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ABSTRACT. Using the T-coercivity theory as advocated in [1], we propose a
new variational formulation of Stokes problem. With this new formulation,
unstable finite element pairs can be stabilized. In addition, the numerical
scheme is easy to implement, and a better approximation of the velocity and
the pressure is observed numerically, especially when the viscosity is small.
Keywords. Stokes problem, T-coercivity, pressure robust variational formu-
lation.
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1. INTRODUCTION

The Stokes problem describes the steady state of incompressible Newtonian
flows. They are derived from the Navier-Stokes equations [2]. With regard to
numerical analysis, the study of Stokes problem helps to build an appropriate ap-
proximation of the Navier—Stokes equations. We propose here to write a new varia-
tional formulation of Stokes problem using the T-coercivity theory, following §2.3.2
in [1]. In Section 2, we recall the T-coercivity theory as written in [3]. In Section
3 we apply it to the continuous Stokes Problem. We exhibit an operator T such
that the global variational formulation of Stokes Problem is T-coercive. In Section
4, we build and analyse a new variational formulation that uses explicitly this op-
erator T. Then, in Section 5, we introduce discretizations of the new variational
formulation, and we study the convergence of the discrete solution to the exact one.
As a particular case, convergence is obtained for the unstable finite element pair
P! x P°. Finally, we provide some numerical experiments in Section 6 to illustrate
our points and give some concluding remarks in Section 7.

E-mail addresses: patrick.ciarlet@ensta-paris.fr, erell.jamelot@cea.fr.
Date: January 22, 2024.
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2 REFORMULATION VIA T-COERCIVITY FOR STOKES

2. T-COERCIVITY

We recall here the T-coercivity theory as written in [3]. Consider first the vari-
ational problem, where V and W are two Hilbert spaces and f € V':

(2.1) Find u € V such that Vv € W, a(u,v) = (f,v)v.

Classically, we know that Problem (2.1) is well-posed if a(:,-) satisfies the stabil-
ity and the solvability conditions of the so-called Banach—Nec¢as—Babuska (BNB)
Theorem (see a.e. [4, Thm. 25.9]). For some models, one can also prove the
well-posedness using the T-coercivity theory. We refer to [3] for Helmholtz-like
problems, see [5], [6] and [7] for the neutron diffusion equation, and to [8] for the
magnetostatic problem.

Definition 1. Let V and W be two Hilbert spaces and a(-,-) be a continuous and
bilinear form over V.x W. It is T-coercive if

(2.2) 3T € L(V, W), bijective, 3a > 0, Vv € V, |a(v, Tv)| > o[}

It is proved in [3, 1] that the T-coercivity condition is equivalent to the stability
and solvability conditions of the BNB Theorem. Whereas the BNB theorem relies
on an abstract inf-sup condition, T-coercivity uses explicit inf-sup operators, both
at the continuous and discrete levels.

Theorem 1. (well-posedness) Let a(-,-) be a continuous and bilinear form. Suppose
that the form a(-,-) is T-coercive. Then Problem (2.1) is well-posed.

3. STOKES PROBLEM
Let Q be a connected bounded domain of R?, d = 2, 3, with a polygonal (d = 2)
or Lipschitz polyhedral (d = 3) boundary 9. We consider Stokes problem:
—vAu+gradp = f,
divu = 0.

with Dirichlet boundary conditions for the velocity u and a normalization condition
for the pressure p:

(3.1) Find (u,p) such that {

u =0 on 99, /sz.
Q

The vector field u represents the velocity of the fluid and the scalar field p represents
its pressure divided by the fluid density which is supposed to be constant. The first
equation of (3.1) corresponds to the momentum balance equation and the second
one corresponds to the conservation of the mass. The constant parameter v > 0 is
the kinematic viscosity of the fluid. The vector field f € H™1() represents a body
forces divided by the fluid density.

Before stating the variational formulation of Problem (3.1), we provide some
definition and reminders. Let us set L%(Q) = (L%(Q))%, H{(Q) = (H(Q))4,
H~(Q) = (H7*(Q))? its dual space and L2, ,(Q) = {q¢ € L*(Q)| [,q = 0}.
We recall that H(div; Q) = {v € L?(Q)|divv € L?*Q)}. Let us first recall
Poincaré-Steklov inequality:

(32) ACpg > 0|V’U S H&(Q), ||’UHL2(Q) < CpsH gradeLz(Q).

Thanks to this result, in H}(Q), the semi-norm is equivalent to the natural norm,
so that the scalar product reads (v, w)q1(q) = (grad v, grad w)rz (o) and the norm

is [ol g = llgradvfrz(o). Let v, w € H{(©2). We denote by (v;)%, (resp.
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(wi)f—,) the components of v (resp. w), and we set Grad v = (9;v;)¢,_; € L*(Q),
where L2(Q) = [L?(22)]4*4. We have:

d
(Grad v, Grad w)i2(q) = (V, W)mi (o) = Z(vi7wi)Hé(Q)
i=1
and:
. 1/2
HV”H})(Q) = Z ||WH§[3(Q) = Gradv||L2(Q)~
j=1

Let us set V = {v € H}(Q)| divv =0}. The vector space V is a closed subset of
H}(2). We denote by V= the orthogonal of V in H}(2). We recall that [2, cor.
1.2.4]:

Proposition 1. The operator div : H}(Q) — L%(Q) is an isomorphism of V+
onto L2, (). We call Cqi, > 1 the constant such that:
(33)  VpeL2,,(9), 3V, € V[ divy, =p and ||V ]| my(0) < Caivlpllrzo)-
In the above, we note that since
Vv e Hy(Q), [Vl 0) = leurlvllEs(q) + 1 divv]Za o),
one has necessarily Cgiy > 1.

The variational formulation of Problem (3.1) reads:
Find (u,p) € H}(Q) x L2,,,(Q) such that

(3.4) v(w, Vg — (0, divv)e) = (£ V)mye) YV e Hy(Q);
) (qv div u)L2 Q) = 0 Vq € Lzmv (Q)

Classically, one proves that Problem (3.4) is well-posed using Poincaré-Steklov in-
equality (3.2) and Prop. 1. Check for instance the proof of [2, Thm. 1.5.1].

Let us set X = H}(Q) x L2, () which is a Hilbert space which we endow with
the following norm:

(3.5) 1Dl = (Mo + v laley) -
We define the following bilinear symmetric and continuous form:
(3.6){ /a9:XxX—>R/ o .
(W', p) x (viq) = v, v)myq — (¢, divv)rz) — (¢, divu’) 2o

We also define the linear and continuous form:

bo: X — R
(3.7) { (v,a) = (£, V)i

We can write Problem (3.1) in an equivalent way as follows:

(3.8) Find (u,p) € X such that ag ((u,p), (v,q)) =4o((v,q)) V(v,q) € X.
Let us prove that Problem (3.8) is well-posed using the T-coercivity theory.

