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weakly coercive for spaces that fail to satisfy the inf-sup condition, and considers discon-
tinuous pressure interpolations. A stability analysis through a lemma establishes that the
proposed formulation satisfies the inf-sup condition, thus confirming the robustness of the
method. This lemma indicates that, at the element level, there exists an optimal or quasi-
optimal GLS stability parameter that depends on the polynomial degree used to interpolate
the velocity and pressure fields, the geometry of the finite element, and the fluid viscosity
term. Numerical experiments are carried out to illustrate the ability of the formulation to
deal with arbitrary interpolations for velocity and pressure, and to stabilize large pressure
gradients.
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1. Introduction

Finite-element formulations for fourth-order differential operators require the introduction of C'-finite element spaces, a
feature that gives rise to difficulties in terms of computational implementation (see, for instance, [1-5]). This motivated En-
gel et al. [1] to develop the (°-interior penalty methods (also known as continuous/discontinuous Galerkin methods) for
fourth-order elliptic boundary value problems. These methods were subsequently investigated in many works, such as
[2,3,6-8].

On the other hand, standard finite-element formulations for incompressible flow problems require, due to their mixed
nature (cf. [9]), the choice of interpolation spaces, for velocity and pressure, satisfying the inf-sup condition or Banach-Ne-
cas-Babuska condition [10] (cf. [9-12]). This forbids, for instance, the use of equal order approximations for velocity and
pressure (cf. [12,13]). However, as it is well known (see, for instance, Gresho and Sani [12]), the violation of the inf-sup con-
dition potentially introduces, among other pathologies, spurious oscillations of the pressure and locking of the velocity. An
efficient approach to circumvent the difficulties imposed by the inf-sup condition consists in using the Galerkin least square
(GLS) method, in which least square residuals of the governing equations are accounted for (cf. [14-19]). In particular, the
use of the GLS method enables arbitrary choices of velocity and pressure interpolation spaces, which is generally desirable
from the computational point of view.
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In this paper, a consistent and stabilized finite-element formulation for fourth-order incompressible flow problems is pro-
posed. Motivated by the aforementioned discussion, the formulation is based on the continuous/discontinuous Galerking
and Least Square methods. Further, discontinuous pressure interpolations are adopted, which are, in comparison with con-
tinuous pressure interpolations, physically more appropriate for enforcing the incompressibility constraint at the element
level [11,12] and, in addition, enables a partial condensation of the degrees of freedom. A stability analysis using a lemma
encompassing the inf-sup condition is also presented, showing that the proposed formulation is weakly coercive and, there-
fore, robust. This lemma also suggests that there exists an optimal or quasi optimal LS (least square) stabilization parameter,
which is not necessarily the same for all elements of the mesh. Numerical experiments are provided to illustrate the efficacy
of the formulation to deal with any combination of velocity—pressure elements as well as to stabilize high gradients of
pressure.

A finite-element formulation for the problem considered here was advanced in Kim et al. [20]. As in the present paper,
Kim et al. [20] based their formulation on the (’-interior penalty method proposed in Engel et al. [1]. However, their treat-
ment of the incompressibility does not take into account the inf-sup condition. Therefore, it is not clear whether they could
prevent the well known pathologies associated with the violation of the inf-sup condition.

The remainder of this paper is organized as follows. In Section 2, we introduce the fourth-order model problem and the
associated variational formulation. Section 3 presents the discontinuous Galerkin least square formulation for this model
problem and the corresponding stability issue examined in Section 4. Numerical examples are presented in Section 5. Con-
cluding and final remarks are provided in Section 6.

2. Model problem

Let Q c R"(n =2 or 3) be a domain with boundary I" Lipschitz continuous. Let I'p and I'y be such that
I'=Tpuly and meas(I'pnnTIy) =0, (1)

where meas(-) denotes the positive Lebesgue measure. We consider the functions f e [*(Q)", g, € H(I'p)"NC°(I'p)", &, € H¥(I'p)",
hyel®(I'v)" and hy e [A(I'y)". Recall that the spaces L*(Q)"={s=(si,...,5,);8i € [*(Q)}, H}(I'p)" = {g: (&1, ,8n); & €HE(I'p)
(v=1,2,3...)},H"(2) and H(Q)" = {w = (wy,...,W,); w; € H(Q); v=1,2,3...} are Sobolev spaces as defined in [21].

We now introduce the fourth-order boundary value problem of concern here. It consists of finding the pair (u,p), belong-
ing to HX(Q)" x L*(Q) if # > 0 or to H'(Q)" x L*(Q) if = 0, that satisfies

NA(Au) — pAu + Vp =f in Q, (2)
V-u=0inQ, 3)
u=g,on I'p, 4)
o = (Ywn =g, on I'p if 5 >0, (5)
(u?—ﬁ—pn) — na(aAnu) =h on Iy, (6)
nAu=h, on I'y if >0, (7)

where Au denotes the Laplacian of the vector u, V - u denotes the divergence of u, Vu denotes the gradient of u, n denotes
the outward normal unit vector defined almost everywhere on I, the dot “.” denotes the usual inner product in R", and
n > 0 and u >0 are constants.

