible and quite robust precon-
ditioner P consists of an incomplete LU (ILU) factorization of the system matrix, in one of its multiple versions (see, e.g., [27]).
So, e.g., the left-preconditioned system reads as P~'Ax = P"'f. Since we are dealing with a non-symmetric matrix A, the
GMRES Krylov iterative solver is a good choice. Therefore, the coupling between subproblems is transferred to an effective
solver and the off-diagonal coupling matrices are also present in the preconditioner P. Other effective preconditioners for
saddle-point problems are block preconditioners based on Schur complement approximations together with multigrid iter-
ations; we refer to [15] for a detailed discussion in the frame of Stokes and Navier-Stokes problems.

On the other hand, there exists also the option to consider a segregated approach to the problem, i.e. sending the coupling
terms to the right hand side and considering separated fluid and electromagnetic solvers. In this case, the coupling is per-
formed via external iterations. This approach is nothing but a block-matrix splitting technique with stationary iterations.
Let us consider the splitting A = P — R, where P is the preconditioner and R the residual matrix. Stationary (Richardson) iter-
ations read as

Px!' =Rx* +f, or equivalently x*'=x*+P'(f — Ax").

Two typical preconditioners that decouple fluid and electromagnetic computations at the preconditioner level are the block-
Jacobi (b]) and block-Gauss-Seidel (bGS) preconditioners:

Aw O Auw O
ij_( 0 Ajj) and Pbcs_(/‘\j Aj;')'
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Fig. 1. Number of iterations depending on the Hartmann number Ha.

This segregated approach has two weak points: the preconditioner is independent from the coupling terms and the coupling
iterations do not involve any orthogonalization (minimization) procedure. So, the convergence of the method is expected to
deteriorate as the coupling becomes more important. It is well-known in other settings that this methodology is ill-posed for
strongly coupled problems. As long as the coupling terms increase, the convergence becomes slower or it simply diverges
(see e.g., [4,32,7] for detailed discussions in the fluid-structure framework).

These two different approaches to solve the coupled problem have been compared for the Hunt’s example; see Section 6.3
for a complete definition of the problem. In this study, two meshes, the coarsest one consisting of 2028 nodes and 7500
linear tetrahedral elements and the finest one with 7803 nodes and 30000 linear tetrahedral elements, have been used.
The problem has been solved for different values of the Hartmann number Ha =1, 5, 10, 25, 100, where

Ha=BL,/ 2,
pv

L being a characteristic length of the problem and B the norm of the externally applied magnetic field. Larger values of Ha
mean stronger coupling effects.

The method selected to solve the problem in a monolithic way is the GMRES method, preconditioning the matrix of the
system using an ILU factorization; the built-in MATLAB implementation of both schemes has been used. In particular, we
have used the ILUTP factorization, setting the drop tolerance to 10~%. The GMRES residual tolerance has been set to 1075,
For the Richardson iterations, we have considered the bGS preconditioner; the stopping criteria is based on the magnitude
of the residual, with a tolerance of 1072,

Fig. 1 shows the number of iterations needed to achieve a converged solution in terms of the corresponding tolerances for
both approaches and both discretizations. It is very clear in Fig. 1(a) that the Richardson-bGS approach is very sensitive to the
magnitude of the coupling. When the coupling effects are low, for Ha = 1, 5, the Richardson method converges quickly to the
coupled solution. However, when the coupling is stronger, for Ha = 10, the number of iterations is much larger; the algorithm
is not able to converge for Ha = 25, 100. On the other hand, the monolithic approach to solve the coupled problem has a much
better behavior. The ILUTP-GMRES method is insensitive to the Ha number. Let us remark that the number of iterations pre-
sented for the Richardson-bGS method corresponds to external (coupling) iterations; we are not including the number of
internal Krylov iterations needed for the evaluation of every subproblem. On the contrary, ILUTP-GMRES only include one
iteration counter, and so, the iterations showed in Fig. 1(b) are the only iterations to be performed.