Proposition 2. The bilinear form ag(-,-) is T-coercive:

AT € L(X), bijective , Ja > 0, V(u',p') € X,
(3.9)
ao ((0,p"), T((u,p'))) = a|l(w,p)%,-
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Proof. We follow here the proof given in [9, 10]. Let us consider (u’,p’) € X and
let us build (v*,¢*) = T(u/,p’) € X satistying (2.2) (with V' = X’). We need three
main steps.

1. According to Prop. 1, there exists v, € V- such that:
(3.10) div ¥y = p/ in © and [y ey < Caw [l 220)-

Let us set (v*,¢*) := (yu' — v~}

Vp, —y '), with v > 0. We obtain:
(3.11) ao ((u',p"), (v*,q")) = vy 0|3 + v P 1220 — (W, ¥p)my0)-

2. In order to bound the last term of (3.11), we use Young inequality and then
inequality (3.10), so that for all > 0:

1
~ n n
(3.12) (0, ¥ )my(0) < 5”‘1/‘@15(9) +t5 (Cain)? 19172 2)-

3. Using the bound (3.12) in (3.11) and choosing n = v+, we get:
roy Y12 2 7! 2 112
ao ((0,p)), (v*,¢")) > v (2 [y o) +v7 (1 = 5 (Caw) ) I ||L2<Q>> :
Consider now v = (C4g;y)?. We obtain:
* * 1 . 1
ao ((0',p"), (v*,¢")) = v Conin | (W', p')[%, Where Crin = 7 min( (Caw)?,1) = .

T2
We obtain (3.9) with @ = v Cin. The operator T' such that 7' ((u/,p')) = (v*, ¢*)
is linear and continuous:

1T (' ) = IVl + v 1220

< 2 W gy + 20 [ Wy + 77 19

IN

2(Caie)* W' [[fg3 ) + ((2(Caiv)® + (Caie)) v 1120

IN

(Cmax>2 || (u/ap/)”z.}\f’,l/’

where Ciax = Caiy max (vV2Caiv, (2 + (Caiv)?)?).
Remark that, given (v*,¢*) € X, choosing (W, p’) = (v 'v* =y 2071 v, =y 1¢¥)
yields T'((u,p’)) = (v*, ¢*). Hence, the operator T' € L(X) is bijective. O

We can now prove the

Theorem 2. Problem (3.8) is well-posed. It admits one and only one solution such
that:

_ o) < v [flae o
3.13 Vf e H1(Q), { 1l ) < “@r
(3.13) O Vlplzzie) < Care IElhr-1c0)

Proof. According to Prop. 2, the continuous bilinear form ag(-,-) is T-coercive.
Hence, according to Theorem 1, Problem (3.8) is well-posed. Let us now derive
(3.13). Consider (u,p) the unique solution of Problem (3.8). Choosing v = 0, we
obtain that Vg € L2, ,(Q), (¢,divu)2iq) = 0, so that u € V. Now, choosing
v = u and using Cauchy-Schwarz inequality, we have: v ”uH%{é(Q) = (f,0)my(q) <

£l 0) ||uHH[1)(Q), so that: ||u||H(1J(Q) <yl 1f][1-1(q)- Next, we choose, in (3.8),
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g=0and v= -V, € V', where divv, = p and [[V,[lms ) < Caiv [IPllL2(0) (see
Prop. 1). Since u € V, it holds that (u,V;)mi(q) = 0. This gives:

Ipl720) = (0 divVp)re) = —(E, V)10
< |l I¥pllay @) < Caiv v HIfla-10) [Pll22 0
so that: ||p||L2(Q) < OdivaHH*l(Qy ([l

4. NEW VARIATIONAL FORMULATIONS
4.1. Using T-coercivity. Lety = (Cyiv)?. In Prop. 2, we introduced the operator
T € L(X) defined by:

(4.1) {T:X - R

(v,q) = (yv—v Vg, —vq)"’

where v, € V1 is given by (3.3): divv, = ¢ and 1Vallay ) < Caiv llgllr2q). We
now write the variational formulation (3.8) with test function 7' ( (v, ¢) ) instead of
(v,q). Let us define a, ((u',p’),(v,q)) = ao ((u',p'),T(v,q)). We have:

d’Y ((u’,p’), (V7 Q)) = vy (u/aV)H})(Q) - (ulv‘?q)H})(Q)
(4.2) =y (', div V)2 + v (0, @) 20

+’Y (q, div UI)LQ (Q)-
According to Prop. 2, we have the...

Proposition 3. The bilinear form (4.2) is coercive.

Introducing ¢~((v,q)) = £o(T(v,q)), we can propose a first new variational
formulation to Problem (3.1), which reads:

(4.3)  Find (u,p) € & such that a, ((u,p),(v,q)) =4,((v,q)) V(v,q) € X.

Using the bijectivity of T', it is obvious that (4.3) is equivalent to (3.8), so well-
posedness of (4.3) is a direct consequence of the well-posedness of (3.8), and vice
versa.

Below, we provide a direct proof of why solutions to (4.3) actually solve Problem
(3.1). To that aim, we need to provide an "explicit” expression of £ ( (v, q) ), which
we will prove useful later on. We recall that:

Vi e H1(Q), M(ze,we) € L2, (Q) x V|
(4.4)
f’ = grad z¢ + curl curl wy/,

where (wg/, z¢/) satisfy (3.1),—=1 with data f’. We have in the sense of distributions:
(4.5) — A() = —curlcurl(:) + grad div(-).

Proposition 4. Let f' € HY(Q). Given, q € L?,,,, let v, € VL be defined by
(3.3). We have:

(4.6) (' Vo)my) = — (20, Q) 2 (0)-
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Proof. Let £ be decomposed as in (4.4).
On the one hand, integrating by parts twice and using (4.5), we get:
—(curlcurlwe, Vo)) = —(curleurlvy, we)py(q),
= —(Avg, wWe)mi(o) — (grad ¢, we ) mi ()
= ({’q’wf’)Hé(Q) + (Q7diVWf’)L2(Q)7
= 07
resp. since divv, = ¢, v, € V+, wg €V, and divwg = 0.
On the other hand, integrating by parts once, we have:
(grad z¢/, Vo)) = — (28, @) 12(0).
so the claim follows. O
Hence, using (4.6), we conclude that the right-hand-side £, ( (v, ¢q) ) writes:
E’Y((V#I)) = 7<f7V>H[1J(Q) _V71<f7‘7q>H(1J(Q)a
=7 <f7V>H(1J(Q) + vz, @) L2
With this expression, we can now prove directly why solutions to (4.3) actually
solve Problem (3.1).
Theorem 3. The solution to (4.3) solves Problem (3.1).

