Chapter 5

Stability of MHD laminar
flows in a porous medium
with Brinkman law

5.1 Mathematical formulation of the problem

This chapter is devoted to the study of the stability of the laminar flows in
a homogeneous, incompressible, electrically conducting fluid saturating an
infinite horizontal porous layer embedded in a constant magnetic field. This
problem has been studied by Rudraiah and Mariyappa in [78] ! in order
to investigate the effect of the geomagnetic field on non-convective flows
in the geothermal region. It is known that in the geothermal region the
sub-surface ground water posseses a general upward convective drift due to
buoyancy induced by the high underground temperature. Since the rising
ground water is cooled as it approaches the surface, where heat is removed
by evaporation, radiation and movement in the surface streams, an unstable
state may be induced and complicated convective motions appear in the
layers near the surface. In those circumstances it is of practical interest to
consider the effect of the geomagnetic field on such flows and see whether
the magnetic field inhibits this instability. In particular in [78] Rudraiah
and Mariyappa studied the stability of steady hydromagnetic flows in a
porous medium by assuming the fluid with a finite electrical conductivity,
valid the Oberbeck-Boussinesq approximation and neglecting the effects of
its viscosity with respect to the friction that manifests itself at the pores.
Here, instead, we include the frictional forces in the fluid by considering the
unsteady Brinkman model for flows of a viscous fluid in a porous medium.

!The stability of MHD laminar flows, in different situations, is also studied in [42, 43,
74].
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86 5. STABILITY OF MHD LAMINAR FLOWS IN A POROUS MEDIUM

Let Oxyz be a cartesian frame of reference with unit vector fields i,
j, k, respectively, k pointed vertically upward, and let Qg = R? x (—d, d)
(d = const > 0) be a horizontal porous layer bounded by the planes z = +d,
assumed both rigid, electrically non conducting and at rest or in motion
with velocity parallel to the plane z = 0. As the fluid filling Q4 is concerned
we assume that it is homogeneous, electrically conducting, embedded in a
constant magnetic field Hy = Hyk and submitted to a conservative force F
with potential U. By following the same arguments in sections 2.5 and 2.8,
the equations of non-relativistic magnetohydrodynamics in a porous medium
in the isothermal case are the usual equations governing the fluid flow in a
porous matrix suitably modified to take into account of the Lorentz force,
to which equations (2.63)4 and (2.63)5 are added:

%w:—VP—f%v+%Av+mﬂmm+HyVH
divv=divH=0 (5.1)
H,+V x [(H)k+ H) x v] = nAH

where

v = (U,V,W) the seepage velocity, pg the density of the fluid,

H the induced magnetic field, tm the magnetic permeability,
wi (i =1,2) viscosity coefficients, 7 the magnetic viscosity of the fluid,
@ the porosity of the medium, K the permeability of the medium
and I
P =p+ 2" |Hok + H? - pold

2
is the generalized pressure.
To equations (5.1) we append the boundary conditions

U(z,y,—d,t) = Ui(z,y,t), Ulz,y,d,t) = Us(z,y,t)
Viz,y,—d,t) = Vi(z,y,1), V(z,y,d,t) = Va(z,y,1)
W(x,y,—d,t) = W(zx,y,d,t) =0
H(x,y,—d,t) = H(x,y,d,t) =0

(5.2)

with U, Vi (i = 1,2) assigned regular fields on R? x [0. 4 co0). Boundary
conditions (5.2)1-(5.2)3 tell us that the fluid adheres to the impermeable
plates z = +d whereas (5.2)4 yields that the magnetic field is continuous at
the boundaries as the bounding surfaces are electrically non-conducting [1].

In order to non-dimensionalize equations (5.1) we introduce the following
non-dimensional quantities

d H K
X*:E = MQtV*:pO v, H — 7P*:Sop0 P,

> pod?” H2 Hy J1 2
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substitute them in (5.1) and get the dimensionless equations governing the
motion (omitting the asterisks)

Davy = —VP — v + DaAv + DaPm(H -VH+ H,)
divv=divH=0 (5.3)

H, +V x [(k+ H) x v] = 7—AH

where

- K HZd?
Da:va Pm:w7 Rm: = 7M:\/PmRm
d M1 125) P1Po

are, respectively, the Darcy, the magnetic pressure, the magnetic Reynolds
and the Hartmann numbers. Of course, the initial and the boundary condi-
tions must be modified according to the chosen scalings.

