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Abstract. In this paper, we analyze a class of stabilized finite element formulations used in
computation of (i) second order elliptic boundary value problems (diffusion-convection-reaction
model) and (ii) the Navier—Stokes problem (incompressible flow model). These stabilization tech-
niques prevent numerical instabilities that might be generated by dominant convection/reaction
terms in (i), (ii) or by inappropriate combinations of velocity/pressure interpolation functions
in (ii). Stability and convergence results on non-uniform meshes are given in the whole range
from diffusion to convection/reaction dominated situations. In particular, we recover results for
the streamline upwind and Galerkin/least-squares methods. Numerical results are presented for
low order interpolation functions.

1. Introduction. We consider two basic models in fluid mechanics:

(i) second order elliptic boundary value problems (modelling diffusion-
convection-reaction problems), and
(ii) Navier—Stokes equations (modelling incompressible flow problems).

Standard Galerkin finite element solutions may suffer from numerical instabilities
which are generated by dominant convection (and/or reaction) terms in (i), (ii)
or by inappriopriate velocity/pressure interpolation functions in (ii).

In the past decade, Hughes and his co-workers introduced the concept
of streamline upwind (SU) and Galerkin/least-squares (GLS) methods for (i)
and (ii). The SU-stabilization is achieved by adding to the Galerkin formulation
a series of integral terms over each finite element involving the product of the
basic equations and the advective operator acting on the test function. In the
GLS-approach, least-squares forms of the basic equations are added to the Galer-
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kin formulation. Basic ideas and results for these methods can be found in [Hu],
[Ja], [FFH], [FS], [Wal.

We present a class of stabilized finite element schemes which involves both
methods for diffusion-convection-reaction problems and give existence and error
results. Furthermore, we derive design properties for the inherent parameters. In
particular, we generalize a result in [FFH|. Numerical results in 2D and 3D show
the performance of the method (cf. §2).

In §3 we analyze the GLS-method applied to linearized Navier—Stokes equa-
tions and derive error estimates and design properties for the discretization pa-
rameters. The method allows for arbitrary C%interpolations of velocity-pressure.
We generalize a result in [DW], [F'S] for the Stokes problem to the non-symmetric
case.

The estimates are valid on non-uniform meshes. For the GLS-method they
involve control of weighted discrete residuals. Both facts could be exploited in
adaptive mesh refinement methods.

Extensions to unsteady problems and more complicated nonlinear problems
are possible but not discussed here (cf. [Hul, [HS], [Tea], [Teb], [Jal).

For G C 2 we denote by W*?(G) the Sobolev space of functions with deriva-
tives of order < k belonging to LP(G). The norm and seminorm on W*?(G)
are denoted by || - ||x,p,¢ and | - |k p,c, respectively; (-, )¢ is the inner product in
L?(G).

2. Stationary diffusion-convection-reaction problems

2.1. Stabilized Galerkin methods. Let 2 C R?, d < 3, be a bounded domain
with a Lipschitz continuous boundary I' = 0f2. We consider the following sec-
ond order elliptic boundary value problem modelling steady diffusion-convection-
reaction problems:

(2.1) Lu:=—Au+b-Vu+cu=f in {2,

(2.2) u=0 onl

with the following assumptions:

>0, belL>®2)% V-b=0 ae in,

ce L), ¢>0 ae. in, feclL*N).

A weak solution u € V := Wy *(£2) of (2.1), (2.2) satisfies

(2.3) Ba(u,v) :=e(Vu, Vo) + (b-Vu+ cu,v)g = (f,v)o YveV.

(HL.1)

Let now 75, = {K} be a triangulation of {2 = | J K with shape-regular elements
K of diameter hg. Further, let

Vi, = {?)h S VI’U}L‘K S Pl(K) VKEITh}y

a usual conforming finite element space of piecewise polynomials of degree [ > 1
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satisfying an inverse estimate

(2.4) 30] >0: C] Zh%(HAUhHg,Q,K § |’Uh|%7279 VU}L S Vh .
K

The standard Galerkin finite element solution uj of
(2.5) up € Vp ¢ Bg(uh,vh) = (f, vh)Q Yo, € V),

may suffer from numerical oscillations that are generated by dominant convective
or reaction terms. Under assumption (H.1), a solution u € V satisfies Lu = f in
L2(£2) and thus with ¥(v) € L?(£2)

(2.6) Be(u,v) + Y (Lu— f, () = (f,v)e YveV.
K

Stabilized Galerkin methods of residual type start from (2.6):
(2.7&) up € Vh : ng(uh,vh) = ng(’l)h) V?}h S Vh
where
(2.7b) Bsg(u,v) :== Bg(u,v) + Z(Lu,w(v))K )

K
(27C) LSG(U) = (fv U).Q + Z(fv ¢(U))K .

