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Abstract. For the low-order finite element pair P; —P;, based on full domain parti-
tion technique, a parallel pressure projection stabilized finite element algorithm for
the Stokes equation with nonlinear slip boundary conditions is designed and analyzed.
From the definition of the subdifferential, the variational formulation of this equation
is the variational inequality problem of the second kind. Each subproblem is a global
problem on the composite grid, which is easy to program and implement. The optimal
error estimates of the approximate solutions are obtained by theoretical analysis since
the appropriate stabilization parameter is chosen. Finally, some numerical results are
given to demonstrate the hight efficiency of the parallel stabilized finite element algo-
rithm.
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1 Introduction

In this paper, we shall study the incompressible Stokes problem:

{ —vAu+Vp=f in Q, (1.1)

V-u=0 in O,

with the following homogeneous Dirichlet boundary condition on I' and nonlinear slip
boundary conditions on S:

{ u=0 on T, (12)

U, =0, —or(u)egoluz| on S,
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where Q) C R? is a bounded convex domain with a Lipschitz-continuous boundary 9Q).
r'ns=o, TUS =9Q. g >0 is a scalar function stands for the barrier or threshold slip
function; u, =u-n and u;=u-t are the normal and tangential components of the velocity
on S respectively; the Cauchy stress vector ¢ is defined as o; =0;(u,p) = (ve;j(u) — pdij)n;,

here ¢;;(u) = %—i—%, dij=1ifi=jand 6;;=0 if i #j, write o+ (1) =0 —0yn is the tangential
component of ¢. Set ¢:R —IR=(—00,+00] and it contains the properties of convexity and
weak semi-continuity from below (¢ is not identical with +o0). The subdifferential set
d¢(a) denotes a subdifferential of the function ¢ at the point a is defined by: d¢(a) ={be
R:¢(h)—¢(a)>b(h—a), YVheR}.

As a fundamental equations of fluid mechanics, Stokes equations are widely used,
and relevant mathematical research can be found in [1,2]. In some fluid problems, such
as blood flow in a vein of an arterial sclerosis patient, the avalanches in water and rocks,
flow through a canal or a drainpipe with its bottom covered by sherbet of mud and peb-
bles, oil flows above or below the sand, the traditional Dirichlet boundary conditions are
no longer applicable, so there is practical application value in studying Stokes equations
with nonlinear slip boundary conditions. The boundary condition (1.2) was introduced
by Fujita in [3], subsequently, there have been many studies about the properties of the so-
lution (cf. [3-9]), including existence, uniqueness, regularity, and continuous dependence
on data for the Stokes and Navier-Stokes equations with boundary conditions (1.2). Also,
there are a lot of finite element methods for Stokes and Navier-Stokes equations which
satisfying inf-sup condition, like the penalty finite element methods in [10-12], discon-
tinuous Galerkin methods in [13] and so on.

The low-order finite element pair P; — P; does not satisfy the inf-sup condition, how-
ever, it has been widely used in practical calculations due to its simple and regular data
structure, which makes calculations small and accurate. In order to solve the pressure
oscillation caused by low-order finite element pair P; — P;, many stabilization techniques
are used to compensate for the inf-sup condition, for example, two-level penalized finite
element methods [14], regularization method [15], local Gauss integrations method [16],
variational multiscale method [17] and pressure projection stabilization method [18]. The
pressure projection stabilization method proposed in this paper is based on the litera-
ture [19]. Compared with other stabilization methods, this method does not need to
calculate high-order derivatives or boundary integrals, and there is no grid nesting.

On the basis of literature [20,21], we propose a more efficient algorithm for equations
(1.1)-(1.2), which is the parallel algorithm. Then, by choosing the appropriate stabiliza-
tion parameters, we can obtain the optimal error estimates for approximate solutions.
The idea of local and parallel finite element computations was from Xu’s work [22],
which have become a hot research topic with the advent of parallel computers. However,
there is little research on the local and parallel computations for the Stokes or Navier-
Stokes equations with nonlinear slip boundary conditions. A finite element solution of
some partial differential equations usually consists of low-frequency components and
high frequency components. The low-frequency components describe a wide range of
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information, where the high-frequency components describe specific details. The global
behavior of a finite element solution is mostly governed by low frequencies and the local
behavior is mostly governed by high frequencies. The main idea of this method is to use
a composite grid to solve a global problem to obtain a local approximate solution in a
given subdomain, which contains the most of the degree of freedom in the composite
grid it represents for. The composite grid is constituted by fine elements in the given
subdomain and coarse elements on the rest of domain (see Fig. 1).