5.2 Laminar MHD flows

Looking for the one-dimensional laminar flows of the type
v=U(?)i
H = H(z)i,
from (5.1), it turns out that (U, H) have to fulfil the following system:

B d2 5 p dH

d’H dU (54)
with boundary conditions
U-1)=U;, UQ1)=U,
{ H(+1) =0 (5:5)

where Uy and U, are assigned constants. It is easy to check that the solutions
of the boundary value problem (5.4)-(5.5) are given by

U(z) = Age™ + Age7* — Aot DabnBy
7°Da

[AleTz—Age_Tz _ Ayz | Bz (5.6)
- E

H(z)=—-R ) B
(2) m 2 Da 72Da + b2

P = Aoz + po
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1 +l~?aM2
T=4 —
Da

Ay = Uy = Uy " (U + Uz + 240)T
4sinh7 * 4(7 cosh 4+ DaM?sinh 7)
Ay = Uy - Uy (Ul + U2~+ 2AO)T
4sinh7 * 4(7 cosh 4+ DaM?sinh )
2A¢T coshT — [TQD(I(Ul + Us) 4+ 2A¢] sinh 7

where

By =Rn, 2
! 2(7 cosh 7 + DaM?sinh )
By = *ﬁRm(UzT— Uy) coth,

Ap and pg are real constants.

5.2.1 Hartmann flow

As special case of (5.6), for U(£1) = 0 and Ay # 0, one obtains the Hart-
mann flow

_ Aot cosh T cosh (72)
U(z) = == — -1
rcoshT + DaM?sinhr | coshT
H(z) = R,,Agsinh 7 sinh (72) (5.7)
Z)= D 2. Z7 TsinhT
Tcosht + DaM* sinh T smh 7
\ P = Aoz + po.

In Figure 5.1 we have plotted the normalized velocity profiles in Hart-
mann flow for different values of the parameter 7. The velocity U has been
normalized by dividing (5.7)1 by the velocity at the centre of the channel

Ap7(1 — cosh )

V= - 5 .
7cosh7 + DaM* sinh 7

If 7 is small, viscosity dominates the induction drag and the velocity
profile is nearly parabolic. If 7 is large, on the other hand, viscosity is
unimportant save in thin boundary layers (thickness ~ 1/7) near the walls;
away from the walls U is nearly constant. Concerning the induced magnetic
field, from (5.7)2 we deduce that it tends to zero as 7 — +o0 and then, if
the magnetic Reynolds number is small, the embedding magnetic field lines
are not greatly destorted by the flow.
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Figure 5.1: Normalized velocity profiles in Hartmann flow for different values
of 7.

5.2.2 Couette flow

For Ag =0, U(—1) = =V and U(1) = V, with V = const, the magnetic
Couette flow is obtained

_ Vsinh(72)
U(#) = —gunr
R,V cotht cosh (72) 5.8
H(z) = T [1 ~ coshTt ] (58)
P = Po-

Normalized velocity profiles in Couette flow for different values of the
parameter 7 are shown in Figure 5.2. Velocity has been normalized by
dividing (5.8)1 by the velocity V of the upper plate.

If 7 is small the velocity profile is nearly linear, while, if it is large,
the seepage velocity is constant except for thin boundary layers (thickness
~ 1/7) near the walls where viscosity dominates the induction drag. From
(5.8)2, in the limit as 7 — 400, the induced magnetic field tends to zero as
in Hartmann flow.

Finally it is interesting to observe that for M — 0, (5.7); and (5.8); give
the Poiseuille and Couette flows found by Kaviany in [32].
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Figure 5.2: Normalized velocity profiles in Couette flow for different values
of 7.