Despite these results, previous approaches to the inductionless MHD problem systematically used the u — ¢ formulation
which uncouples the hydrodynamic and magnetic problems and solves the electric potential via a Poisson problem. There-
fore, this solving strategy involves Richardson-bGS or Richardson-b] iterations, probably together with relaxation or line
search techniques (see [6,21,24,25]).2 This approach is effective for low Ha, but inappropriate for large Ha numbers, as those
encountered in TBMs simulations. As a result, TBM simulations cannot be properly addressed when using u — ¢ formulations.
These results justify our approach to the inductionless MHD problem. Since real applications in fusion reaction technology in-
volve Ha numbers of the order of 10°> — 10 a monolithic approach should be clearly favoured. Furthermore, as far as we know,
there are no compatible finite element formulations for both sub-problems (Stokes and Darcy type sub-systems), that is to say,

2 Alternatively, this approach can be casted in a transient framework, in which the coupling is treated explicitly; in this situation, the convergence problem
related to strong coupling is passed to the time step size. Stable time marching schemes with explicit coupling will require time step sizes that go to zero as Ha
increases.
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(a) Uniformly structured mesh (b) Structured mesh but concentrating elements near
the boundaries

Fig. 2. Mesh configurations.

elements that satisfy both inf-sup conditions (22) such that the bilinear forms associated to the primal variable are coercive in
the kernel of the finite element subspaces for Stokes’ and Darcy’s problem (see [2] for a detailed discussion). So, our stabilized
formulation is appealing, in the sense that it allows equal interpolation for the different unknowns (simplifying data-base struc-
tures, coupling terms implementation and reducing CPU cost) and the use of effective solvers for high Ha numbers.

6.2. Shercliff's case

The first numerical experiment that has been carried out is the simulation of the Shercliff’s case. It corresponds to a fully
developed flow in a channel with square section where both the Hartmann walls, which are the walls orthogonal to the
external magnetic field direction, and the side walls, which are the walls parallel to the external magnetic field, are consid-
ered electrically insulating. The fluid flows with unidirectional velocity in the z-direction driven by a constant pressure gra-
dient. The channel is exposed to an external magnetic field applied in the y-direction. This problem has an analytical solution
in form of Fourier series that was developed by ]. A. Shercliff [31]. A more appropriate version of this solution for the imple-
mentation in a computer can be found in [25] 3. The formulae used in this work to compute the analytical solution and com-
pare with the numerical approximation are explained in Appendix A.

This problem has a 2D behavior that has been simulated setting as the computational domain a slice of the channel of
width 1/100 times the section sides. The boundary conditions at the inflow and outflow sections have been set as periodic
boundary conditions to enforce the situation of fully developed flow. Therefore, the constant pressure gradient that drives
the liquid has to be set as an external body force. Its value can be computed as (see [23] for details)

dp _ KL
dz ~ pv:Re’
with
K= Ha“ —, Re:%,
1-0.825Ha "> —Ha v

where U is a characteristic velocity of the fluid. Every physical property of the problem, that is, density, viscosity and elec-
trical conductivity has been set equal to one. In this way, the Hartmann number Ha is equal to the norm of the external mag-
netic field. Several meshes have been used to perform the computations. The coarsest consists of 2028 nodes and 7500
tetrahedral elements whereas the finest consists of 121203 nodes and 480000 tetrahedral elements. Furthermore, two dif-
ferent configurations of meshes have been considered, a uniformly structured one and a structured one but concentrating
the elements near the boundaries. Fig. 2 shows the two different configurations for a mesh of 30000 elements.

The first simulation has been performed for Ha =10 and Re = 10. Fig. 3 shows the velocity field and the current paths
obtained using a mesh of 30603 nodes and 120000 tetrahedral elements.