It should be noted that the Laplacian is considered in the weak sense as follows: we say that u € L(©)" has weak Lapla-
cian in L*(Q)", if and only if, there exists Au € [*(Q)" such that

/Au~17 dQ:/u-(Aq) dQ vy eCr Q)" (8)
Q Q

where C3°(Q)" is as defined in [21].

Notice that for # = 0 the boundary value problem given by (2)-(7) is reduced to the classical Stokes flow problem. Other-
wise, for # > 0, it is similar to the governing equations for second-gradient and incompressible fluid, cf. [22,23]. In this case,
the length scale ¢ := /i /p is introduced, which opens a way to account for small scale effects [22] (see also [20]).

We now proceed the wide form of boundary value problem defined. Toward this end, we begin by noteworthy the appro-
priate functional spaces.

Since the conditions associated with gy and g; are essential, we define the solution set for the velocity u as follows:

{ueHz(Q)”;u:g0 and & =g, on FD} if #>0

Sy = 9)
{u €H'(Q)";u=g, on rD} if =0
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and we define the corresponding space of the admissible variations as follows:

eH*(Q)";v=0and Z=0onIp}if >0
v, — {V (Q%v on D} n (10)
{veH'(@Q"v=0o0nTp}if =0
The solution set for the pressure p and the corresponding space of the admissible variations are all given as follows:
[*(Q) and meas(I'y) > 0 »
P {qeLZ(Q);qu dQ:o} if meas(I'y) =0 (an
Vo =5p. (12)
Defining the multilinear form
A (w,p,v,q) = / (MAW - Av + puVu : Vv) dQ + / q(V-u) dQ — / p(V-v) dQ, (13)
Q JQ JQ
and the linear functional
Iov) = Jof-vdl+ [ ho-vdl+ [ hl.-gﬂn arifn>0 (14
Jof-vdl+ [, ho-vdl'if n=0

the weak form of the boundary value problem defined by (2)-(7) is introduced as: find the pair (u,p) € S, x S, satisfying
A (w,p,v,q) =1l(v) Y(v,q) €V,xVp, (15)

3. Finite element approximation
3.1. Discontinuous Galerkin formulation

Finite-element methods for the boundary value problem given in the Section 2 require finite-element spaces with C!-con-
tinuity [3-5,24]. Here, however, we adopt the interior penalty method proposed in [1], which uses the standard (°-Lagrange
finite-element and enforces the continuity of derivatives across element boundaries in a weak sense.

Let M"={Q;,..., @2} be a regular partition of Q into ne non-degenerate finite elements .. The partition M" is such that:
Q. can be isoparametrically mapped into standard elements and Q.NQ. =0 if e#e’; QUI =U",(Q. UTl.) and
Tew = I'eN Ty, where I', denotes the boundary of Q.. We define the broken Sobolev spaces H*?(M") and H">'(M") on the
partition M" as follows:

H" (M") = {¢ : Q—R; @, € H'(Q.)VQ, € M"},
H'" (MY = {p € " nH' (@)},
where ¢, is the restriction of ¢ to ..

Letk > 1,k > 1 > 0 and r > 0 be integers and consider P'(£,) the space of polynomials of degree less than or equal to r
restricted to the element .. Introducing the finite-dimensional spaces

HY = {p € H**'(M"); @, € P*(Qe)},
HY™" = {0 = (01 ; - 3 ; € HYY,

" = {@ € H**(M"); 0, € P(Q)},

hk gh

we consider then the spaces SM*, Vi, )

and Vf, defined as follows:
Stk — ful € g%yt = gh on I'p},
Vﬁ'k _ {Vh c Hh.k.n;vh —0on ]"D}7
h h hl
Sy=Vy=S,nL",

where gl is the usual interpolating of g.

Note that we envisage functions which are continuous on the entire domain but discontinuous in first and higher-order
derivatives on interior boundaries. Thus Sﬂ"‘ and V’L‘l'k are (°-finite-element spaces. We assume specially that SS and V'; are
C-'-finite-element spaces, that is, we interpolate the pressure discontinuously.
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The continuous/discontinuous Galerkin method for (15) is to find (u",p") € S} x S} such that
hooh oh o h hooh hk _ ysh
A, p" vhg") =1(v") V(V',q) e V" x V, (16)

where

ne , .
A(uh,p”‘,vh,qh):Z{ X pvul Vv dQ + [ plAut AV dQ - | pt(Vovhde+ [ gt (V-ul)de

JQe JQ. JQ.
+ - /
e'>e Leer

ou! 8u“,> ovh 8v”,> ) avh ou! oul ovh
+/ e 9. (4 _—¢)dI f/ 2 Aul - edF+/ ——c. eZAvhdr+/ Tp——%-—2dl'y,
/1:93/ ! (ane ony <8Tle one Jrenrp K ¢ on, Ienlp on, K ¢ Tenlp P on. one

ne 8Vh avh
1) :Z{ A fe.v’;dm/WN he_o-deF+/ By d”/mn g, (,uézAvZ)dF—s-/r T By dl"},

e=1 Tenl'y eNI'p
(18)

e=1

1 o 2aghy (OVe Ve /16“2 ouy, 2 Aph 2 Ah
3 (ne*Au) + pi*Aay) . T ony ar + - 2\an, + o, (WEAV] + pt*Avy)dl

and 7, and tp are penalty parameters to be fixed.