5.3 Sufficient condition for linear stability

The evolution equations of a perturbation (u,h,p;) to the basic laminar
flow mg = (v, H, P) given by (5.6) are
Dau; = —Vp; — u+ DaAu

+DaP,, [h-Vh+ H'(2)hsi+ H(z)h, + h.]
divu=divh =0 (5.9)
hy = —u-Vh - H'(2)usi+ h-Vu+ H(z)u,

+u, — U(2)hy + U'(2)hgi + 73— Ah
in R? x (—1,1) x (0,+00), under the initial and boundary conditions:
u(x,0) = ug(x), h(x,0)=hp(x)

u(z,y,£1,t) = h(z,y, £1,t) = 0, (5.10)

with ug, hg assigned divergence-free regular fields.
Linearizing (5.9) we obtain

Dau; = —Vp; — u+ DaAu + DaP,, [H'(2)hsi + H(z)h, + h,]
divu=divh=0 (5.11)
hy = —H'(2)ugi + H(2)ug + u, — U(2)h, + U'(2)hsi + 7—Ah
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and, as in section 4.3, look for periodic solutions in the z,y directions of
periods 27/a, and 27 /a, (a; > 0, a, > 0), respectively,

u'(z,y,2,t) = a(z) expli(azz + ayy) + ct]
W (z,y,z,t) = h(z) expli(agz + ayy) + ct] (5.12)
Pi(2,y, z,t) = p1(z) expli(asz + ayy) + ct]
with complex wave speed ¢ = ¢, + ic; and two-dimensional wave number
a=(a’+a )1/2
Denoting by D the differential operator d/dz, we substitute the expressions
(5.12) into (5.11) and obtain the following system of ordinary differential
equations:
Daciiy + i1 — Da(D? — a*)iiy — DaPy, [Din
+iag (z)h1 + H'(2 )hg] = —iazp1
Dactiy + Gy — [)a(D2 —a?)ig — DaPm(szg
+iay H(z)he) = —iayp1
Daciis + G5 — [)a(D2 —a®)tig — DaP,, [DiLg
+iagH (2)hs] = Dpr

Diig = —iayiy — iayis (5.13)
Dhy = —iaghy — iayhs
chy +ia,U(2)h1 + H'(2 )aS — U'(2)hs — Dy
—ia, H(2)i1 — Ry'(D* — a?)hy =0
c%+m4u@%—D@—mﬂﬂ@@—R;aﬂ—ﬁwQ:o
chs + ia,U(2)hs — Diig — ia, H(2)i3 — R;}(D? — a2)hs = 0
with boundary conditions
0 = (1,99, 03) =0, h=(hy,ho,hs)=0 at z==+1. (5.14)

In deriving equations (5.13) we have considered general three-dimensional
disturbances and we now show that the three-dimensional problem defined
by (5.13) and (5.14) can be reduced to an equivalent two-dimensional one.
To this purpose we introduce the Squire type transformations [17]

=a u1~|—ayu2, w-au;:,,
=aqa hl + ayhg, k = ah3,
aU(z )—aU( ), azH(z )—aI:I(z),
p = apu,

ol :z

(5.15)
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then equations (5.13) can be combined to give

[]_N?ac +1- bEL (D2~— a?) |a — DaP,, [(D+ ia]:I(z))fL

+H'(2)k] = —iap
[Dac +1-Da (D? — a?) |w — DaP,, (D + iaﬁ[(z))l;: =-Dp
Dw = —iau 5 16
Dk = —iah (519
[c +ialU(z) — RyH(D? — a?)|h + H'(2)w — U'(2)k

@+msz 0

[c+iaU(z) - (D? 2)] — (D +iaH(z ))w =0

and the boundary conditions are
i=w=h=k=0 at z=+l.

