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SUPERCONVERGENCE OF STABILIZED LOW ORDER FINITE
VOLUME APPROXIMATION FOR THE THREE-DIMENSIONAL
STATIONARY NAVIER-STOKES EQUATIONS

JIAN LI, JIANHUA WU, ZHANGXIN CHEN, AND AIWEN WANG

Abstract. We first analyze a stabilized finite volume method for the three-dimensional stationary
Navier-Stokes equations. This method is based on local polynomial pressure projection using low
order elements that do not satisfy the inf-sup condition. Then we derive a general superconvergent
result for the stabilized finite volume approximation of the stationary Navier-Stokes equations
by using a L2-projection. The method is a postprocessing procedure that constructs a new
approximation by using the method of least squares. The superconvergent results have three
prominent features. First, they are established for any quasi-uniform mesh. Second, they are
derived on the basis of the domain and the solution for the stationary Navier-Stokes problem by
solving sparse, symmetric positive definite systems of linear algebraic equations. Third, they are
obtained for the finite elements that fail to satisfy the inf-sup condition for incompressible flow.
Therefore, this method presented here is of practical importance in scientific computation.

Key words. Navier-Stokes equations, stabilized finite volume method, local polynomial pressure
projection, inf-sup condition.

1. Introduction

The development of stable mixed finite element methods is a fundamental compo-
nent in search for efficient numerical methods for solving the Navier-Stokes equa-
tions governing the flow of an incompressible fluid by using a primitive variable
formulation. The importance of ensuring the compatibility of the component ap-
proximations of velocity and pressure by satisfying the inf-sup condition is widely
understood. It is well known that numerous mixed finite elements satisfying this
stable condition have been proposed over years. However, elements that do not
satisfy the inf-sup condition can be of practical values; some of them are very at-
tractive and usable in many occasions. In particular, the lower order mixed finite
elements are of practical importance in scientific computation because they are
computationally convenient. However, the violation of the inf-sup condition for the
Navier-Stokes equations often leads to unphysical pressure oscillations.

In order to make fully use of these lower order mixed finite elements, a popular
strategy is to use stabilized techniques to circumvent or ameliorate the compatibil-
ity condition. Some of these techniques have been studied during the past decades
for the lower order finite elements [1, 4, 5, 6, 7, 13, 18, 19]. However, most of the
stabilized techniques necessarily introduce stabilization parameters either explic-
itly or implicitly. In addition, some of them are conditionally stable and achieve
suboptimal accuracy depending on the choice of the stabilization parameters with
respect to the solution regularity [18, 19]. Thus insensitivity to such parameters is
important if a method is to be competitive.

Received by the editors January 1, 2011 and, in revised form, March 1, 2011.

2000 Mathematics Subject Classification. 35Q10, 656N30, 76D05.

This research was supported in part by the NSF of China (No. 11071193 and 10971124), Natu-
ral Science Basic Research Plan in Shaanxi Province of China (No. SJ08A14), Research Program
of Education Department of Shaanxi Province (No. 11JK0490), and NSERC/AERI/Foundation
CMG Chair and iCORE Chair Funds in Reservoir Simulation.

419



420 J. LI, J. WU, Z. CHEN, AND A. WANG

On the other hand, the finite volume method has been a very popular method
in fluid computation. The finite volume method is intuitive in that it is directly
based on conservation of physical properties over volumes or dual volumes. It has
flexibility similar to that of the finite element method for handling complicated
geometries but its theoretical analysis is much more complex than the latter [3, 8,
10, 11, 14, 17, 22, 25, 26].

In this paper, the idea of a stabilized finite volume method based on local polyno-
mial pressure projection is derived from [17, 21] for the three dimensional stationary
incompressible flow by using lower order finite elements. The well-posedness and
optimal error estimates of this method are stated for the stationary Navier-Stokes
equations. The main purpose is to establish a general superconvergent result for
the finite volume approximation of the three-dimensional stationary Navier-Stokes
equations by using a L2-projection method proposed recently in [24]. This super-
convergent result for the stationary Navier-Stokes equations can be applied to any
finite element with regular but nonuniform partitions and is introduced by using
the L? projection in a solution postprocessing manner. The method is demon-
strated to generate a convergent scheme for finite element spaces that fail to satisfy
the inf-sup condition especially for the incompressible flow. The post-processing
technique of superconvergence has the feature that it can yield the superconver-
gent result anywhere in the domain and even up to the boundary. Moreover, this
method has been developed as multi-scale process by capturing coarse information
of given problem with lowest order finite element and then projecting the first finite
solution on coarse mesh with high order piecewise polynomial in order to obtained
more effective approximation solution. Therefore, this post-processing method is
of practical importance in scientific computation.

