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Abstract. In this paper, we study the numerical solution of the Stokes system in
deformed axisymmetric geometries. In the azimuthal direction the discretization
is carried out by using truncated Fourier series, thus reducing the dimension of
the problem. The resulting two-dimensional problems are discretized using the
spectral element method which is based on the variational formulation in primitive
variables. The meridian domain is subdivided into elements, in each of which the
solution is approximated by truncated polynomial series. The results of numerical
experiments for several geometries are presented.
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1 Introduction

In many problems of fluid mechanics one encounters flows in domains with axisym-
metric geometries. Typical examples of such flows are the blood flow in vessels, hy-
drological problems (flow in pipelines), etc (see, e.g., [1] for more examples). As is
well-documented [9], in axisymmetric geometries the solutions of the governing par-
tial differential equations (PDEs) admit a Fourier expansion with respect to the an-
gular (azimuthal) variable. The Fourier coefficients in this expansion are solutions
of an infinite system of two-dimensional problems in the meridian domain. Such an
expansion allows for a reduction of the dimension of the problem. In [2,3] this idea
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was developed to derive an efficient strategy for solving the Stokes and Navier-Stokes
equations with a finite element based discretization.

The extension of these ideas to spectral methods is non-trivial because of the com-
plex nature of the meridian domains which, in this case, is a greater constraint in com-
parison to the finite element approach. In general, even after the decomposition of the
meridian domain into simpler spectral elements, one has to deal with trapezoidal and
curved sub-domains. In [15], it is shown that the spectral accuracy of spectral meth-
ods in such domains is preserved by applying the idea of over-integration. The aim
of this paper is to combine this idea with a spectral element discretization to problems
in deformed axisymmetric geometries, i.e., axisymmetric domains containing trape-
zoidal or curved parts. In particular, we study and develop a numerical procedure for
solving the Stokes equations in deformed axisymmetric domains. This is achieved by
the reduction of the dimension of the problem, where the full three-dimensional prob-
lem is replaced by an infinite system of two-dimensional problems, which, in turn,
is approximated by a finite system of such problems. Each two-dimensional prob-
lem is solved with the spectral element method. We consider several geometries the
discretization of which by spectral methods is non-trivial.

In particular, let () be a bounded connected domain in R3, which is invariant under

rotation around the z-axis. Also, assume that d() is the boundary of (). We consider
the Stokes problem for an incompressible fluid

—Au+gradp=f, in Q,
divu =0, in Q, (1.1)
u=g, on dQ),
where u is the velocity and p is the pressure of the fluid. In Problem (1.1), the external
force f and g are given functions. We will further assume the usual flux condition

/an-nd'rzo, (1.2)

where n denotes the outward normal unit vector to 0Q).

The paper is organized as follows. In Section 2 we introduce the Fourier expansion
of Problem (1.1) and the functional (weighted) spaces necessary for the correct mathe-
matical setting of the problem. We subsequently, provide the variational formulation
for two-dimensional problems corresponding to the various Fourier modes. Section 3
is devoted to the spectral element discretization. In Section 4, we present the numeri-
cal procedure for the solution of the discrete problem. Finally, in Section 5 we present
the results of several numerical experiments.

2 Variational formulation

2.1 Fourier expansion

Let (x,y,z) denote a set of Cartesian coordinates in R® such that () is invariant under
rotation around the z-axis. The polar coordinates (7, 9,z), wherer > 0and —7r < ¢ <
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7, are defined as usual by
x=rcos?, y=rsin® and z=z,

and the domain () is generated by the rotation of the meridian domain w around the
z-axis, that is

Q={(r,9z); (rz) cwand — 1 <8 < 7} (2.1)
We will assume that w is bounded, simply connected and has a Lipschitz-continuous

boundary dw consisting of two parts, namely 7o, which is the intersection of dw with
the axis r = 0, and <y which is 9Q)\ 7o, that is

Yony=0.