These equations have exactly the same mathematical form as the origi-
nal equations (5.13) with a, = ug = hy = 0 and they define the equivalent
two-dimensional problem. It is sufficient, therefore, to consider only two-
dimensional disturbances; for, once the solution of equations (5.13) and
(5.14) with a, = ug = hg = 0 has been obtained, we can immediately ob-
tain the corresponding solution of the equivalent two-dimensional problem
by a trivial change in notation and from this, by means of transformations
(5.15), we can then obtain the solution of the original three-dimensional
problem. Therefore, in seeking sufficient criteria for linear stability of the
basic laminar motion mg, we may consider only two-dimensional perturba-
tions u’ = (u},0,uf), h' = (h],0,h%), and it is then convenient to introduce
the stream functions v, and s such that

oo, o
9z 3 oz’

I % Bl = (91/12
Y7o P Ox

uh =

If we next let

{ P1(z, z,t) = ¢1(2) exp(iaz + ct)
Ya(x, z,t) = ¢pa(z) exp(iaz + ct)

then

u=D¢1, w=—lag,
il = D¢27 ];; = _ia¢27
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and, substituting into (5.16), we have

[[)ac +1— Da(D? — CLQ)} D¢1 — DaPy, [D + iaH (z)] Dy
+DaPiaH (2)¢o = —iap

—ia [Dac +1— Da(D? - a2)] 1
+iaDaP,,[D + iaH (z)]¢2 = —Dp (5.17)

[c+iaU(z) — R} (D? — a?)] Dy — iaH'(2)1
+iaU'(z)¢2 — [D +iaH (z)]|Dé1 =0

[c+iaU(z) — R,;! (D? — a?)] ¢2 — [D + iaH (z)]¢1 = 0,

under the boundary conditions
95(+1) = Dey(£1) =0, j=1,2. (5.18)

Eliminating the pressure p between equations (5.17)1, (5.17)2 and ap-
plying the operator D? — a? to equation (5.17)4, we readily get

[bac +1- Da(D?— a2)} (D? — a2)¢y
= DaP,, [(D +iaH(2))(D? — a?) — iaH"(2)] ¢2

{ [C — ]%;11(]:)2 _ QQ)] (D2 _ a2) + ia[U”(z) _ CLZU(Z)] (519)

+2ialU’(2)D +iaU(2)D? } ¢ = {(D* — a*)D
+ia[H"(z) — a*H(2)] + 2iaH'(2)D + iaH (2)D*} ¢1.

Denoting by ¢} the complex conjugate of ¢; (j = 1,2), multiplying (5.19)1
by ¢7, (5.19)2 by DaPm(b§, summing and integrating over the interval (—1, 1)
we obtain the eigenvalue relation

[(Dac +1)(I2 + a®I2) + Da(I2 + 2a*I% + a4I§)}
+DaPy, [c(J} +a®J3) + RN J3 + 2a2 7 + a*J3)] = DaPn(Q + R),

with . 1
B[ prefd i= [ et m-o12),
-1 —1

1 1
Q= —/1D3¢2¢“{dz+ a2/1D¢2¢>{dz

1 1 1
—2ia / IH’(z)@Dgzs;dz—ia / 1H(z)¢2D2¢*;dz+ia3 / 1H(z)¢2¢’{dz
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and
1 1
R=ia [ [U"() - V()] 020z + 2ia [ U'(:)Dongiaz
-1 —1
1 1
_/_1 D3¢1¢§dz+ia/_1 U(z)D2¢2q§§dz
1 1
—a / 1 [H"(2) — a®H(2)] $163d2 — 2ia / 1 H'(2)D¢1¢3dz
1 1
+a2/1D¢1¢§dz—ia/lH(z)ngﬁlqb;dz.
Thus

cr = { DaP,Re(Q + R) — (I} + ®I3) + Da(I3 + 24’1} + a*I)  (5.20)

DaP,, - . !
+ ; (J3 +2a°J} + a* J§)] }{Da(lf + a?I3) + DaP,,(J? + a2J§)} ,
m
PpIm(Q + R)
G = )
IZ + a3 + P (J? + d?J3)
with
i(l ! / * * i(l ! " * *
Re(Q+R) = 2/, U (Z)(D¢2¢2*D¢2¢2)d2*§ ) H"(2)(¢163 — ¢12)d=
and