We emphasize that the analysis requires to take special care of the trilinear term
and the lower order convergence order O(h) between the base functions of the finite
element method and finite volume method. Here an equivalence between the finite
element method and the finite volume method and an additional duality argument
are applied to analyze the postprocessing of the stabilized finite volume method for
the stationary Navier-Stokes equations based on the finite element theoretic results.
The main results are summarized in Theorems 4.1 and 4.2. The error estimates
for velocity are superconvergence if s > 2 in the H'-norm. The superconvergence
for pressure can be made in the case of ¢ > 0. However, no improvement has been
made for the velocity in the L2-norm.

The remainder of the paper is organized as follows. In the next section, the
stabilized finite element approximation of the Navier-Stokes problem is given with
some basic statements. The stabilized finite volume approximations are analyzed
and optimal estimates are stated in §3. Error estimates of superconvergence for the
stabilized finite volume solution (up,pr) are derived in §4.

2. Stabilized Finite Element Approximation

Let ©Q be a bounded domain in R3, assumed to have a Lipschitz-continuous
boundary I" and to satisfy a further condition stated in (A1) below. The stationary
Navier-Stokes equations are considered as follows.

1
(2.1) —vAu+ Vp+ (u-V)u+ g(div wu=f, dive=0 in€Q,
(2.2) ulog = 0,

where u(z) = (u1(x),u2(z), us(x)) represents the velocity of a viscous incompress-
ible fluid, p = p(x) the pressure, v the fluid viscosity, and f(z) = (f1(x), fa(z), f3(z))
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the prescribed force. Note that the term (div u)u/2 is added to ensure the dissipa-
tivity of the Navier-Stokes equations [23].
In order to introduce a variational formulation, we set

X = (H) ), v = (L*9)°, M =L3(Q) = {qeL2(Q) : /Qq d:c()}.

As mentioned above, a further assumption on € is presented:
(A1) Assume that € is regular in the sense that the unique solution (v,q) €
(X, M) of the steady Stokes problem

—Av+Vg=g, dive=0in Q, v|pg =0,
for a prescribed g € Y exists and satisfies
[oll2 + llglle < Cllgllo,
where C' > 0 is a constant depending on 2. Here, || - ||; denotes the usual norm of
the Sobolev space H'({2) or (HZ(Q))3 for i =0,1,2 [2].
We denote by (-,-) and | - [|o the inner product and norm on L?() or (L? ((2))37

respectively. The spaces HJ(Q2) and X are equipped with their usual norm and
scalar product ||ul|; = ||Vullp and (Vu, Vv). In addition, there holds

(2.3) lullo < Collullr, we HLQ) or X.

In order to present the discrete variational problem of (2.1) and (2.2), the contin-
uous bilinear forms a(-,-) on X x X and d(-,-) on X x M, respectively, are defined
by

a(u,v) = v((u,v)) Vu,v € X, d(v,q) = —(v,Vq) = (¢,divv) Vv € X, ¢ € M,
and a generalized bilinear form on (X, M) x (X, M) is defined by
B((uap)7 (1}, Q)) = a(u, ’U) - d(’l),p) + d(ua Q)
Then there hold the following estimates for the term B((-,-); (-, -)) [15, 23]:

(2.4) IB((u, p); (u,p) = vl
(2.5) IB((w, p); (v,9)] < C(lulls + Ipll0) (1ol + llallo),
(2.6) Solluls +lplo) < sup  1BU:2): (-]

waex vl +lldllo

for all (u,p), (v,q) € (X, M) and constant 5y > 0.
A trilinear term is defined by

—_

blassv,w) = (- Vv, w) + 5 ((divio, w)

= %((u -V)v,w) — %((u -V)w,v) Yu,v,w € X,
and satisfies [15, 23]
(2.7) b(u; v, w) = —b(u; w,v),
(28) Ib(us v, )| < CaJully o] o]l
for all u,v,w € X and
(2.9) [b(w; v, w)| + [b(v; u, w)| + [b(w; u, v)| < Ch|ull1][v]l2]lwlo,

for all u € X,v € (HO2(Q))3 ,w € Y, where Cy, Ci,... are positive constants
depending only on the domain §2.
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Now, the mixed variational form of (2.1) and (2.2) is to seek (u,p) € (X, M)
such that

(2.10) B((u,p); (v,q)) + b(u;u,v) = (f,v) V(v,q) € X x M.