We further assume that 7 is the union of a finite number of straight segments and
is the union of straight and possibly curved segments.
Following [9, Chapter X], the data f and g have the Fourier expansions

f(r,8,z) = Zf r,z)e®,  g(r,9,z) = Zg r,z) e, (2.2)
Tkez Tkez
The vector fields
f=(ffof.) and g = (8, 80,82).

are said to be axisymmetric if all their Fourier coefficients in (2.2) are zero except the
one of order k = 0. Similarly, the solution (u, p) can be written as

u(r,9,z) = uk(r,z) e*?, p(r,9,z) = — Y pf(r,z) ™. (2.3)

1
V2T ez T kez

We thus have that (u, p) is a solution of Problem (1.1) if and only if each (uf, p¥), k € Z
is a solution of the two-dimensional problem [9, Chapter IX.1]

—BZk 1+k k—i-ZIk k+3 k fr, in w,
1 1+ k2 sz zk .
—o2uk — ;a,u& — %k + %u’é — U ub+ =pF = f5, in w,
1 k2 , 2.4
—92uk — ;a,u’; —o%uk + r—zu’; +0,pF = £k, in w, @4
Btk + Lk + 7"5 +a.uk =0, in w,
(Mr, ug, uZ) = (gr;gﬂ/gz)r on 7.
We will further assume that
/ g’ ndr =0. (2.5)
v

Moreover, if the data (f, g) are axisymmetric, so is the solution (u, p), in the sense that
(ur, ug,u;) and p are independent of 9.
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In order to write the variational formulation of Problem (2.4), we introduce the
weighted spaces

3 (w) = {v : w < C, measurable; / lo(r,2)|*r 1t drdz < —1—00}, (2.6)
w

equipped with the norms

1
HUHLZﬂ(w) = (/w lo(r,2)? rﬂdrdz>2.

The complete Sobolev scale Hj(w), s € R is defined in a standard way [14], namely,
when s is an integer, H; (w) is the space of functions of L3 (w) such that all their partial
derivatives of order < s belong to L?(w) while when s is not an integer H;(w) is
defined by Hilbertian interpolation. Note that when s is an integer, Hj (w) is equipped
with the following semi-norm and norm

NI—=

s 1 S
0l = ( L 19505 ol%,)) " and ol = ( L o))

respectively.
We also introduce the space

Vi (w) = Hi(w) NL2;(w), (2.7)

equipped with the norm

Nl—

Hvuvll(w) = (HvHiz_l(w) + ‘Uﬁq(w)) ,
and the variational spaces
L3 y(w) = {q € L3 (w); / q(r,z) rdrdz = O}, (2.8)

and
Hi,(w) = {v € H{(w); v=0, on 7v}. (2.9)

Finally, for each mode k we define the space (associated with mode k)

Vi (w) x Vi(w) x H (w), if k=0,
H} ={ {(vr,v9,0:) € Hl (0) x H} (w) x V}(w), vr + ikvg € L* | (w)}, if k| =1, (2.10)
Vi (w) x Vi (w) x VH(w), if |k| >2,

and its corresponding subspace

H,(w) = Hi(w) N H{,(w)°. (2.11)
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By defining
ag(u,v) = / (0,1 0,0 + 9,1 3,0)(r,z) rdrdz + k* / u(r,z)o(r,z) r drdz,
w w
we next introduce the sesquilinear forms for each k

A (u,0) = ao(uy, vr) + ag(ug, ve) + ao(uz,v;) + / ((1 +K?) (4,0, + 1gTg)

+ Z;k (ugTy — U, Vg) + kzuzﬁz) (r,z) rldrdz,

Bi(v,q) = — / q(r,z) (9,0, + r 1o, +ikr 1os + 0,0;)(r,z) rdrdz.

For simplicity, we denote by LZ(w) the space L%,(w) for k = 0 and L?(w) for k # 0.
Following [9, Chapter IX], the variational formulation of Problem (2.4) is: find
(uk, p*) in Hi(w) x L2(w), with u* equal to g¥ on 7, such that

{ Vo € Hy (w), Ar(ub,v) + Bi(v, pF) = /w (f* - 0)(r,2) rdrdz, (2.12)

Vg € L2(w),  B(u*,q) =0.
For each k, we introduce the norm associated with Hl% (w),
1
ol ) = Ax(0,0)2.