K
We consider the following class of methods with
(2.8) T/)(’L)h)|K = 0gb -V, + 'YK(_gAUh + th) VK € T,
and the following (minimal) design properties:
- 1

(H.2a) 0< g <6x <6< —"

2[lello,c0, 02
(HQb) g0 < Agh%(, As < %C} (C] from (2.4)) .

The properties (H.2) are valid for the following schemes:

(i) v« = dx =0  Galerkin finite element method (G),
(ii) vx = 0, dx = 0 streamline upwind finite element method (SU),
(iii) yx = dg > 0  Galerkin/least-squares finite element method (GLS).

2.2. Auziliary results. The stabilizing effect of the parameters dx and yg can
be seen from

LEMMA 2.1. For vy, € V}, we have under the assumptions (H.1), (H.2)
1

(2.9) Bsg(vh,vh) 2 Cg|||’[)h|||2 wz’th Co =1-

V2
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where

(2.10) llonlli? = elonl? a0 + IVevnl§ 2.0 + D ok b - Voullg o x
K

+ Y vrll—edon + ol 2, -
K

Proof. We set up = vy, in (2.7), (2.8) and find that
(2.11)  Bg(vh,vn) =e(Vop, Vo) + ((c — 3V -b)up,vp)  (integration
by parts)
= clonli 0.0 + IVevnlld 2.0 (by (H.1)),

(2.12) Bgg(vn,v) = Ba(vp,vp)

+) 0k {lb- Vonllg ok + (—eAvh + cvn,b - Vop)k}
K

+ Z’YK{H—EAUh + CUh”%,Q,K
K

+ (b - Vup, —eAvp, + cop) i }
> [llonll® — 1] — 11|
with
(213) 1= ( > bk (—Avy + cop, b - wh)K(
K

/
(Z 525K\|Avh||3,2,K) " ( Z oxc[[b- VvhngﬂvK)
K K

+ (Z 5KHcvhH3,2,K) v ( Z dk|b- VUhHg,Q,K)
K K

1
5 (1 +az) > 0klb - Voul[§ 2,

1/2

IN

1/2

IN

K
1 1
+ EEA(S Z Wi\ Avnllf . + 2T.Q‘S”CHO,OO,Q Z IVewnlld o, x
K K

IN

1 1
5lan +a2) > 0klb - Vonl§ o5 + EE\%\%Q,Q
K

1
+ @H\/E’Uhug,zn (by (2.4) and (H.2)),

(2.14) |11 = ( Y k(b - Yoy, —eAv, + cvh)K(
K

1/2 B 1/2
< (S oklb-Vouldon) (ko l-edon + conlldz i)
K K
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Z S |b - Vonll§ 2,5 T oo ZVKH—*SAUh +evnlfor  (by (H2).
K

From (2.12)—(2.14) it follows that

l\')l)—t

1 1
Bsg(vn,vn) > |||vall]? — Edvhﬁ,z,n - EH\/EUhH%,Z,Q

1
- 5(041 + az + a3) 251{”]0 - Vorll5 2,5
K

1
T S Z’YKH—EAWL + CUhH%,ZK
3k
and with a = a1 = as = a3 = 1/(2v2),

Bso(on,0n) (1—%)”%”?

Remark 2.1. For the Galerkin/least-squares method (GLS) with yx =0x >
0 we find that

(2.97) Bers(vn,vn) = elonlf 0.0 + IVeonllf 00 + D Skl Lonllg o x -
K

Furthermore, we need a continuity estimate for Bgg(-, ).