1

Im(Q + R) = / (61063 — §7D o)z

-1

1 1
—a? /1(¢1D¢5§ — ¢iDg9)dz —ia /1 H(2)(Dg1 6% + Doigpa)dz
L 1
+ia [ H(:)(DODG; + DoiDa)dz +ia® [ H(2)(0r05 + oi0a)d:

1 1
+ia/ U”(2) —azU(z)]\@]zdz—ia/_lU(z)]qug\zdz

-1
. 1 : 1
5 | UG)D6205 + Dosouds + 5 / H'(2)(@xDd; + 67D d:

. 1
+y [ #0065+ Doioa)d
1

+

Setting
T = DaRe(Q + R)
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and
D = Ry, (I3 4+ a*I3) + Ry Da(13 + 20> I3 + a* 1) + Da Py, (J3 + 24> J? +a* J3),

(5.20) becomes

1 7 _
o= <M2D - 1> D [I? + a1} + P (J +a%J3)] (5.21)
a

with ¢ and ¢ belonging to the space of the kinematically admissible fields
H={(61,02) € (HA(=1,1))" 1 6(1) = Dgi(+1) =0 Vi =1,2}.
If we now define
L max z (5.22)
Mia)  HD |
from (5.21) we readily deduce that the modes of wave number a are linearly
stable for M < My, (a).

The Euler-Lagrange equations corresponding to the variational problem
(5.22) are:

{ Ry [ =1+ Da(D? - a?)| (D = a?)g + iao H' g5 = 0 (5.23)

DaPy,(D? — a2)2¢y + iao (—H" ¢y + 20" Dy 4+ U" p3) = 0,
with boundary conditions (5.18). M?(a) is the least positive eigenvalue of
the characteristic value problem (5.23) with boundary conditions (5.18).

Finally, if
M< M. = mig M (a), (5.24)
a>

then all modes are stable and hence the basic laminar motion my is linearly

stable.

5.4 Sufficient condition for global non linear ex-
ponential stability

In order to study the nonlinear stability of my by employing the energy
method we introduce the Liapunov function

1 - -
E(t) = §(Da|\ull2 + DaPy|h?)

where || - || denotes as usual the L?(Q2) norm and
2 2
0= {0, ”] x [0, ”] x [~1,1]
ay ay
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is the period cell. Taking into account the periodicity and the boundary
conditions, we find along the solutions of (5.9)

B(t) = le [Mzm - 1} P(u,h), (5.25)

where

#(u,h) = Da [ /Q U'(2)h1h3dQ + /Q H'(2)(hsuy — hius)dQ|

7(u,h) = Ry (Il + Da||Vu|]?) + DaPy||Vh?,
and the perturbations u, h belong to the kinematically admissible space
# ={(u,h) € (H'()): divu =divh =0, u(z,y, £1) = h(z,y, +1) = 0}.

Let now ) .
The existence of the maximum of the functional .# /% can proved by follow-
ing the proof of Theorem 4.2.

By assuming M < Mg, from (5.25) and since, by Poincaré inequality,
1 . .
7(u,h) > ¢ [Rm (4 + Da7r2> ] + Dame2||h|]2] ,

we obtain the energy inequality

: 1 [/ M?
El) < — | —5 —1 E(t 5.27
0= 7 (37 —1) ) (5.27
where .
1 . | Ru(4+ Dar®)
Vg =—-min{ ————=, 7 ». 5.28
0=3 { = (5.28)

Integrating (5.27) we have global nonlinear exponential stability of the basic
motion mg according to the following inequality

1 (M
The Euler-Lagrange equations corresponding to the variational problem
(5.26) are

X [Da (H'hsi ~ H'hK)| + Rn(u — Dadu) = -y
divu=divh=0 (5.29)
A(H'uik — H'ugi+ U'hgi+ U'h1k) — P,,Ah = —Vy
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where p’, x are Lagrange multipliers associated with the divergence cons-
traints. This system must be solved subject to the boundary conditions
(5.10) and MZ is then obtained as the least positive eigenvalue A of the
characteristic-value problem (5.29) and (5.10).