This norm is equivalent to the norm [|v ¢*?|| 1 ()5, with equivalence constants inde-
pendent of k. As a consequence, we easily derive the following inf-sup condition from
its analogue on (), namely, there exists a positive constant 8 such that, forall k € Z,

B (v,
wetd, s 0> Bl
veH} (w) Hi(w)

If we assume that the data f* belong to the dual space of H 1 (w) and that the function
g* admits a lifting g in H}(w) and satisfies (2.7) if k is equal to zero, then Problem
(2.12) has a unique solution (u*, p*) in H}(w). Moreover this solution satisfies the
inequality

1 ey + 1P i) < € (P Ny oy + 18 e, ) (2.13)

2.2 Reduction of dimension

The reduction of dimension results from the Fourier truncation of the infinite system
of Eq. (2.12).
Since, in general, the data f and g cannot be computed explicitly, we introduce the

nodes
2mrt

Om = 2K+1’

—K <m<K,
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where K is an integer > 2. We also define the approximate Fourier coefficients for
—K<k<Kas

k Ve & — ik,

fi(r,z) = K11 mzin(r, O, z)e , (2.14a)
k _ V2r = — kD

g (rz) = K1 mZE_Kg(r, Om, z)e . (2.14b)

The System (cf. (2.12)) now becomes: for —K < k <K,

find (uf, p*) € Hi(w) x L3(w), such that
uk = g%, on 9, and
Yo € Hyo(w), Ae(uf,v) + Bi(v, pt) = /w (ff - 9)(r,2) rdrdz, (2.15)

v 2(w), B'(uq)=0.

The reconstruction formula for the three-dimensional solution (ug, px ) associated with
the solution of System (2.15) is given by

1 & ko 1 & ko
— uy(r,z)e", px(r,0,z) = — pi(r,z) e, (2.16)
V2 k=—K 27 k:z_:K

ug(r,9,z) =
If we define

H™ (Q) = {v € H"(Q); 9jv € H"(Q)), 1 < ¢ < 0},

in the case ¢ is a nonnegative integer and by Hilbertian interpolation otherwise, the
following result [9, Theorem IX 2.23], holds,

Proposition 2.1. Assume that the data f € H-17(Q)3, for a real number ¢ > 0, and g
admits a lifting, also denoted by g, in H (Q))3. Then the following error estimate holds

[ — vl + 1P — Prllizi) < K77l mre@p + 181 e ()3)- (2.17)
From Proposition 2.1, it follows that for sufficiently smooth data, only a few modes
are required to compute an accurate approximation to the solution of the initial prob-
lem.
3 Spectral element discretization

Given a partition of the meridian domain w without overlap

wzugzlwg and wyNwp =Q, 1§£<6/§L,
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we will assume that the intersection of dwy and dwy, 1 < £ < ¢’ < L, if not empty, is
a vertex or a whole edge of both w, and w . In addition, the intersection of each dwy,
1 < ¢ < L, with 7, if not empty, is a whole edge of both w, and wy.

We are interested in sub-domains which are either rectangular or trapezoidal ele-
ments, or curvilinear elements.

In both cases, we will assume there exists a one-to-one mapping F, from the ref-
erence square & = [—1,1]? onto wy such that both F, and F Zl are infinitely differen-
tiable, for each sub-domain wy, 1 < ¢ < L. The images of the vertices of @ via F, are
called vertices of wy and the images of the edges of @ via F, are called edges of w;. We
set

0= (N, Ny),

to be a pair of integers > 2. For each integer n > 0, we denote by IP,,(&) the space of
restrictions to @ of polynomials in two variables and degree < n with respect to each
variable.

We define the basic discrete spaces as follows

X _ {va € Hly (w); vy, 0 F € Py(d), 1< €< L}, (3.1a)
M¥ — {q(5 € L2, (w); Gojuw, 0 Fr € Py-2(@0), 1< £ < L}, (3.1b)

and also introduce the discrete variational spaces
k k
X (w) = x¥ 0 HY, (w)?. (3.2)

We recall the main properties of the Gauss-Lobatto quadrature formula. For each
positive integer n, with {o = —1 and ¢, = 1, there exist a unique set of nodes ¢j,
1<j<n-1,in[~1,1] and a unique set of weights p;, 0 < j < n, such that

n

1
0 e Py (L), [ O@)dr= Y @) (53
_ =
Moreover, the following positivity property holds (see, [11, Eq. (13.20)]):

n

Vou € Pu(=1,1), [gulZ 1) < Y 02E) 05 < 3llgulr;
j=0

Next, taking n = Ny, and in view of the integration formula

[ w2ty rdrdz = [ (w0 F) (@ )@0 Fi) (€0 R0 (@, 6) ddt,

where Ry is the first component of the mapping F, and ], the absolute value of its
Jacobian, we define the discrete product, for all functions u and v continuous on wy,
by