LEMMA 2.2. For u,v € V with Au, Av € L?>(K), VK € T;, we have under the
assumptions (H.1), (H.2)

1 1
(215) |Bsa(u,v)| < 5CollblI? + g{elulfan + IVeul 20

+4Z5K||b VU||02K‘1‘8&4(52:}1 [ Aullf 2 5
T 825K\\cuu0,2,K + Zmin{ag 17 I o s HlulB 2.5 -
K K

Proof. We have
(2.16) |Bsg(u,v)| < [T 4 [IV] + | V]|
with
(2.17) || = |Bg(u,v)|
= [e(Vu, Vv)g + (Veu, Vev) g — (u,b - Vo) | (integration by parts)
<eluli2,.0lvli2.0 + [VeulozallVevloz.e

LIk w ullg o 1) (g0l - Vllg o ) if 6 >0
(e 71dZKHbHO ) KHUHO 2, K)1/2(€ZK|U 1,2 K)1/2 otherwise
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<

] =

>k Ox|[b - Vullg if 5 >0
CO(E’U’%Q,Q + H\/EvH%,ZQ) + { K 0,2,K

2 .
elvlian otherwise

1
+ a(elugz,g +IVeuld 2.0

+ Y min{d e dIblE o i Hullf 2 1)
K

(2.18)  |IV] = ‘ Y x{(—eAu+ cub - Vo) + (b-Vu,b- vu)K}(
K

1
< S (L + La) Z‘SKHb : VUH%,ZK + 2L, Z‘SK”b : VUH%,ZK
K

K

N —

1
+ 2L, EK: Or||—eAu + CUH%,Q,K )

(2.19) |V|= ‘ Z Yr{(—eAu+ cu,—eAv + cv)g + (b - Vu, —eAv + cv) g }
K

<

N =

(Ls + La) Y vicll—eAv+ cv[|§ 5 1
K

1 1
+ oL, EK:VKH—’SAU + CUH%,Q,K + 2L, EK:VKHb : VUH%,ZK .
We summarize (2.16)—(2.19) with Ly = Ly = Ly = Ly = 1Co:
1
1Bsa (u,v)] < 5Co{elvf} 20 + IVl 2.0

+ > 0klb - Vol n + D kll— v+ cvlld o i}
K K

1
g {eulan +IVeulag + 43 xllb - Vullds i
K
+ 82 26k || Aullf o i + 82 Sx lleulld 2,k
K K
+ > min{6"se bl oo sl 2.
K
which yields (2.15). =

2.3. Error analysis and parameter design. We may now state the following
convergence result.
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THEOREM 2.3. Under the assumptions (H.1), (H.2), there exists a unique so-
lution up, € Vi, of (2.7), (2.8) which converges to the solution of (2.3) as follows:

(2.20) llw = un|I* = elu = unli 0.0 + IVelu = un) 3 2.0

+> 0kllb- V(u—un)f 2k
K

+ Y vrll—eA( = up) + elu = un)llf 2,5
K

<C Z h%BK(E, h, 5K)’U‘12+1,2,K
K

ifu € VAWSEL2(0), 1> 1. Furthermore,
(221) BK(E,hK,5K) Z:€+(5K”ng7007K
+min{0x 17 bl ook M + llello,oo, Pk -

Proof. The existence and uniqueness of uj;, € V}, are a consequence of Lemmas
2.1, 2.2 and Lax—Milgram’s lemma.

Let ey, := up —u = (up, — mpu) + (mpu — u) = Yy, + np, where 7, 1 V. — V),
denotes the interpolation operator in V3. Then

(2.22)  Colll9nlll* < Bsa (On,n) (by Lemma 2.1)
= Bsa(en =, 9n) = —Bsa(nn, V)  (consistency, by (2.6))

1 1
< 5Collonl” + g{ ebm 0 + Vom0

+4) 6klb - Vnnllf ok +8eAs Y Wil Annllf o,k
K K

+8) dxllennld 2k
K

+ > min{d s IBIB o re Himn B 2.1 |
K

The estimate (2.22), together with the standard approximation result

(223)  [nllm,zx < CahiE ™" ulisr 2

o Vue WHAK), 0<m<I1+1, VK €T,
implies

V2

2
I9lI* < F=Ca 3 hieke + lello.oo.sche + 0 [BIE . i
K

+ 5K”C”3,oo,Kh12K + min{d; e Hb|’%,oo,Kh%{}}‘u’l2+l,2,K

<C Z h%BK’U‘zQH,Q,K .
K

Note that by (H.2), 6k ||c[lo,00,x < 3. m
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We now derive an additional design condition for dx by optimizing (2.21),
more precisely by balancing the terms

(224) BBl e ~ ming8icts e [BIR o Hike
A simple analysis yields with the local Peclet number Peg := e~ hx||b|l0.00. i
O ~ hi(|[bllo,cox) ™" if Peg >1,

2.25) (H.2¢c
( ) ( ) (SKNh%(&“il if Pngl.