The paper’s frame is as follows: in Section 2, we introduce some preliminary materi-
als, assumptions of mixed finite element spaces, pressure projection stabilization method
and its error estimates also be given in this section. In Section 3, the local stabilized finite
element method is given and error estimates are derived. In Section 4, based on local
stabilized finite element method in Section 3, we introduce and analyze the parallel sta-
bilized finite element algorithms where the full domain partition technique is applied. In
Section 5, numerical results which support our theory are presented. Finally, conclusions
in Section 6.

2 Stokes equation with nonlinear slip boundary condition

2.1 Preliminaries

In Hilbert space [23], || - ||x stands for the norm of H*(Q)?, (-,-) and || - || stand for the inner
product and the norm of L?(Q))?. Some spaces used in this paper are defined by:

V={ucHi(Q)? ulr=0, u-n|s=0}, Vo=HLQ)?
_ 712 _ 2 —
M—LO(Q)—{qEL (Q),/qux—O}.

Also the inner product and the norm in V can be written as (V-,V-) and ||-|[v =|V-|,
respectively. The space H!(Q)? will also be used which is the dual of H!(Q)?. For
DCGCQ, the notation D C C G stands for that dist (9D /9Q),0G /9Q2) >0. Throughout this
paper we shall use the letter ¢ (with or without subscripts) to denote a generic positive
constant which may stand for different values at its different occurrences. We define

a(-,), b(-,") as
a(u,0)=v(Vu,Vo), d(v,q)=(V-v,q) YuoveV, geM.
With the definition of above notation and subdifferential set, the formulation of (1.1)-(1.2)
read as follows:
Find (u,p) € V x M such that

a(1t,0— ) +j(00) () —~d(0—10,p) > (f,0—u), Vo€V,
d(u,q)=0, VgeM,
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where

€)= [ slelds, ceri(s)
We define bilinear form B: (V,M) x (V,M) — R as follows:
B(u,p;v,q) =a(u,0)—d(ov,p)+d(u,q).

The following existence and uniqueness theorem of the solution to the problem (2.1) are
classical and we can see Fujita [3] and Saito [9] for details.

Theorem 2.1. Assume f € L*(Q)? and g€ L*(S). Then the variational inequality problem (2.1)
admits a unique solution (u,p) € V x M such that

[l + Pl <cClflI+1glzes)).

where ¢ > 0 depends only on v and Q). Furthermore, if 0Q) is sufficiently smooth, then the weak
solution is also reqular solution, ie., u € H*(Q)? and p € H'(Q), such that

lll2+pll < el £l +1lgl2(s))s

where ¢ >0 depends only on v and Q).

2.2 Mixed finite element space

Assume TH(Q)) ={K}(p=h,H) to be regular triangle meshes of () with mesh size u(x),
whose value is the diameter yg of the element K containing x. Basic assumption on the
mesh is that it is not exceedingly over-refined locally:

AO. There exists v >1 such that
ul <cu(x), vxeqQ,

where 1o =max,cq y(x) is the largest mesh size of T#(()). We defines the velocity finite
element space V,, and the pressure finite element space M, as follows:

Vy={veV:o|xeP(K)?, VKeT'(Q)},
M, ={q€M:qlx € Pi(K), VKETH(Q)},

where Pj is the space of complete linear polynomials. Associated with the mesh T"(Q),
let V;,CV, M;,C M be two finite element subspaces on Q). Given GC C (), we define V;,(G),
M,,(G) and T"(G) to be the restriction of Vj,,M;, and T"(Q) to G, and

VHG)={veV,(Q):supprCC G}, MhE(G)={q€M,(Q):suppgCCG}.