Proof. The bilinear form ., (-,-) is continuous and coercive. Let f € H~!(Q2), and
let z¢ be given by (4.4), the linear form ¢,(-) is continuous. According to Lax-
Milgram Theorem, Problem (4.3) is well-posed.

Choosing (v, 0) as test function in (4.3), we obtain that —vAu+ gradp = f in the
sense of distributions.

Then, choosing v = Vgjy 4 defined by (3.3) and ¢ = yv divu in (4.3), we have:

vy (W, Vaivu)my @) — (W, Vo)l ()
— (p, divu) r2(q) + v(p, divu) 2(q) +~* v | div 11||2L2(Q)

=7 (£, Vaivu)my (o) +7 (2, diva) r2(q).
Hence, we obtain that:
v || divul[Zzg) = (f, Vaivu)my ) + (26, diva) 2(q) = 0,
due to Prop. 4. The solution (u,p) to Problem (4.3) satisfies Problem (3.1). O
4.2. Using orthogonality. Going back to the original Problem (3.1), we note that

all solutions (u’,p’) to Problem (4.3) are such that u’ € V. So, in the statement of
Problem (4.3), the term (u’,V¢)mi(q) can be removed from the expression (4.2) of
(W, Vg)mi(q) = 0 because v, € V*. Interestingly, in this manner one stabilizes
the expression (3.11) in the proof of Proposition 2, because the cross term vanishes
there: no treatment is required and the resulting bilinear form is coercive for all
v > 0. So, let us introduce the bilinear form a-(-,-) such that:
ay: XxX — R
(47) ( (u/ap/)7 (V, q) ) = vy (u/a V)Hé(Q) + vt (pl7 q)LQ(Q)

the bilinear form @,: as a matter of fact, according to (3.3), for all ¢ € L2, (),

+ [ (q, div u/)L2(Q) — (p/, div V)Lz(Q) ]



REFORMULATION VIA T-COERCIVITY FOR STOKES 7

Proposition 5. The bilinear form (4.7) is coercive.

Proof. We have:

ay ((u',p), (0, p')) vy W ) + v 1P 120

v min(1,7) [[(w', )% .-

Y

O

The bilinear form a(-,-) being coercive for any v > 0, we consider a;(-,-) to
fix ideas. We now propose a second new variational formulation to Problem (3.1),
which reads:

{ Find (u,p) € X such that

(48) a1 ((w,p), (v,9)) = (£;V)mye) + v @)z V(vig) € X.

Theorem 4. The Problem (4.8) is well-posed and is equivalent to Problem (3.1).

Proof. The bilinear form a; (,-) is continuous and coercive. Let f € H~!(Q), and
let z¢ be given by (4.4), the linear form ¢;(-) is continuous. According to Lax-
Milgram Theorem, Problem (4.8) is well-posed. It exists a unique solution (u,p)
which depends continuously on the data.

Regarding the equivalence with Problem (3.1), we already observed that solving
(4.3) is equivalent to solving (3.8), and that both of them are equivalent to solving
Problem (3.1). Then, if (u,p) solves Problem (3.1) with data f € H1({2), one has
in particular that u € V. Hence it follows from the above that (u,p) solves (4.8)
with data f, resp. z¢ given by (4.4).

Conversely, assume that (u,p) solves (4.8), with data f € H=1(Q) and z¢ given by
(4.4). Denote by (uf,p') the solution to Problem (3.1) with data f. According to
the above and by linearity, (u — uf, p — p') solves (4.8) with vanishing data, hence
to is equal to (0,0) by uniqueness: in other words, (u, p) solves Problem (3.1) with
data f. O

Notice that we can write problem (4.8) with two equations as:

Find (u,p) € HY(Q) x L2,,,(Q) such that

(4.9) (1) v(u, V)Hé(Q) — (p,divv)r2(q) = (f, V)Hé(Q) Vv € HY(Q),
(ZZ) (q,div u)Lz(Q) + p-1 (p, Q)Lz(Q) =yp1 (Zf, Q)Lz(Q) ‘v’q € Limv(Q)

This new variational formulation appears as a stabilized variational formulation, in
the sense of §I1.1.2 in [2], pages 120-123. It can be solved once zy, or a suitable
approximation of zy, is available. This suggests to use (4.9) as a post processing
step as follows:

e Compute z¢ by solving numerically the Stokes problem (3.4) with v = 1,
and data f;
e Solve (4.9) with the data f and the computed zy.

Notice that we can recover that the solution u to (4.9) belongs to V in a simple
manner: let us split u = ug+u, where (up,u;) € Vx V< sothat divu = divu, .
Choosing v =u, in (4.9)-(¢), and ¢ = divu in (4.9)-(4¢), we obtain:

(4.10) (i) viuLl g = (pdiva)ree) = (£, u)my o) = — (26, divu) 2,
' (1) || div u||%2(9) + v (p,divu) f2(g) = v (ze, diva) 2(q).
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Summing (4.10)-(¢) and (4.10)-(4¢) times v, we obtain:

v (Il o) + Il div a3z ) =0.
Hence, u; =0 and divu = 0.

4.3. Without orthogonality. Let us briefly consider what would happen if we
were to consider a right inverse of the divergence operator, that is different than
the one proposed in Prop. 1. For example, with values in the whole of H}() (not
restricted to V1). Such an operator q + v, is considered in Section 3.1 of [11], in
the case of a 2D domain with a smooth boundary. For this operator, let Cg;, be a
constant such that:

(4.11) vge L2,,(9Q),3v, € Hy(Q) | divv, = g and |[Vgllm o) < Caivllall2@)-

In general, v, does not belong to V+, cf. [11].

Let v = (C4iv)?. T-coercivity can be obtained as before, with the operator
T:X —R

{ (v.e) =  (yv—-vlv,—70q)

Define @, ((0',p'), (v,q)) = ao ((0,p'), T(v,q)). We have:

(4.12)

)

Gy ((u/ap/)a (Vv Q)) = vy (ulvv)H})(Q) - (u/’vq)H})(SZ)
(4.13) —y (0, div V)2 + v (0, @) 20

+7 (g, divu’) 12(q).
However, for u' € V (that is for solutions (u’,p) to Problem (4.3)), the term
(W', Vg)my () can no longer be removed from the expression (4.2) of the bilinear
form a,. As a matter of fact one has

(W, ¥g)mi (o) = (curlu’, curl vy )12 (q).
Hence, in the non-orthogonal case, one has to choose an ad hoc constant v > 0 to

ensure T-coercivity (cf. proposition 2). B
Similarly in the expression of the right-hand side £.,.