Then it follows that
Bi (e, hi,6x) ~ &+ [bllo,co,xchrc + |€llo,00,x P -

COROLLARY 2.4. Under the assumptions (H.1) and (H.2) a, b, ¢, we have the
convergence result

(2.26)  llu — wunll” < CZ h (€ + |bllo,00, & Pic + [lello,00,k P [ulF i1 2, -
K
Remark 2.2. Ford=1, c=0, b, f = const and h = hg, one has a nodally
exact solution of the SU- or GLS-method provided that

h PeK 2
(2:27) K= o) {CO 2 Per }

which is in accordance with the “double-asymptotic” law (2.25) for Pex > 1
and Pex < 1. Unfortunately, such a superconvergence result is not available in
multiple dimensions for variable coefficients. Nevertheless, a “double-asymptotic”
law of type (2.25) is frequently used in computations [FFH], [Tea], [Teb]. Note
that (2.25) has been derived by a local L2-error analysis argument only. On the
other hand, the SU- and GLS-methods with (2.25) cannot “model” characteristic
interior and/or boundary layer (cf. §2.4) and they result in mild oscillations which
are restricted to a small neighbourhood of the layers. Based on a refined local error
analysis, one can prove that characteristic numerical layers have a “spread” of
O(V@&ln & 1), @ := max{h;c} [Wa]. For a modified SU-scheme, an L*-analysis
yields even a “spread” of O(h*/*Inh~') if ¢ < h3/? ford=2and b = (1,0)T. u

Remark 2.3. The error estimate (2.26) is uniformly valid for 0 < ~g
< 0k and thus holds for the SU- and GLS-methods with vx = 0 and v = 0k,
respectively. For the latter method (2.9*) holds and there exists additional control
of a weighted residual according to

(2.26%) Z O || Lup, — ng,Q,K < CZ h%BK’u‘lQ—H,Q,K
K K

which could be exploited in adaptive methods [Jo]. m

Remark 2.4. The SU-method does not take into account reaction dominated
situations with ||c[|o,co, x B% > €. So it could be desirable to separate more clearly
the influence of the convection and reaction terms with yx > 0. An alternative
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choice to the GLS-method with v = dx is
vic ~ hic(IBllo,se, i)™ i Pesc i= hic|[bllo,c,0e " 2 1,
’YKNh%(E_l if P\EKS 1

(cf. 83, [Teb]). m

2.4. Numerical results and extensions. Now we present numerical results for
P1 interpolation (I = 1) in (2.7), (2.8) for two- and three-dimensional problems
using the package GLSFEM written by D. Weif§ [W]. Based on the estimates of
§2.3, the calculations were performed with vx = dx and

. hk o1 _ hi|bllo,co,x
(2.28) 0g =90 mmm{l,gPeK}, PeK—f,
which is in accordance with (2.25). For 6* — 0 we recover the Galerkin method.
We denote by v the outward unit normal vector on I' and by I, Iy, I’ the
“inflow”, “characteristic” and “outflow” parts of the boundary I" where b-v < 0,
b-v=0and b-v > 0, respectively.
The first examples are devoted to convection dominated problems.

EXAMPLE 2.1. Let 2 = (0,1)2 C R%, ¢ = 107% b = (1;05)T, ¢ = f = 0.
A discontinuous profile given at the “inflow” part I'_ is transported along the
streamlines. The solution admits an interior “characteristic” layer at S and an
“ordinary” boundary layer at the upper part of the “outflow” boundary Iy (cf.
Fig. 2.1a). Level lines of the discrete solution of (2.7), (2.8), (2.28) with ¢* = 2 on
an equidistant 20 x 20-mesh are given in Fig. 2.1c. The layers are sharply resolved
but mild oscillations appear in a small neighbourhood of the layers. For §* — 0
we arrive at the Galerkin solution with global pollution of the oscillations (not
shown here). If §* is too big, the layers are smeared out (not shown here).

In Fig. 2.1b we present the dependence of the discrete L?-error (on an equidis-
tant 20 x 20-mesh) on the parameter ¢*. The error is minimized for §* ~ 2.