The existence and uniqueness results can be found in [15, 23].

We introduce a finite dimensional subspace pair (X, M},) C (X, M), which is
characterized by K}, a partition of  into tetrahedra in R?, assumed to be regular
in the usual sense and satisfy the usual inverse inequality and the approximation
property (2.19) [9, 12, 15].

A stable and accurate solution to (2.10) requires that (X}, Mj) satisfies the
discrete inf-sup condition

(2.11) sup d(vn, 4n)

> Billanllo,
onexn  vnlh

where 81 > 0 is a constant independent of h. However, it is not valid for the
following lower order finite element pairs:
Xy = {’U eX: vy € Pl(K), 1=1,2,3, VK € Kh},
Mh:{quZ qGRj(K), j:(),].VKEKh},

where R;(K), j = 0,1, is the set of polynomials of degree j defined on K. For-
tunately, the local polynomial pressure projection method efficiently stabilizes the
lower order finite element pairs by using the local L?-projection [5]:

Iy : LQ—)Rh j = 0,
I = ) .
I, : L —)RO7 ] = 1.

Under the above notation, the variational formulation of the problem (2.10) reads
as follows: Find (@p, pp) € (Xn, M) such that, for all (v, q) € (X, Mp),

(2.12) B((@n, pn); (v, q)) + b(@n; n, v) + G(Pn, q) = (f,v),
where the stabilization term G(-,-) is defined by
G(ﬁfu q) = (ph - ijha q— H]q)a

with the following properties:

(2.13) (p,qn) = Mwp,qn)  VYp € M, q € Rj,
(2.14) 1TL;pll0 < Cllpllo Vp € M,
(2.15) lp—;pllo < Chlplli  Vpe H' ()N M.

The following stabilization theorem establishes the weak coercivity of (2.12) for the
lower order finite element pairs [5, 16].

Theorem 2.1 (Stability and convergence). Let (Xn, M},) be the above lower
order finite element space pairs. Then there exists a positive constant Bo, indepen-
dent of h, satisfying

(2.16)

1Br((u,p); (v,0)| < Cllully + [[pllo) (vl + llgllo) ¥(u,p), (v.q) € (X, M),
(2.17)

By ((Gr -0 ):
ﬂ2(||ﬂh||1+ ||ﬁh”0) < sup | h((uhaph)a(vhaqh)”
(wnanexnn)  loalln+ llanllo

(2.18) |G(p,q)| < Cllplloligllo Yp,q € M,

V(tn, pn) € (Xn, Mp),
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where

By the fixed-point theorem for the classical Galerkin method, there exists the unique
finite element solution (@, pr) for (2.12) such that [16]

(219 [lu—danllo + h(llu = anlly + [[p = Brllo) < CR(Jull2 + [Ipll + [1.f]l0)-
3. Stabilized Finite Volume Approximation

This section is concentrated on the stabilized finite volume approximation for the
three-dimensional stationary Navier-Stokes equations. Based on the finite element
partition K}, we connect the barycenter in each element K € K} and the midpoint
on each of the edges of K, and construct the control volumes in R? by connecting
all these barycenters and midpoints. Likewise, we first choose an arbitrary point @
in the interior of each tetrahedron in K} and then connect ) with the barycenters
Qijr of its 2D faces AP, P; P, by straight lines (see Fig. 1). On each face AP, P; Py,
we connect @Q;jr by straight lines with the middle points of the segments P;P;,
P; Py, and Py P;, respectively. Then the contribution of K} to a control volume in
K}, of a vertex P in K is the volume surrounding Q by these straight lines; for
example, the contribution from one simplex to a control volume in K} with the
interfaces y12 and ;3 is shown in Fig. 1.

Fig.1. Comparison of the dual volumes in R¢,d = 2, 3.