Proposition 6. Let ' € H™1(Q) be decomposed as in (4.4). Given, q € L?,,,(Q),
let v, € HY(Q) be defined by (4.11). We have:

(4.14) <f/, {’q>Hé(Q) = —(z¢, Q)LQ(Q) — (curlwy/, curl Vq)Lz(Q).
Proof. Straightforward. O

To conclude the non-orthogonal case, we observe that the problem, if split as in
(4.9, leads to a more intricate variational formulation, which reads

Find (u,p) € H}(Q) x L2,,, () such that
(#) v (u, V)Hé(Q) — (p,divv)r2q) = (f,v)Hé(Q) vv € H(Q),
(1) — (w0, Vg)my) +7 (¢, diva)r2q) + v (p, @) 2 (0

= vt (2, q)r2) + v~ ! (curl we, curl Vo) Vg€ L2, . ().

Regarding the right-hand side in (i7’), it requires the knowledge of both z; and of we
(or of suitable approximations): a two-step procedure could be used as before (see
the end of §4.2). One needs to evaluate also (1, V¢)m1 (o) = (curlu, curl vg)rz(q)
in the left-hand side of (i7'). The latter part requires some knowledge of the right
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inverse of the divergence operator, and it does not seem to be achievable numerically
at a reasonable cost.

5. DISCRETIZATION

5.1. A foreword on classical discretizations. To fix ideas, let us consider a dis-
cretization to solve the classical variational formulation (3.4) (conforming Taylor-
Hood finite elements [12], nonconforming Crouzeix-Raviart finite elements [13],
etc.). Let us call the discrete spaces Vo, C H{(Q) and Q, C L2,,,(Q). Then to
prove the discrete T-coercivity, we need to state the discrete counterpart to Propo-
sition 1. To do so, we can build a family of linear operators IT" : H}(2) — V5,

known as Fortin operators, such that (see a.e. [14, §8.4.1]):
(5.1) AC.|Vh, Vv € H{(Q) || GradII!v||i2(q) < Ce| Grad vlji2(o),
(52) Vh, Vv € H(l)(Q), Yan € Qn (le l_I’ClV7 qh>L2(Q) = (le V,qh)L2(Q).

In the conforming case, we rely on the bilinear form ag(-,-) to state the discrete
variational formulation. On the other hand, using a nonconforming discretization,
although we will not use the bilinear form ag(-, ) to exhibit the discrete variational
formulation, we will need a similar operator to (5.1)-(5.2) to prove the discrete
T-coercivity [15].

5.2. Discretizations. Consider (7)) a simplicial triangulation sequence of Q2. For
all D ¢ R and k € N, we call P*(D) the set of order k polynomials on D,
P*(D) = (P*(D))?, and we consider the broken polynomial space:

Ploo(Th) = {a € L*(Q); VT € Ty, qr € PX(T)}.

We use the notation P°(7y) for P (Th).
We define the spaces of P*-Lagrange functions:

VE = {uv, € H(Q); VT € Th, vpyr € PH(T)}
Volfh = {vh S th; Uplon = O} .

We set Vi := (VF)4 and V{§,, == (V)% We call Qf := P (Tn) N L2,,, ().
Notice that V, x Qf ¢ H}(Q) x L?,,,(2) and divVE, C @} .

It is well known that discretizing (3.4) with P*¥ — P*~1 finite element, k > 1, is not

disc
stable on all shape regular meshes [14]. A wide range of strategies to get round this
problem have been explored for years. Below is a quick overview of these strategies:

e The discrete velocity space can be enriched see [16, 17, 18, 19, 20] for k = 1.

e The discrete variational formulation can be stabilized, see [21, 22, 23, 24]
for k =1, [25] for k = 2.

e The mesh can be designed in such a way that the discrete inf-sup condition
applies, see [26, 27, 28] for k > 1.

Let k > 1. The (conforming) discretization of Problem (4.9) with P* — Py~1
finite element reads:
Find (up,pp) € V’&h X be_l such that
(5.3) v (llh,Vh)H(lj(Q) — (ph, div Vh)LQ(Q) = <f7Vh>H(1J(Q) Vv, € V](ih,
(gn, divup) 20y + v~ (Phy an) r2() = v (20a0) 2 Yan € Q)
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Let us write f = —vAu + grad z¢, so that Problem (5.3) reads:

Find (up,pp) € V’&h X fol such that for all (v4,qs) € V’g’h X Q’;fl :
(5.4) v (un, vi)ui Q) — (Pr divva)r2) = v (W, Va)uy) — (26, div vi) 12 (),
(qn,divug) 20y + v (0n, an) L2 = v~ (26 an) L2()-

5.3. Convergence when z¢ is known. Let IIj, ., be the L?(Q)-orthogonal pro-
jection operator from L?(Q) to V§ ;, and IIj, 44 be the L?(2)-orthogonal projection

operator from L?(Q2) to P%—1(7;,). We have the

disc
Proposition 7. Let (u,p) € X be the solution to Problem (4.9) and (un,prn) € Xn
be the solution to Problem (5.3). We have the followong error estimate:

(5:5) 1(an —w,pn — My ag2e) e < (Vd+1) Ju— My coul o).

Notice that the error estimate for the velocity is fully independent of the pressure.
Hence, the (conforming) discretization of Problem (4.9) with P¥— P~ is a so called
pressure Trobust method for which the discrete velocity uy tends to u independently
of v. The discrete pressure p; tends to IIj gq2¢ all the faster the smaller v is.
Interestingly, we remark that if u = 0, then IIj cqu = 0, so that u, = 0 and

Ph = Ik ag2¢, even for k =1 (see Section 6.3). Let us now prove Proposition 7.

Proof. Setting z¢;, = Ij, q92¢, we have: (z¢,divvy)r2) = (2¢,4,divve)r2q) and
(28, qn)2(Q) = (28,n, qn) L2(q) for all vy € V’O“,h, and all g € Qf;l. Summing both
equations of Problem (5.4) and reshuffling terms, it comes:

Find (up,pp) € V’&h x Q=1 such that for all (vy,qp) € V’OC’h x Qrt.
(5.6) ¢ v(un —w, Vi) + v (P — 260 Gn) 12 ()

= (pn — 28,0, div V) 12(Q) — (qn, divug) p2(q).

