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Spectral discretization of Darcy’s equations

with pressure dependent porosity

by Mejdi Azaiez', Faker Ben Belgacem?,

Christine Bernardi®, and Nejmeddine Chorfi*

Abstract: We consider the flow of a viscous incompressible fluid in a rigid homogeneous
porous medium provided with boundary conditions on the pressure around a circular well.
When the boundary pressure presents high variations, the permeability of the medium
depends on the pressure, so that the model is nonlinear. We propose a spectral discretiza-
tion of the resulting system of equations which takes into account the axisymmetry of the
domain and of the flow. We prove optimal error estimates and present some numerical
experiments which confirm the interest of the discretization.

Résumé: Nous considérons ’écoulement d’'un fluide visqueux incompressible dans un
milieu poreux rigide lorsque la pression donnée sur la partie de la frontiere correspondant a
un puits circulaire présente de fortes variations. La perméabilité du milieu dépend alors de
la pression, de sorte que le modele est non linéaire. Nous proposons une discrétisation spec-
trale de ce modele qui tient compte de "axisymétrie du domaine et de ’écoulement. Nous
prouvons des estimations d’erreur optimales et présentons quelques expériences numériques
qui confirment l'intérét de la discrétisation.
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1. Introduction.

Let Q) denote the three-dimensional domain between two cylinders, namely the domain

Q= {(x,y,z) ER*rg<vVa2+y2<r; and 21 <z < O}, (1.1)

where ro and ry are two positive constants and z; a negative constant. Its boundary 02
is divided into two parts

F“’:{(fﬁyyaz)GRg;\/ﬂf“ryQ:To and Z1<Z<0} and ['=00\T,, (1.2)

where the index w stands for “well”. Indeed, we are interested in the following model,
suggested by K.R. Rajagopal [18],

(a(p)u+gradp = f in €,
divu =0 in €2,
(1.3)
P = Pw on I'y,
(u - n=g on I,

where the unknowns are the velocity w and the pressure p of the fluid. This system is an
extension of Darcy’s equations, which model the flow of an incompressible viscous fluid
in a rigid porous medium, to the case where pressure with high variations is enforced on
a well. Thus, the permeability of the medium, which is assumed to be homogeneous for
simplicity, depends on p in an exponential way, which leads to the nonlinear system (1.3).
Indeed, problem (1.3) is a first draft of a model for the flow in the porous medium when
steam is injected in the well with very large pressure at the bottom and low pressure at
the top; in this case, « is an exponential function of the pressure. We refer to [19] for a
first study of the finite element discretization of this problem in general geometry. In this
paper, we are interested in its spectral discretization for the domain 2 defined in (1.1).

In a first step, we prove the existence of a solution for problem (1.3) in the case where
) is a general two- or three-dimensional domain with a Lipschitz-continuous boundary.
Next, we consider problem (1.3) in the simpler case of the domain 2 defined in (1.1) where
the data are axisymmetric, in the sense of [5, §I1.3]. So, by using cylindrical coordinates,
we can write a variational formulation of this problem in the meridian domain. We prove
the existence of an axisymmetric solution for such a system. Next, we propose a spectral
discrete problem which is constructed from this formulation by the Galerkin method with
numerical integration. The analysis of this problem relies on the theorem of F. Brezzi,
J. Rappaz and P.-A. Raviart [9], and optimal error estimates are derived. In a final step,
we propose an algorithm for solving the resulting system and present some numerical
experiments.

Acknowledgements. We are deeply grateful towards K.R. Rajagopal for suggesting us
to work on this model and D. Smets for finding the perfect reference in the right time. We
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also thank V. Girault for finding an error in the first version of this paper and M. Dauge
for her help in repairing this mistake.

An outline of the paper is as follows.
e In Section 2, we prove the existence of a solution to problem (1.3) in a general three-
dimensional domain.
e In Section 3, we write the variational formulation of problem (1.3) in the case of an
axisymmetric solution and prove the existence of such a solution.
e Section 4 is devoted to the description and numerical analysis of the discrete problem.
e In Section 5, we present the algorithm that is used to solve the nonlinear system,
together with some numerical experiments.



2. The problem in general geometry.

In this section, we assume that € is a bounded connected domain in R¢, d = 2 or 3,
with a Lipschitz—continuous boundary 9Q divided in two parts I',, and I' = 9Q \ ', such
that
(i) the intersection T',, N T is a Lipschitz—continuous submanifold of 9,

(ii) T'y, has a positive (d — 1)-measure in 9.
We intend to study problem (1.3) when « is a continuous function from R into R and
satisfies for two positive constants ag and aq,

VEER, ap<a(l) <a. (2.1)

Even if this is not true when the function « is exponential, it does not seem restrictive to
make this assumption (which is easily recovered by truncating the exponential), since in
practical situations the pressure is always bounded.

We consider the full scale of Sobolev spaces H*(2), s € R, and W"™P(QQ), m € N,
1 < p < o0, equipped with the standard norms and seminorms (see [2, Chap. 11T & VTI]
for instance). In order to write a variational formulation of problem (1.3), we introduce

the space
Hy(Q)={qe H'(Q); g=0 on I',}. (2.2)

1
Note that the traces of functions in H} () on T belong to HZ (T'), see [14, Chap. 1, §11].

We recall from [7, §XIII.1] that Darcy’s equations even for a constant function o admit
several variational formulations. We have chosen here the formulation which enables us to
treat the boundary condition on p as an essential one and also seems the best adapted for
handling the nonlinear term «(p) w (see [1] for more numerical reasons). So, we consider
the variational problem

Find (u,p) in L?(2)¢ x H'(Q) such that
P=Dpw only, (2.3)
and
vo e L2, alPl(u,v) + b(v,p) = /Q f(x) - v(x)de,
Vg e H, (), blu,q) = (9,9,

where the bilinear forms alél(-,-) for any measurable function & on Q and b(-, -) are defined
by

(2.4)

a(u,v) = /Q alé(z)) u(z) - v(z)dz,  b(v,q) = /Q v(x) - (gradg)(z)dz. (2.5)

Here, (-,-)r denotes the duality pairing between HZ (I') and its dual space HZ (T')".

It is readily checked that the forms all(-,-) and b(-,-) are continuous on L?(Q)¢ x
L2(Q)? and L2(2)4 x H'(Q), respectively. Thus, some density arguments yield the equiv-
alence of this problem with system (1.3).



Proposition 2.1. For any data (£, pw,g) in L2(Q)% x H2 (T,,) X HO%O(F)’, problems (1.3)
and (2.3) — (2.4) are equivalent, in the sense that any pair (u,p) in L*(Q)? x H(Q) is a
solution of system (1.3) in the distribution sense if and only if it is a solution of problem
(2.3) — (2.4).

