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1 Introduction
The Navier—Stokes system models the flow of a fluid, for example, the movements of air
in the atmosphere, ocean currents, the flow of water in a pipeline and many other fluid-
flow phenomena. The change of one of the parameters associated with the Navier—Stokes
equations (the domain, the boundary conditions, the data, the variational formulation, the
approximation method, ...) gives us a new research problem. In the reference article [1],
the authors handle the Navier—Stokes equations with no standard boundary conditions
on the velocity and the pressure in a convex domain.

In this work, Q is assumed to be a bounded simply connected domain of R? (d = 2,3)

and 9<2 is its continuous Lipschitz boundary. We focus on the following Navier—Stokes

system:
—VvA@ +(p-Ve)+VP=f inQ,
divp =0 in €,
1)
¢-n=0 on 0%,
n(curl 9) =0 on <2,
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where ¢ is the velocity, P the pressure, f is the density of forces, ¢ is the fluid viscosity and
n is an outer unit vector normal to 2.

System (1) can be written as (see [2, 3]):

vicurl w) + (u x @) + Vp=£f inQ,
divp =0 in €,
w = curl ¢ in Q, 2)
@-n=0 on 0€2,
n(un) =0 on 4Q2.
where

» = curl ¢ is the vorticity verifying ¢ - Vo = u x ¢ + %grad l@|?,

e p=P+ %|(o|2 is the dynamic pressure,

« 7 is an operator such that n(curl ¢) is the normal (resp. the tangential) boundary

component of curl ¢ when d = 2 (resp. d = 3).

The above problem has been solved in several previous works using finite-element dis-
cretization, see [2—6], while the extension to the discretization by the spectral method has
been handled in [7, 8] for solving stationary and nonstationary Navier—Stokes equations.
In a previous work [8], we studied (2) using the spectral discretization method. The re-
sulting linear system has been solved using the GMRES iterative method (see [9]) since
the matrix of the resulting linear system is not symmetric.

To improve the resolution of this problem, we propose in this work two new methods in
order to reduce the number of iterations and execution time. The first method consists in
applying the Uzawa algorithm (see [10, 11]) after reducing the unknowns of the system by
eliminating the vorticity. The second method consists of modifying the iterative algorithm
used to linearize the resolution of the Navier—Stokes problem in order to obtain a linear
system with a symmetric positive-definite matrix. Then, the conjugate gradient method is
used.

The paper is organized as follows:

e The continuous and discrete weak formulation are described in Sect. 2.

e Sect. 3 provides the details of the obtained linear system and its implementation using
the two proposed algorithms.

e In Sect. 4, we present and compare the two algorithms for the resolution of the discrete

problem based on some numerical tests.

2 Continuous and the discrete weak formulations
The weak formulation of problem (2) can be written as: find (1, @,p) € Hy(curl, ) x
Ho(div, 2) x L3(2) solution of

a(i, @;v) + T(w, @;v) + b(v,p) = {£,v), Vv e Hy(div, Q),

b((0, q) = O: Vq € Lg(Q)r (3)

c(i, ;%) =0, V¢ € Hy(curl, 2),

where
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.

Hy(curl, ) = {¢ € H(curl, Q2);(¢) = 0 on 92}
with H(div, Q) = {¢ € L*(Q)% dive € L*(Q)},
Hy(curl, ) = {¢ € H(curl, Q);(¢) = 0 on 92}
with H(curl, Q) = {¢ € L*(R) A, curlp € L2(Q)%},
L3(2) be the space of L?(€2) functions with a null integral on ,
(-,-) denotes the duality product between Hy(div, £2) and its dual space,

.

3

.

.

a(-, ), b(-,-) and c(:, ; -) are bilinear forms defined by

a4 @) = /

(curlp)(x) - v(x) dx, b(v,q) = - / (divv)(x)g(x) dx
Q Q

and (@3 9) = /Q () - () dx - /Q () - (curly)(x) dx,

.

T is a trilinear form defined as
T 5v) = / (1 % 9)X) - v(x) dx.
Q

We note that b(.,.) verifies the inf-sup condition

b(v, q)

> allgll 2@, Vq€Li(Q), (4)
very(div,) IVIlH@iv.Q)

where « > 0 is a constant that depends on 2 (see [12] or ([10] Chap. I, Cor. 2.4)). We can
easily show that problem (3) is well posed (see [13]).