Choosing v, = up, —IIj, cgu = (up —u) + (u — I gu) and g, = pr, — 2¢,, in (5.6),
and dividing by v, we obtain:

lan = allf ) + (an = wu =T g )py ) + v llpn — 260
= —y_l(ph — zg,p, div Hh,cyu)LQ(Q)'

12
L2()

Hence, using Cauchy-Schwarz inequality, we get:
lan —w,pn = 2e0) 2, < llun — ullaye) lu = hcgullag o)
+ v lpn — zenll 2 o) | divI cull 2 q).-
Since [luy, — ul[g (o) and v |lph — e, L2(0) are each bounded by || (u, — u,pj —
2e.0) || 2,0, and || divII, cqul|p2) < \/aHu — Hh,cguHHé(Q), we have:

[u =Tl cqulley (o) + 1 divITh cgullL2(q),
(V4 1) [u = Th,cgullery o

H(uh —u,pp — Zf,h)HX,V

IN A

O

5.4. Convergence when z¢ is not known. If z¢ is not known explicitly, let us
assume that we have at hand an approximation Z¢ ;, € ijl and use it to solve the
following approximation of Problem (4.9):

Find (@, p) € X such that for all (v,q) € X :
(57) v (fl, V)Hll)(Q) - (ﬁ, div V)L2(Q) = <f7 V>H[1)(Q)a
(¢, diva) 20y + v (B, @) L2() = v ! (Gen, @) 2(0)-
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Let us write again f = —vAu + grad z¢, so that Problem (5.7) reads:
Find (@1,p) € X such that for all (v,q) € X :
(5.8) v(a—u, V)Hé(Q) — (P — 2, divv)2) = 0,
(¢, diva) 2y + v (P — Zeh, @) L2(0) = 0.
Proposition 8. Let (u,p) € X' be the solution to Problem (4.9) and (Q,p) € X be
the solution to Problem (5.7). We have the following estimates:

(5.9) 1= zellz20) < llze = Zenllrz)  and @ —ulmyo) < vtz — 2l ).

Proof. Choosing v=10—u and ¢ = p — 2¢ in (5.8) and summing both equations,
it comes:
~ 2 (5 _ 5. = _
via-— u||H(1)(Q) +v7 (P — ZenD — 28)12(0) = 0.
Writing p — Ze p, = (P — 2¢) + (2¢ — Z¢,5), We obtain:
[(@—uw, p—2¢) |3, = —v (26— Ze.0, D—2¢) 2(0) < v ll2e—Zenll L2 (o) 15— ¢l L2(02)-

We obtain successively estimates (5.9). O

The discretization of Problem (5.7) with P¥ — P¥~! finite element reads:

(5.10)

Find (@,,p5) € VE, x Q)" such that for all (¥, d) € V&, x Q)"

v (Un, vi)my Q) — Br, div ve)r2) = (£, va) i ),

(qn, divag) 20y + v (B, an)r2) = v (Gehs Gn) 12(0)-
Theorem 5. Let (u,p) € X be the solution to Problem (4.9) and (Gn,pr) € X be
the solution to Problem (5.10). We have the following error estimate:
(5.11)
) G =, — g2 v < (V1) [T ey oy 0 [T g2 — e

|L2(Q)~

Suppose that u = 0. Then I}, c.qu = 0 and we obtain the estimate below:
(5.12) 1@, pr — Thagze)ll 2 < v [ Thagze = Zenll2(0)-

In particular, if Z¢j; is a convergent approximation of IIj 442¢, the solution
(Qp, Pn) converges to (u,Ilj gq2¢). Interestingly, the above with k = 1 corresponds
to the P! — PV finite element pair, which is known to be unstable for the discretiza-
tion of the usual variational formulation (3.4) of the Stokes problem. Let us prove
Theorem 5.

Proof. Setting z¢ j, = IIj, q4¢2¢, we have: (f, Vh>H[1)(Q) =v(u, Vh)H(l)(Q)_(Zf’h, div va) ()
for all vy, € V’g’h. Hence, Problem (5.10) can be written as:
(5.13)

Find (@,,p) € VE ), x Q)" such that for all (¥, ) € V&, x Q)" :

14 (flh —u, Vh)H(l)(Q) — (ﬁh — Zf,h, diVVh)L2(Q) = 0,

(qn, divag) 20y + v~ (Br — Zeh. Gn) 12(0) = 0.
Choosing (v, qn) = (@ — p cqu, Py — 2¢,) in Problem (5.13), we have:

{ 14 (ﬁh —u, flh - thcgu)Hé(Q) — (ﬁh — Zf,h» diV(flh — Hh’cgu))LZ(Q) = 0,

(B — 26,0, divUg) 20y + v (Br — Zg,1, Ph — 2£,0) L2(0) = 0.

Summing both equations, it now comes:
v (@y — w8y — I eg)p ) + v~ (Br — 2600 Ph — 26.0) 12(0)
“r(ﬁh — Zf,h, div Hh’cgu)Lz(Q) =0.
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Noticing that @y, —IIj, cgu = (U, — u) + (u — I} ou) and pp, — Z¢p = (Pr, — 2¢,0) +
(z¢,n — Zr.p), dividing by v, we get:

(@ —w,pn — ze0)[1%, + (Gn — 0,0 — g0 p1 (0
V72 (26,0 — 280 Pr — 2e0)L2(0) TV (Br — 280, divIIL cqu) p2(0) = 0.
Using Cauchy-Schwarz, we deduce that:

(@ —w,pn = 2e.0) (1%, < 1an = aflg o) [0 = h gl o)
+v  Pn = zenll2) (v 20 — Zenll2) + | divITs coulL2q)) -

Since ||, — ullmy() and v~ [|pr — 2¢,l| £2(0) ave both bounded by ||(, — u,pn —

ze.0) ||, and || divIIy cqull 2y < Vid |lu— thcgu”H(l)(Q), we obtain the estimates
(5.11) and (5.12). O

6. NUMERICAL RESULTS

We propose some numerical experiments, depending on whether or not zf is
known explicitly. In the latter case, we first compute some approximation Z j,.
In principle, either a classical, conforming or nonconforming, discretization can be
used to compute Z¢ . The numerical results are obtained on a github platform,
implemented in Octave language (see [29] for order 1 and 2 nonconforming finite
element methods).