Next, we shall give our basic assumptions on the mixed finite element spaces (cf. [24,25]).
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A1 Approximation. For each (u,p) € H1(G)?x H!(G)(t>1), there exists (v,9) € V},(G) x
M},(G) such that

inf (A (u=0)llo,c+[u—2ll,c) <chlulc, (2.22)
veVy (Q)

inf ([l (p—a)ll-1,6+lp—4alloc) <chllpll,c. (2.2b)
qEM(Q)

A2 Inverse estimate. For any (v,q) € V},(G) x M}, (G), it is hold that

lolla<clh™ollos, lqloc<clh™ql-1c. (2.3)

A3 Superapproximation. For G C (), let w € C{(Q2) with suppw CC G. And for any
(u,p) € Vi(G) x My (G), there exist (v,q) € V' (G) x ME(G) such that

I (wu—o) he<cllulre [h (wp—a)lloc<cllplloc- (24)

2.3 Pressure projection stabilized finite element method

Next, we will pose the pressure projection stabilized finite element approximation formu-
lations of Stokes equations with nonlinear slip boundary conditions. Since the low-order
finite element pair does not satisfy the inf-sup condition, to compensate for the deficiency,
the bilinear form of the stabilization term is defined as follows:

G(p.q)=a(p—Tlp,q—Ilg),

where IT: M — P is local pressure projection, «, (0 <a < 1) is stabilization parameter,
which satisfies « = O(h) in this paper. Based on the above assumptions, refer [19], the
pressure projection stabilized finite element approximation formulations of (2.1) is:

Find (uy,py) € (Vi,, M},) such that

{ a(uh,vh—uh) +j(vhr) —j(uhT) —d(Uh—I/lh,ph) > (f,?)h —uh), Vvh - Vh, (25)

d (un,qn) +G(pngn) =0, Vqy € My,
The bilinear form B, is defined as
By, (un, prson,qn) = a(up,on) —d(on, pn) +d(un,qn) +G(puan), ¥ (0nqn) € (Vi, My).

Regarding the bilinear term By, the stability theorem established in the local pressure
projection stabilization finite element method is given below (cf. [19]).

Theorem 2.2. For Vp € M, assume 11 is continuous as an operator I1: M — Py:

ITIp|| <clpl, qeM, |p—TIp|<ch|pl1, qeH'(Q), (2.6)
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then there is a constant B> 0 independent of h, satisfying

|Br (tn, prson,gn) | <c(llunllv+ I pnll) Ulonllv+1lql), Y@ pn), (0n,qn) € (Vi, My),

By, (up, pn;on, _
B(llunllv+Ilpnll) < sup h”( 1 PhUn Qh), V(1 pn) € (Vi, M),
onane@umy  1nllv+llall

where Vi, = {v € Vy:v|x € P (K)?, VK € T"} be the finite element subspace of V.

The steady homogeneous and inhomogeneous Stokes system with linear slip bound-
ary conditions without subdifferential property have been studied form the theoretical
view point by Beirdo da Veiga [26-28]. To estimate low-order errors ||u—uy||+| p—pull -1,
we consider the following Stokes problems with linear slip boundary condition.

—VAw—-Vr=¢ in ),

—V.w= in (),
w=1 in 27)
w=0 on I,
w, =0, o (w)=0 on S,
which admits a unique solution (w,7) € H*(Q)?NV x H'(Q) "M such that
w2+ |7llr <c(llell+ll), (2.8)

where ¢>0 independent of h. Let w;, € V, C Vy and 71, € M, be the stabilized finite element
approximation solution of (2.7) and satisfy

a(wy,op)+d(wy, ) = (@,on), Vo, €V, 2.9)
_d(wh/%) +G(7Th/%) = (lplq//l)/ VQh € Mh/

then it is well known that
|[w—wy v+l =7l <ch([[@ll+ll1), (2.10)

where c >0 independent of /.

Theorem 2.3. Let (uy,py,) be the finite element approximation solution of (2.5), then the follow-
ing inequalities hold

[ = llv+lp—=pull <ch(I I+ 18l2(s)), (2.11a)
lu—unl|+1lp—pull -1 < ch (£l + 8 l2(s))s (2.11b)

where c >0 independent of h.
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Proof. The estimate ||u—uy||v+||p—pyl is similar to [20]. Now, we give the error estimate
| —up ||+ p— pnl| -1 by the Aubin-Nitsche’s technique. Setting v=u+wj, in (2.1) yields