From dimensional analysis we find that 7, = Tp = Cff?/h.e, where he is a characteristic element edge length and Cis a
positive constant independent of the mesh parameters. This constant have to be chosen carefully to guarantee sufficiently
accuracy and good convergence of the method [1,20,8,25]. For the purpose of this paper, the constant C is at the moment
determined by numerical experiments. It is noteworthy that a large penalty parameter adversely affects the accuracy of
the (°-interior penalty method [3].

On the other hand, the restrictions imposed by the inf-sup condition need to be verified for each particular choice of the
finite-element spaces S,*, S, Vi* and V} to reach stabilized and convergent solutions. As is well known, quite few combina-
tions of finite element pairs are able to fulfil the inf-sup condition within the Galerkin formulation (see, e.g., [12,13] for some
stable mixed elements). However, these stable finite element methods for second order problems can not be stable for
fourth-order problems (i.e, larger length scales ¢), which was circumvented in cf. [20] using an additional stabilization of
the pressure.

3.2. Consistency

The Euler-Lagrange equations associated with the partition M" of the domain € are given by

— VD, + AU, — u*AAu, +f, =0 in Q,, (19)
V.u=0 in Q, (20)
u =g, onl.nIlp if meas(I'.NIp) >0, (21)
%:(Vne)n:g1 onl'.nIp ify>0 endmeas(I'.NIp) >0, (22)
e
ou, _O(uAu,) )
<’u87ne pene> ~on.  ~ h.o if meas(I'.nIy) >0, (23)
wiPAu, =h,; on Ty, if meas(I',NIy) >0, (24)
o, Oouy
o o, =0 on Te, (25)
ou, O(ulAu,) ouy O(ulAuy) |
K,u an, pene> 70113 +(u an. DeNe 73% =0 on [, (26)
UPAU, — WPAuy =0 on T, (27)

where u, and p, are restrictions to €2,.
After a successive integrating by parts we obtain
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ne

0=A(u,p,vh g% —I(v") = Z{/ (1 Aue — P AAw, — Vp, + ) -V dQ+ [ ¢! (V- u)dQ
Qe

e=1 Qe

o,  OUg
—s—Z( / ) <8n:+8n:,) : (,LLZZAVQ-i-uszVZ,)dF-F/

1, , 5 avh ovh
2 (e Au, — ptAug ) <8ne * Mg dr

e'>e L

ou, duy\ [(ovh  ovh 1 ou, A(ul*Auy)
+/EE, Tu <8ne + Bnef> ' <8ne * Onef>dr - /FmrN 2 <,u an, —pene> T on,

ou, _ _OpCAU) | h  yhydr e o) _dWlAu) | P O
" <H one pe’m) one (Ve ve)dl /mrN Han, ~ e one Beo | -vedl
ou, ou avh
2 — 9 e . 2 h e . e
+/FNN (ue*Au, —hey) - on. dr — e <E)ne geal) wWeEAvLdl + /mrD Tp <8n ge>1> n. df}. (28)

Since this equation holds for all (v, g") e Vi x VZ, the continuous/discontinuous Galerkin formulation (16) is therefore con-
sistent in the sense that

A(u,p,v", q" = I(vh) (29)

3.3. Galerkin least square stabilization

To alleviate the need of satisfying the inf-sup condition, and to take advantage of using the discontinuous pressure inter-
polation as well, we adopted the GLS stabilization method. The technique consists in including additional terms in the Galer-
kin form, so as to enhance its stability. These terms are obtained by minimization of the square of the L?>-norm of the discrete
residual within each element [26], multiplied by adequate regularization (or stabilization) parameters that will control the
contribution of the least square part in the variational sentence (cf. [14-19], for instance).

The continuous/discontinuous Galerkin formulation (16) in the least square sense (hereafter referred to as CDGLS formu-
lation) is to find (u", p") € S} x S! such that

A" p" v g = e (VR g YV ) e VK S VI (30)
with
ne
A'(a" p" vt gt = A p" v ") + Y A (ut vt g, (31)
e=1
loe(V", ") ZILS v'q" (32)

where the forth terms are the GLS terms
A (W, q,0W, 5q) — / Seus(h (ZR (W, q)Ri(ow, m;))d , (33)

Ri(w,q) = 6x — UAW; + ul*AAw;, (34)

£V gt = / deus(h <Z,’R v gt ) (35)

with (w,q) € H**(M")" x H'"2(M™) and (6w, q) € H**(M™)" x H "»(M"), and Sgis(he) is the element stabilization parameter,
which here will be defined by
oh?

dcis(he) = Te’ (36)

where o is a dimensionless parameter to be fixed and h, is a characteristic length of the element usually given by

. 1/ .- . .
he = (.fsze dQ) n; cf.,, e.g., [17]. Note that the addition of these terms does not affect the consistency proof presented earlier.