The second simulation is for a test problem with Ha = 100 and Re = 10. In this case, the uniformly structured meshes do
not lead to a proper solution because the Hartmann layer is much thinner than the mesh size h. Therefore, this case has been
solved with meshes concentrating elements near the boundaries. The results for a mesh of 30603 nodes and 120000 tetra-
hedral elements are shown in Fig. 4.

3 There are some typographical errors in two of the formulae in [25].
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(a) Velocity field (b) Current paths

Fig. 3. Shercliff’s case: Ha=10, Re = 10.

(a) Velocity field (b) Current paths

Fig. 4. Shercliff’s case: Ha =100, Re = 10.
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(a) Mesh in Fig. 2(a) with Ha=10 (b) Mesh in Fig. 2(b) with Ha=100

Fig. 5. Shercliff’s case convergence rates.
Fig. 5 shows the convergence study of both Ha=10 and Ha = 100 cases depending on the mesh size h in a logarithmic

scale. Note that the mesh size for the meshes with element concentration is not constant. Therefore, the results have been
plotted related to an equivalent mesh size h* which corresponds to the same number of degrees of freedom than a uniformly
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_

(a) Velocity field (b) Current paths

Fig. 6. Hunt’s case: Ha=10, Re = 10.

(a) Velocity field (b) Current paths

Fig. 7. Hunt’s case: Ha =100, Re = 10.

structured mesh. The values shown in this study correspond to the L?-norm of the error in the velocity | e,||, the velocity gra-
dient || Ve,|, the current density ||e;|| and the divergence of the current density ||V-gj. It can be clearly seen that in both
cases, Ha = 10 and Ha = 100, the convergence rates are very good for every computed error. Actually, the convergence rates
for the velocity gradient and the divergence of the current density are higher than the theoretical value; similar behavior has
been found in [2] for the Darcy problem.

6.3. Hunt's case

The next test problem is Hunt'’s case. It corresponds to a fully developed flow in a channel with square section where the
Hartmann walls are perfectly conducting and the side walls are electrically insulated. Similarly to Shercliff’s case, this prob-
lem has an analytical solution (see Appendix B).

This problem has a similar 2D behavior to the one for Shercliff's case. We have used the same computational domain, that
is, a slice of channel of width 1/100 times the section sides with periodic conditions at the inflow and outflow sections.
Therefore, the constant pressure gradient that drives the flow has to be set as an external body force. Its value can be com-
puted with a slightly different formula from Shercliff’s case as (see [23] for details)

d K® Ha

—p=T, where K= 7 -

dz  py*Re 1-0.95598Ha /> — Ha
Every physical property involved in the calculation has been set equal to one. Therefore, the Hartmann number is computed
directly as the norm of the external magnetic field. The meshes used to solve this problem and obtain the convergence rates
are the same meshes that were used in the previous case.
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Fig. 8. Hunt’s case convergence rates.
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(a) HCLL blanket geometry (b) Computational mesh

Fig. 9. HCLL blanket configuration.

The same two simulations as in the Shercliff's case have been performed. The first one is a fluid with Ha = 10 and Re = 10.
Fig. 6 shows the velocity field and the current paths solution of this problem when using a structured mesh of 30603 nodes
and 120000 tetrahedral elements.

The second simulation corresponds to a fluid flowing with Ha = 100 and Re = 10. Fig. 7 shows the velocity distribution and
the current paths obtained with a mesh of 30603 nodes and 120000 tetrahedral elements but concentrating the elements
near the boundaries to capture the Hartmann layers.

Fig. 8 shows the convergence rates obtained for both Ha =10 and Ha = 100 cases in a logarithmic scale. Again, for the
meshes with element concentration, an equivalent mesh size h” has been used. The quantities shown are: the L>-norm of
the error in the velocity |e,||, the velocity gradient ||V e,]||, the current density ||e;|| and the divergence of the current density
IV - €. Again, the results show that in both cases the convergence rates are very good. Furthermore, the errors in the veloc-
ity gradient and the divergence of the current density also present a superconvergent behavior in relation to the theoretical
expected value.