a(u,wy) —d(wy,p)=(f,wy), Yw, €V
Setting v, = u, £ wy, in (2.5) yields
a(uh,wh)—d(wh,ph):(f,wh), thGVh.
And hence
a(u—wuy,wy) =d(wp,p—py), Ywu €V, (2.12)
Taking v=u—uy,q=p—p, in (2.9), we have
(p,u—un)+(p,p—pn)
=a(w,u—uy)+d(u—uy,7)—d(w,p—pp)
=a(w—wp,u—uy)+a(wpy,u—uy)+d(u—u,,7—7115)
+d(u—uy, mty) —d(w—wy,p—pp) —d(wn,p—pn), (2.13)
according to (2.12) and d(u—uy, 7t;,) = G(py, 7y,), (2.13) is equal to
(@,u—un)+(.p—pn)
=a(w—wp,u—uy)+d(u—uy,7—713)
—d(w—wp,p—pn) +G(pn, 7). (2.14)
Apply (2.6), Assumption A2, (2.8) and (2.10), we get
G (pu,7n) =a(pn—Tlpy, 70y —Tmy) <al[pp—Tpy |- || 70, — TT7m|
<a([lp—=pull+1lp—Tpll+ | TTp —TTpy || ) (|| 7w — 704 ]|+ || 7r— Tz || + | 117t —T17z, |)
<ca(|[p—pull+Rllpll) (7w —7ull+R]7l1)
<cah|lp—pull (@l +1¢llx) +car?(|pll (@] +lll)- (2.15)
Substituting the above inequalities into (2.14) yields
(@,u—un)+(p,p—pn)
<c(+a)h(lu—ulv+Ip—pal) @l +l¥l1)
+eal?|[plli (ol +1l9lh)-
Apply Theorem 2.1, we have
[ —unl[+[lp—prll
<c(M+a)h([lu—upllv+p—pull) +cah®|pl
<ch* (I fll+l1gll2s))-
We complete the proof. O
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3 Local stabilized finite element algorithms

In this section, the local pressure projection stabilized finite element algorithm for Stokes
equations with nonlinear slip boundary condition will be presented and analyzed, priori
error estimates will also be derived.

Assume TH(Q) to be a global coarse grid with the mesh size H>>h and T"(()) is a
local fine grid with mesh size 1 where () is obtained by enlarging subdomain D slightly
(i.e. DCC Oy C Q). The global grid TH"(Q) is a composite mesh which is fine around
the subdomain D with size h in such a way that TH"(Qp) = T"(Q)) and coarse on the
rest area with size H >>h. We can refining the coarse grid T (Q) locally to acquire this
composite mesh TH#(Q)) and use some adaptive processes to make it compatibility (it is
compatible for a mesh or triangulation means the intersection of two elements is either
empty, a common vertex, a common side or a common face). For mesh TH/(Q), the
corresponding finite element space is denote as Vi ,(Q) C V,Mp ;,(Q2) C M which satisfy
the Assumptions A1-A3.

Algorithm 3.1. Local stabilized finite element algorithms.
Find (u!,p,) € Vi i (Q) x My ,(Q) such that

{ (g0 —uy) 4 (o) —julye) —d(v =y ph) 2 (fro-u), V0EViK(Q), o)

j
d(uly,q)+G(pl,q)=0), Vg€ My ,(Q).

To analyze the above mentioned local algorithm, the following Lemma 3.2 is vital.
The proof is similar to the Lemma 3.2 in the [29,30].

Lemma 3.1. Let w € C§°(Q) such that suppw CC Q. Then

lww|f o <ca(w,w?w)+clwl§a, VweHy(Q)*
Lemma 3.2. Assume g€ H1(Q)?, D CC Qo CQ, Assumptions A1-A3 hold and the stabiliza-
tion parameter is taken as x = O (h). Then (w,r) € V}, x My, satisfying

{ a(w,0)—d(v,r)=(gv), VoeVy(Qo), (3.2)

d(w,q)+G(r,q) =0, Vg€ My(Q),
has the following local estimate
[wll1,0+[Irllo,o < c(llwllo,ay+ 17/l -1.00 + 118l -1,00)-
Proof. Let s be an integer such that s >max{2y—1,7+1}. D; and Q; (j=1,---,s) satisfy

DiccDycc---ccD;cc---cCcDsccQ,
QSCCQS,1CC--'CCQ]'CC-“CCQ1CCQO.
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Choose G C Q) satisfying D CC G CC Dy. Assume w € C7°(Q)) such that w=1 on G and
suppw CC D;. Note I = ‘%‘ [pwrdx is average value of wr on D such that

||wr— \D11|/Dl wrdx||o,p,
=llwr=Tllo,p, < llwll1,p, +[lwr—=1Iljo,0,
<p1 sup By (w,wr—1L;¢,q)
wareionmon) 121v.o+llon

S‘B_l Sup Bh(w,wr—l;(l),q)'
(¢,q)€(Vh(Q),Mh(Q)) H‘PHV,Q"‘_ HqH0,0

(3.3)