Note also that for triangular and tetrahedral elements up to order three, as well as for quadratic quadrilateral and hexahedral
elements the fourth-order differential operator vanishes, which implies that any calculation involving derivatives of order
greater than two is trivial for these elements. All these elements are widely used in practice.

As will be shown later, the CDGLS formulation (30) is stable, consistent and satisfy the inf-sup condition, thereby allowing
and enables a wider choice of velocity and pressure spaces. Moreover, it enables the stabilization of large gradients of pres-
sure, as clearly shown by the numerical results discussed in Section 5.
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The dimensionless parameter « in (36) needs to be carefully determined to ensure sufficient accuracy and good conver-
gency of GLS-stabilized formulations (cf. [27]). A methodology that allows to determine, at element level, optimal or quasi-
optimal parameters of the GLS-stabilized formulations for second-order incompressible problems has been investigated in
Carmo et al. [28,29]. However, the extension of these results to fourth-order problems with incompressibility constraint
is not trivial and require a careful analysis of stability. This issue will discussed in the next section.

4. Stability analysis of the fourth-order incompressible problem

We provide a stability analysis of the CDGLS-stabilized method (30) when applied to the fourth-order boundary value
problem given in Section 2. The analysis suggests the existence of an appropriate stabilization parameter « that is dependent
of the degree of the polynomial used to interpolate the velocity u and pressure p fields, the geometry of the elements and the
fluid viscosity term p. The result that enables to develop a methodology appropriate to determine this parameter is pre-
sented in the Lemma 1, which extends the results obtained in Carmo et al. [28,29] for second order incompressible problems.

We consider that the finite elements spaces have been constructed using meshes satisfying a regularity condition MC1,
wherein the element distortion is controlled: there exist real constants C; gistor > Codistor > O such that

CO.distor <7E< Cl,distor V.QE, (37)

Pe
he
where p, = sup{diam (S), S is a hypersphere contained in Q. U I'.} (cf. [10]). Owing to this control of mesh distortion, we find
>0 and ¢, >0 to infer cyhe <hee < Cihe, Cphe < hee < Cihe, cphe < he < cjhe and cyhe < he < cihe, where
hee = min{he, he }.

It follows from the well known theorem that says that all norms on a finite dimensional space are equivalent and under
the regularity condition MC1 that the inverse inequalities hold: there are real constants Ciap1 > 0,Ciap2 > 0 and Cpoung,1 > 0
independent of the mesh parameter, depending only on the polynomial degree and the mesh distortion which is controlled
by the constants Co gistor aNd C gistor SUCh that

' hey’? dQ < Coounas / VP dQ Yy e PRk > 1), (38)
rf
| fingr ae< L o | 1voft de v e Pk 1), (39)
Jae (he)
24 2 7 Cuapaft 2 k(0
WEAAQ|” dQ < 3 e |A(p| dQ Yo e PY(Q)(k = 1). (40)
2 (he) (he) Q
We assume that for all w, € H'(€2,)" and ge € Lz(Qe) the following decomposition at element level
We =W, +Wy and ¢, =qe+ Ge, (41)
where
B fQ w, dQ B er q. dQ
W, = 4er 0 and q. = 7fae q0 (42)
Next, we consider the following Poincaré inequalities
vw, € H'(Q)" HWEHLZ(QE)" Choinc he |We|H’ (43)
Vg, € H' (Qe)n HCIEHLZ(QE)” Pomc he ‘Qe‘H (44)

where |- i) and |- L ) denote seminorms of H‘(Qe) and H'(Q.)", respectively, and the positive real constant C¢
depending only on the usual aspect ratio which is controlled (MC1 condition) in finite elements meshes.

The result that follows is strongly inspired in [28,29] and represents an extension of the Lemma (4.38) of reference [10].
However, besides considering the two fundamental differences presented in [28,29], namely, (i) the parameter of stabiliza-
tion now depends on €2, and, consequently, is not necessarily the same for all of the elements, (ii) the analysis is derived with
a different and more appropriate norm to determine the stabilization parameter; we also extend these two differences to the
fourth-order problems with internal incompressibility constraint.

To formalize this idea, for 0 < <1, o > Otmin > V€2, and k > 1, we introduce the following norm on V;* x V}:

ne 2
h o hyi2 B hi2 hi2 hi2 e, OVe
NV g s he = ;{(1 B 19" [, o it 00y T (1= B) <|V L @or + IV [grap + Z/Ee, Ty <8ne ane,)’ dar

e'>e
2
"M de) + : (45)
12(Qe)

Poinc

qh
Tk
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n
h2 h|2
V' = [ SuTVIE) de,
Qe \'i=1
n
h|2 2 h2
|V |y,Z.Lap = A (Zl’w |Avi ‘ > dQ,
{3

i-1
ote (e)?
|qh|ie<he<,u,Hl(Qg) :/Q % |th\2 aQ,

which was extended here to the fourth-order problems.
Thus we summarize the discussion above into the following lemma.