In order to prove the existence of a solution for problem (2.3) — (2.4), we first consider
the linear problem associated with a fixed measurable function &

Find (ug,pe) in L2(Q)? x HY(Q) such that

P¢ = Py ON Fwa (26)
and
Yo e L) all(ug,v) + bo,pe) = [ f(@) - vo(a)de,
Q (2.7)
vq € H&)(Q)v b(u§7q) = <qu>F7
Indeed, the following ellipticity property follows from (2.1):
Vo € LQ(Q)d7 a[g](v7v) = Qg ”vH%?(Q)dv (28)

and the ellipticity constant o is independent of £&. The following inf-sup condition is easily
derived by taking v equal to grad ¢:

b(v, q)
Vg€ Hy(),  sup > [q|y1(a), (2.9)
veL2(Q)4 Hv||L2(Q)d
and, since I'y, has a positive measure, the equivalence of the seminorm | - |g1(q) and
norm || - ||g1() on HL () is a direct consequence of the Poincaré-Friedrichs inequality

(the equivalence constants only depending on the geometry of Q and I'y,). So, standard
arguments [12, Chap. I, §4.1] lead to the following result.

Lemma 2.2. For any measurable function ¢ and for any data (f,pw,g) in L?*(Q)9 x

1
Hz(T,) X HZ(T), problem (2.6) — (2.7) has a unique solution (ug,p¢) in L2(Q)? x H*(Q).
Moreover this solution satisfies, for a constant ¢ independent of &,

+ gl 2 ). (2.10)

el L2(0ya + Ipell ) < ¢ (| F 2y + Hp“’”H%(rw) HE oy
00

Thanks to the previous lemma, we are in a position to state the existence result. Its
proof relies on Brouwer’s fixed point theorem, see [12, Chap. IV, Cor. 1.1], combined with
the addition of a penalization term.

Theorem 2.3. For any data (f,py,g) in L?(Q)? x Hz (Ty) x HO%O(F)’, problem (2.3)—(2.4)
admits a solution (u,p) in L?(Q)? x H(2). Moreover this solution satisfies

+ gl 2 ). (2.11)

1wl r2()e + lIpllH10) <€ (||f||L2(Q)d + pr”H%(rw) H2 (ry



Proof: We proceed in five steps, the first four ones being devoted to the simpler case
where p,, = 0.
1) We introduce the space V() = L2(Q)¢ x H} (), provided with the norm

Vi@ = (||’U||2L2(Q)d + ‘qﬁﬁll(ﬂ))ia with V' = (v,q).

Let € be a fixed positive real number. Denoting by (:,-) the scalar product of Y(€2) and
setting U = (u,p) and V = (v, q), we consider the mapping defined from )(2) into itself
by

(@(U), V) = al?) (a, v) + b(w + e grad g, p) — b(u, q) /f z)de + (g, g\

It follows from the boundedness of the function o that the function ® is continuous on
Y(€2) and moreover (see (2.8)) that

(@(U),U) > ag HU’H2L2(Q)d te ’p’%rl(ﬂ) - Hme(Q)dHUHL?(Q)d —cllg]| |p’H1(Q)7

1
HE (Y

1
where ¢ denotes the norm of the trace operator from H] (2) into HZ(T'). Thus, applying
a Cauchy—Schwarz inequality gives

D=

(@®(U),0) > minfoo, e} U150 = (16132 + 012y ) 10
O

So, (®(U),U) is nonnegative on the sphere of Y(Q2) with radius

2 2 %
(1F122 0y + 2 lg] %m)

min{ayp, e}

ILL =
2) Let (Vn)n and (W, ) be increasing sequences of finite-dimensional subspaces of L2(£2)¢
and HL(Q), respectively, such that UF>V, is dense in L2(Q)% and UT2W, is dense in
HL(Q). We set: V,, = v, + grad W, YV, (Q) =V, x W,, and observe that, thanks to this
choice, the mapping @ is still continuous from each ), (£2) onto itself and satisfies the same
nonnegativity property as previously. So, it follows from Brouwer’s fixed point theorem
[12, Chap. IV, Cor. 1.1] that, for each n, there exists a U, = (un,pn) in Y, (), with
|Unlly) < p, such that

YV, € V0 (Q), (®(U,),V,) =0.

This last equation can equivalently be written, for all m < n,

Vom € Vs aP(ttn, 0m) + bV ) = / F(@) - vn(x) de, 212
Q .

Vagm € Wi, b(un,qm) — eb(grad ¢, pn) = (9, gm)1-

3) Since the sequence (W, pn)n is bounded by p in L2(Q)? x H(Q), there exists a sub-
sequence, still denoted by (w,,py), for simplicity, which converges to a (u®,p®) weakly

5



in L2(Q)% x H'(Q2) and such that (p,), converges strongly in L?(Q). It follows from the
properties of the function « that, for any funcion v,, in V,,, since (p,), converges to p°
a.e. in Q, (a(pn)Vm)n also converges a.e. to a(p)v,, and is upper bounded by a; |vy,|
which belongs to L2(Q2). So, using the Lebesgue dominated convergence theorem yields
that (a(pn) VU )n converges to a(p®) v, strongly in L?(Q)¢. By writing the decomposition

/Qa(pn(w)) Up(x) - vy () de
~ [ wn@) « (alp) ~ ") @) vn(@)da + [ w,(@) - alp (@) vn(a)da,
Q

Q

we thus derive

ngrfm Qa(pn(a:)) Up () - v (x)de = /Qa(ps(a:)) u®(x) - vy (x) de.

The convergence of the other terms in (2.12) (which are all linear) is readily checked.
Finally, using the density of U}>°,),,(2) into Y(2), we derive that (u,p?) is a solution
of the problem

vo e L2 Q) aP N (uf v) 4 b(v,p°) = /Q f(x) - v(x)dx,

Vg € HL(Q), b(u,q)—eb(gradq,p®) = (g,q)r-

(2.13)

4) It follows from the inf-sup condition (2.9) that

p°| 1) < ca [|[uf]|2)e + [ Fll2)as

and from the ellipticity property (2.8) (note also that b(grad p®,p°) > 0) that

Qo ||u€||%2(9)d <c (Hf||L2(Q)d||U€”L2(Q)d + HQHH%(F),l|p€”H1(Q))~
00

Therefore, the solutions (u®, p®) satisfy

[z + 10 oy < € (12 +llgll 3 ).

where the constant c¢ is independent of €. Thus there exists a subsequence denoted by
(ufn, p),, which converges to a (u,p) weakly in L?(Q)? x H'(Q) and such that (p),
converges strongly in L?(Q). Exactly the same arguments as in part 3) of the proof yield
that (u,p) is a solution of problem (2.3) —(2.4) with p,, = 0. Estimate (2.11) is then easily
derived from (2.8) and (2.9) as in the lines above.

5) Any datum p,, in Hz (T'y) admits a lifting p,, in H*(2). Setting po = p—p,,, we observe
that (u,p) is a solution of problem (2.3) — (2.4) if and only if (u,po) is a solution of the
same problem with the right-hand side of the first line replaced by

/ () - v(x)dz — b(v,B,),
Q
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and « replaced by the function: & — «a(p,, + £). Since this new function has exactly the
same properties as «, the existence of (u,pg) follows from the first four steps of the proof
and estimate (2.11) is derived from a triangle inequality. This concludes the proof.