Apply Green Theorem [23], Theorem 2.1 and Assumptions A2, refer to Lemma 3.2 in
literature [29], we have
By (w,wr—L¢,q)=a(w,p) —d(¢,wr—1)+d(w,q)+G(wr—1,q)
<cllwll,p, l¢llua+e([wlp, +lrl-10, +lIgl-100) 9]0
+chag[|9llallrllop, +cllwll,p,[lqlloo
<c[[wlly,p,(I¢ll0+lgllo0) +chay[[rllo,p, (I#llLo+lglloo)
+e(wllup, + 7o +llgll-100) (9 llLo+4llo0),

where

G(wr=Lg)|=|G(wr,q)|=G(r,q)| = —d(w,q)| <clwl,p, |9]lo0-

Combining with (3.3) yields

’wr— wrdx” c(haylIrllo,p, + w10, + 17| =1,0, + 1181l 1,00 )
|D1| Dy
then
Irllop < (o, Irllop, +lllo, + 7] 1.0, +l1g]-100),
where
HL rdxH —HL wrdxH =|D ]*% / wrdx’<c”r]|
|Dl‘ Dy 0.0, |D1| Dy 0,D ! D; - —1,Dys

is applied. Similarly, we have

Illo.piy <c(hayllrllo; +lwllso + 7l -1+ 8l -100), =1, 51,
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where Dy =D. Thus, form Assumptions A0, A2 and the assumption on s, we can obtain
I7llo,p <c(hg, I7llo,p.y + w1,y + 7l -1,0,, +11g]-1,00)
<c(lIrll-1,p. s+ llwll,p, , + 18l -1,00)-
Also, it is valid that
Illo,0 <c(l[][-1,0,+ w0, +gll-1,00)-

The following proof is similar to [29,30] and the following estimate for the stabilization
term:

G(r.g)| <callrllon 19llo,0, < chy, 1715, +choy 71150, < chay 7115 b,
We refer [29,30] for details. O

Theorem 3.1. Support that Assumptions A1-A3 hold. (ul;,ph) € Vi (Q) x My 5, (Q) obtained
from Algorithm 3.1 satisfies

lun—ufyllv,o+ pn—pPhillop < cH2(|l FIl+ 11l 2(s))
then
lu—ulyllv,o+lp—pillop <c(h-+H>) ([ £II+ gl 2(s))-
Proof. Setting v=u;+v in (2.5) yields
a(uy,0) —d(0,pn)+d(uy,q)+G(pnq) = (f,0), V(0,9) € (Vi,My),

setting v=u; £7 in (3.1) yields
a(u}y,®) —d(5,ply) +d(up,q)+ G(pl,g) = (£,8), V(0,9) € (Vir, Myn),
where V},, V,  are finite element subspace of Vp. Since the assumption on the auxiliary
grid T"(Q) that coincides with TH"(Q) on g, we can subtract the two equations, such
that
a(up— 1}y, 0) = d(@,py—phr) +d (uy 1}y, q)
+G(pu—ri0)o=0, ¥(5,9) € (V5 (), M5 ().

From Lemma 3.2, we have

h h
lun—ugllv,o+Ilpn—Phllon
= h— U000 h—PHII-1,00
<c(|lun—ufillooo+ Il pn— Pl )
I I
<c([[u—upllo,0y+lp =Pl -1,00 + It = uF lo,00 + I — PE N -1,00)
<cH*(||fII+ I8l 2(s)),

combine with (2.11), this theorem can be proved. O
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4 Parallel stabilized finite element algorithm

First, assume TH (Q)) to be a initial coarse grid, we divide () into a number of disjoint
subdomain Dq,D,,---,D; and then enlarge each D; to obtain overlapping subdomains ();
such that D;ccQ;cqQ, (j=1,---,]). For each Q)j, we can use some local refinement and
adaptive processes to obtain a global composite mesh T].H’h (Q)), the composite mesh is

fine inside subdomain (); and a much coarse mesh in rest domain. All of these T]Hh(Q)
compose a full domain partition of (), see Fig. 1 for a case of | =4. The main idea of par-
allel stabilization algorithm is that applying local stabilization algorithm on each global
composite mesh T]-H’h (Q)) to obtain local finite element approximate solutions. Each sub-
problem for (); is defined in the entire domain with most of the degrees of freedom con-
tained in the specified subdomain which it is responsible for, and then we can solve it
in parallel with other subproblems by using an existing sequential solver without exten-
sive recoding. For mesh T]H’h (Q)), the corresponding finite element space is denote as

V].H'h (Q)cv, M]H’h (Q2) C M which satisfy the Assumptions A1-A3.