6.1. Resolution algorithm. Consider the discretization of the classical varia-
tional formulation (3.4). Let Vyj be the discrete velocity space, and @, be the
discrete pressure space. Let (1;)Y* be a basis of Vg, and (qbi)ﬁvzpl be a basis
of Qn. We set: U := (U;)Y*, where u, := Zfi‘lgﬂpi, P = (Bl-)iv:pl where
Dn = Zl?v:}’lﬂigbi, and F, = (Em)f\gl Suppose that Vo, C H{(2). Then
F,;, = (£.4i)n1q)- Suppose that Vo, ¢ H}(Q), as it is the case using non-
conforming Crouzeix-Raviart finite elements [13]. Let ¢ € L£(Von,R) be such
that Vv, € Vo)h, €f(vh) = (f,Vh)LZ(Q) if f e Lz(Q), gf(Vh) = <f,Ih(Vh)>H[1)(Q)
if f ¢ L?(Q), where Z), : Vg — V’g_’h is for instance an averaging operator [30,
§22.4.1]. Then F, ; = le(1);). Let A € RN+ x RN« be the velocity stiffness matrix,
B € RY» x RY« be the velocity-pressure coupling matrix and M € R™ x RM» be
the pressure mass matrix.
The linear system to be solved is

Find (U, P) € RY« x RNr such that:
(6.1) vAU -BTP = F,

BU = 0

Let us set K = BA™'BT € RV x RM. The matrix K € RV» x R¥» is a symmetric
matrix, furthermore it is positive definite as soon as the kernel of BT is reduced to
{0}. When it is the case, the linear system (6.1) can be solved with the help of the
algorithm (6.3) below (with I/, = 0).

Consider next the P* — Pfi;cl conforming discretization of the variational for-
mulation (5.3) or (5.10). Let (1)) be the Lagrange basis of V§ , and (¢i)£\]:"1 be
the basis of QF~!. We set: U := (U;)N*, where u;, := ZZN:'“I U;; and P := (Bi)fvzpl

where p;, = va:pl P.,d;. Weset F,, := (Em)fvzul where F, ; = (f,z/%)Hé(Q) and
r, = (Ep,i)f\zl where F,,; = (2£,¢i)12(0), cf. (5.3), or F; = (Z¢n, ¢i)r2(0)
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where the discrete pressure Zrj is an approximation of zf, cf. (5.10). The linear
system to be solved is

Find (U, P) € RM« x R"r such that:
(6.2) vAU-BTP = F,
BU+v-'MP = V_1Ep

In that case, we set K = BA™!BT + M € R x R™», which is automatically a
symmetric positive definite matrix.

To solve the coupled velocity-pressure problem (6.1) or (6.2), one relies usually
on the three + one steps below (the fourth step being straightforward):

Prediction: Solve in U, such that vAU, = F,,.
(6.3) Pressure solver: Solve in P such that KP=F, —vBU,.
’ Correction: Solve in §U such that v AU = BT P.
Update: U=456U+U,.

Indeed, one can check easily that the above computed solution (U, P) solves (6.1)
(resp. (6.2)). The pressure solver with matrix K is based on the Uzawa algorithm,
which is the conjugate gradient algorithm in the context of the Stokes problem. It
can be preconditioned by the inverse of the mass matrix associated to the discrete
pressure M (see e.g. [31, Lemma 5.9]). Thanks to the uniform discrete inf-sup con-
dition, the number of iterations of the conjugate gradient algorithm is independent
of the meshsize.

To solve (6.2), matrices M and B are kept with all the Pfigcl degrees of freedom
for the discrete pressure. To take into account the zero mean value constraint,
at each iteration of the preconditioned conjugate gradient algorithm, the discrete
pressure is first computed in L?(£2), then orthogonally projected in L2, (). We
use the Cholesky factorization (computed once and for all) to solve linear systems
with matrix A. In addition, for ¥ = 2, one can use the lumped mass matrix (for
k = 1, the mass matrix is diagonal). In the numerical results proposed below, we
use the same strategy to solve (6.1) with nonconforming Crouzeix-Raviart finite
elements [13].

Remark 1. We recall that solving the linear system (6.1) via the solver (6.3) is
not so straightforward, even with v = 1. At first glance, solving the linear system
(6.2) via the solver (6.3) may seem also quite involved. On the other hand, the
preconditioned matriz M—Y/2KM~1/2 is better conditioned in the latter case thanks
to the addition of M in the definition of K.

6.2. Settings. We consider Problem (3.1) with Q = (0,1)2. Let (u,p) be the exact
solution, and (up, pp) be the numerical solution. On Figures 1 to 7, and in Tables
2 to 6 we give the following names to our numerical methods:

e CR-method: computations are made with the nonconforming Crouzeix-
Raviart PL, — P° formulation [13, Example 4], which is not a pressure
robust method. We call p,. the resulting discrete pressure.

e EP-method: computations are made with the coercive P — P? formulation
(5.3), knowing the exact pressure (EP) z¢ (i.e. we solve Problem (5.3)).

e TS-method: computations are made in two steps (TS). In a first step, we
approximate the pressure by the CR-method. Then, in a post processing
step, we use this numerical pressure as the source term in the EP-method
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(i.e. we solve Problem (5.10) with Z¢ , = pp.). Possibly, we iterate eight
times the second step, updating Z¢ ;, at each new iteration.

Let N7 be the number of triangles. For the velocity, the number of unknowns is of
order N,, =~ 3 Nt for the CR-method and N, ~ Ny for the EP-method. For the
pressure, the number of unknowns is N, = N for both methods. As a consequence,
there are roughly twice as many unknowns for the CR-method than there are for
the EP-method. We report in Table 1 the number of unknowns ”# dof” for the
numerical tests. In addition, we observe that, with the same stopping criterion,
around 30 (resp. 15) iterations of the preconditioned conjugate gradient algorithm
are needed to solve the pressure solver of algorithm (6.3) with the CR-method (resp.
with the EP-method): this is consistent with Remark 1.

h # dof CR | # dof EP || # dof CR | # dof EP
1.00e—1] 1048 566 2184 1114
500e—2| 4376 2270 8064 4074
2.50e —2 | 17368 8846 30464 15314
1.25¢—2 | 67816 34230 117664 | 58994
6.25¢—3 | 272624 | 136954 | 464448 | 232866

TABLE 1. Number of unknowns: first two test cases (left), last test
case (right).

We propose three numerical examples based on manufactured solutions. We first
plot the results as error curves for both the velocity and the pressure as a function
of the meshsize, and we give the numerically observed average convergence rates.
Second, we report the elapsed CPU times for the CR-method and the T'S-method.
In the Tables, column ”overhead” indicates the ratio between the cost of the second
(post processing) step for the TS-method and the cost of the first step (CR-method).
Finally, we plot the errors of the two methods as a function of the elapsed CPU
times.

6.3. Regular manufactured solutions. We postulate that for the EP-method
and the TS-method, [[u—up|L2) < Co||(w,p)||x,, h?, where Cy is independent of
the meshsize. The error estimates for the CR-method are given by [13, Theorems
3, 4, 6]. Notice that the norm ||(-,-)|lx,, depends on the viscosity v (3.5) and
that the error estimates on the pressure and the velocity are linked. We check the
convergence rates and the viscosity dependency of the error estimates. The first
test enters the framework of §5.3, see the estimate (5.5).

e Test case with a vanishing velocity: Figure 1.