We remark that the local oscillations cannot be avoided with grid refinement
(cf. Fig. 2.1d with 6* = 2 on an equidistant 100 x 100-mesh) and in adaptive
codes [KR]. m

Discrete solutions with local oscillations appearing in the neighbourhood of
layers (cf. Example 2.1) are, in some sense, not satisfactory. As a remedy, [Jb]
proposed to introduce an additional term of artificial diffusion depending on the
discrete residual, the so-called “shock-capturing streamline upwind method”. It
reads

(2.29a) un € Vi Bsg(un,vn) + Y (Bre (un) Vun, Vou) i = Lsa(vp)
K

with
(2.29b) ﬁK(uh) = ﬁ*h}Yd(Luh — f)|K| s S (1.5; 2] .
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Yy
=0
1 z MQA2
o 0.14
u= 0.12
) 0.10
U= -
3 0.08
= 0.06
u=0 0.04
0.2 0.02
u=0 0
u=0 1 T
Fig. 2.1a

Fig. 2.1c Fig. 2.1d

One can solve (2.29) by means of simple iteration:
(2.30)  uptt e Vs Bse(upthun) + Y (Bk (ui) Vuptt Vo) g
K

:Lsg(’l)h), n:O,l,...
EXaAMPLE 2.2. We discuss the effect of the “shock-capturing” modification
for Example 2.1 using an equidistant 32 x 32-mesh and 0* = 2. In Table 2.1 we
present for different values of 3* the discrete L2-error (MQA) and maximal and
minimal values u}"®* and u™", respectively, of u;. Note that 0 < u < 1 such that

max min

up'®™ and up'" represent the effect of numerical oscillations.

Table 2.1. “Shock-capturing streamline upwind method”

for Example 2.1 — discrete L%-error, up ™, uﬁ’in

B* ] MQA=|u—uloze, | up™ up™

0.00 0.0930 1.060 —0.1037
0.10 0.1115 1.043 —0.0533
0.15 0.1209 1.041 —0.0351
0.20 0.1297 1.040 —0.0199
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The oscillations are obviously reduced with increasing #* but the solution is
smeared out so that the discrete L2?-error increases with 3*. The discrete solution
of (2.29), (2.30) tends to smear with increasing number of iterations in (2.30).

The analysis of the scheme (2.29) seems to be open. m

In three-dimensional problems we find similar effects of stabilized Galerkin
methods as for d = 2.

EXAMPLE 2.3. Let 2 = (0,1)2 CR? & = 1075, b = (—29,21,0)T, c = f
= 0. A discontinuous profile given at the “inflow” part I is transported along
the (curved) streamlines (cf. Fig. 2.2a). At the outflow part I’y we impose a
homogeneous Neumann condition thus avoiding an “ordinary” boundary layer in
the leading term of the asymptotic expansion of the original problem. In Fig. 2.2¢
we present the outlet profile of the discrete solution (using an equidistant 16x16x
16-mesh with 6* = 2) which has again local oscillations in the neighbourhood of
the discontinuities of u. The dependence of the discrete L-error MQA and u}r®*,
w™n on the parameter 6* (on a 16 X 16 x 16-mesh) is given in Fig. 2.2b. The
solution is robust with respect to 6* due to the vanishing “ordinary” boundary

layer at the outflow boundary I'y. =

p
=0
b
s
uff¥ MQAZ2, u’® ,j = 0.7
120 —0.1 S0 NN
(*/ Y o ulp =1 b
1 '-"- ...................... {] ....... \ - 0.3 k\\\\ o
..................................... 0.05
T
..................................... 1 1
08 0 0.3 0.7 1
0.6 = s ceman v omann waaspin s sommais ¢ siss 4 oum x5 Fig. 2.2a
..................................... —0.05
0-4 .....................................
..................................... —01
0.2& ................... ..4.:‘ .......
0 . P , 01015
0 5 10 15 20 25
—— MQA
—a— A
Fig. 2.2b Fig. 2.2¢

In the next examples, we discuss the effect of reaction terms in (2.1), (2.2).
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EXAMPLE 2.4. Let 2 = (0,1)2 C R%, ¢ = 1075, b = (1 — 23,0)T, ¢ = 5,
f = 0. At the inflow part of the boundary (z; = 0) let w = 1; on Ix U I} we
impose homogeneous Neumann conditions. In the characteristic boundary layer
at xo = 0, there exists a strong interaction of diffusion, convection and reaction
terms. The mesh is refined in the neighbourhood of this layer. The SU-solution
with v = 0 admits a strong discontinuity at (0,0) (cf. Fig. 2.3a with 6* = 1).
The local error at (0,0) is obviously reduced in the GLS-method with yx = dx
even on a rough mesh (cf. Fig. 2.3b with 6* =1). m

S =——"

T il

o

?Jiﬁ‘

’ _\;\;‘ {vh;
-~ n.,,,'llllm”” ll’w il m
il antlilh(
,:%f'gffg'fi"{g‘{'{wlp,i ."',’t'z’:f!ffgfi&'{'fj!)},.‘

Fig. 2.3a Fig. 2.3b

EXAMPLE 2.5. Let 2 = (0,1)2CR?, ¢ =108, b = (0,0)T, ¢ = f = 1 such
that the problem is reaction dominated. Let w = 1 at x; = 0 and x5 = 0, but
u=0at x; =1 and 2o = 1. The solution admits a boundary layer at 2 = 1 and
x1 = 1, respectively. The GLS-solution has local oscillations in the neighbourhood
of the layers (cf. Fig. 2.4a on a 20 x 20-mesh).