Remark 5.1 (An estimate of Mg). By Cauchy and Poincare inequalities
we have

Swh) qUu\l2+(r+q)j!h\\2
Z(u,h) R (4 + Dan?)||u|?2 + DaPy,72||h|?
D
< 4 max ey 5 ,T+% ,
Ry (4+ Dar®) Ppm

(5.30)

where

2 = U'(z)|, 2¢= H
r= max (), 2= max |[H'(2).

Consequently, from (5.26) and (5.30) we deduce that

Dar2 2
Mg > M = 1 min R, (4 —|:Da7r ), P, ’
2 qDa r+q

and therefore the condition M < M7, implies that myg is globally nonlinearly
exponentially stable.

Let us consider now the set of two-dimensional disturbances in the xz-
plane

_ O, 81&1 _ 02, O

Since ¥ is a closed subset of #

Therefore My < My, and hence two-dimensional disturbances in the zz-
plane are more stable than three-dimensional ones. For such disturbances
the Euler-Lagrange equations (5.29) reduce to

Ry (A1 + Dadypy ) + ADat" 92 — o
2
PN + X (—H”%‘? T aC U”%‘?) =0

0x0z

whose normal mode form is identical with equations (5.23) and thus, for
disturbances of this type, the linear theory and the energy method lead to
identical results.



98 5. STABILITY OF MHD LAMINAR FLOWS IN A POROUS MEDIUM

5.4.1 Non linear stability of the MHD laminar flows with re-
spect to disturbances normal to the embedding mag-
netic field

Let S be the set of the two-dimensional perturbations considered by Rionero
and Maiellaro in [74]

u(z,t) = ui(z, )i+ ua(z,t)j
(2,1) (2,1) (2,1) (5.31)
h(za t) = hl(zv t)l + hQ(Zv t).]
Introducing the energy
Da (! DaP,, (!
e =50 [ P+ 250 [ 0P,
2 )., 2 /).,
the following energy inequality is easily obtained
Et) < —2g(), (5.32)

R,
with vy defined through (5.28).

Integrating (5.32) one can prove that mg is globally nonlinearly expo-
nentially stable with respect to laminar disturbances (5.31) for all Hartmann
numbers according to

£(t) < £(0) exp <—;:1t> .

5.5 The convergence of the Galerkin method

In using the Galerkin method to solve the eigenvalue problem (5.23) with
boundary conditions (5.18), we expand the eigenfunctions (¢1, ¢2) in terms
of the set {Cy, Sn}, ey introduced by Harris and Reid in [26] which is or-
thonormal with respect to the L2[—1, 1] inner product

1
(f.9) = / ()

and complete in the space {f € H?[—1,1]/f(+1) = Df(£1) =0} with the

second derivative norm.

1 [cosh(Apz)  cos(A,z2)
Cn(2) = V2 { cosh\, cos A,

and

_ 1 [sinh(ppz)  sin(pnz)
Snl2) = V2 [ sinht,, sin pty,
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An and p, being roots of the characteristic equations
tanh\ +tanA =0 and cothy — cotp = 0, (5.33)
respectively, are solutions of the Sturm-Liouville problem
D4y — V4y =0

with boundary conditions y(£1) = Dy(£1) = 0. 2\, and 2u, are listed in
[11], page 6362.
We now expand ¢; and ¢ in terms of {Cy, Sn}, ey

{mZZﬂﬁM@w@w% (5.34)

¢o = 34 [BCu(2) + BEYS,(2)],

insert these series into system (5.23) and by requiring that the error in the
differential equations (5.23) be orthogonal to C, and S, for each positive
integer r, we obtain an infinite system of linear homogeneous equations for
the constants A,(lc), A%S), B7(10) and B,(LS). In order that these constants do
not vanish identically, the determinant of the system must vanish, and this
condition yields the secular determinant

T 0 iac ELQ) iac EY)
. (©) . (S)
0 F,, iaocGay 1a0GW) —0 (535

1aaE,(w) —1aaE( ) Lm-l-iaaXT(Lg) iaqu({g
—1ao’G$”n) —1a0G7({19~) iaaYTETC ) Qnr + iaaYTEf )

where

Znr = R {[a2 + Da(\t + a6 — (1 4+ 2a%Da) /_ 11 C;{(Z)Cr(z)dz} :
For = Ry {[a + Da(ut + a®)]6,, — (1 + 2a*Da) / S!(2)S, (z)dz},