Unfortunately, the uniqueness result that we now prove only concerns smooth solu-
tions, at least in dimension d = 3.

Proposition 2.4. Assume that the function « is uniformly Lipschitz-continuous, with
Lipschitz constant . Let r be a real number > d. If problem (2.3) — (2.4) admits a
solution (u,p) such that u belongs to L"(Q)? and satisfies

200
a—ol ey |l Lrye <1, (2.14)

for an appropriate constant ¢, only depending on r and (2, there is no other solution of
problem (2.3) — (2.4).

Proof: Let (@, p) be another solution of (2.3) — (2.4). We take r* such that X + L = 1.
d.

The first line of (2.4) yields that, for any v in L?(Q)%:

/ (a(p) w — au(p) u) () - v(z)de + / v(z) - (grad (p —p))(x)dz =0,
Q

Q

or equivalently

@ (2.15)
+/ v(z) - (grad (p — p))(z) de = 0.
Q

We also observe from the second line of (2.4) that, since p and p are equal on 'y,

/Q(ﬁ —u)(x) - (grad (p —p))(w) dz = 0.

Thus, taking v equal to u — u, we derive from the Lipschitz property of o and Holder’s
inequalities that

g ||lu — u”%%ﬂ)d <7lp- p”LT*(Q)”uHLT(Q)d”'a - U||L2(Q)d-
Denoting by ¢, the norm of the Sobolev imbedding of H} (Q) into L" (), we thus obtain
ao [|w — ul[L2@)e < ey llullLr@)a [P — plai@)- (2.16)

On the other hand, we take v equal to grad (p — p) in (2.15), which gives

16— plin) < a1 lla—ull2@alp — pla o)

+ 1P = Pl ) lullLr@)alp — pla @)
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The same arguments as previously yield

P —pla (o) < a1 |t —ullr2)a + ey l|ullr@)e [P — Pla @)

It follows from (2.14) and the inequality ap < «y that
P — Pl @) < 201 [|@ —u| p2g)a. (2.17)
Finally, inserting (2.17) into (2.16) gives
ap [|e — ul[2)e < 200 ¢y [Jul[Lr (@) (|2 — ul|L2(0)e-
Therefore, (2.14) implies that @ is equal to w. Then (2.17) yields that p is equal to p.

We conclude with a regularity property of the solution (w,p). Its proof relies on the
arguments in [16]. We refer to [11, Def. 2.2] for the exact definition of a curvilinear
polyhedron.

Proposition 2.5. If () is a curvilinear polygon or polyhedron, there exists a real number
po > 2 only depending on the geometry of €1 such that, for all p, 2 < p < pg, and for
all data (f,pw,g) in LP(Q)% x Wl_%’p(Fw) X W_%’p(f‘), any solution (u,p) of problem
(2.3) — (2.4) belongs to LP(Q)? x WP (Q).

Proof: We establish the desired property in several steps, beginning with the case of zero
boundary condition.

1) Let D, denote the operator which associates with any f, in L?(Q)? the part u, solution
(us, ps) of the linear Darcy’s system

u, + grad p, = f. in €,
divu, =0 in €,
by =0 on T, (2.18)
u, -n=>0 on I,

Following the approach in [16], we observe that problem (2.3) — (2.4) in the case of zero
boundary conditions p,, = g = 0, can equivalently be written as

u-D. ((1- O‘(p))u) —p.(L).

(03]

So, in order to prove the desired regularity property, it suffices to check that the operator
in the left-hand side of this equation is an automorphism of the space L* ().
2) Multiplying the first equation in (2.18) by a function grad g, where ¢ vanishes on Iy,

we observe that p, is the solution of the problem:

Vg € HL(Q), /Q (gradp.)(@) - (grad q)(z) dz = /Q fu(@) - (gradq)(z) dz.

Thus, we derive from [13, §2.4] and [11, §3] that there exists a real number p* > 2 such
that, for any f. in L* (Q)¢, this p, belongs to W* (Q). This in turn implies that D,
is continuous from L (Q)¢ onto itself; let x denote its norm. Since it is continuous from
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L?(Q)? onto itself with norm 1, a simple interpolation argument, see [2, Thms 7.17 & 7.20],
yields that it is continuous from L°(Q)? onto itself for 2 < p < p,, with norm x??) where

6 is a continuous increasing function from 0 to 1 onto [2, p].

_alp)

L"(2)? onto itself with norm 1 — g—‘; Combining all this gives the desired property for all
p such that

3) On the other hand, for any function p, the multiplication by 1 is continuous from

(7]

(1-=)x" <1,

aq
. . 1—1 _1 .
4) For any pair (p,,g) in W~ #»*(T'y,) x W™ #»?(I") and p small enough, there exists a
harmonic function p;, in W1 () such that

Pb =pw only and Onppy =g onl.

Setting up = w—grad p, and py = p— py, we obsereve that the pair (ug, pp) is a solution of
Darcy’s system (1.3) but now with zero boundary conditions, « replaced by the mapping
o : & — apy + &) and f replaced by f — (1+ a(p))grad p, (which obviously belongs to
LP(Q)%). Since the mapping ay has exactly the same properties as « and in particular still
satisfies (2.1), the result in the general case follows from the first parts of the proof.

Remark 2.6. By combining Propositions 2.4 and 2.5, we observe that, in dimension d = 2,
1

the uniqueness of the solution is ensured for small enough data in L?(Q)% x W'~ %?(T',,) x

W_%’p(F), p > 2. But this is no longer true in dimension d = 3.



3. The two-dimensional formulation.

We now consider problem (1.3) in the case of the geometry introduced in (1.1) and
(1.2) and for axisymmetric data, in a sense which is made precise later on. Thus, we
introduce the cylindrical coordinates

r = T, o — {arccos% when y > 0, (3.1)

— arccos £ when y < 0.
Setting w =|rg, r1[x]z1, 0[, we observe that
Q={(r0,2); (rz) cwand —7<f <7} (3.2)
We also introduce the two parts of the boundary of w,

Yw = {10} %x]z1,0] and v =0w\7,- (3.3)

Next, we assume that the radial, angular and axial components of f, denoted by f,,
fo and f,, are independent of 6 and that p,, and g are also independent of 6. Our idea is
to look for a solution (u,p) such that the three components w,, ug,u, of u and p do not
depend on 6. Thus, the pair (u,p) satisfies

( a(p) Up + Opp = fr in w,
a(p) ue = fo in w,
Oé(p) Uy + azp = fz in w,
(3.4)
Oty + 1Y, +0,u, =0 in w,
P =Pw Ol Yy
\ UpNy +UN, = @ on v,

where n = (n,, n,) now denotes the unit outward normal vector to w. Moreover, we observe
that, when the part (u,,u,,p) of the solution is known, the component uy is obtained by

up = —— fo. (3.5)