Figure 1: Full domain partition for the case of four subdomians.

Algorithm 4.1. Parallel stabilized finite element algorithm.

1. Find (u",p"") € VI""(Q) x M{"(Q), (j=1,---,]) satisfies

{ ol ) —d(o M) i) ) 2 (), eV,
d(u"q)+G(p",q) =0, Vge M"(Q).
2. Set (uh,ph):(u;{’h,pf’h), (j=1,---,])in D;.

Define piecewise norms

Nl—

] 1 J
le=u"llo= (L lle—u"1Fp)" lp=p"lloo=(Lllp—r"In,) "
: ] )

j=1 j=1
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Theorem 4.1. Let (u",p) be the finite element solution of Algorithm 4.1, satisfying

[un—u" v 0+ 1lpn—p" oo <cHA(I 1 +Igll2(s), (42)

then

u—u"lllva+[lp=p"llloo <cth+H)(IfII+ gl 2s)-

Proof. From Theorem 3.1 yields

lun—u"|lv,0,+lpn—pP" oo, <cH* (I fIl+Iglli2(s)),  j=1,+],

by a collection of subdomains D;, (j=1,---,]), we can get the desired result (4.2) easily.
Combining with (2.11), we finish the proof. O

5 Numerical experiments

In this section, numerical experiments will be presented to verify the effectiveness and
high efficiency of the parallel stabilization algorithm. The computer processor used in the
numerical experiments is Intel(R) Core(TM) i3-2350M CPU 2.30GHz, and the memory
is 4GB. Referring to [31], the variational inequality (2.1) is equivalent to the following
variational equation:

Find (u,p) € V x M with and only one A € A, such that

a(u,v)—d(v,p)+/SAgUTds:(f,v), YoeV,
d(u,q)=0, VgeM, (5.1)

Az = |uz| ae. in S,

where A={¢€L*(S), |&(x)|<1, a.e.in S}.

On each composite mesh T],H'h (Q)), we solve equation (4.1) by Uzawa iterative meth-
ods (cf. [31]) to obtain approximate solution (ej,7;). The initial value A° € A is given, we
compute e;?, 17]” and A"*1, (n=0,1,---) by

{ a(e},0) (o)) = (f,0)— [ A"goeds, Woe V[ (@),
d(e?,q)+Gn,q) =0, vge M (Q),

and A" 1= Py (A" + pgel), in which the parameter p >0, Py : L%(S) — A satisfies

PA(0) =sup(—1,inf(1,6)), VO€L?*(S).
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Convergence of the Uzawa iterative velocities is within a fixed tolerance of 1079, i.e., the
following condition is satisfied:
n+l_  n
= lo

<10°°
||“]r'Z+1 lo.0 '

where 17 is the nth iterative solution on the composite mesh T]Hh(Q)

For all pj,,q, € My, we compute stabilization term G(py,q;) by local Gauss integration
method (cf. [19]): Define

pl‘T:[p()lpll"'/prl]Tl 11]':[110,!11,"%‘1N71]1

N-1
Mij=(¢i®i), pn=Y_ piti, pi=pn(xi), i,j=0,1,---,N—1,
i=0

where ¢; is the basis function for stress with a value of 1 at point x; and 0 at other points.
Mk, (K>2) and M are pressure mass matrices calculated by using k-order and 1st-order
Gauss integrals in each direction. p;, g; are the value of pj, g, at point x;. p] is the
transpose of the matrix p;, such that

G(pnan) =ap! (Mx—M)q;=a(p{ Mxq;—p{ Mig;).
5.1 Analytical solution
Consider Q3=10,1] x [0,1], the boundary is made up of I and S:

I'={(x0)|0<x<1}U{(0,y)|0<y<1},
S=51US={(1y)|0<y<1}U{(x1)|0<x<1}.

