A COMPARISON BETWEEN THE MINI-ELEMENT AND THE
PETROV-GALERKIN FORMULATIONS FOR THE GENERALIZED
STOKES PROBLEM

RANDOLPH E. BANK* AND BRUNO D. WELFERT'

Abstract. We first derive the statically condensed form of the mini-element formulation for the
generalized Stokes equations, then present a Petrov-Galerkin-like formulation for the same problem.
We show that the two are closely related.
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1. Introduction. We consider the generalized Stokes problem

aou—vAu+Vp = f inQ
(1) V-u = 0 inQ
u = g ondf)

where Q is a bounded domain in R?. The function f = (f1, f2) is a smooth
function, g is piecewise linear and satisfies the compatibility condition |, a0 g mnds =0.
Furthermore fQ p df2 is assumed to be 0. The constant v is a viscosity parameter.
The term awu typically comes from a classical Euler time discretization of the full
Navier-Stokes equations (« being proportional to the inverse of the time step At) in
conjunction with the use of a #-scheme. Both v and « are positive.

A mixed formulation of (1) is given by the finding of (u,p) € H}(2) x L§(£2) such
that

a(u,v) +v(Vu, Vo) — (p, Vo) = (f,v) v e HQ)

(2)
—(¢,V-u) = 0 p € L3(9Q)

where H,(Q) = {u € (H')>,u =g on 9Q}. (-,-) represents the usual £* inner
product.

In this work we will compare two popular discretizations for (1), the mini-element
discretization of Arnold, Brezzi and Fortin [1] and the Petrov-Galerkin scheme of
Hughes, Franca and Balestra [4] [3]. Although initially dissimilar in approach, we
show that the two discretizations lead to strikingly similar sets of linear equations
when the bubble unknowns of the mini-element formulation are statically condensed,
and when piecewise linear velocities and pressures are chosen for the Petrov-Galerkin
scheme.
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In particular, when o = 0 (Stokes equations) the matrices are identical, for a
proper choice of the elementwise stability constants in the Petrov-Galerkin scheme.
The right-hand sides differ only in terms formally of order O(h2). When a > 0, the
matrices are no longer identical, but differ by only a small amount.

In sections 2 and 3 we will discuss the mini-element and the Petrov-Galerkin dis-
cretizations respectivelly. In section 4 we will analyze the similarities and differences
between the two formulations.

Let 7 be a triangulation of € such that any two triangles in 7 share at most a

vertex or an edge. For 7 € T let h, be the diameter of 7. Let h = ma7>_< h-.
TE

For 7 € T let also ¢;(7), i = 1,3 be the barycentric coordinates (nodal basis
functions). In the following ;(7) will be replaced by v; for simplicity and when no
confusion is possible.

In the following we suppose without loss of generality that g = 0. Then we define
the spaces

L = span{y;,1 <i < 3}

K; = span{yy = 1102903}

and the corresponding global spaces

L=][£t-, K=][K- and £o=LNH;
T€T Te€T

Lo is the space of continuous piecewise linear functions on 7 and K is the space of
cubic ”bubble” functions on 7.

2. The mini-element formulation. The solution (u,p) of (2) is approximated
by the solution (wn,pr) € (Lo ® K)? x L of the discrete equivalent of (2):

3) a(up,v) +v(Vuy, Vo) — (pr, V-v) = (f,v) wve(LodK)?
—(¢,V-up) = 0 qge Ll

This formulation is known to satisfy a Babuska-Brezzi condition and thus to
produce a unique and stable solution (wup, pp). This solution can be uniquely decom-
posed into its linear part (uy 1, pn) and its bubble part (up, 4, 0). In practice (wp, i, pr)
is considered a better solution than (wp,py) itself [2] [5].

Using elementwise integration, the contribution of a triangle 7 € 7T is then defined
by the following 11 x 11 matrix M, (4 unknowns for each component of the velocity
and 3 for the pressure):

A er 0 0 B,

el ol 0 0 wt,

(4) M,=l7/| 0 0 4, e B
0 0 e, o w,

BT,ZE wT,I BT,y w‘l’,y 0

Here |7| is the area of the triangle 7, the 3 x 3 matrices A;, B; ., and B, correspond
to inner products involving linear basis function for the velocity and the pressure, the
scalar o” is the contribution to the #! inner product from the cubic bubble functions
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for the velocity, and the 3-vectors w,, and w,, correspond to contributions to the
divergence term for bump velocity basis functions and linear pressure basis functions.