Lemma 1. Under assumptions (MC1) and (38)-(40), if the parameter o, is such that

Oe > Olmin >0 VQ,,

2
) e (he)

Qe

(uAw)? dQ < B i UV dQ vQ, and Vi,

2
) e (he)

Qe

(U AAW)? dQ < B / wP Ay dQ YQ, and Vi,
Qe

then there is Cpypyp > 0 depending on (¢/h,) such that
. Al (uh ph vh g
(uh,ph)evz‘kxV:‘,(vh7qh)€vﬁ-kxvg (™, p) o V™, @) 1.0

= ClnfSup .

Proof. See Appendix A.

5475

(49)

(50)

(52)

Remark 1. To proof Lemma 1 we assume discontinuous pressure interpolation. Formulations with discontinuous pressure
interpolations may enforce the incompressibility condition strongly at the element level. However, one can prove, without

additional difficulties, the stability for continuous pressure, cf. [29].

It can be observed from (52) and the proof of Lemma 1 that the CDGLS-stabilized formulation (30) is weak coercive with
respect to the norm (45) for the discrete problem. Moreover, the results in Lemma 1 indicate a way to obtain a procedure to

determine or bound optimal stability parameters.

5. Numerical results

The following numerical simulations illustrate the performance of the CDGLS formulation.

5.1. Case 1: Plane Poiseuille flow

We consider the steady pressure driven laminar flow between two stationary parallel plates that are separated by a fluid
with viscosity p and distance d. It is the most common type of flows observed in long, narrow channels (e.g, microfluidic

x10 .-

_
) -

104"

Pressure

>

0 1 5 -~ x10
2 3 4 5 0 .
3 y-coordinate

x10 x-coordinate

Fig. 1. Plane channel flow: stabilized pressure field by CDGLS scheme, o = 1.5, and Lagrangian Q,/Q; finite element with discontinuous pressure.
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x10

zoﬁ__, S .......... ,,,,,,,

Pressure

5

-4
x10

a y-coordinate
x10 x-coordinate

Fig. 2. Plane channel flow: stabilized pressure field by CDGLS scheme, o = 0.05, and Lagrangian Q,/Q; finite element with discontinuous pressure.

Pressure

5

-4
x 10

; y-coordinate
x10 x-coordinate

Fig. 3. Plane channel flow: stabilized pressure field by CDGLS scheme, o = 0.005, Lagrangian Q,/Q; finite element with discontinuous pressure.

0.9

0.8
kel
> 071 .o cDGLS, 0=15
2 06 ©  CDGLS,a=05
B 5 © CDGLS =005
; : o-- CDGLS, 0:=0.005
ic’ 0.4+ — Exact
S —+— Classical
g 03 Classica
£
5 0.2

0.1

0 0.05 0.1 0.15 0.2 0.25

dimensionless velocity 2uu/nd2

Fig. 4. Plane channel flow: exact and numerical velocity profiles across the centerline x/d = 0.5 for different stabilization parameter « values. All numerical
results were obtained with a mesh made up of 100 Lagrangian Q,/Q; finite elements with discontinuous pressure.

devices) [30]. An analytical solution to this flow problem governed by the incompressible Egs. (2) and (3) with no forcing
term was developed by Fried and Gurtin in reference [22]. The pressure field is only known up to an arbitrary additive con-
stant with gradient
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0.9
0.8
0.7
0.6
0.5
0.4
0.3

dimensionless distance y/d

0.2
—+—— Classical
Exact

o Numerical

L

0 0.05 0.1 0.15 0.2 0.25
dimensionless velocity 2uu/n d?

Fig. 5. Plane channel flow: exact and numerical profiles across x/d = 0.5 for ratios I/¢equal to 0.1, 1.0 and 3.0. All numerical results were obtained with a
mesh made up of 100 Lagrangian Q,/Q; elements with discontinuous pressure.

Vp = —me, (53)
and 7 = constant, whereas the velocity solution u = u(y)e, is given by
_nd [y y byt d ..y .. d-y
u(y) 7%{3 <1 _H> ~ dsinh(d/o) (smhz—smhz— sth)}, (54)
where
_ yd)+ (/o)
=37 (I/¢) tanh(d/2¢) 3)

is a nonnegative dimensionless number, and [ > 0 is a adherence length scale; cf. [22]

As in reference [20], we use this exact solution which is essentially one-dimensional to construct a two-dimensional
boundary value problem to verify the simulation results obtained with the CDGLS-stabilized scheme (30). We solved this
flow problem in the rectangular channel domain € = [0,10d] x [0,d] with d = 0.5 mm, prescribing the input boundary con-
ditions u = u(y)e,, (Vu)n = 0 agreeing with exact velocity (54) on {x = 0,0 < y < d} and output boundary conditions u free,v = 0,
(Vu)n =0 on {x =10d,0 < y < d}. Fixed wall boundary conditions u = 0, (Vu)n = g; were specified on both {y = 0,0 < x < 10d},
{y=d,0<x<10d}.