Choose the appropriate f such that the exact solution is given by

u(xy) = (u1(x,y)u2(x,y)), p(xy)=(2x-1)(2y-1),
ur(xy)=—x"y(x—1)(3y-2), uz (x,y) = xy*(y—1)(3x—2).
The exact solution u satisfies u=0on T, u-i=u;=0, up#0 on S; and uy #0, u-i=uy=0

on S;. Moreover, the tangential vector T on 51 and S; are (0,1) and (—1,0), thus

cr=4vy*(y—1) on S,
or=4vx*(x—1) on S,

on the other hand, from the nonlinear boundary conditions (1.2), we have

|lor|<g on S=S5;US,.
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Table 1: Errors of approximate solution: v=0.01, =4, a=0O(h), Extension=Hh.

Method h H CPU(S) Tu—upllv,a Tr—pulloa Rqu RPL2

[ullv,a lplloa

1/16 1/8 0.078 0.139466  0.00993315 - -
1/36 1/12 0374 0.0567627  0.0024423 1.10853  1.73003
Algorithm 4.1 1/64 1/16 1.077  0.0293437 0.000840222 1.14675 1.85453
1/100 1/20 2979  0.0190067  0.0004208  0.973112 1.54947
1/144 1/24 7.223  0.0130351 0.000258635 1.03428  1.33484

1/16 - 0.14 0.128077  0.00815048 - -
1/36 - 0.827  0.0537698 0.00228194  1.07028 1.56986
Standard FEM  1/64 - 3.104 0.0297294 0.00101345  1.02991  1.4107
1/100 - 12.028 0.0180868 0.000552857  1.11353  1.35791
1/144 - 32.884 0.0127877 0.000328955 0.950786  1.4238

Then the function g can be chosen that g=—0r >0 o0n S; and S,.

Let v =0.01, the iteration initial value A’ =1 and the parameter p = v, stabilization
parameter « = O(h), overlapping size is h. We compute the finite element approximate
solutions with fine meshes of size 1/h =n?, (n=4,6,---,12) and coarse meshes of size
H satistying 2H = h2. The numerical results obtained by Algorithm 4.1 and standard
finite element algorithms are presented in Table 1, the CPU time for Algorithm 4.1 are
the maximum of the CPU time taken by Algorithm 4.1 over four subdomains, including
the meshes generating time, the time of solving problems and the error computing time.

RuH' and RpL? are the convergence rates with respect to the mesh parameter / for ve-
In(E;/Ei1)
In(h;/hit1)
the relative errors corresponding to the fine mashes sizes h; and h; 1, respectively. From

the above tables, by comparing the parallel stabilization algorithm with standard finite
element algorithm, we can find that there are no much difference in accuracy and the
convergence order (see Fig. 2); However, the parallel stabilization algorithm can save a
lot of computation time.

locity and pressure, we can obtain them by the formula , where E; and E;;; are

Next, the influence of the number of subdomains on approximate solutions will be
investigated. Setting h=1/144, H=1/24 and v=0.01, stabilization parameter a« = O(h),
overlapping size is h, we compute the finite element solution by Algorithm 4.1 with the
number of subdomains is 2, 4, 8, 16. The results are listed in Table 2. Form it, we can find
that the number of subdomians has little effect on the accuracy of velocity and pressure;
the CPU time has significantly reduced with the increase of the number of subdomains.
Combined with Tables 2, 3, we can explore the relationship between constant ¢ and J,
overlapping degree. From Table 2, we can find the constant c is lager than others when the
number of subdomains is 2 and the constant c gets the minimum value when the number
of subdomains is 4. In Table 3, "Extension” stands for overlapping size. Generally, with
the increase of overlapping size, the constant ¢ has increased slightly.

In this part, the influence of parameter v on the accuracy of approximate solutions
will be investigated. Setting h=1/144, H=1/24, ] =4, stabilization parameter « = O(h),
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Table 2: Errors of approximate solution: v=0.01, h=1/144, H=1/24, «=O(h), Extension=h.

Method ] u—uy, Hl,n-;l-H p—pulloa CPU(s) I uH_um Hg,o [ P‘g"';& H(()),n
2 1.04019 20.28 0.0211827 0.000427541
Algorithm 4.1 4 0.639886 7.223 0.0130351 0.000258635
’ 8 0.717325 5.866 0.0145168 0.000386102
16 0.692967 4165 0.0140584 0.000338324

Table 3: Change in constant ¢: [=4, v=0.01, h=1/144, H=1/24, a=O(h).
Extension h H 2h 2H 4h
lezmluotle=pilon | 0639886 0649785 0.645907 0.670006 0.638881

4H
0.726927

Table 4: Errors of approximate solution: h=1/144, H=1/24, =4, «=O(h), Extension=h.