Ny Ny

(w,0)0 =YY (uoF) (&, &) (00 F) (&, &) Re(S,80) Je (81, 8F) pipt- (3.4)

i=0j=0
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The global product is then defined by
L
[1/[, U]5 = Z(ur U)K' (35)
(=1
Remark 3.1. When wy is the rectangle [r1, 2] X [z1, z2], Fy is affine and given by

[ n+EHRE(+D)
Fz(CIC)—<Zl+22221(1+€) )

and its Jacobian matrix is diagonal. In this case, (3.4) becomes the usual formula
Ny Ni

(u,v) = (r2 — 1)4(22_21 ZZu rl,z rl,z )r[pfpf
i=0j=0

The use of over-integration is only required for curved elements (and in the direction
of the curved edges), thus the parameter Ny > N in the formula (3.4) could be replaced
by N when over integration is not necessary.

The discrete sesquilinear forms are now defined by

Ays(u,0) = ags(ur, vr) + aos (s, v9) + aos (112, 02) + (1 + k%)
+ (14K [y 1,0, 7—1]5 + 2ik [uy 1o, r’l} 5

— 2k [u, 1, v, r_l}(s + K2 [u: r~ Lo, r_lh. , (3.6a)
Bis(v,9) = —[q, (00 + 7' 0, + ikr ' 0y +0.7)] 5, (3.6b)

where
aos(1,v) = [Oyu, 870]5 + [0z, azv](s. (3.7)

If we let Zy denote the Lagrange interpolation operator at all nodes (r;,z;), 1 < i,j <
N and for each k still denote by g* a lifting of the data g* to w, then the discrete
problem associated with (2.15) reads:

Foreach — K < k <K, find (uf, p¥) € X§(w) x MK(w), such that
=7Ing~, on 7, and
Yo € X]g'o(w), Ak(s(u(s, vs) + Bys(vs, p5 / INf (r,z) rdrdz,
w
Vgs € M(w), By(uk,qs) = 0.

(3.8)

Combining the arguments of [15] and [5], it can be verified that under the condition
Nz > N, (3.9)

the sesquilinear forms Ax(-,-) and B(-, -) are continuous and that the inf-sup condi-
tion is satisfied which yields the well-posedness of Problem (3.8).
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4 Numerical implementation

In the implementation of the method we shall use the saddle-point approach proposed
in [8] (see also [6] for more specific details) which is equivalent to Problem (3.8). To
this end, let us briefly describe the discrete saddle-point formulation. We denote by S
the skeleton of the decomposition of w which is equal to U}_; dw; \ dw. The skeleton
S can also be defined as a union of disjoint open edges (mortars),
M
S=UTw tmnNrm=90, 1<m<m <M, (4.1)

m=1

where each 1, is a whole edge of one of the wy, denoted by wy ).
We introduce the space T as

-
Ts =[] Pn-2(vm)®,
m=1

and define the sesquilinear form D (-, -) on X&(w) x Ts by

.
Patoh o) = 1 [ Toa] s (4.2)

Note that from the definition of T}, the integrals which appear in (4.2) can be equiv-
alently replaced by the Gauss-Lobatto quadrature formula at the nodes ¢;, which be-
long to .

Thus Problem (3.8) may be written in the equivalent form:

Foreach — K <k <K, find

(uk, pk) € XK(w) x MK(w) and As = (As,, Asg, Asz) € T, such that

ulg =7Ingk, on 9, and

Vo5 € Xy (w), Ags(u, v5) + Bis(vs, pk) + Dis(vs, As) = /w(INfi -05)(r, z)rdrdz,

vg; € Mj(w), Bi(u,45) =0,
Vus € Ty, Disk (uf, ) = 0.