We consider Problem (3.1) with f = grad p, where: (u,p) = (0,2% +y3 — 1/2).
The number of unknowns are reported on Table 1 (left). Figure 1 shows the
discrete error values eg(up) = v |lupnllLz()/lpllz2o) (left) and eo(pn) = [lp —
pullz2) /Pl L2(q) (right) plotted against the meshsize.

We note that the discrete errors for the pressure are independent of v > 0. As
a matter of fact, since the continuous velocity vanishes, i.e. u = 0, the linear
system corresponding to the pressure solver step in the algorithm (6.3) does not
depend on v. As expected in (5.5), the EP-method returns ej(u) = O(10719)
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10*25“” - —————— 107

107 £ ./ // .// E
i —— CR =TS / e CR = TS|
6 I '/ 158 —o—TS-8
10-6 21 | hal |

1072 107t 1072 107t
h h

eolpn)

FIGURE 1. Vanishing velocity. Plots of e (uy) and eo(py,) for v =1
or v =105

and eo(pn) = O(10713), so the errors are not reported on Figure 1. For the CR-
method, the average convergence rate for the velocity, 1, is 2.03, while the average
convergence rate for the pressure, 7, is 1.55, which is better than expected, possibly
because the source term is a polynomial of degree 2 which is numerically exactly
integrated. For the TS-method, " TS” plots represent the errors after a single iter-
ation of the second step and "TS-8” plots represent the errors after iterating the
second step eight times, updating Z¢ j, at each new iteration. Both post-processings
improve the initial computation of the velocity. Using eight iterations allows to
improve the accuracy of the discrete pressure. For the TS-method with a single
iteration (resp. eight iterations), the average convergence rate for the velocity, 7,
is 1.99 (resp. 1.93), while the average convergence rate for the pressure, 7, is 1.71
(resp. 1.71). Figure 2 shows the discrete error values €f(u;) (left) and eo(pn)
(right) plotted against the CPU time.

102 === [T ——

—o— CR =TS 5 T T CR —=-TS
5 P —e—TS-8 [ . ——TS-8
10-3 | = il 3
0y = € ) x
F \ il 1072 -:
£ 10 .\ . | 2 [ \
¥ '\\\ s
N Ne : 0 5
1077 | 4 E e
: ‘\\- E 7 \\- :
\. il \.
10—6 »\ L .‘ Ll I Ll L4l - Ih \HHH» 10—4 »\ Ll I Ll L4l L \HHHl I
1073 1072 107! 10° 10! 10? 10® 1073 1072 107! 10° 10! 10? 10®

CPU time (s) CPU time (s)

FIGURE 2. Vanishing velocity. Plots of ef(uy,) and g¢(p,) forv =1
or v = 107% against CPU time.

Table 2 below shows the CPU times for the CR-method and the TS-method with
either one, or eight, iterations. By design, the TS-method which includes the CR-
method as its first step requires more CPU time. However, we notice that the CPU
time of the second (post processing) step, the overhead, is only a small fraction
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h CPU CR | CPU TS | overhead | CPU TS-8 | overhead
1.00e —1]9.46e—3 | 1.38e —2 46 % 2.24e—2 136 %
5.00e—2 | 5.88e—2 | 7.40e—2 26 % 1.04e—1 7%
2.50e—2 | 7.59e—1|889e—1 17% 1.15e+0 52%
1.25e—2 | 8.06e+0|9.28¢+0 15% 1.18e+1 47%
6.25e—3|224e+2|236e+2 5% 2.55e 42 14 %

TABLE 2. CPU time (s), vanishing velocity for v = 1076.

of the first step, and also that it decreases dramatically as the meshsize decreases.
This can be explained by the fact that on the one hand, there are fewer unknowns
and, on the other hand, the pressure solver converges faster (cf. Remark 1). For
the TS-method, it seems worth doing eight iterations, especially when the meshsize
is small.

e Test case with a sinusoidal solution: Figures 3-5
We consider Problem (3.1) with f = —v A u + grad p, where:

" <(1 —cos(2mx)) sin(2my)

(cos(2my) — 1) sin(27r:c)) and p = sin(27 ) sin(27y).

The number of unknowns are reported on Table 1 (left). The discrete errors values
are ef(up) = [|u — w2 /|| (0, p)||x,, for the velocity and €f(py) = v~ {|p —
prllr2)/|l(a, p)||lx,. for the pressure.

Figure 3 shows ef(uy,) (left) and ef(pn) (right) plotted against the meshsize, for
v = 1. In that case, for the TS-method, there is no need doing eight iterations, so
we give numerical results for computations with a single iteration only.

10*25“” . ——— 107 ————

10—3 E /E

&g (un)
N
A\

: R
i | Soet
" //

—o— CR = EP | —— CR = EP

5 —— TS 5 —— TS
10-6 1 | 10-3 |

FIGURE 3. Sinusoidal velocity, v = 1. Plots of ef(uy,) and e} (ps).

The TS-method and the EP-method give similar velocity errors. The CR-method
and the T'S-method give similar pressure errors. For a given meshsize h, the velocity
error is smaller for the EP-method and the TS-method than for the CR-method;
and the pressure error is smaller for the CR-method than for the EP-method, but
it is obtained at a higher cost. Notice that the T'S-method reduces the velocity
error without worsening the pressure error.

Figure 4 shows ef(uy) (left) and ef(pp) (right) plotted against the meshsize, now
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for v = 1075, For the TS-method, "TS” plots represent the errors after a single
iteration of the second step and ”T'S-8” plots represent the errors after iterating the
second step eight times, updating Zf , at each new iteration. Both post-processings
improve the initial computation. Even with eight iterations, the overhead cost
remains affordable, especially when the meshsize is small.

e . — /
sy I |
1077 ¢ == 102
1074 | =
. —
Sf — /r/// / 1078 e
1077k / &l =
E ] b
21076 e // ;. g0
= E <
10 1 %
////! 10
1078 —= € =
— 10-6 ——
1079 ¢ = E| Bt
E == E| . e
10’10; | Sl —e—CR-=- EP 10 /g = e CR-m EP
S ‘ —o— TS ——TS-8 F —o— TS ——TS-8
10~ = . 10-8 L1
10-2 10t 1072 10t
h h

FIGURE 4. Sinusoidal velocity, v = 107¢. Plots of €5 (uy,) and &f(pp,).

The EP-method gives much smaller velocity and pressure errors than the CR-
method since it is a pressure robust method. For a given meshsize h, we note that
the TS-method allows to reduce the velocity error by a factor larger than 10. The
pressure error of the TS-method using one iteration is similar to that of the CR-
method, while it is improved using eight iterations.