Hereinafter, we suppose that the domain €2 is a square in dimension two and a cube in
dimension three. Using the Nédélec’s finite-element spaces on cubic three-dimensional
meshes (see [14, Sect. 2]), we construct our discrete spectral spaces as follows.

Let an integer N > 2; we consider Xy the discrete space of the velocity

P n-1(R2) X Pyn_18(S2) ifd=2,
P n-1,8-1(82) X Prno1 v n-1(R2) X Pyoin-in(R2)  ifd =3,

XN = H()(diV, Q) N

Yx the discrete space of the vorticity

HAQ) N Pr(Q) ifd=2,
Hy(curl, ) N (Pn_1,vn(2) X Pyn-in(Q) x Pyavn-1(R2)) ifd=3

Yy =

and M the discrete space of the pressure
My = L(22) N Py_1().

In the following, we use the Gauss—Lobatto quadrature formula to construct the discrete
problem

1 N
| odx=3 06, voerua-1) 5)

1 20
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where &, 0 <j < N, are the roots of the polynomial (1-x?)x}, xn is the Legendre polyno-
mial of degree N defined on [-1,1], and p;, 0 <j < N, is the associated set of the positive
weights.

The following inequality

N
lonlZ 1y < D 02E)0 <3lonlZ 1y Yon € Pu(-11)
j=0

enables us to show that the continuous and discrete norms are equivalent (see [15]).
The discrete scalar product is defined such that for the continuous functions ¢ and ¥
on &, we have:

YN N 0 EVV (&L ED pipy ifd=2,

(ﬁD:W) =
Y N N SN (6 6w (6 6L E) P ifd = 3.

Then, using the Galerkin method and the numerical integration based on the Gauss—
Lobatto quadrature formula (5), we deduce for a continuous data f on Q the following
discrete variational formulation:

Find (un, @n»pPN) in Yy x Xy x My such that

an(un, @3 VN) + Tn(un, @3 VN) + b (Vs pn) = (£, v, Vv € Xy,

bN(WNr LIN) = 0; VQN [S MN: (6)

en(Un, @ns¥n) =0 Yy € Yy

The bilinear forms ay(-,;-), bn(-,-), and ¢y(+, ;) are continuous and are formulated as
follows:

an(un, @3 V) = vicurly, vy, bn (@, gn) = —(divey, )N,

en (s @ ¥N) = (s YN — (@, curlyy) .

However, the discrete trilinear form Ty(:, ;) is defined as:

Tn(un, @3 Va) = (UN X @, VNN -

Using Brouwer’s fixed-point theorem ([10], Chap. IV, Cor. 1.1), problem (6) has a unique
solution, since the discrete bilinear form bx(-,-) coincides with the continuous one on
Xn x My due to the exactness of the quadrature formula and verifies the inf-sup condition
(see [8], Lem. 3.9)

bn(Vn,pN)

>alpnllze, VYon € My. )
wexy IVallHdiv.e)

In the case of d = 2 the error estimate between the continuous and discrete problems is
given by (see [7] for the proof)

1
i = nllHeur,) + 19 = @ llH@v.e) + [Log@N)| 2 llp = o ll 20

< (N (el sy + @l sip + 1Plms@) + N7 €l e 0p2)- ®)
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where c is a positive constant independent of N, (un, @a,pn) in Yy x Xy x My and
(n, @, p) € HH(RQ) x HY(Q)? x H(R), s> 1.

In the case d = 3, the error estimate is difficult to prove and remains an open problem.

3 Numerical algorithms
We present in this section two numerical algorithms to improve the numerical resolution

of discrete problem (6). In the following we consider € =] — 1, 1[2.

3.1 The iterative algorithm
To linearize the Navier—Stokes problem, we consider the following iterative algorithm.
« Step 1: Solve the following linear Stokes problem:
Find (1%, 9% %) in Y x Xy x My such that,

Vv € Xn,  an(ifs @R Vi) + bn (Vs o) = (£ va)ns
Van € My, by (9R,qn) =0, )

Vyn € Y,  en (il @3 ¥n) =0.