6.4. HCLL test blanket

The helium cooled lead lithium (HCLL) blanket is a liquid metal blanket concept developed in the framework of the Euro-
pean breeding blanket programme for a DEMO reactor to be tested in ITER (see the web site <www.iter.org>). Fig. 9(a) shows
the geometry considered as computational domain, see [21,22] for details. It consists of a U-shaped channel which measures
360 mm in its longitudinal direction (x-axis). The total height is 39 mm (z-axis) divided into two subchannels of 190 mm and
a transition zone of 1 mm. The section width (y-axis) is 206. mm. In every one of the subchannels, there are 3 cooling plates
whose dimensions are 280 x 206.5 x 12 mm.
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Fig. 11. Velocity field and current density field streamlines.

Fig. 9(b) shows the mesh generated to perform the calculations. It consists of 266,072 nodes and 1,417,435 linear tetra-
hedral elements. This mesh leads to 2, 128, 576 degrees of freedom.

The physical properties of the eutectic Pb-17Li fluid have been considered to be constant. The adopted values in this work
are: fluid density p = 9.2 x 10% kg/m?, fluid viscosity v = 1.4 x 1077 m?/s and fluid electrical conductivity ¢ =7.4 x 10> 1/Q m
(see [6,14] for more details). The external magnetic field applied to the fluid has a value of 10 T and has a direction in the y-
axis, B=(0,10,0)T. Considering that the characteristic magnetic length is half the length of the side walls, L = 0.103 m, the
Hartmann number associated to this flow is Ha = 2470.

The hydrodynamic boundary conditions have been set as u = 0 at the walls, both the external walls and the cooling plates,
u=(0.001,0,0) m/s at the inlet, which corresponds to the bottom subchannel, and free condition at the outlet, the top
subchannel.

On the other hand, the magnetic boundary conditions have been set as perfectly insulating material in the exterior walls,
that is j - n =0, and perfectly conducting material in the cooling plates, which corresponds to j x n=0.

The solution to this problem converges to a stationary solution. In Fig. 10 there have been plotted the solutions in the
plane y = 0.103 m. Those graphics show the longitudinal behavior of the flow in the x-direction. The velocity field shows
clearly that the distribution of the cooling plates in the top subchannel is not optimal because almost the entire flow takes
place in the top part of the subchannel whereas in the bottom part the fluid has velocity equal to zero. Furthermore, the high
values of the velocity near the top part of the top subchannel results on higher values of the current density in the same zone,
instead of the distribution that could be expected, similar to the Shercliff’s case solution, which actually is the solution in the
bottom subchannel.

Fig. 11(a) shows the streamlines of the velocity field. It is clearly seen how the fluid entering the blanket from the inlet
surface goes to the outlet through only the top 2 subchannels, leaving the bottom 2 subchannels of the upper module with
almost zero velocity. On the other hand, Fig. 11(b) displays the current density streamlines in section x =0.150 m. The
streamlines in the bottom module reproduce almost perfectly the streamlines of Shercliff's case where both the Hartmann
and side walls are perfectly insulating. However, the top module behavior is different. The velocity field concentrating in the
top 2 subchannels produces a different distribution of the current density field.

7. Conclusions

In this paper, a numerical formulation to solve the inductionless MHD equations that consists of a stabilized FE method
has been presented. Its design is based on the variational multiscale framework which is derived from a splitting of the un-
known into two parts, a FE component and a subscale that corresponds to the part of the unknown that cannot be captured
by the discretization. The crucial point in this approach resides in the subscale approximation.

The most important aspects of this formulation are that it allows to use equal interpolation for all the unknowns without
having to satisfy the compatibility conditions. Furthermore, it is stable and optimally convergent in a norm that is meaning-
ful for every value of the physical parameters of the fluid.
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Another key point of this formulation is the monolithic approach for solving the problem instead of the possibility of
uncoupling the global problem by solving a Laplacian equation for the electric potential. This latter option needs a block iter-
ation algorithm to converge to the coupled solution but there exists no guarantee that it will converge to the solution nor the
number of iterations needed in case it converges.