Table 3 shows the average convergence rates for the velocity, 7, and the pressure,
Tp-

v 7| CR | EP | TS | TS-8

T | 1.98 | 2.08 | 2.06 | —

T, [ 1.03 ] 1.07 | 1.12 | —

Ta | 2.06 | 2.18 | 2.37 | 2.59

7p | 1.32 ] 1.07 | 1.36 | 1.52

TABLE 3. Average convergence rates, sinusoidal velocity.

106

In the case v = 1, the average convergence rates are as expected. In the case
v = 1079, the average convergence rate for the velocity, 7, is better than expected
for the EP-method and the TS-method, and the average convergence rate for the
pressure, T,, is better than expected for the TS-method, probably because the
asymptotic convergence regime has not been reached.

Table 4 below shows the CPU times for the CR-method and the TS-method with
either one, or eight, iterations. As we have used the same meshes, the computation
times are similar to those in Table 2, showing once again that the overhead cost
decreases dramatically as the mesh size decreases.

Figure 5 shows ef(uy,) (right) and ef(pn) (left) plotted against the CPU time for
the CR-method and the TS-method with a single iteration (”TS” plot) or eight
iterations (" TS-8” plot) .
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h CPU CR | CPU TS | overhead | CPU TS-8 | overhead
1.00e—1|1.02e—-2| 1.44e -2 41% 2.36e —2 131%
5.00e—2 | 6.0le—2 | 7.68e—2 28% 1.06e -1 76 %
2.50e—2|754e—1|887e—1 18% 1.16e+0 54 %
1.25e—2 | 7.73e+0 | 887e+0 15% 1.13e+1 46 %
6.20e—3|222e+4+2|234e+2 5% 2.53e+2 14 %

TABLE 4. CPU time (s), sinusoidal velocity for v = 107°.

102 =T 10! T T
—e— CR =TS 1 —e— CR =TS 1
——TS-8 1 —e—TS-8

1072 1 i K.\

1074 ‘\= . | 1072 2 \

2 e S Ril IR s S
Z107°E G b
oL . v \ S
I L il
6 L T -3 -

07 B i e
F m\\\ i [ .\ .

1077 e [ N
= \\.

1078 ’\ IR ’\ Ll IR IR IEE - il umu‘ 10—4 ‘\ IR ‘\ L IR IR il umu’ il umu‘

107% 1072 107! 10 10" 102 10% 107% 1072 107! 10 10" 10> 10%
CPU time (s) CPU time (s)

FIGURE 5. Sinusoidal velocity, v = 107°. Plots of &4(u;,) and
g (pn) against CPU time.

To achieve e} (uy) < 5x 1077, the required CPU time is 1 s for the TS-method with
one iteration and 0.1 s for the TS-method with eight iterations, to be compared with
more than 200 s with the CR-method.

e Some observations

The coercive P! — PY formulation (EP-method) gives pressure robust results, the
obvious limitation being that it requires to know explicitly the potential of the
gradient part of the source term. If it is not known, the two step method reduces
the velocity error, compared with the calculation carried out using the Crouzeix-
Raviart PL, — PY formulation (CR-method). Moreover, using the second (post
processing) step iteratively greatly improves the initial result. Finally, the reduction
factor is greater the smaller v is.

6.4. Low regularity manufactured solution. We now consider a low regularity
solution. Let (p, 8) be the polar coordinates centered in (0.5,0.5). Let o = 0.45. We
set f = —v Au—+ grad p where (u,p) = (p“ep, p — fQ p). Results are given for v =
10~5. For the TS-method, we systematically iterate eight times the second step, up-
dating Z¢ j, at each new iteration. The number of unknowns are reported on Table 1
(right). We used a refined mesh around (0.5, 0.5), where the solution is of low regu-
larity. Figure 6 shows the discrete error values e (uy) := [[u—up||L2 (o) /|| (1, p)[| ¥,
(left) and ef (pn) := v~ |lp— pull 2/l (0, )| x,» (right) plotted against the mesh-
size.

We remark that EP-method shows far better results than the CR-method, and
that the T'S-method allows again to improve the approximation of the CR-method.



REFORMULATION VIA T-COERCIVITY FOR STOKES 19

107 === : : ———rr=
102 /
1073 e
Fe | o E
S = == .
T
1076 & —
EE——
F 10— T
—10 | —
10710 = ] E
10711’\\\\‘ L L I 108 L I I I I Y
1072 107t 1072 107t
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Table 5 shows the averaged convergence rates between the successive meshes.

7 | CR | EP | TS-8
Ta| 2019 1.5
T, | 1.6 106 | 1.5
TABLE 5. Convergence rates, low regularity velocity, v = 1076.

For the EP-method and the CR-method, we postulate that, asymptotically, 7, =
1+ a and 7, = a. In both cases, the obtained convergence rates are better than
expected, which suggest that the asymptotic convergence regime is not reached.
It seems that it will be reached faster for the EP-method, probably because it is
pressure robust.

Table 6 below shows the CPU times for the CR-method and the TS-method with
eight iterations. Again, the overhead cost decreases sharply with the meshsize.

h CPU CR | CPU TS-8 | overhead
1.00e—1|234e—2| 5.88e—2 123%
5.00e —2 | 242e—1| 3.7Tle—1 53 %
250e—21]228e¢e+0]| 3.46e—0 52%
1.25e—2]243e+1]| 3.39e+1 39%
6.25e—3|6.86e+2| 7.7Tde+2 12%
TABLE 6. CPU time (s), low regularity velocity for v = 1076.

Figures 7 show the discrete error values € (up,) (left) and ef (pp) (right) against the
CPU time for the CR-method and the TS-method with eight iterations.

To achieve &5(uy) < 2 x 107°, the CPU time is in the order of 250 s with the
CR-method, compared to roughly 2 s with the TS-method with eight iterations.

7. CONCLUSION

We proposed and analysed a new variational formulation of Stokes problem based
on T-coercivity theory. This variational formulation is coercive, and can be dis-
cretized with the P* — Pclfigcl finite element for all £ > 1. To solve the linear system
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FIGURE 7. Low regularity velocity, v = 1075. Plots of € (u;) and
g (pn) against CPU time.

resulting from the discretization, we need to know the pressure, or at least some
approximation of it, which in our numerical tests is the discrete pressure obtained
using the classical non-conforming method with the Crouzeix-Raviart PL, — PY
finite element. This two step method improves the numerical results by notably re-
ducing the errors obtained after the use of the classical method, especially when the
viscosity is small. More significantly, the two step method consistently outperforms
the classical method in terms of precision with respect to CPU time. Interest-
ingly, this two step approach could be used in principle to solve the time-dependent

Navier-Stokes equations with the help of the P* — Pclfigcl finite element, as soon as

an initial discrete pressure computed with a stable finite element pair is available.
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