So from now on we only consider the reduced problem

a(p) u, + Orp = fr in w,
a(p)u. +0.p = [ in w,
Oty +17 Yu, +0u, =0 in Q, (3.6)
P = DPuw Ol Y
\ UpNy +UN, = ¢ on .
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In order to write the variational formulation of problem (3.6) and according to [5,
§I1.2], we introduce the weighted Sobolev spaces associated with the measure r drdz.
e The space L?(w) is defined by

L3(w) = {v : w — R measurable; / v?(r,z) rdrdz < +o00}, (3.7)

w

and equipped with the norm

D=

19ll 20y = (/w v (r, z)rdrdz) . (3.8)

e For each nonnegative integer m, H{"(w) is the space of functions v in L?(w) such that
all their partial derivalives 9¥9‘=%v, 0 < k < £ < m, belong to L?(w) and is provided with
the seminorm and norm

1
2

m m 1
vl E () = (Z ||353§1_k||%§(w)) ; vl g (w) = (Z |U|qu(w))2- (3.9)

e For each positive real number s which is not an integer, H{(w) is defined by interpolation

between the spaces H 1LSH1(w) and H 1LSJ (w), where |s] denotes the integer part of s.

It can be noted that, since r is positive, the spaces H; (w) coincides with H®(w). However
working with the unweighted norms leads to the fact that the ratio :—(1) appears in the
estimates and, since this ratio is often very large in practical situations, we have rather
avoid that.

We also introduce the space
Hi,(w) = {qge H{(w); ¢=0 on vy} (3.10)

For simplicity, we still denote by v the pair (v,,v.). Indeed, it is readily checked from
Proposition 2.1 (see [5, §11.2]) that problem (3.6) admits the equivalent variational formu-
lation

Find (u,p) in L?(w)? x H{(w) such that

P = DPw O Yy, (311)

and
Yo e L3 (w)?,  aPl(u,v) + b(v,p) = / f(r,z) - v(r,z) rdrdz,
“ (3.12)

Ve HY(w), blu,q) = / g(r)q(r)r(r) dr,

where the bilinear forms alél(-, ) for any measurable function & on w and b(-, ) are defined
by

il (u, v) = / a(€(r, 2)) (n(r, 2)ve(r, 2) + us (r, 2)v2(r, 2)) rdrdz,
N (3.13)

11



Here and for simplicity, we assume that g belongs to L#(vy) (with obvious definition for
this new space) and r(7) denotes the value of r at the point with tangential coordinate 7.

Note that Theorem 2.3 is not sufficient to prove the existence of a solution for problem
(3.11) — (3.12), since the solution which is exhibited in this theorem can depend on 6 even
if the data do not. However, the ellipticity property

Vo € L%(w)2a &[5](,0’,0) = Qg HUH%%(LU)27 (314)

and the inf-sup condition

b
Vg € Hi,(w),  sup (v.9)

T = ||z (3.15)
veL2(Q)? ||U||L§(w)2 Hi(w)

can be derived by the same arguments as for (2.8) and (2.9). To make this last condi-
tion complete, we now prove a weighted Poincaré—Friedrichs condition which ensures the
equivalence between the norms | - [g1(,y and || - [[1(,) on Hi,(w).

Lemma 3.1. The following inequality holds for all functions q in H{, (w)

r2 — 2

4

r1

r? 1
lallr2(w) < (51 10g(%) + )7 1l a3 () (3.16)

Proof: Any function ¢ in H{(w) satisfies for all (r, z) in w

atr2) = [ (0:0)(p.2) dp,

To
so that, thanks to a Cauchy—Schwarz inequality
" 2 1o [Mdpyd roo (M 2 i
lq(r,2)| < ([ (8:9)%(p,2) pdp)* ( ?) < (log )2 ([ (@a)*(p2) pdp)*.
To To To

Integrating the square of this inequality on w with respect to the measure r drdz yields

" r 1
lallszio < (] Gog Zyrdr)*foralize.

To

So the desired result follows from

" r r? o] r2 2
loc —)rdr = L log(—) — L 4+ -9
/ro (log To)r r=g Og(m) 1 + 1

We skip the proof of the next theorem since it relies on exactly the same arguments
as for Theorem 2.3.

Theorem 3.2. For any data (f,pw,g) in L2(w)? x H2 () x L(7), problem (3.11)—(3.12)
admits a solution (u,p) in L3(w)? x Hi(w). Moreover this solution satisfies

el 2wy + Pl E2 ) < e (1Fl2 )y + prHH%(%) +llgllzz () (3.17)

where the constant ¢ depends on ry and .

Remark 3.3. Note that Theorem 3.2 would not hold if ry were equal to zero, since
functions in H{(w) have no traces on 7, in this case.
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4. The discrete problem and its numerical analysis.

As standard in spectral methods, the discrete problem is constructed from (3.11) —
(3.12) by the Galerkin method with numerical integration. For the choice of the discrete
spaces, following the approach used in [3, §3.a] for Darcy’s equations with constant coeffi-
cient, we fix an integer N and define

Xy =Pn(w)?, My = Py (w), M% = My N Hi, (w), (4.1)

where, for each nonnegative integer n, P, (w) stands for the space of restrictions to w of
polynomials with two variables r and z and degree < n with respect to each of them.

On the other hand, in order to handle the non constant coefficient v and as suggested
in [15], we have decided to use over-integration. We fix an integer M > N and recall that
there exist a unique set of M + 1 nodes §;, 0 < j < M, with {§g = —1 and {3y = 1, and a
unique set of M + 1 weights p;, 0 < 7 < M, such that the following equality holds

1 M
VB ePua(-L1), [ BOd=3 (&), (42)
1 =0

with obvious notation for the polynomial spaces P, (—1,1). Moreover, the p; are positive.

To go further, we introduce the discrete product. Let F' denote the simplest mapping
that sends ] — 1,1[> onto w: F is the product of a homothety and a translation in each
direction. Thus, we set, for all functions u and v continuous on w,

(w0 = DTS S e oo (6 6s) s (43)
) 4 195)] 5] 1]

i=0 j=0

It follows from the choice of F' that this product coincides with the scalar product of L?(w)
on all functions u and v such that uv belongs to Pap;_1(w). Assuming that F' maps the
edge {—1}x] —1,1[ onto 7, we also define a discrete product on ~:

M
w0} = P S wo g 1o P 1),
i=0
1l <
+5 Y o F(1,4)vo F(1,&) p; (4.4)
=0
(r1 = 10)

M
SR > wo F(&,)vo F(&,1) p;.
§j=0

We now denote by &7, 0 < j < N, the analogues of the nodes §; but now for M = N.
Let i’y stand for the Lagrange interpolation operator at the nodes F/(—1, 53’?), 0<j5<N,
with values in Py (7). Assuming that the data f, p, and g are continuous, the discrete
problem reads

13



Find (’U,N,pN) in XN X MN such that

PN = iNDw ON Yy, (4.5)

and
Von € X, GE\ZN](UN,UN) + by (vn,pN) = (f, o8 7)
Vgn € My, by (un,qn) = (g,9n 1)}

where the bilinear forms ag\g/[](-, -) for any continuous function £ on @ and by (-, -) are defined

by

(4.6)

¥ (un, vn) = (@(©)unr,vne ), + (@(E)unz, onar) s W

ba(vn, qn) = (vnr, Orgn T) y, + (UNz, 0208 T) -

It can be noted that the form aga](-, -) only involves the values of a(£) at the nodes F'(§;,&;),
so that computing the nonlinear term is not expensive. Moreover, the boundedness of «

implies the continuity of the form ag\i}(-, ).