Eﬁz/fﬂw@@a< 2 B /zﬂ Cy(2)dz,

nr r™m nr

GO = mﬁz/JWMS@&@m,

L, = DaP,, [()\4 +at / C)l(z ] ,

*In [11] the roots of the characteristic equations (5.33) are derived for the interval
[—1/2,1/2] and here we have re-calculated them for the interval [-1,1].
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1
Qnr = DaP,, [(ui +a*)opr — 2a2/ Sx(z)Sr(z)dz] ,
-1

1
X0 = [ Ve [0 - 0] dx

-1

1
X = [ U6 8110 ) - Sul:)Cl)] d,

nr
-1

1
YO ==X and Y = [ V') [81(2)5,(2) - 5.(2)51(2)] =

-1
By considering only a finite number of terms (say N) in the expansions
(5.34), (5.35) reduces to an algebraic equation in the unknown o whose
least positive solution is the so-called N-th approximation of Mg (a). With
N = 1,2,..., we get a non-increasing sequence of approximations of the
critical Hartmann number which, as we shall prove, converges to the exact
value of My (a). The convergence of the Galerkin method is based on the
following Mikhlin Theorem [14, 49].

Theorem 5.1 (Mikhlin). Let A be a parameter in the equation
Au — ACu =0, (5.36)

where A and K are linear operators, and the domain of A, D 4, is a linear
space which is dense in a Hilbert space H with inner product < -,- >. Let
D 4 be contained in the domain of K, D, and assume that

1) A is a positive-definite self-adjoint operator,

2) the operator A~'K can be extended to be completely continuous on the
Hilbert space Ho which is the completion of D4 under the norm
<A, >2

Then the Galerkin method for calculating the eigenvalues of (5.36) is a con-
vergent process in Hy.

The eigenvalue problem (5.23) with boundary conditions (5.18) can be
cast in a form such that the conditions of Mikhlin Theorem are satisfied. In
fact, by setting A = —iao,

e < R [—1+f)a(D2—a2)] D2-a?) 0 ) (5.37)
0 DaP,,(D? — a?)?

and

N 0 H”(z)
k= ( —H"(z) 2U'(2)D +U"(z) > , (5.38)
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equations (5.23) can be rewritten as
Au = A\Cu

where u is the column vector with components u; and us.
The domain of the linear operator A is the vector space

D= {u = (u1,u2) € (CH([~1,1],C))” : uj(1) = Du;(+1) =0 ¥j = 1,2}

which is dense in the Hilbert space (L?([-1,1], (C))2 with inner product

1
(u,v) = / (urv] + ugvy) dz
-1

il = | 11<|u12 e

It can be readily established by direct integration by parts that A is positive-
definite on the space D 4. In fact

and norm
1/2

1
(Au,u) :Rm/ [—1 + Da(D? — a?)](D? — a®)ujuidz
-1

1
+ DaPm/ (D? — a?)?uguidz
-1

1
= Rm/ [|Du1|2 + a2\u1|2 + Da](D2 — a2)u1|2}dz
-1

1
+ DaPm/ |(D? — a®)uy?dz >0 Yue Dy
-1

and the equality holds if and only if u = 0. Similarly we can prove that
(Au,v) = (u, Av) VYu,v € Dy,

viz A is self-adjoint on D 4.
It is easy to check that (Au,v) defines an inner product on D 4 with the
corresponding norm

1
lul% = (Au, v) ZRm/ Dt [? + a?|us |* + Da|(D? — a®)us [*]dz
-1

1
+ DaPm/ (D2 — a2)up|2dz,
—1
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and let Ho be the completion of D 4 under the norm || - || 4.
Let us consider now the Hilbert space of the kinematically admissible fields
introduced in section 5.3

H = {u=(u1,us) € (H*([-1,1],C)* : u;(&1) = Duy(£l) =0 Vj = 1,2}
and observe that it is the completion of D 4 under the norm

2

2
lallze = { D ID?ull3 |
j=1
| - |l2 denoting the standard L2([—1,1],C)-norm. The well-known isoperi-
metric inequalities
ID*w(3 > Afflwll;  Vw € HA([-1,1],C), w(£1) = Dw(+£1) =0, (5.39)

and )
IDwl|5 > 7rZH@UII% vw € H'([-1,1],C), w(+1) =0, (5.40)

with A; the least positive root of the characteristic equation (5.33)1, give

\/Damin (R, P}l < [ul.