Direct calculation of the relevant integrals, along with some algebraic manipula-
tion, yields

o .
(5) (Ar)ig = vV - Vibj + 5 (1 +655) 1<4,j<3
1 1 .
(6) (Bra)ij = *gl/}j,r and (Bry)ij = *gwj,y 1<4,57<3
1
1 Ura 1 Yy «
(7) Wr g N 1/}2 T Wry = = wQ Y €r = 75~ 1
' ’ ’ 60 ’ 180
60 '(/)3,:15 w37y 1
and
r_
() 7r =0V 50
Here d;; is the usual Kronecker symbol, ¥; 5 or y denotes the partial derivative of ;
1
with respect to = or y, and the quantity o, is defined by o, = ﬂ(vwb(r), V(7))
T

The contribution of the triangle 7 to the right-hand side of (3) is an 11-vector r
such that

(f,¢5)r  1<i<3
( 17%)7 1=

(rr)i =< (fo,ica)r 5507
( vab)'r 1=
0 9<:1 <11

A simple calculation shows that after elimination of the bubble unknowns one
gets the following 9 x 9 elementary contribution for the triangle 7:

A0 B
(9) M= rl| O A B
B;”E B-/r,y 7ST

where
1

(10) Al = A - U—/eTetT

/ 1 t
(11) BT,m - BT-,fE - ;w77f67

/ 1 t
(12) BT,y = B‘F,y - S Wryes
(13)
and the 3 x 3 ”stability” matrix S, is defined by

1 1

(14) Sr = —(Wr Wi, +wrywr,) = geen (Vi Vi )i<ig<s
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In the important case of the regular Stokes equations (o = 0) the bubble functions
contribute only two diagonal terms o, in A, (one for each component of the velocity),
and the matrix S; is the only difference between the mini-element formulation and a
formulation using continuous piecewise linear functions for both velocity and pressure,
whence the name of ”stability” matrix, since the latter formulation is not admissible
and does not satisfy an inf-sup condition.

The condensed right-hand side now reads

(flad}i)-r*ﬁ(flvwb)T 1<:<3
(77 )i = (fzail%?,)T - ﬁ(f%wb)‘r 4<i<6
~ 607 I v Vizo)r 7<i<9

O-T

All elemental condensed matrices and right-hand sides are finally assembled in the
global stiffness matrix and global right-hand side. The resulting system (modulo
modifications due to the boundary conditions) has then a unique solution, which is
the nodal values of (w1, pp)-

3. The Petrov-Galerkin formulation. T.J.Hughes et al [4] first proposed to
modify the saddlepoint problem (2) in order to forego the imposition of an inf-sup or
related condition. The idea behind the resulting Petrov-Galerkin formulation is the
introduction of some kind of ”stability” matrix to the divergence equation in (1), by
adding to it a multiple of order O(h2) of the first equation integrated against a special
test function elementwise. In this section we extend this technique to the generalized
Stokes equations. In particular, we want to find the solution (uy, pr) of the following
system, for (v,q) € Lo x Lo x L:

a(ur,v) +v(Vur, Vo) — (p, V- v)
- Z OZAT(OL'UIL - VA'U/L + VpLa’U)T = (.fvv) - Z OL}‘T(f?’U)T
TET TeT

(15) v e Ly XLy

—(¢, V- ur) - Z Ar(aur —vAug + Vpr, Vg),

TET
= _Z AT(f’Vq)T qEE
TET

The first equation results from adding to the first equation of (3) a sum over
triangles 7 of a positive multiple A, (typically of order O(h2)) of the same equation
integrated over 7. A similar manipulation is done on the second equation, with
the difference that the added part is now integrated against Vq. Note also that
Awuy, = 0. The resulting stiffness matrix is then symmetric. In the more general case
of higher degree interpolation polynomials, this term would result in a non-symmetric
contribution to the stiffness matrix.

Moreover, the bilinear form

B((u,p)7 (U’Q)) = a(uvv) + V(Vuﬂ VU) - (p, V- v) + (C], V- u)
+ Z A (Vp+ au, Vg — av),
TET
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is coercive over Lg X Lo x L for the norm

I(w, p)II2 = alful* + v[[Vul* + Y A Vo2
TET

provided that aA; <1 for all 7 € T.

1
Because of (8) the particular case A, = 360007 satisfies this condition. With this
UT
choice, the coercivity of B(-,) immediately implies the unique solvability of (15).
The corresponding element stiffness matrix results then in the following 9 x 9
matrix:

Al 0 B,
(16) M! = || 0 A7 BY,
B, B, =S
where the matrices B ,, B; , and S, were defined in section 2 and

T,

1

(17) AL = A - D,
2 11
2
(18) D, = 33005 1 2 1
11 2

The corresponding elemental right-hand side reads:

a .