Similar arguments as in the previous sections would yield the existence of a solution
for problem (4.5) — (4.6). However, relying on the ideas in [9], we have rather state and
prove a more precise result. We need some further notation for that. First, we introduce

the space
X(w) = L3 (w)? x Hi (w). (4.8)

We set: & = % and introduce the operator 7" which associates with any data (f, py,g)
in L2(w)? x Hz(7y,) x L2(7), the solution U* = (u*, p*) in X(w) of the problem

*

P =pw  ON Yy, (4.9)

and
Yo € L2(w)?,  a(u*,v)+b(v,p*) = / f(r,z) - v(r,z) rdrdz,
Q
r

) (4.10)
Vo€ Bl @), Hu'a) = [ g(na(r)r(n)dr
8!
where the bilinear form @(-,-) is defined by
a(u,v) =« / (wr(r, 2)v(r, 2) + u(r, 2)v.(r, 2)) 7 drdz. (4.11)
Q

The continuity and ellipticity of this new form being obvious, it follows from (3.15) that
this operator is well-defined and also that the following stability property holds

IT(F D) < (Flizor + oy, +lalize).  (@12)
Thus, problem (3.11) — (3.12) can equivalently be written
U—-TGU)=0,  with G(U)= ((a — o) u+ £, pu, g). (4.13)

14



Similarly, let Xy (w) stand for the space
XN((U) ZXN XMN. (414)

The discrete Darcy operator 7y ssociates with any smooth enough data (f,py,g) the
solution UX = (uly,py) in Xn(w) of the problem

PN = iNPw ON Yu, (4.15)

and

Voy € Xy, am(uy,vn) +bu(vn,py) = / f(r,z) - vn(r, z)rdrdz,
0

(4.16)
Van € My, bu(uy,qn) = /Q(T)QN(T)T’(T) dr,
¥
where the bilinear form @y (-, ) is defined by
aM(’U,N,’UN) :a(uNT,err)M+a(uNz,szr)M. (4.17)

The fact that this operator is well-defined is established in the next lemma. Finally, we
observe that problem (4.5) — (4.6) can equivalently be written

Un —InGnN(Un) =0, (4.18)

where the three components Gy, Gno2 and G35 of the mapping G are defined with obvious
notation by

(Gn1(Un), Vi) = anr(un, o) — a% (un, o) + (F,on 1),

(4.19)
Gn2(UN) = puw, (Gn3(Un), V) = (g,an 7)1y

Since M > N, the forms a(-,-) and @ (-, ) coincide on Xy (w) x Xy (w), so that the
continuity and the ellipticity of the form @ (-,-) (with constants independent of M) are
obvious. The forms b(-,-) and by(-,-) also coincide on Xy x My, whence the continuity
of the form by (-, ). Taking vy equal to grad gn leads to the following inf-sup condition

b
Vg e My, sup bar (v, 4x) > lan | a1 () (4.20)

vNEXN ||UN||L§(w)2
and, since M is imbedded in H{,, (w), applying Lemma 3.1 makes this condition complete.

Lemma 4.1. The operator Ty is continuous from L3(w)? x H™(vy,) x L3(v) into X (w)
for all T > % Moreover, the following stability property holds

1w (F,pws Dl x) < ¢ (IF L2z + liRpoll o+ l9llz2); (4.21)
for a constant ¢ independent of N.
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Proof: Since 7 > %, Py is continuous on 7, so that i%p,, is well-defined. Moreover, it
follows from [7, Th. II1.3.1] for instance that there exists a p% in My equal to i%p,, on
7w and such that (we use here the imbedding of H'(w) into H{(w))

b .
I3l ) < cllifpoll gy, - (4.22)

On the other hand, combining the inf-sup condition (4.20) and Lemma 3.1 yields the

existence of a function u% such that

Vay € MY,  blub,qy) = / g(r)qw (r) r(r) dr,

and that
||U?V||Lf(w)2 < cllgllzz(y)- (4.23)

Finally, it follows from the ellipticity of @ps(-, ) and the inf-sup condition (4.20) that the
problem: Find (u%,p%) in Xy x M% such that

Yoy € Xy,  an(ul,vn) + by (vn, piy) = / f(r,z) - vn(r,z)rdrdz
Q

_ 4.24
—an (uly,vy) — b (vy, pY), ( )

VQN € M%a b(ug)\h QN) = 07

has a unique solution. The pair (uy = u® + ub,py = p{ + pY) is then the unique
solution of problem (4.15) — (4.16), and the operator 7y is well-defined. Moreover, taking
vy equal to u%; in (4.24) yields

aHU(J)vHL;(w)Z < [[Fllz2 ) +a||u?v||L§(w)2 + \p?v|H11(w)-

Combining this with (4.22) and (4.23) gives the desired estimate for |u}[/z2(q)2- The
estimate for [|p}y || z1(q) follows by applying (4.20) and Lemma 3.1.

Remark 4.2. The same arguments yield that, in the simpler case where p,, and g are
equal to zero, estimate (4.21) can be replaced by

||TN(f70,0)||X(w) <c¢ sup fQ f(r,z) - on(r, Z)Tdrdz.

(4.25)
vy €XN ”'vN”L%(w)2

We need this last property in what follows.

Lemma 4.3. There exists a constant ¢ such that the following estimate holds for any
(f,pw, g) such that T(f,pw,g) belongs to H (w)* x H;*!(w), s > 3,

H(T - TN)(.fapwmg)HX(w) < cN™* HT(‘f7p’w7g)HHls(w)Qxﬂerl(w)' (426)

Proof: Setting (u*,p*) = T(f,pw,9) and (uy,py) = In(f,pw,g), we introduce an
approximation @y of u* in Xy such that

Ju” = @nls e < e N Ju s, (4.27)
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see [6, Thm 7.1] or [5, Prop. V.2.1]. Similarly, we denote by Zy the Lagrange interpolation

operator at all nodes F(§;,£7) with values in My, where the £, 0 < j < N, are the

analogues of the nodes §; but now for M = N (see the definition of i%;). Setting py = Znp*,
we recall from [6, Thm 14.2] that (note that this requires s > 1)

Since py is equal to i%py, on 7y, the pair (uly — wn,py — Pn) belongs to Xy x MY and
satisfies

Voy € Xy, am(uy —an,vn)+ by (vn, Py — PN)
:a(u* - ’ZLN,’UN) + b(’UN,p* _ﬁN)7

Vv € My, bu(uy —un,qn) =b(u™ —un,qn).
Therefore, standard arguments give
[w* = uy |22 + 1P" = Pl arw) < e (" = anllzwe + 1P" = v llarw)):
so that the desired estimate follows from (4.27) and (4.28).