4 a? ~ 8a?  a*
< \/Rm ( + )‘il) Damax{R,, Pn} (1 + = + Xf) lal|7,

2

for all u € Dy, viz || - || 4 and || - || are equivalent norms on the space D 4
and hence Hy = H.

Concerning the linear operator I defined in (5.38), since U and H are
smooth functions in [—1, 1], the domain of K is the Banach space

Dy = L*([-1,1],C) x H([-1,1],C)

endowed with the norm ||ul|p,. = |lui]l2 + |Juzll2 + [[Duzl|2, and it can be
readily shown that IC is bounded. Obviously D 4 is contained in Dy.
Let now 7 = A~!K:

1
T:ue Dg Tu= /_1 G (2, E)K(E)u(€)d, (5.41)

where G is the matrix Green function corresponding to the matrix dif-
ferential operator A with boundary conditions (5.18) (see Appendix A for
details). Since the elements G1; and Gag in the matrix Green function G
belong to C2([—1,1] x [~1,1]) and vanish with their first derivatives with
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respect to z at the boundaries z = +1, the range of 7 is contained in the
Banach space

2 .

H = {u = (u1,u2) € (C2([~1,1],C))” : uj(£1) = Du;(1) = 0V = 1,2}

endowed with the standard norm

2

[alle = max D u;(2)].
i1 z€[—1,1]

Now we prove that 7 is completely continuous, i.e. 7 takes bounded se-
quences in Dy into sequences in 5 with a convergent subsequence. Let
{u, = (u1n,u2,)}nen be a bounded sequence in Dx and € > 0, then there
exist ¢, I, 6. € R* such that

lunllpe = llutnlle + lugnlls + [Dugpll2 < ¢ Vn €N,

hey ..
‘%i“(z,g) <l Vj=1,2, Vh=0,1,2
and
"Gy, "Gy , )
5.0 (2, &) — 5.0 (2,8)| <eVj=1,2, V|z' —z| < d¢, Yh=0,1,2.

Then, setting 7u,, = ((7uy,)1,(7u,)2), we have
ID"(Tu,);(2)| <le sup [IKw[| Vj=1,2, Vz€[-1,1],

[wllpe=1

Vh=0,1,2, Yn e N
and

ID"(Tu,);(2) = D"(Tu,);(2)| <ec sup |Kw| Vj=1,2,

[wllpy=1

V|2 — 2| <6, Yh=0,1,2, Vn € N.

Therefore {D"(Tu,);}nen is a uniformly bounded, equicontinuous sequence
for all j = 1,2 and h =0, 1,2, and so, by Ascoli-Arzela Theorem, there ex-
ists a subsequence {7 U, }nen C {7 Wy, }nen such that {D*(7ug, ) }nen con-
verges uniformly in [—1,1] for all j = 1,2 and h = 0,1,2. Then {7 ug, }nen
converges in JZ.

Finally, since the Hilbert space H is contained in Dy with?

T
hallz > Zllullpe Vu e, (5.42)

3The inequality (5.42) is obtained combining the inequalities (5.39) and (5.40).
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and since the uniform convergence in [—1,1] implies the convergence in
L2[—1, 1]-norm we deduce that 7 : H — H is completely continuous. There-
fore the conditions of Mikhlin Theorem are established and thus the Galerkin
method for computing the eigenvalues of the characteristic-value problem
(5.23)-(5.18) is a convergent process in the space of the kinematically ad-
missible fields H. In particular the sequence of the approximations of the
critical Hartmann number M, defined in (5.24) converges to the exact value.