(4.3)

It may be readily verified that if (ulg, p’g, As), —K < k < K is a solution of Problem
(4.3), then (ulg, plg ), —K < k < K is also solution of Problem (3.8). Conversely, it can be
proved as in [8] that the only spurious mode y; in T satisfying

Vous € X5, Ds(vs, ps) =0,

is zero, and therefore Problem (4.3) is well-posed.
In all examples considered the meridian domain w is subdivided into three ele-
ments such that
w = wyUwUwi.
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Further, the boundary dw of w, as mentioned in Section 2.1, is written as

ow = ygU1.
In the examples considered, we take
7 =7iU%o,
where v; = [0,7;] X z; and 7, = [0,7,] X z,, that is the domain w lies between the two

vertical lines z = z; and z = z,, see [2]. In all numerical examples we shall assume
that gr and gy vanish on < and that g, vanishes on 7\ (7; U 7,). We also assume that

f=0.
We next present the main features of the implementational process. For the sake of
brevity the full details of the implementation of the method are omitted and may be
found in [7].
For each k, we approximate the solution ((u,,ug,u;),p) in each of the three ele-
ments as follows (note that ¢, € [—1,1] and that (r,z) — ({,¢)):

u Z Zuré q:(C uﬁ{ (¢, ¢) = Z Z “191 q:(C (4.4a)

i= 0] 10]

—2N-2
Z}:uz/ A }: D Pl Li ), (44b)
i=0j=0 i=0 j=0

with ¢ = [IL1I1. In (44), {L.(¢)},—;, & € [—1,1] is the set of Legendre polyno-
mials, the g; are the Lagrange interpolating polynomials for the set of points {éj}jlio

which are the nodes of the Gauss-Lobatto quadrature formula (3.3). Further details
regarding the derivation of the Lagrange interpolating polynomials are provided in
the Appendix.

Problem (4.3) yields a system of the form

A D B u f
DT[0]o0 (,\) = (0) (4.5)
B lolo p g

where vectors u, p and A will have the form

u}?

u k
u}?’ AIZI,H
kz k /\191,11

u]?(’[[ p[ A];
_ _ k _ LII

u = ul911 4 p= Pir 4 A= A s

uk Pk TILIII

Z11 II1 Ak

[
u;?” kn/m
uﬁm ZI1,111
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respectively, the matrices A, D and B will have the structures

AL | A0
AT AT 0 0 0
0| 0 |A2
r 9
a-| 0 A : 60
- 11 11 ’ :
0| 0 [A3
A?H Aﬁ[ 0
0 0 A?IVI A?II 0
0 | 0 |43
D, | 0 0
0 |[D{,| © 0
0 0 [Di,
D?I,I 0 0 D?I,H[ 0 0
D= 0 |D, | O 0 |Di | O , (4.6b)
0 0 D%II 0 0 D%IHI
D?IIH 0 0
0 0 D?HU 0
0 0 D%H,H
and
B
BY | 0 0
B
B?
B= 0 | BY 0 , (4.6¢0)
Bl
0 0 ggn
111
B?H

respectively. Finally, 7 and G will have the structures

0 g
-7: — 0 ’ g = gII 7
i G
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respectively.
After taking into account the boundary conditions for #, the unknowns to be de-
termined in each element and the interfaces are:

L AN-LN L YNSLN o WNSLN oy N-2N-2
SRCT ARTR T AIE U A L) A
i Sicrjm U0 S i’ U ig i Wi fig 0
NN-1 NN-1 NN-1 N-2,N-2
RO LT R G NS U NIRRT
" J i, jmo” U0 Sicy im0’ U Simg,imo” UM S img g

k N—-1,N-1 k N—-1,N—-1 k N-1,N-1 k N-2,N-2
wirI {uml } ’ {uﬁm } ’ {uzm } / {pIU“} :
i=0,j=1 i Ji=0,j=1 i Jiz0j=1 i S i=0,j=0

) N—1 N-1 k N-1
Interface I — I1 {)\m, } _ {)‘ﬂm }izl ’ {Azl'”i}izl '

Interface II — II1 {Ak }1\111, {Ak }Nil, {/\k }Nﬁl.

TILII Bu; f ;g Zi; f g

From the expressions (3.6)-(3.6b), the submatrices of the matrices A and B in (4.6a) and
(4.6¢) correspond to the discrete products:

Ay oags(ur,vr) + (14 k) [ur=t, 0,715, Azﬁ 2 2ik[ugr™t, v,r7 15, (4.7a)
AY ¢ ags(ug,09) + (14 K)[ugr ' ver s, A”: =2ik[ur!ver™']s,  (4.7Db)
A7 ags(uz,vz) + k> [uzr’l,vzr’l](;, By : —[p,orv,+1" vr] (4.7¢)
BY . —ik[p,r tug)s, Bj : —[p, 005, (4.7d)

for¢=1,11,1I1.