Estimate (4.26) requires some regularity of 7 (f,pw,g) but, when combined with
(4.21), it is sufficient to prove the following convergence result: For any triple (f, pw,g) in
Li(w)? x H (yw) x L(y), T > 3,

lim (7 = Tn)(fs Pw; 9) [ () = 0. (4.29)

N—+o00
This yields the further result which is useful in what follows: For any compact K of L?(w)?,

Jlimsup (7 = To)(£,0,0) Ly = 0. (4.30)
—+00 feK

We also need a modified version of Lemma 4.3, where less regularity on 7 (f,py,9g) is
required.

Corollary 4.4. There exists a constant c¢ such that the following estimate holds for

any (f,pw,g) such that p, belongs to H™*2(vy,), 7 > 1, and T(f,pw,g) belongs to

2
Hi(w)? x Hi Y (w), s >0,

||(T - TN)(f7p’wag)||X(w)

J B 4.31
<ec (N ||T(f7p’w’g)||Hf(w)2><Hf+1(w) +N ||pw||H*+%(vw))' ( |

Proof: Let p, be a lifting of p,, in H" "1 (w). We set: pg = p* — p,, and take, with the
same notation as above, py = ZnP,, + p%, where pQ is the orthogonal projection of pg
from H,(w) onto M%. Thus, standard arguments [6, Thm 7.2] yield that

Ip* = i llEw) < c(N7° 1Poll gty + N°7 ||pwHHT+%(%))'
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Note also that s+ % < 7. The end of the proof is exactly the same as for Lemma 4.3, with
the polynomial py replaced by p% and (4.28) replaced by the estimate above.

We now consider a solution (u, p) of problem (3.11) — (3.12) which we wish to approx-
imate. We are led to make the following assumption. Here, D stands for the differential
operator.

Assumption 4.5. The solution U = (u, p) of problem (3.11) — (3.12)
(i) belongs to H(w)? x H{™'(w) for a real number s > 1,
(ii) is such that Id — 7 DG(U) is an isomorphism of X (w).

Part (i) of this assumption seems likely but is not proved. Part (ii) is much less
restrictive than the global uniqueness of the solution, see Proposition 2.4, since it only
requires its local uniqueness.

From now on, we assume that there exists a real number p, 0 < p < 1, such that M
is equal to the integer part of (14 p)N. Thus, denoting by N° the integer part of u N —1,
standard arguments (see [6, Thm 7.4]) yield the existence
e of a function u$; in Xyo (with obvious notation) such that

= wllzo + Nl 5, < eN 7 ullig e (4.32)
1

and
lun Nl s @)z < e 1wl w)e; (4.33)

e of a function pg, in My- such that
Ip =Pl + N2 o =Dl yres ) < e N7 ol s (4.34)

and
[ [P Je (4.35)

Some further approximation results which are stated in the next lemma require a new
assumption (which is not at all restrictive since we work with a very smooth function «).
As usual, [s] denotes the smallest integer > s.

Assumption 4.6. For the same real number s as in Assumption 4.5, the function « is of
class €#1%2 on R and belongs to H*1*2(R).

Lemma 4.7. If Assumptions 4.5 and 4.6 hold and with N° equal to the integer part of
w N — 1, there exist polynomials o, and 3%, in Pno(w) such that

lae(pi) — alle ) + 10/ (PX) = B () < e(p) N™*(log N) 7, (4.36)
where the constant c(p) only depends on [|p|| =+1,,-
Proof: We proceed in two steps.
1) Since H*T!(w) is imbedded in W12t (w) for all s > 0, using Assumption 4.6 and

applying [8, Thm 1] yield that the function: p — «a(p) is continuous from H*T!(w) into

18



itself.
2) It is proved in [4, Lemma 3.1] for instance that there exists a3, in Pye(w) such that

_s 1
la(pX) — afllp=(w) < e N7 (log N)= [la()ll o1 (-

This gives the first part of (4.36). Proving the second part relies on exactly the same
argument.

Finally, we note that only the first components of DG(U) and of DGy (Uy,) are not
zero and that they are given by, for any Wy = (wy, pn) in Xn(w),

(DG, (U)W, V) =a(wy,v) — aPl(wy, v)
— /Qo/ (p(r, 2)) p (7, 2) (wr (7, 2)vr(r, 2) + (7, 2)v2(r, 2)) rdrdz,

<Dg1N(UX[).WN, VN> = aM(wN,vN) — CLB\ZN](UJN,’UN)
— (&' (PR)pN Uy vne ) 3 — (@ (PN )N Urzs UN=T) -
(4.37)

We are now in a position to prove the next lemma.

Lemma 4.8. If Assumptions 4.5 and 4.6 hold, there exists an integer Ny such that, for
all N > Ny, the operator Id — Ty DGy (Uy;) is an isomorphism of Xn(w) and the norm of
its inverse is bounded independently of N.

Proof: We write

Id — TyDGn(UY) =Id —TDG(U) + (T — Tn)DG(U)
+Tn(DG(U) — DG(UR)) + In (DG(UR) — DGN (UR,)).

Owing to Assumption 4.5, the desired result is obtained if the last three terms in this
equality tend to zero when N tends to +00. We now check this property, successively for
the three terms. Let £(Xn(w)) denote the space of endormorphisms of Xy (w).

1) Let Wy run through the unit sphere of Xy (w). Thus, (@ — a(p))wy belongs to a
finite-dimensional space and is bounded in L?(w)?, hence belongs to a compact subset of
L?(w)?. On the other hand, setting 1 = 15% (so that H{(w) is imbedded in L"(w)) and

1+ L =1 we use the compactness of the imbedding of H{ (w) into L"" (w) to derive that

the quantities o/ (p)pn un, and o/ (p)px un. also belong to a compact set of L?(w). Thus,
it follows from (4.37) and (4.30) that

yim (T = 7n) DG(U)|l £(xn (w)) = 0. (4.38)

2) By using the imbedding of H}(w) into L" (w) for the r* introduced above and also into
L?"" (w), we observe from (4.37) that

((DG(U) = DGIU3) Wi, V) < (ellp = Pyl = o
+ lp = p¥ll oo @y llul s )2 +cllu — U?VHHF (w)z) Wl x ) llvll 22 (w)2
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where ¢ and ¢ stand for the norms of a in W1°°(R) and W?2°°(R). Then, it follows from
(4.21), the imbedding of H11+§(w) into L (w), (4.32) and (4.34) that

Jim T (DGW) = DGWUR)) e ) = O (4.39)

3) It follows from the exactness property (4.2) of the quadrature formula that

/ afy (1, 2) (W (1, 2)oNr (7, 2) + wN2 (1, 2)oN 2 (1, 2)) 7 drdz
Q
— (a?\[ri7 UNr T)M + (a?\]wNz, UNz T)Ma

and also that

/ B (r, 2)pn (1, 2) (u}}w(r, 2)une(r, 2) + uy, (7, 2)vn . (r, z)) rdrdz
Q
= (ﬁ?\f PN U'(])\]r»UNr T)M + (ﬁ]o\f PN u<1>\fz7fUNz T>M'

Adding and subtracting these equations and using severy Cauchy—Schwarz inequalities, we
obtain

(DG1(UR) — DGin(UR)) - Wn, V)
< c(llalpy) = afllLew) + 1o’ (®PX) = BR Lo @) lui s @)2) Wl x @) lon ll 22 w)2-

Combining this with (4.33), Lemma 4.7 and finally (4.25) yields

yim 17n (DG(UR) = DGn(UR)) 2w w)) = 0. (4.40)

The lemma is then a direct consequence of (4.38) to (4.40).