We begin by examining the numerical and exact solutions, and the sensitivity of the discrete solution for the stabilization
parameter ;s trying several values of the parameter . For this, we set the material characteristic length ¢equal to d/4 and
length scale I = 0 are considered for the gradient theory. The spatial mesh is made up of 100 elements. The discrete solutions
of the pressure field are shown in the Figs. 1-3 for Q,/Q; finite element with discontinuous pressure. Fig. 4 shows the veloc-

Pressure

-4
x10
y-coordinate

x10 x-coordinate

Fig. 6. Plane channel flow: oscillated pressure field by CDGLS scheme, o = 0.000015, and Lagrangian Q,/Q, element with continuous pressure.
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Fig. 7. Plane channel flow: oscillated pressure field by CDGLS scheme, o = 0.000015, and Lagrangian @,/Q, element with discontinuous pressure.
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Fig. 8. Plane channel flow: stabilized pressure field by CDGLS scheme, o = 0.05, and Lagrangian @,/Q, element with discontinuous pressure.
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05 05 .
x 10

x—coordinate

y—coordinate

Fig. 9. Driven cavity flow: oscillated pressure field obtained with the Lagrangian @,/Q; element with continuous pressure; and stabilization parameter
o = 0.0005 for the CDGLS method.

ity profiles across the center line x/d = 0.5, together with exact and classical reference solution for this problem (cf. [22]), and
are similar those obtained by Kim et al. [20]. Note that stability is reached for different o values. However, we may observe
that for small values of « the pressure exhibits small perturbation in the corners of the domain. In the other extreme, if larger
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Fig. 10. Driven cavity flow: oscillated pressure field obtained with the Lagrangian @, /Q, element with discontinuous pressure; and stabilization parameter
o =0.0005 for the CDGLS method.
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Fig. 11. Driven cavity flow: stabilized pressure field obtained with the Lagrangian Q,/Q; element with discontinuous pressure; and stabilization parameter
o =0.01 for the CDGLS method.

values of « are used the velocity profiles present oscillations and do not reproduce the exact solution, while accompanied by
reasonable pressure approximation.

Fig. 5 compares numerical and exact solutions across the channel center line x/d = 0.5 for the case of generalized adher-
ence conditions using three different ratios I/¢of adherence length to material length scale, compared with the classical ref-
erence solution for this problem. The results show a satisfactory match between the numerical and exact velocity fields, and
are also similar those obtained in reference [20], It is expected that the velocity profiles at small length scales are smaller
than those of conventional theory, as discussed in reference [22,20].

Figs. 6 and 7 show the pressure field obtained with @, /Q, (biquadratic) element with continuous and discontinuous pres-
sure interpolations, respectively, and they clearly depict the adverse effects of violating the inf-sup condition. Fig. 8 depicts
that the pressure is stabilized, however, presenting slight perturbations in the corners of the computational domain.

5.2. Case 2: Lid driven cavity flow problem

In this second case, we solve the lid driven cavity flow problem in the square domain € =[0,d]? at small length scale
(d=1mm) in which the velocity is set to zero and (Vu)n=g; are enforced on all boundary except for the top lid
{y =d,0 < x < d}, which moves with velocity u = Use, with speed U, constant; (Vu)n = 0. We also set the material length scale
fequal to 1.5d, comparable to the geometric length scale d. and the Reynolds number was fixed igual to 2 x 1073,

We begin by considering the spatial mesh made up of 20 x 20 elements. Figs. 9 and 10 show oscillated pressure fields for
the Q@,/Q; finite element by the CDGLS method with the pressure continuously and discontinuously interpolated, respec-



5480 A.G.B. Cruz et al./Journal of Computational Physics 231 (2012) 5469-5488
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Fig. 12. Driven cavity flow: stabilized pressure field obtained with the Lagrangian Q,/Q, element with discontinuous pressure; and stabilization parameter
o =0.1 for the CDGLS method.
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Fig. 13. Driven cavity flow: pressure distribution across the centerline y = 0.0005; mesh made up of 20 x 20 elements.
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Fig. 14. Driven cavity flow: normalized velocity profiles across y/d = 0.5; mesh made up of 20 x 20 elements.