The submatrices of D in (4.6b) will have all but a few zero elements. The non-zero
elements will be either 1 or —1 ensuring the continuity of the approximations at the
nodes across the interfaces.

The entries of the vectors F and G come from the non-zero boundary conditions
for u, on ; and *y,.

After the incorporation of the boundary conditions, the sizes of the submatrices
and subvectors in System (4.5) are as follows:

The matrices A}, A7?, A%, A? will all have size N(N —1) x N(N — 1) and the
matrix A} will have size N2 x N2,

The matrices Al,, Aﬁ, A?Ir, A?I will all have size N2 x N2 and the matrix A7 will
have size N(N +1) x N(N +1).

The matrices A7, A%, A%, A%, A% will all have size N(N —1) x N(N —1).
The matrices B, B? will both have size N(N — 1) x (N —1)? and the matrix B?
will have size N2 x (N —1)2.

The matrices B7;, BY, will both have size N> x (N — 1)2 and the matrix B, will have
size N(N+1) x (N —1)2.

The matrices BY;, BY,, B? will all have size N(N —1) x (N —1)2.
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e The matrices Dj D?H will both have size N(N — 1) x (N — 1) and the matrix
Di; will have size N? x N.

e The matrices D, ;, DY, | will both have size N* x (N — 1) and the matrix D7, | will
have size N(N +1) x N.

e The matrices Df; D?I,IH will both have size N* x (N — 1) and the matrix D
will have size N(N+1) x (N —1).

e The matrices Dj;; 1, DY, Dipp pp will all have size N(N —1) x (N —1).
e The vectors F3, Fi;, Fi;; will have size N> x 1, N(N +1) x I, N(N — 1) x 1,

respectively. The vectors G1, Gi1, Gy, will all have size (N —1)2 x 1.
5 Numerical examples

In the axisymmetric case (k = 0) considered, the boundary conditions are defined by
(see, [2])

g:(r,—2) =4(1—-7*), on 7,
9:(r,2) = }1(4 —7?), on .,
while in the case k = 3, also considered, the boundary conditions defined by (see, [2])
g:(r,—2) = 4*(1 —r*)sin(39), on 7;,
<(r,2) = %172(4 —1%) cos(39), on ye.

5.1 Examplel

We consider the rectangularly decomposable domain depicted in Fig. 1, defined by

wp = [0,1] X [—2,0], wir = [O, 1] X [0,2], Wi = [1,2] X [0,2]

>
>

Figure 1: Geometry for Example 1.
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511 Casek =0

In Figs. 2(a) and 2(b), we present the isolines of the coordinates u, and u, of the ve-
locity, respectively, for N = 28. These results are in excellent agreement with the
corresponding results of [2]. We have also observed the consistency of the results for
different numbers of degrees of freedom and for N as little as 12 the results are almost
indistinguishable.

We also calculated the values of u, and u, on a uniform 51 x 51 grid in each of
the three elements for N = 8,12,16,20, 24,28 and 30. We subsequently calculated the
quantities ||uzy, — Uzy||oo, ||Ury — Urylloor N = 8,12,16,20,24, 28, to be the maximum
absolute difference at these points. In Fig. 3, we present the log-log plots for ||u,, —
Uz ||loo @and ||ty — || Versus N. Both plots in Fig. 3 exhibit spectral accuracy.

u, N=28 u, N =28

0.3
0.25

. 0.2
0.15

‘ l 0.1
0.05

(a) Isolines for u; (b) Isolines for u,

Figure 2: Results for Example 1, k =0, N = 28.

10

10} 1 10}

I,
30

N

[lu, -u
[lu, -u

10

107 1 1 1 1 1 1 1 1 1 1 1 1 1
8 12 16 20 2428 8 12 16 202428
N N

Figure 3: Convergence curves for u; and u;, for first geometry, k = 0.
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51.2 Casek =3

In Figs. 4(a) and 4(b), we present the isolines of the coordinates u, and uy of the ve-
locity, respectively, for N = 20. These results are in excellent agreement with the
corresponding results of [2]. The same comments as those mentioned for k = 0 re-
garding the consistency of the figures for values of N as low as 12 also apply in this
case.