Lemma 4.9. If Assumptions 4.5 and 4.6 hold, there exists a constant ¢ depending on u
such that the following property holds for any Zy in Xy (w)

1T (DGN (UR) = DN (Z)) ety o) < c(log N)¥ [Uf = Znlly.  (441)

Proof: Setting Zny = (zn,0n), we have

(DGiN(UR) — DGiN(ZN)) Wi, Vi)
= —((apy) — alon))wnr,vnr 1)y, — ((@(PF) = (on))wnz, vN=T)
— (' (p%) = &' (on)) pn Ul N ) 3y — (@ (D) = &/ (0N)) PN U2 UN=T) o
(on)pN (Ul = 2nr), Une ) 5 — (@ (0N) P (U, — 2N2), UN=T) -

— (Oc/ ON

We now evaluate sucessively the three lines of the right-hand side that we denote by A,
Ay and Ag for brevity.
1) The same arguments as in the proof of Lemma 4.8 give

|A1] < cllpy — O’NHLOC(w)HwNHLf(w)Z||UNHL§(UJ)2-
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To go further, we recall from standard inverse inequalities [17] combined with the fact that
the norm of the imbedding of H'(w) into L9(w) behaves like /g for large values of ¢, see
[20], that

Von €PN(W),  lonllrew) <N lonlriw) < evaNT [onllm ),
so that taking q equal to log NV gives
Von €Pn(W), llenllz=@) < clogN)? [onlm ). (4.42)
Combining all this yields
|A1| < c(log N)? ||p% — Nl @y lwn 2wz llon [ 2 w2 (4.43)
2) Similar arguments give
[A2| < cllpiy — onllz=w)llony ui 2wy lon |22 w)2,
so that taking % = % and % + Ti = % and using appropriate Sobolev imbeddings lead to

|A2| < cllpy — on Lo @llonllLr @y lud | e @)z [[low [l L2 w)2

< cllpiy = on iz lon a1l s w2 [[lon |22 w)2-

Thus, it follows from (4.33) and (4.42) that

1
|A2| < c¢(log N)Z [[py — on a2 ) llon [ 1 ) 1wl s @)z [ ][ 22 (0)2- (4.44)
3) To bound the last term, we introduce the Lagrange interpolation operator Z; at the

nodes F(&;,&;) with values in Py (w). Indeed, it follows from the exactness of the quadra-
ture formula and the boundedness of o/ that

g < ¢ |Tar(on (s — 23l 1o 2o
We recall from [6, Remark 13.5] that, for any positive integer k,
Vou € Prnr(w), 1 Zuemllrew) < (1 +E)? lomllL2(w)-
Since pn(u$; — zn) belongs to Pan(w), applying this inequality with & = 2 for instance

yields
[As| < cllonllp @) lluy — 2nllr2@)z lon Lz w)e-

Thus, using (4.42) once more yields

|As| < c(log N)2 [[pn |2 () lluy — 2N (|2 w2 [loN || L2 )2 (4.45)
The lemma is now a consequence of (4.43) to (4.45), combined with (4.25).
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Lemma 4.10. If Assumptions 4.5 and 4.6 hold and if the data (f,pw.,g) belong to
H? (w)2 x H™ 2 () x HP (), 0 > 1, 7 > 1. p > 3, there exists a constant ¢ depending
on (u,p) such that the following property holds

1UR = Tuon (Ui ey < ¢ (N7 (lullargrn + 12 e o)

(4.46)
+ N lglmocy)-

NN fllmg @2 + N7 pwll gers ),

Proof: Owing to (4.13), we have

IUN = InGN (U 2(w) < U = URllxw) + (T = Tn)G(U)] 2 ()
HIZn (G(V) = GUR)) lxw) + 1T (G(UR) = G (UR)) -

The first term is bounded in (4.32) and (4.34), and evaluating the second one follows from
Corollary 4.4. The same arguments as in the previous proofs yield that

1G1(U) = G1(UR) L2 (w2 < cllp = PRl ) llellms w)z + ¢ llu —uillLz @)z,

so that the bound for the third term is derived from (4.32) and (4.34), combined with
(4.25). Finally, we note that, for any polynomial ay in Py (w), we have

/ an uiy, (ry 2)one(r, z) rdrdz = (dNu})W,UNT r)M
Q
/ an uly, (r, 2)on.(r, 2) rdrdz = (GnuR., vN=T)
Q
/(IMf)(Ta z) - on(r,z)rdrdz = (Zu f,on )M
Q

/ ing(F)an (7) r(7) d7 = (inegsan 7)1

where Zj; denotes the interpolation operator at the nodes F'(;, §;) and i, the interpolation
operator at the nodes which are contained in v (we do not make its definition precise for
simplicity), So, adding and subtracting these equations, assuming for instance that s < 1
and using standard Sobolev imbeddings and finally an extension of (4.25) give

1T (G(U N (UR)) ()

<e (||IM< p%)) = awllm -« lluk g @2 + 1 = TarFllzep + g = ingllize) )-

Owing to (4.33), the final estimate follows from standard approximation and interpolation
properties, see [6, Thms 7.3, 13.4 & 14.2] (this requires the assumption s > 1).

Thanks to Lemmas 4.8 to 4.10, we now are in a position to apply the Brezzi—-Rappaz—
Raviart theorem [9] (see also [10, Thm 3.1] for a different version).

Theorem 4.11. Let (u,p) be a solution of problem (3.11) — (3.12) satisfying Assumption
4.5. If the function « satisfies Assumption 4.6 and if the data (f, p,g) belong to H? (w)? x
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H7+3(v,,) x HP(v), for real numbers o > 1, 7 > 1. p> 1, there exists an integer N, and
a constant ¢ > 0 such that, for all N > N,, problem (4.5) — (4.6) has a unique solution
(un,pn) which satisfies

1
| —unllr2@wy2 + [P — PN lla1 () < c(log N)72. (4.47)

Moreover, the following error estimate holds between these solutions (u,p) and (un,pN)

lu —un|L2@w)2 + P —pNlla1W) S <N_s (el @)z + 1Pl e+ o)
(4.48)

+ N7 fllaz @ + N7 pwll ey o+ N7 ||g||Hp(7>).