Fig. 15. Driven cavity flow: normalized velocity profiles across x/d = 0.5; mesh made up of 20 x 20 elements.
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Fig. 16. Driven cavity flow: oscillated pressure field obtained with the Lagrangian @,/Q, element with continuous pressure, and stabilization parameter
o =0.00025 for the CDGLS method; mesh made up of 10 x 10 elements.
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Fig. 17. Driven cavity flow: oscillated pressure field obtained with the Lagrangian Q,/Q, element with discontinuous pressure, and stabilization parameter
o =0.00025 for the CDGLS method; mesh made up of 10 x 10 elements.
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Fig. 18. Driven cavity flow: stabilized pressure field obtained with the Lagrangian Q,/Q, element with discontinuous pressure, and stabilization parameter
o =0.005 for the CDGLS method; mesh made up of 10 x 10 elements.
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Fig. 19. Driven cavity flow: stabilized oscillated pressure field obtained with the Lagrangian @,/Q, element with discontinuous pressure, and stabilization
parameter o = 0.035 for the CDGLS method; mesh made up of 10 x 10 elements.

tively. Figs. 11 and 12 show that the stability of the large pressure gradients can be reached gradually by using appropriate o
values. It is important to observe that for a sufficiently small value of o the pressure is polluted by oscillations even for stable
mixed interpolations. However, for large values of « there is the risk of over-stabilization by damping out discrete results of
the pressure field changing the physics of the problem and the pressure on the corners of the domain might not be correctly
captured (we recall that the pressure is singular at the top corners for this problem). Observations on this point agree quite
well with those of the reference [27]. The pressure distribution along the horizontal line y = 0.0005 is shown in Fig. 13, and
accompanied by reasonable velocity approximations as shown by the velocity profiles across the centerlines x/d = 0.5 and
y/d=0.5 of Figs. 14 and 15.

We note that these results clearly indicate that the accuracy of the pressure field is sensitive to the stabilization
parameter.

We conclude this section considering equal order approximations of velocity and pressure which are Galerkin unstable
for second order problems; that is, do not satisfy the inf-sup condition. For this, we consider the spatial mesh made up of
10 x 10 elements. Pressure fields are shown in Figs. 16 and 17 for the biquadratic @,/Q, element with continuous and dis-
continuous pressure respectively. The pressure field obtained with Q,/Q, element is polluted by spurious oscillations. These
adverse effects are caused by violation of the inf-sup condition. The stability of the discrete pressure field can be reached
gradually by using a suitable stabilization parameter o as shown in Figs. 18-20. We note once again that for a large « the
discrete solutions of the pressure field are very diffusive owing to over-stabilization of the large pressure gradients. Conse-
quently, optimal or quasi optimal stabilization parameters have to be identified when using the CDGLS-stabilized method



A.G.B. Cruz et al./Journal of Computational Physics 231 (2012) 5469-5488 5483

035

Pressure

0.5 B

x 10

dinat x—coordinate
y—coordinate

Fig. 20. Driven cavity flow: stabilized oscillated pressure field obtained with the Lagrangian @, /Q, element with discontinuous pressure, and stabilization
parameter o = 0.1 for the CDGLS method; mesh made up of 10 x 10 elements.
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Fig. 21. Driven cavity flow: pressure distribution across the centerline y = 0.0005; mesh made up of 10 x 10 elements.
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Fig. 22. Driven cavity flow: normalized velocity profile across y/d = 0.5; mesh made up of 10 x 10 elements.
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Fig. 23. Driven cavity flow: normalized velocity profile across x/d = 0.5; mesh made up of 10 x 10 elements.

Fig. 21 shows the pressure distribution across the line y/d = 0.5, without any significant loss for the velocity as shown by the
velocity profiles across the cavity centerlines x/d = 0.5 and y/d = 0.5 of Figs. 22 and 23 respectively.

All these numerical results reinforce the importance of the GLS stabilization method in the proposed formulation. It can
be observed that an optimum stabilization parameter needs to be obtained and that this parameter is not necessarily the
same for all the elements in the mesh.

6. Concluding remarks

We have obtained an efficient and stabilized finite-element formulation for fourth-order incompressible flow problems.
Our formulation is based on the C°-interior penalty and the Galerkin least-square methods, and adopts discontinuous pres-
sure interpolations. Furthermore, it is weakly coercive for discrete spaces that fail to satisfy the restrictions imposed by the
inf-sup condition. Numerical results show that the proposed formulation can effectively stabilize large gradients of pressure,
and also indicate that the choice of the discrete pressure and velocity spaces can be made freely. While this approach yields
satisfactory results, the accuracy of the discrete results of the pressure is extremely sensitive to the stability parameter used
in the GLS method. Therefore an optimum stabilization parameter has to be obtained to ensure accuracy and good conver-
gency of the method.

A methodology to determine optimal or quasi-optimal stability parameters of GLS-stabilized finite element methods for
second-order incompressible problems has been investigated in Carmo et al. [28,29]. However, the extension of these results
to fourth-order problems with incompressibility constraint is not trivial. However the Lemma 1 indicates that there exists an
optimal or quasi-optimal least square parameter that is not necessarily the same for all the elements in the mesh. It also
asserts that this parameter depends on the degree of the polynomial used to interpolate the velocity and pressure fields,
the geometry of the elements of the mesh and the fluid viscosity term.