We also calculated the values of u, 1, and 1y on a uniform 51 x 51 grid in each of
the three elements for N = 8,10,12,14,16, 18,20 and 22. We subsequently calculated
the quantities ||tz — Uzp||oos ||Ury = Ursp|loos ||thoy — oy, |lo, N = 8,10,12,14,16,18
and 20, to be the maximum absolute difference at these points. In Fig. 5, we present
the log-log plots for these quantities versus N. All three plots in Fig. 5 exhibit spectral

accuracy.
Uy, N=20
03
0.25
0.2
0.15
0.1

(a) Isolines for u, (b) Isolines for uy

u,, N=20

Figure 4: Results for Example 1, k = 3, N = 20.

2 z 2 r 2 e
10 - — 10 - —— 10
=8 =8 :8
N 8 S
? 100 T 10t T 100
N z o7
=1 i =]
1074 L L L L 1074 L L L L 1074 L L L n
8 12 16 20 8 121620 8 121620
N N N

Figure 5: Convergence curves for 1, u, and uy for first geometry, k = 3.
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5.2 Example 2
We consider domain depicted in Fig. 6, defined by (in (7, z))

wr =[0,1] x [-2,0], wrr = 1[0,1] x [0,2],

and wyj is the trapezium with vertices (1,0), (1,2), (2,2) and (3/2,0).
In this example, the element wyj is non-rectangular and the mapping Fjjy is given
by (see Remark 3.1)

1
Fin(z, &) = ( & +30+¢c+11] >

¢+1
Also, the absolute value of the determinant of the Jacobian is
1
Jir = §(3 +¢).

In Figs. 7(a) and 7(b),we present the isolines of the coordinates u, and u, of the velocity,
respectively, for N = 28. As in Example 1, the results are consistent for values of N as
low as 12.

(>
(>

Figure 6: Geometry for Example 2.

u, N=28 u, N=28
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

(a) Isolines for u; (b) N=12

Figure 7: Results for Example 2, k =0, N = 28.
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u u
0 z 0 r
10 10
10" 1 107}
=8 _8
:N3 \ :‘s
! z \\ ! z
SN \\ S”
= \ | =
107 o] 107}
107 10°
8 12 16 20 2428 8 12 16 202428
N N

Figure 8: Convergence curves for u; and u, for Example 2, k = 0.

We also calculated the values of u, and u, on a uniform 51 x 51 grid in each of
the three elements for N = 8,12,16,20, 24,28 and 30. We subsequently calculated the
quantities ||uzy, — Uzy||oo, ||try — Urylloos N = 8,12,16,20, 24,28, to be the maximum
absolute difference at these points. In Fig. 8, we present the log-log plots for ||u., —
Uz ||loo @and ||ty — Uy || Versus N. Both plots in Fig. 8 exhibit spectral accuracy.

5.3 Example 3
We consider domain depicted in Fig. 9, defined by (in (7, z))

wi = [0,1} X [—2, —1], Wi = [0,2] X [0,2],

and wyj is the trapezium with vertices (0, —1),(0,1),(2,1) and (1, —1).
In this example, the element wj; is non-rectangular and the mapping F; is given

by (see Remark 3.1)
1
Fu(ee) = ((ETIED Y,

Also, the absolute value of the determinant of the Jacobian is

1
Jir = Z(3+C)'

In Figs. 10(a)and 10(b), we present the isolines of the coordinates u, and u, of the
velocity, respectively, for N = 28. As in Examples 1 and 2, the results are consistent
for values of N as low as 12.

We also calculated the values of u, and u, on a uniform 51 x 51 grid in each of
the three elements for N = 8,12, 16,20, 24,28 and 30. We subsequently calculated the
quantities ||uz, — Uzy||oo, ||try — Urylloor N = 8,12,16,20, 24,28, to be the maximum
absolute difference at these points. In Fig. 11, we present the log-log plots for ||u,, —
Uz ||loo and ||uty, — Uy, || Versus N. Both plots in Fig. 11 exhibit spectral accuracy.
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Figure 9: Geometry for Example 3.

465

u, N =28 U
’ 0.25
. 0.2
0.15
) 0.1
_ 0.05

(a) Isolines for u;

(b) Isolines for u,

Figure 10: Results for Example 3, k =0, N = 28.

u u
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Figure 11: Convergence curves for u; and u, for Example 3, k = 0.