The approximation of the subscales leads to the introduction of some stabilization parameters that need to be proposed.
An interesting point of this work is that these parameters have been designed based on the stability and convergence anal-
ysis of the method.

The time integration and linearization of the problem considered here is the simplest possible which leads to a method
easy to implement but without losing any robustness and convergence properties. The numerical experimentation presented
in this article validates these statements and the theoretical development of the method.
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Appendix A. Shercliff’s analytical solution

Let the side walls be of length 2q, the Hartmann walls of length 2b and I = b/a. The Hartmann walls are considered to have
arbitrary conductivity with dg = (t,,o)/(ac), where a,, is the conductivity of the wall, t,, its thickness and ¢ the conductivity
of the fluid. The analytical solution was given by Hunt [20] as a Fourier series in ¢ =x/a € [-1,] and # =y/a € [-1,1]. The z-
component of the velocity is written as

V/ 9 <, 2(=1)* cos(oyé
w =V (- a2, where v =y 2T COSE) (1 _yy 3y, (42)
u\ oz k=0 log
for
vy (dBer +}+§§§( 523) exp(—nk(l—n));exp(—nk(lm))
= Trexp(—2r T—exp(—2(r1x+T21) )
et dgN < SRy !
(dBﬁk + L:ﬁg 3;}’;;) eXp(*rzk(]*’7));3XP(*r2k(1+7]>)
V3= 1+exp —2ry,) ds N+] exp(—2(ry,+a)) ’
T1+exp(—2rqy)
and
N = (Ha? + 402)"2 L (iHa + (Ha? +402)” Kkt 1) T
= (Ha” +4o) /7, rll<7r2I<:§<i a+ (Ha” +4o) ) k+5 )7
On the other hand, the current density components j, and j, are j, = % and j, = "”Z for
H ap ; 1)* cos(aued)
7 /2 7‘ _
H, = 7 ( % a*c'? where H = Z I (H2 - H3), (43)
for
(dsrzk-ﬁ-};;f;( ;28) exP(*"lk“*’7));6’(13(*"11{(1*’7))
H2 = 1+exp (=2ry) doN 1-exp(=2(ryy+ra))
T2 BN T T erany
s (dBrlk + :_;g ;Cit;) EXP(*Tzk(l*’7));€XP(*T21<(1+'7))

1+exp —2r, 1—exp(=2(ryg+rax))
= d N+ 1+exp(— ]2kr]k)2k
V.., jx and j,, are precisely the analytical solution of the problem. Note that in the Shercliff’s case the Hartmann walls are per-
fectly insulating, and therefore dg = 0 in the above formulae. Note also that the formulae in [20] have been written in terms of
exponential functions to allow its computation in a computer. The original formulae in terms of hyperbolic functions is not
suitable for computing at high values of the Hartmann number.

Appendix B. Hunt’s analytical solution

Hunt’s problem has an analytical solution in the form of Fourier series that can be found in an article from ]J.C.R. Hunt [20].
The analytical solution is computed using the formulae (42) and (43). In this case, the Hartmann walls are perfectly conduct-



2996 R. Planas et al./Journal of Computational Physics 230 (2011) 2977-2996

ing and therefore dg — co. Thus, the modifications in the formulae (42) and (43) for Hunt’s case consist of taking the limit
dp — oo in the Fourier series:

v =l exp(=Ti(1 — 1)) + exp(-Tik(1 + 1))
N 1+ exp(—2ru) ’
v3 = Nk exp(=ra(1 — 1)) +exp(—ra(1 + 1))
N 1+ exp(—2ry) ’
o — "2 exp(=Ti(1 — 1)) — exp(—Ti(1 +1))
"N 1+ exp(—2ryx) ’
3 - Mk exp(=Ta(1 — 1)) — exp(—ra(1 +1))
"N 1+ exp(—2ry) ’
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