From this analysis, we intend to extend the procedure proposed in [28,29] to identify optimal stability parameters of GLS
method applied to fourth-order problems with internal constraint. We also hope to be able to obtain a stability analysis with
the inf-sup constant independent of the parameter (¢/h,.), together with a robust error estimate. It will be pursued in the near
future.
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Appendix A
The following elementary inequality will be used in the proof of Lemma 1 below
iabg%(yahr%bz) VYa,beR and VyeR (y>0). (A1)

Let / be defined as follows
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2
A(Z,Mh)max{<h£> ; e1,...,ne}. (A.2)

Proof of Lemma 1. Let (u",p") € Vi* x V2. The proof proceeds in three steps.

(1) A straightforward calculation yields

duy [ o
A0 ) =38 (1) 10 0+ 3 [ ru( o )\ arsy [ #C Rt d
e=1 e>e’ oo one 8“‘5/ i=1 /&

h ou, 8ller
+ﬁ<|ul \ZHWQE)”JF\“hli,«,LaprZ/ k2 < (m,)‘ dF+Z/ 2d9>} (A3)

e'>e
By using the inequality (A.1) with y = g in the following identity

. . he 2 ) BN 2 . . he 9
(1iﬁ)/ : (u) (ﬁ) :(1«{/;)[2 : (u) Ri(u", p") + pAul — pl® AAU* dQ, (A4)
we have
e he 2 0, i\ 2 " he 2
(1ﬁﬁ)/g a(ﬂ) (a%) <(1_€B) (/Q a(u) (14 B)IRi(u", p")|* d@
2
+f 2%(1+%>(WAu?|2+|uzzAAu?|2) dQ). As)

It follows from (46), (48), (50), (51) and (A.5) that

p 0
(1_,_/3)' ‘“eheMHl(Qe < Bl o |sz‘ ot ‘,u[Lap+Z Ty

e'>e

(s ) ar+ /. e gt )2>. (A6)

Combining (45) and (A.3) with (A.6), we find
pe
#1 2

ne
A'(ul,p" " p) > |||, p)F e — Z(’
e=1

2
) . (A7)
(%)
2) k>1 (sj; c (@) and V! c [2(Q)
From the result presented in Fortin [31] (cf. also [32]) and Lemma (4.19) given in reference [10], we have that for all
k > 1 there exists a positive real constant C*/™" > 0 such that, for all p* € V", there is v" € V"* satisfying

2

ne - ne f’h
>~ (VVeBie) =D _|in ; (A-8)
P T I 120,
B2 rortin [ || Bl |7 :
x FOrtin
v ||H1(QE)" <C 18/2 . (A.9)
T I 1200

Furthermore, using the inverse inequalities (38) and (39) together with the regularity condition MC1, and by inequality (A.1)
with an appropriate value of y and the Fortin’s result (A.9), after some algebraic manipulation, we have

ne

2 2 2 ave 8ve/ 2
Z( [ ) dQ+/Qeu\Vv| dQ+e/>e / T“(ane ane,> dr

e=1

ne ne
ok 2 2 ok 2
= (lve””lmm + ZVE’||H‘<QE>"> <€ Nt D (ZWEH’(QE)")
e=1

e'>e e=1
Forti ne D 2 =, ne i) 2
o « Fortin
< 7 (Npee + 1)C (Z Hliz ] )c <Z /ﬂe/z ] ) (A.10)
e=1 L% (Qe) e=1 L7(Q)

where Ny is the number of faces of the element Q..
A straightforward calculation yields

n 2
Alu ph vh 0) = A'(uh, v" +Z< (V- BE+ DY) 2 0, +Z/ %Ri(uh,ph)(um?) d99>, (A11)

i=1
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ne n
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e=1 e=1

by Cauchy-Schwartz inequality in L*(€2,.), (44), (49), (A.8) and (A.9) and by Cauchy-Schwartz inequality in R", we have

2

ne » ne ﬁh 2 ne ﬁh 2 V2 3
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i 1
C, = C*F™ syup <M> Cooinci € = (A.15)
Bote
Similarly, by Cauchy-Schwartz inequality in L%(£2.), (50), (A.9) and by Cauchy-Schwartz inequality in R", we have

1
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Next, by using the Cauchy-Schwartz inequality in L%(€2,), the inequalities relations defined in (MC1), (38) and by Cauchy-
Schwartz inequality in R™, we can find a constant C] > 0 such that

At vh) > 4;{2%(
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It follows from the result (A.10) that
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From (A.11), (A.14)-(A.18) and by Cauchy-Schwartz inequality in R*, we infer that
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Combining the classic inequality (A.1) with y=1 and (A.19) we find

1 ne —2 2 ne O(
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where C4 = (Cg)%/z. It follows from the norm (45) that
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and setting
wh=(1-0u"+0v" and q"=(1-0)p" (A.24)
and by combining (A.7) with (A.22) (k > 1), we find
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and therefore it follows that
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Since
(W', p") = (1 -0)(u",p") +0(v",0), (A.27)
we have by triangular inequality, (45), (50) and (A.9) that
1
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and the result follows immediately, completing the proof. O
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