Fig. 2.4a Fig. 2.4b Fig. 2.4c

[FD] proposes as a remedy the so-called Galerkin-gradient/least-squares
method (GGLS):

up € Vi o Bsa(un,vn) + Y0k (V(Luy, — £), V(Lop))k = Lsa(vn) .-
K

For piecewise linear interpolation (I = 1), the additional term represents numeri-
cal diffusivity according to

ZnK(V(cuh —f),V(cop)) K -
K
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In Fig. 2.4b and c we give the plot of the GGLS-solution on a 20 x 20- and a
100 x 100-mesh, respectively, with nx = 0.75h%, h = hy.

An error analysis for the GGLS-scheme is given in [FD] in the case of b =
0,0)T. m

3. Stationary incompressible flow problems.

3.1. Stabilized Galerkin methods. Let 2 C R?, d < 3, be the bounded flow
domain with a Lipschitz continuous boundary I" = 9f2. We consider the following
velocity-pressure formulation of the Navier—Stokes equations governing steady
incompressible flow:

(3.1) N(u,u) := —eAu+ (u-V)u+Vp=f in 2,
(3.2) V-u=0 in{?

where U = (u,p), u and p are velocity and pressure. We assume that for the
inverse Reynolds number € and a given body force f,

(H.3a) e>0, felL*(n)?.
For simplicity we analyze only homogeneous Dirichlet boundary conditions
(3.3) u=0 onl'.

Let X :=V xQ, V:=Wy*(2), Q := L}(R) := {q € L*(2), [, qdx = 0}.
There exists at least one solution u € X of (3.1)—(3.3) which is additionally unique
for small data

-V
(3.4) Blflv-c? <w<l, fi= sup B VIV:Wa
wvwev [ulv|vivwly

Otherwise the solution set of (3.1)—(3.3) is “essentially finite” [T].
We consider the following simple iteration procedure (n =0,1,...):

(3.5) i"tte X  Bgu":ua"thv)=(f,v) VveV,
(3.6) (V-utlg) =0 VgeQ

for given U° € X with
~ 1
(37)  Bolait,v) = (Vu, V)2 {((a V)u,v)o—((@V)v, we} (. V-v)o

which, according to (3.4), converges for small data to the (unique) solution u € X
of (3.1)—(3.3) [GR].
In the following we restrict ourselves to stabilized Galerkin schemes for lin-

earized Navier—Stokes problems of type (3.5), (3.6). For a given field a with
(HL3D) ac LN Hy(2), V-a=0 ae. in 2,
' Hyi(2) :={v e L} ()¢, V-ve L*(2)}

(3.8) ueX: Bgaju,v)=(f,v)p vYwelV,
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(3.9) (V-u,q)o=0 VqeQ.

Note that a = 0 corresponds to the Stokes problem.
With a discretization of 2 as introduced in §2, we define the following con-
forming finite element interpolation function spaces for velocity and pressure:

(3.10) Xp=VixQncCX:=VxQ,
(3.11) Vi ={veV:vlg € P(K)'VK € T;},
(3.12) Qn={g€QNW"(2): qlx € P(K) VK € T}

with integers [, k, [ > 1, k > 0. The basic Galerkin finite element discretization
of (3.8), (3.9) reads

(3.13) ﬁh = (uh,ph) c Xh : Bg(a, ﬁh,Vh) = (f,Vh)Q Vvh S Vh,
(3.14) (V- un,qn)e =0 Van € Qn -

Remark 3.1. For discontinuous pressure interpolation in )y, one can intro-
duce in (3.13), (3.14) a jump term

> Bi(lpnl, lan])ox
K

where [p] denotes the jump of p across K [DW], [FS]. =
Numerical oscillations in such mixed methods might be generated by

(a) inappriopriate combinations of velocity /pressure interpolation functions
which do not satisfy the inf-sup condition (or Babuska—Brezzi condition)

V-
(3.15) inf sup (an, V- va) o >v>0
n€Qnvy,ev, llanllq [valv
with a mesh-independent constant v [BF], and/or

(b)  the presence of dominant convective terms such that, for the local Reynolds
number Reg,

(3.16) Reg := 5’1||a||07OO7KhK > 1.