Estimate (4.48) is fully optimal and the assumptions which are required on the solution
(u,p) seem likely.
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5. An algorithm and some numerical experiments.

Applying Newton’s method to problem (4.5) — (4.6) consists in solving iteratively the
equation
Ul = U — (1d = Ty DGN (USH)) T (UG = TaGa (USTY). (5.1)

This of course requires that Id — Ty DGy (U 1) is an isomorphism of Xy (w), which seems
likely when Uf\fl is sufficiently close to a solution U of problem (4.13) satisfying As-
sumption 4.5, see the proof of Lemma 4.8. Multiplying both sides of equation (5.1) by
Id — 7Ty DG N(Uﬁf_l) we observe that this equation can equivalently be written as follows:
Being given an initial guess (ul, p) in Xy x My such that

PX = iNPw  OD Yu, (5.2)

we solve the following problem, for ¢ > 1,

Find (u%;,@%) in Xy x MY such that

Yoy € XN, aE@Ni ](ufv,vN)

+ (@ (o D i owe )+ (0 (0 D s owa )y,

£—1
+ by (v, @) = (f,on r)m + a[AZN ](uﬁz_l,’UN)’
Van € MY, by (ul,qn) = (9,a8 )3y,
(5.3)
next set
Py =Py + @y (5.4)
It is readily checked that, for each value of ¢, problem (5.3) results into a square linear
system. The convergence of this method can easily be derived from [9] (see also [12, Chap.
IV, Thm 6.3]) owing to Lemma 4.9.

Theorem 5.1. Assume that the data (f,pw,g) are continuous on w, 7,, and 7, respec-
tively. Let (u,p) be a solution of problem (3.11) — (3.12) satisfying Assumption 4.5. Then,
there exist an integer N, and a constant c, such that, for all N > N,, and for any initial
guess (ul, p%) in Xy x My satisfying

|u — U?\rHLg(wP + [Ip _pS)VHHll(w) < ¢ (logN)"2, (5.5)

problem (5.3) — (5.4) for each £ > 1 has a unique solution (u%;, p%;). Moreover the sequence
(ul, py)e converges in a quadratic way, towards the unique solution (uy,pn) of problem
(4.5) — (4.6) satisfying (4.47), in the sense that

I(uly, Pv) = (un o)l < cll(uy ™ o) = (un, o)) (5.6)

for a constant c independent of N.

As standard for Newton’s method, the key point is to exhibit an initial guess (u%;, p%)
satisfying (5.5). In order to do that, we have decided to use a continuation method. For
the constant @ = ﬁ%, we define

YAE[0,1], ax(€) =(1—Na+rae). (5.7)
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We also agree to denote by (uf (\),p& (1)) the solution of problem (5.3) — (5.4) with the
function « replaced by a. Next, we choose a sample of values of A in [0, 1], for instance
the A\ = %, 0 < k < m, for a fixed integer m. We also fix a positive integer L, and

e for k =0, since a(§) is equal to @, we solve problem (4.5) — (4.6) which in this case is
simply the linear Darcy system with constant permeability «;

e for 1 < k < m, the initial guess (u% (A\x), p% (M) being equal to (u (Ax—_1), pk(Mk_1)),
we iteratively solve problem (5.3) — (5.4) for 1 < /¢ < L.

It is readily checked that, for L large enough, we obtain an initial guess (u%(1),p% (1))
whih satisfies (5.5). However, in practical stuations, L is chosen equal to 2 or 3.

From now on, we work in the physical case of the function « given by

a(§) = o exp(§), (5.8)

for a constant a, > 0, see [18, §3.5] for the justification of this choice. Note that this
function does not satisfy assumption (2.1). However a direct consequence of Proposition
2.5 is that the function p is bounded as a function of the data. So the previous numerical
analysis can be performed by truncating the function o at appropriate values, without
modifying the discrete problem (4.5) — (4.6).

In a first step, we test the convergence of the discretization on a model problem. We
take a, equal to 102 and we work with the domain 2 defined in (1.1), with

ro = 0.6 m, ry = 3m, z1 = —6m. (5.9)
00 2
05 -3 r
10 -4
15 =5 r
20t -6 r
25+ -7 r
-30 f -8t
35t -9t
_4'012 14 16 I8 20 22 24 _101.2 14 16 18 20 22 24

Figure 1: Convergence curves for the solution in (5.10) for = 1.5 and p = 2.5

For a parameter p > 0, the solution (u,p) is given by

up(r,z) = wr(ry —r)* cos(w 2), u,(r, 2) = —(rg — )1 (2r — (2 + p)r) sin(7 2),
PN
p(rz) = (3)
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so that the corresponding data are

fr(r,2) = 102 exp((%)4) mr(ry —r)* cos(m z),

z 2 rz\3
fa(r,z) = =10° eXP((6)4) (ry — )1 (2r1 — (2 + p)r) sin(m 2) + 3 (6) ,
pulro )= (2) 0lr,0)=glr.20) = gl 2) = 0.
(5.11)

Newton’s algorithm is iterated until the error ||(uly,p%) — (u,p)| x(w) becomes smaller
than 107® or at most five times.

Figure 1 presents the curves of the logarithms of the errors
|l — un|L2()2 (dark circles) and 1P = pn |l 1wy (dark squares),

as a function of log N, for N varying from 24 to 172, for u = 1.5 (left part) and p = 2.5
(right part). These results indicate that the error behaves like N=3 for y = 1.5 and N5
for p = 2.5 (right part), which is in perfect coherence with estimate (4.48).

Figure 2 presents from left to right the isovalues of the radial and axial components of
the velocity and of the pressure, obtained for = 2.5, N = 80 and M = 81. These curves
are exactly the same as for the exact solution in (5.10).

PN

JIRNR R TR

T
X
V|
i -8

3

Figure 2: The discrete solution computed from (5.11) for p = 2.5

In a second step, we still work with the domain 2 defined from (5.9), but now with
a* equal to 1. The datum g is given by

g(rl,z) = g(r, Zl) =0, g(?“, 0) = L (5'12)
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06 1 2 3 06 1 2 3 06 1 2 3
Figure 3: The discrete solution with boundary conditions (5.12) and p,, constant

Figures 3 and 4 present from left to right the isovalues of the two components of the
velocity and of the pressure, obtained with N = 80 and M = 81, for g given in (5.12) and
first for p, (7o, 2) equal to 1 (Figure 3), second for p,, given by

z

Puw(ro,2) = (6)4 (5.13)

(Figure 4). These curves are in good coherence with the physics of the problem and prove
the accuracy of spectral discretizations.

-2 -2

-3 -3

-5 =5

—6 —6
06 1 2 3 06 1 2 3

Figure 4: The discrete solution with boundary conditions (5.12) and (5.13)
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