« Step 2: Solve the following problem, by assuming that the i — 1 iterative solution
(LSt o piyt) is known.

Find (i}, @4;PY) in Ya x Xy x My such that,

an (i @3 wh) + T (i’ @ W) + T (i @ wiv)
+ by (W, piy) = (s win + T (uiy' o s wh),  Ywa € Xy, 10)
bn(@i»an) =0, Vgn € My,

CN(M?\["?E'\[; I}N) =0 Vi’N S YN.

We stop the iterations when the following inequality is satisfied

, . . ‘ 1
(”“}\f -yt HIZ-I(curl,Q) + ”‘P;\I -oN' ||12-1(div,s‘z)) ‘=

where € a positive small real number.

3.2 The linear matrix system
Consider the Lagrange polynomials of degree < 1, ; € Py([-1,1]), such that for, 0 < j, k <
N, k;(&) = 8jx (the Kronecker symbol).

Since the discrete velocity function does not have the same degree in the different direc-
tions, we consider j* € 0,..., N the fixed integer and we define the following polynomial
of degree N — 1

§— &

x—S,u'

/cjn(x) = Kj(x) jeJt,

Page 5 of 11
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where J* is the set {0,...,N} \ {f*}. Then, we write the unknowns (1}, @;p,) in two di-

mensions as:

N-1N-1

[y (%) = Z Z 1 )ik (9),

j=1 k=1

N-1 N-1

Phe®,9) =Y D @l 0),  ohy @) =D Y @il (W)kk(y),
j=1 kel? jest k=1

PNy = Y ph @)

JeJP kel (,k)#(0,0)
We consider the real pressure
Pel) = B~ (o D)y
since the pseudopressure p is not in L3().

We denote by (,uf\[, ¢§\,;pf\[) the components of the solution (W, U, P) on grid (§;,£) 0 <
j,k < N.Problem (10) can be written as the following linear system:

MW —ATU =0,
AW + (DU +DU)-BT"P=F +N, (11)
BU =0,

where

« AT and BT are, respectively, the transposed matrix of A and B.

« The matrix A is defined as:

A
A=v 1 0 .
0 A,

Since curl(u};) = (ayu;’\,, —d k), the coefficient of the matrices A; and A, correspond,
respectively, to the terms (E)yuj\[, o)n and (9,uk, goj\,y)N. In two dimensions, the
matrices A; and A, are square, their dimension is (N — 1).

» The matrix B = [B1,B;] where B; and B, are two matrices, the coefficients of which
are deduced, respectively, from the terms (8x¢§\]x, pn)N and (8y¢§vy, pn)N- We note that
the matrices B; and B, are not square, their dimension is N> — 1 lines and 2N(N — 1)
columns.

+ M is a diagonal matrix, the coefficients of which are found from the values of
(1, wiy)n- Its dimension is N(N — 1)2.

+ The matrices D and N are, respectively, written as D = (D1, D,) and N7 = (N1, N,) and

are, respectively, calculated from the terms TN(MZI, wj\,;vN) and TN(MZI, (pf\}l;vN).

3.3 Algorithm 1
To solve the linear system (11), we propose to remove the vorticity from the first equation

and replace it in the second one.
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This modification permits us to use the Uzawa algorithm (see [10, 11]) with only the
velocity and the pressure as unknowns.

W =MTATU,
(AM™AT + 2D)U -BTP=F + N, (12)
BU =0.

Let A = AMAT + 2D. The second and third equations of (12) can be decoupled as
U=A"((F+N)-BTP), (13)
and
(BA'BT)P= A"\ (F +N). (14)

Since BA™! BT is symmetric and positive defined, we use the conjugate gradient method
to solve system (14) at each iteration. Then, we deduce the velocity U and vorticity W,
respectively, from (13) and the first equation of (12).