5.4 Example 4

z

8

12

N

16 20 2428
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30
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100
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8 12 16 202428
N

We consider domain depicted in Fig. 12, defined by (in (7, z))

wr = [0,1] x [~2,0],

wir = [0, 1] X [0,2],
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and wyy; is the curvilinear element with vertices (1,0), (1,2),(2,2) and (3/2,0). The
segments joining the vertices (1,0) and (1,2), (1,2) and (2,2), and (2,2) and (3/2,0)
are all straight lines while the segment joining the vertices (3/2,0) and (2,2) is curved
and described by the equation
3.3 1,

r_oc(z)—2+8z 67
In this example, the element wyj is non-rectangular and curved and the mapping Fij;
is given by (see Remark 3.1)

Fii1(3,¢) = ( T+ @;rl)(;igil) -1 > :

Also, the absolute value of the determinant of the Jacobian is

Jin = %('X(?Jr 1) —1).

In Figs. 13(a) and 13(b), we present the isolines of the coordinates u, and u, of the ve-
locity, respectively, for N = 28. As in the previous examples, the results are consistent
for values of N as low as 12.

e
e

Figure 12: Geometry for Example 4.

u,, N =28 u, N =28
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
(a) Isolines for u; (b) Isolines for u,

Figure 13: Results for Example 4, k =0, N = 28.
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u u
0 z 0 r
10 10
107 1 107}
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8 12 16 20 2428 8 12 16 202428
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Figure 14: Convergence curves for u; and u, for Example 4, k = 0.

We also calculated the values of u, and u, on a uniform 51 x 51 grid in each of
the three elements for N = 8,12,16,20, 24,28 and 30. We subsequently calculated the
quantities ||tz — Uzy||co, ||Ury — Urylloor N = 8,12,16,20,24, 28, to be the maximum
absolute difference at these points. In Fig. 14, we present the log-log plots for ||u,, —
Uz ||loo @and ||uty — 1y || Versus N. Both plots in Fig. 14 exhibit spectral accuracy.

6 Conclusions

In the current study, we investigate the solution of the Stokes equations in deformed
axisymmetric geometries. These may include trapezoidal or curved boundaries which
are, in general, difficult to treat. By means of truncated Fourier series expansions in
the azimuthal direction, the three-dimensional problem is reduced to a series of two-
dimensional problems. Each of these problems is subsequently solved numerically by
combining the idea of over-integration with the spectral mortar element method. The
numerical results of several examples exhibit the expected spectral accuracy and are
in excellent agreement with results from the literature.

The extension of the proposed technique to the solution of the Navier-Stokes equa-
tions in deformed axisymmetric geometries is a topic of future research.

Appendix

Lagrange interpolating polynomials and their derivatives

We provide information regarding Lagrange interpolating polynomials and their
derivatives which is useful in the implementation of the method. For further details
see, e.g., [4,10].

First, recall that the Gauss-Lobatto nodes {éj}]li , are the zeros of (1 — &2)L\(€),
where {L, } is the set of Legendre polynomials.
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On the interval [—1, 1], we define the interpolating polynomials {;(Z)} ]l\i o from

() — (1-¢*) Ly(Q) Al
T = TN N+ D €= ¢) Ln(@)” (D
and since L)(§;) =0,i =1,--- ,N — 1, we have that
QJ<§Z):§]ZI l/]:O//N
The first derivatives of the interpolating polynomials are given by
iy 1 Ln() 1 (1-¢) Ly(0) A2
M= @ C-¢) NN+ULE) G- AP
Forj=1,--- ,N—1landi=0,---,N,i # j, we have
ey 1 Ln(&)
() Ln(g) (Gi—¢j)”
whileforj=1,---N—-1andi=j,

) Ly (&)
Finally, fori =0,---, N,
1—¢&)LY (&) — L (&
(&) = (-1 EEENE) SEnE)
1 DL (& L% (&
The second derivatives of the interpolating polynomials are given by
v 1 (IO 2@ 20-P)LE)
1= 1@ (" &) C-57 NN+FIE- c]->3> B9
Forj=1,--- ,N—landi=0,---,N,i # j, we have
Mix\ — 1 L;V(Cl) - 2LN(Ci)
1@ = e -t G
whileforj=1,---N—-1landi =j,

y_ Lx(E)
3LN(G))

Finally, fori =0,---, N,
‘76/(51) — (_1)N—1 (1 — gi)ll\}]\égi—){—_l)ZLN(gi)/
1 ; L/ll ; 2LII ;
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