Method v CPU(S) Tu—unllLo Tr—pulloq
lullLa Ipllo.0
1 3.978 0.0128726 0.0169741
0.1 5.788  0.0130029  0.00221808
Algorithm 4.1 | 0.01 7.223  0.0130351 0.000258635
0.005 6.895 0.0139456 0.000120794
0.001 7.457  0.0130664 0.000165377

overlapping size is 1, we compute the finite element solutions by Algorithm 4.1 with
v=1,0.1,0.01,0.005,0.001, then the results are listed in Table 4. It can be found that, with
the decrease of v, there has no difference in velocity error and the CPU time, but the
pressure error decreases gradually.

Then, the influence of parameter a on the accuracy of approximate solutions will
be investigated. Setting h =1/144, H=1/24, v=0.01, | =4 and overlapping size is h,

h
——%/—— Standard FEM
—&— Algorithm 4.1

LF

In(error)

) h

——%—— Standard FEM
—8— Algorithm 4.1

Figure 2: (a) H' error of the velocity, (b) L2 error of the pressure.
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Table 5: Errors of approximate solution: h=1/144, H=1/24, v=0.01, ] =4, Extension=h.

Method « CPU(S) H”‘*”hHl,ﬂ HP*PhHO,Q
1 Telia Teloa

hi 4181  0.0130124 0.000250609

H? 4041 00130124 0.000250609

Algorithm 4.1 | 1 7223 00130351 0.000258635

H 7519 0.0130374 0.000259589

2 6942 0.0130377 0.000262245

H?>  7.706 0.013037  0.000259345

we compute by Algorithm 4.1 with & = (’)(h%),(’)(H%),(’)(h),(’)(H),O(hz),(’)(Hz), then
the results are listed in Table 5. It can be found that, the selection of the stabilization
parameter « has little effect on the accuracy of approximate solutions.

5.2 Numerical simulation of a bifurcated blood flow model

In this experiment, we study a two-dimensional simplified model of blood flow in bi-
furcated arterial vessel. Assume that the blood vessel acts as a ”Y”-glyph pipe with a
certain length, see Fig. 3. Blood flows into the vessel from the left entrance and out from
the two outlet on the right. The inflow velocities are: u1 =1.2—1.2(y— 1)2, up =0. Set the
diameter of the main vessel as 2, the main branch outlet as 1.25 and another as 0.75. The
up and below boundaries of the main vessel are chosen as slip boundary with threshold
function g=|o¢| and other boundaries are applied with Dirichlet boundary. Setting Re=1
and applying the Delaunay mesh generation method, 12 grid points are scattered on per
unit length for the fine mesh area and 4 grid points are scattered on per unit length for
the coarse grid area. Comparing standard finite element algorithm, Algorithm 4.1 with
J=2 and | =4, the results are described in Figs. 4-5 respectively.

As an important geometric model in the numerical study of fluid mechanics, there
are many research results for the bifurcated blood flow model (cf. [32,33]). The geometry
of the blood vessels (such as bending, bifurcation, stenosis, etc.) has much affected on
blood flow. In the bifurcation blood flow model, the low velocity zone will appear in the

a; 1,

19)1ho

Y
1|y

Japno

Figure 3: Computational domain of the bifurcation vascular model.
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u 0.103050.7091.11315

U 0.103050709111315

PINE

(a) (b)

Figure 4: Velocity and streamline for standard finite element method (a), Assumption A2 with J=2 (b), =4

()-

PO 20 377633 45 p0 20 374925

xal
RKal

(a) (b) (©

Figure 5: Pressure contours for standard finite element method (a), Assumption A2 with J=2 (b), J=4 (c).

bifurcation region where the blood flow velocity changes complexly. It causes a mutation
for pressure on the vessel wall in this area. As shown in the Fig. 5, the pressure value
changes slightly in the main vessel, but changes rapidly at the bifurcation junction. In
this area, the contact between the blood cells and the blood vessel wall increases, the
esters and mineral particles in the blood accumulate, which can easily lead to arterial
stenosis.

6 Conclusions

The pressure projection stabilized finite element method is effective to compensate the
deficiencies of the finite element pair P; — P;. Compared with the standard finite element
method, numerical experiments verify the validity and efficiency of the parallel stabilized
finite element method based on full domain partition. The bifurcation blood flow model
further validates this conclusion.
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