As a consequence of (a), simple low order pairs of velocity/pressure inter-
polation functions (as P1/P1, Q1/Q1 or Q1/P0) which are attractive from the
computational point of view (with respect to unsteady 3D flow computations
using adaptive mesh refinement and multigrid methods) are not allowed. As a
remedy, the following class of stabilized Galerkin methods is considered:

(3.17) Up = (up,pn) € Xpn:  Bsg(a;un, Vi) = Lsa(a;Vn),

(318) (V- unan)e+ > (V- up, V- vi)g =0 V9, = (v, qn) € Xp,
K

with

(319)  Bsc(a;i,¥):= Be(a;i,v) + »_(N(a,0),9(a, V),
K
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(3.20) Lsa(a;v) = (f,v)o + > _(f,¢(a, )k,
K

(3.21) Y(a,V)|k :=0k(a-V)v+yg(—eAv+Vq) VK €T,.
Note that a solution of (3.8), (3.9) still satisfies the stabilized formulation (3.17)—
(3.21). With dx = v > 0 we recover the GLS method. [Tea] introduced the

streamline upwind /pressure stabilizing method with dx # vk which is similarly
defined as the method in Remark 2.4.

3.2. Parameter design and error analysis. For simplicity, we discuss only the
GLS-method with dx = 7k; more precisely, we assume the following (minimal)
design condition to be satisfied:

(Hda) 0<edx =eyx < Ashiy, As<3Cr (cf (24)) VK €T,

(H.4Db) Tk >0 VK eT,
and continuous pressure interpolation (but cf. Remark 3.1)
(H.5) Qn CQNWH2(0).
Let ||| - ||| : Xp = Vi X Qp — R be defined as
(3.22) A ll* = elunlf o0+ > IV - w2
K

+ Z Ok ||l—eAuy, + (a- V)uy, + Vph”%,Q,K )
K

which is a norm on X}, due to (H.5) and dx,7x > 0 by (H.4). Furthermore, let
with 5K =TK

(3.23)  Bars(a;i,v) := Bsg(a;0,v) + (V- u,q)o + ZTK(V ‘u,V-v)g
K

such that the GLS-method is rewritten as
(3.24) ﬁh S Xh : EGLs(a; ﬁhai’\h) = ng(a, {’\h) V{’\h c Xh .

Now we give some auxiliary estimates for the bilinear form Ba rs(a;-, ) which
follow similarly to Lemmas 2.1, 2.2 in §2 (for details cf. [LA], Lemma 4.2).

LEMMA 3.1. For each Vi, = (Vi, ) € Xn, Bars(a;95,V1) = [|[95]]12.
Proof. Set v, =0y in (3.17)—(3.21) with dx = vk and use (3.22). =m

LEMMA 3.2. Under assumptions (H.3), (H.4), (H.5) there exists a positive
constant C (independent of €, hy, 0k, Ti) such that Vv € X; and Vu € X =
V x Q with N(a,u) € L?(£2)¢,

~ R 1., N _
(325)  |Bors(ai 9| < SIFIP -+ CLIEIP + 3 65l
K

+ Z min{e Tgl}HPHg,z,K} -
K
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Using the auxiliary results of Lemmas 3.1 and 3.2, we can now state the
following existence and convergence result.

THEOREM 3.3. Under the assumptions (H.3), (H.4), (H.5) there exists a unique
solution Uy, € X, of the GLS-method with §x = v . Furthermore, if the solution
u = (u,p) of (3.8), (3.9) satisfies

ue Vw2 1<t<l, peQnWtL3(2), 0<s<k,
then Uy, converges to the solution U of (3.8), (3.9) as follows:

(3.26) I8 —Bull* < C1 YR Ex[ulfir 0 +Co Y W Filplii ok
K K

with constants Cy, Cy independent of €, hx, dx, Tk and
(327) EK(s, hK, 51{, TK) =+ T + min{||a||aoo7K6K; h%{é‘f(l} s
(328) FK(E,hK,(SK,TK) = 5K+min{€*1;7§1}h%{.