The Uzawa algorithm used is written as:

Uzawa algorithm

o Let Py =0.

e Initialization step:

Uy=A"((F +N) - B"Py)

Wo = (M'AT) U.

e Iterations: n >0
From U, and P,:

G, =-BU,,
V,=A"BTG,,
[[eA

BTG, V)

Pn+1 :Pn - pnGnr

Un+1 = un + Pan

Wi :M_lAT Upir.
3.4 Algorithm 2

We propose a second algorithm to solve problem (11). We begin first by inverting the
matrix G given by

M AT 0
G=|-A 2D BT
0 B 0
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and then find U, W and P.
Since G is symmetric and positive defined, we use the preconditioned gradient conjugate
method.

4 Numerical results
4.1 Comparision of two algorithms

We consider the Bercovier—Engelman continuous solution of problem (2) (see [16]) given
by
1(x,y) = 6((1-22) (1 - 42?) (1 - *)° + (1= 9?) (1 - 4?) (1 - 4%)*),
0. (x,9) = -6(1-5?)*y(1 - 42)°,
0,(x,9) = 6(1 - %) "x(1-52)’,

px,y) =xy.

(15)

The aim of this first numerical test is to study the accuracy of the two methods. We con-
sider the viscosity v = 5.1072 and the tolerance € = 1071,

In Fig. 1 we present a comparison of the convergence order of the two presented algo-
rithms based on the error curves on the solution (i, ¢, p) when N varies between 5 and
20. Figure 1(a) and (b) correspond, respectively, to the resolution using Algorithms 1 and
2. This shows clearly that the obtained error is better when using Algorithm 2.

«(A) and k(G) are, respectively, the condition number of the matrix A and that of the
matrix G.

Tables 1 and 2 show the number of convergence iterations and the corresponding av-
erage error for the unknowns (vorticity, velocity and pressure). While comparing the two
results, it is clear once again that the second method has a better accuracy and converges
within a few iterations.

— 4=~ pressure in L2-norm
0 =& —velocity in H(di) norm
o —E—vortcity in H(cur) norm

log(error)
log(error)

(a) Algorithm 1 (b) Algorithm 2

Figure 1 Convergence for the solution defined in (15)

Table 1 Iterations and errors for Algorithm 1

N 5 7 15 20

Iterations 45 192 345 677
Error 20012 05672 00032 1073
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Table 2 Iterations and errors for Algorithm 2

N 5 7 15 20
Iterations 7 15 21 28
Error 31411 00012 107" 107

Table 3 The condition number for the matrices of the two algorithms

N 5 7 12 20
k(A 5021 50136 1708 x10° 5708 x 107
k(G 1112 2708 6705 9138

R
N

0.5

0.5

Figure 2 The discrete solution (i, @y, @y, PN)

We conclude that:

« Although Algorithm 1 based on the Uzawa method it is easier to implement and
requires much less memory space, it converges after a large number of iterations,
which is due to the fact that the conditioning « (4) of the matrix A is high if we
compare it with the conditioning « (G) of the matrix G, see Table 3 (hundreds of
iterations for an error of 107 order, see Fig. 1 and Table 1).

+ The convergence order of Algorithm 2 is much better than the order produced by

Algorithm 1 (22 iterations for a relative error approximatively equal to 1072, see Fig. 1
and Table 2).

4.2 Solution using Algorithm 2
Consider the numerical resolution of the problem (6) with f = (0, x%y) using Algorithm 2.
Figure 2 shows, from top to bottom and left to right, the obtained values of the vorticity

un, the two components of the velocity (¢, ¢y,) and the pressure py, for N = 30.

Page9of 11
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Figure 3 The vector field of the velocity for f = (0,0) and g defined in (16)

In Fig. 3 we present the vector field of the velocity corresponding to the data f = (0,0),
and a boundary condition g given by (see [8]),

gLy =-(1-5"), glLy=(1-»*), gxxl)=0, (16)

where N = 40. We note that the vorticity uy and pressure py are null, since we handle a
Poiseuille linear flow.

5 Conclusion and future work

In this work, we show the efficiency of the global resolution compared to the Uzawa algo-
rithm adapted to the resolution of the discrete problem issued from the spectral discretiza-
tion of the vorticity, velocity and pressure formulation of the Navier—Stokes problem. We
achieved a good convergence with the global resolution through the transformation of the
matrix to a symmetric and positive defined one. As future work, we are looking at apply-
ing the global method to the discretization by the spectral element methods for handling

more complex domains.
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