(= g0007) V1¥i)r  1<i<3
a T '

(r:)l = (1 - 36000 ) (f27¢7273)7' 4<1<6
1] _

_36000_/ (f7 vwi—ﬁ)‘r 7 S (3 S 9

These results are very close from the quantities we obtained in section 2 for the
mini-element formulation. In the next section we compare both formulations and
derive an estimate for ||(wp1,pn) — (v, pL)| -

4. Comparison of the formulations. The element stiffness matrices M, and
M are very similar for the choice of A\; made in section 3. Indeed they differ only

1 1

by the quantity —,eTetT (resp. — D). Furthermore, we have
o o

‘ a? 1

ere. = -

T 36009

1 11
1 1 1
1 11

which corresponds to the application of the one-point (triangle’s barycenter) rule
integration, exact only for linear integrands. Thus this rule does not compute the £2
inner product (u,v), exactly for linear functions (since w - v is quadratic then). In
fact, the exact integration would lead to the matrix D, (three-point rule integration
formula based on the midpoints of the triangle’s edges). However, it provides an
exact value of (u,?),, with © being the (piecewise constant) average value of v in

each triangle 7 (note that ||9||? < §Hv||3 for v linear in 7).
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With this notation, the mini-element and Petrov-Galerkin formulations can be
written as

2

(19) B((uns,pn), (v,0) = (f.v)- ;%gwuh,l,v ~ ),
T ;6010,7<f,wb<7><v«1 - av)),

and

(20) B(uz.p1), (v,9) = (£,v) + ;36;00,7#,% ~av),

for (v,q) € Lo x Lo x L.
Substracting (20) from (19) we get

B((uns,pn) — (ur,pr), (v,q)) = o Z ﬁ(uh,z,fi — o).
TET T
1 1
- Z m('ﬂﬁ B ’U)T + Z 36000 (f7 (601/);](7') - 1)(Vq - 0417))7

TET TeT

THEOREM 4.1. There exist two positive constants C7 and Cy depending on the
minimal angle in the triangulation such that

Ja
vV

h2
(i pn) = (ur, pr)lls < Cr— [V EIl + Co—==h? (]| (wni, p)ll + [I(f, 0)].)

Proof. In the following C' is a constant depending on the minimal angle in the
1
triangulation 7. We recall the inequality — < ChZ for 7 € T.
o

We now bound each of the terms above separately; for (v, q) € Lo X Lo X L, we
get:

]. _ h2 -
|3 50507 (@nir® ~ vl < Ol 5~ vl
TET
B3
< C—|Vo| [lun,
v
Then
1 B h2 B
|Zm(f,v—v%| < 0= Y Ifl- o=l
TeT TET
h3
< C—lflHIVa

and for the third term:

|3 seonr (F: (6044(7) — 1)(Vq — av)
TE€T T
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=123 6000 (f — £, (6004 (7) — 1)(Vg — a®)). |
€T

1609 (1) = 1)(Vg — av)||

< T
- 27:, \/3600 ! VIl /360007
5~ vl )
q !
< \Y z C—h
< el 36OOU;> +CZohlo]
Thus, using the coercivity of B(-,-) over Ly x Ly x L, we get:

5H(uh,l,ph) - (UL,pL)Hf < B((Uh,l,ph) — (ur,pr), (Uh,uph) — (ur,pr))

o? ah?
< th3||V(uh,l —urp)| wnll +Cf||f|| [V (uni —ur)

/2
h? V(pn —pL)lZ o
C\ﬁHVfH (Z ” 3600 ,L i ) +Cﬁh||uh,z —up

which yields

/o g @ 43
_ < ovVZ =
[(wni,pn) = (ur,pr)lls < C \Fh ||<uh,l,ph)H*+CVﬁh £l

e v Yo

v v

2
< Oy\{/a;h?’(all(uh,z,ph)II* + (£, 0)].) + C\%HVJ"II

Thus the term au does not create a large perturbation (order O(h3)), when
compared to the regular Stokes problem (o = 0), for which the norm of the difference
between the solutions to the two formulations is of order O(h?). However, one should
remember that in the context of the full Navier Stokes equations, « is of order O(Z;).
For smaller time steps the effect of the second term on the right-hand side in theorem
4.1 is no longer negligible compared to the second term. For a time step comparable
to the mesh size this results in an estimate of order O(h3/2) for example.

Both mini-element and Petrov-Galerkin solutions converge to the same value when
the size of the mesh becomes small. Also, the mini-element discretization can be
viewed as selecting a particular choice for triangle dependent stability constants, which
must be selected in the Petrov-Galerkin scheme.
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