Proof. The existence and uniqueness of U; € X} are a consequence of Lax—
Milgram’s theory and Lemmas 3.1, 3.2.
Let

e, = (up, —u,pp, — p) = (up, — T, pp, — TRP) + (TpU — W, TP — p)
= (0%, 9%) + (s, mp) = On + 0 -
Then
190l = Bars(a; dn, In) (by Lemma 3.1)

= EGLS(a; €n — Mh,Up) = —EGLS(a; Mh,Yn)  (by consistency)

1, _
< SlRlI* + C{Illnhlll2 S AP
K

+ > minfe ™ HinE I o |-
K
The triangle inequality and standard interpolation results (cf. (2.23)) imply
(3.26)~(3.28).

We now derive an additional design condition for the parameters d x and 7x by
balancing the terms in (3.27), (3.28). A simple calculation with the local Reynolds
number Reg yields

i~ hxc(laloces)™ b hiclalloseu

H.4*a) (3.29a >1,
(HA2) 329 o hiclalo,oox :

5 ~ h2 -1
(H.4*D) (3.29D) KUKE i Reg < 1.

TK ~ &

Then it follows that
(3.30&) EK(€, hK,5K,TK) ~ €+ ||a||07OO7KhK ~ 6(1 + ReK) R
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h h?
(3.30b) Fr(e,hi, 0K, TK) ~ min{iK; —K}
allo,c0, 5" €
hi min{1;Rex }
allo,c0, 5 e
and

COROLLARY 3.4. Under the assumptions (H.3), (H.4*), (H.5), the following
error estimate for the GLS-method with 0x = vk is valid:

(331) A -Gull* = clu—wiffo0+ D &IV (0= un)[f 2k
K

+ Z Sk ||V (2,0 — 0p) 15 2,1
K
<Ci Z hge(l+ Reg)ul?y ) o
K
+C2 Y h3E(||allo,co,c) Tt min{1; Reg Hpl2yy o - m
K

We conclude with some remarks.

Remark 3.2. The estimate (3.31) involves control of weighted discrete resid-
uals of the GLS-method according to

(3.32) &> min{l;Rex }|V - unll§ o x
K
+ Y hic(l[allo,co,x) T min{1; Re N (a, 8n) — £]13 5,
K

<r. h. s. of (3.31),
which could be exploited in adaptive mesh refinement methods (cf. [Jb]). m

Remark 3.3. For Stokesian flow (a = 0) we recover essentially the result
of [DW]. Note that Rex = 0. =

Remark 3.4. It is possible to repeat the analysis of the GLS-method for
the original Navier—Stokes problem (3.1)—(3.3) replacing a with uj,. Then Theo-
rem 3.3 and Corollary 3.4 remain valid with a = uy, in the small data case (3.4).

Furthermore, an asymptotic error estimate holds for branches of nonsingular so-
lutions of (3.1)—(3.3) (cf. [GR], [LA]). =

3.3. Numerical results. We present simple 2D examples with Lagrangian
P1/P1 interpolation (I = k = 1) of velocity and pressure which do not satisfy the
inf-sup condition (3.15).

EXAMPLE 3.1. As an accuracy test we performed calculations for Stokes flow
problems (a = 0) for the fully developed Poiseuille flow with Dirichlet outlet (a)
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and with free outlet (b) and for two body force problems with f £ 0 (¢, d —
cf. [P]). Averaged discrete numerical convergence rates are given in Table 3.1.
{2;, denotes the set of finite element nodes in 2. n
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Table 3.1. Discrete numerical convergence rates (averaged)
for Stokesian flow problems

example
a b c d
norm
lu—unlloz2.0, 1.88 1.82 1.41 1.77
lu —upllo,00,0, 1.60 1.85 1.57 1.94
lp — prllo,2,0, 1.89 1.64 1.42 1.75
lp — phllo,co, 2 1.11 1.09 1.08 1.21
IV - upllo,c0.2, 1.00 0.99 0.99 0.89

EXAMPLE 3.2. As an example for the Navier—Stokes problem we considered
the standard driven cavity square problem with f = 0. The velocity is prescribed
to zero at the lower, left and right parts of the boundary and to (1,0) on the
upper part of the boundary. In Fig. 3.1 to 3.3 we present the results for Reynolds
numbers 400, 1000 and 3000 on an equidistant 32 x 32-mesh after 100 iteration
steps of (3.5), (3.6). The results for Re = 400 and 1000 are comparable with those
given in [Teal, [Teb] and [HS]. =

[BF]
(DW]
[FD]
[FFH]
[FS]
[GR]

(HS]

(Hu]

[Ja]
[Jb]

[KR]

(LA]
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