Associated with Kj, the dual finite element space is defined by
Xp = {v € (L2())° 1 6|z € (Po(K))® VK € Kp; 0, = o}.
Obviously, the dimensions of X}, and X}, are the same since they have the same

degree of freedoms and vertexes. Furthermore, there exists an invertible linear
mapping 'y, : Xp— X}, such that, for

N
(3.1) vn(z) = wn(P)ei(z),  w€Q, vy € X,
j=1
we have
N
(3.2) Thon(z) = > wa(Py)x;(z), 2 €Q, vy € X,
j=1

where N denotes the set of all vertices of element K € K} except from those on

0Q, and {g; }j-V:O and {x; }j-V:O indicate the bases of the finite element space X, and
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the finite volume space X, respectively. The latter are the characteristic functions
associated with the dual partition Kp:

1 ifze K]' S Kh,
xj(z) = ,
0 otherwise.

Furthermore, the mapping I'j, has the following properties [22, 26]:

(3.3) / (vn — Thop)da = 0,
K
(3.4) IThvnllo < Collvnllo, |lven — Trvnllorx < Cshkllvnli,rk,

where hg is the diameter of the element K.

The above idea of connecting the trial and test spaces in the Petrov-Galerkin
method through the mapping I', was first introduced in [26] in the context of elliptic
problems. The main procedure is presented as follows: Multlplymg equation (2.1)
by Thun € Xp, and integrating over the dual elements K € Kj,, multiplying equation
(2.2) by gn € My, and integrating over the primal elements K € K}, and applying
Green’s formula for both equations, we obtain the following bilinear forms for the
finite volume method:

8uh
A(up, Tpop) = —v g vp (P / —ds, up, vp € Xp,
ok,; On

D(Tnon, pn) = th / prn ds, vn € Xp, pn € M,

(f,Tnvn) = th )/ fde,  vn € Xp,
K

where n is the unit normal outward to K j. Using a technique similar to that in
the trilinear form of the finite element method in the previous section, we define
the trilinear form b(+;-,-) : X x Xp, X X — R of the finite volume method [21, 23]:

b(up; vp, Thwy) = ((uh -V)up + %(div uh)vh,Fhwh) Yup, v, wp, € Xp.
Now, the new stabilized finite volume method for the Navier-Stokes equations
(2.1) and (2.2) is: Find (up,pn) € (Xp, Mp) such that
(3.5)  Cn((un,pn)s (vnsqn)) + b(un; un, Crop) = (f,Tpon)  Y(vn, qn) € (Xn, Mp),
where we define the bilinear form Cp,(,-) on (Xp, Mp) x (Xpn, Mp):
(3.6) Cn((un,pn), (vn,qn)) = A(un, Tnvn) + D(Thvn, pa) + d(un, qn) + Gr(pn, an)-

The next results establish a relationship between the finite element and finite
volume methods [11, 17, 27] with respect to the linear terms:

(37) A(uh,Fhvh) :a(uh,vh) Yun, vn € Xn,

(3.8) D(Tpon, qn) = — d(vn,qn)  Y(vn, qn) € (Xn, Mp).

Thus we will pay more attention to the difference of the trilinear term b(-;-,-) be-
tween the two methods. Moreover, the following result on the continuity and weak

coercivity of the bilinear form Cp(+, ) can be directly deduced from the relationship
between the two methods and Theorem 2.1.
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Lemma 3.1 (Stability). It holds that
ICh((un; pr),s (Vhy qn))l < C (lurlls + [lprllo) (lvrllt + llgrllo)
(3.9) Y(un,pn), (Vn,qn) € (Xn, Mp).
Moreover,

sup ICh((wh,pn)s (Vh,aqn))]
(vn,qn) €(Xn,Mp) ||UhH1 + HQhHO
(310) v(uh)ph) 6 (Xh)Mh))

> B ([lunll + [Iprllo)

where B3 > 0 is independent of h.
We are now in a position to show the well posedness of system (3.5). For this
we define the mesh parameter

40, CoC5C,y
-

ho(h) |log h[*2R] flo.

Theorem 3.2 (Existence and uniqueness). For each h > 0 such that
(3.11) 0<ho<1/2,
system (3.5) admits a solution (up,pr) € (Xn, Mp). Moreover, if the viscosity
v > 0, the body force f € Y, and the mesh size h > 0 satisfy
~4C1C1C

2

(3.12) 1 110 >0,

then the solution (up,pr) € (Xn, M},) is unique. Furthermore, it satisfies

2CHCo 2000102|f|0)
V2 '

3.13 <
(313)  Junl < =

1£llo» Ipallo < 285" CoCal o (1 T

Proof. For fixed f € Y, we introduce the set

2CyC:
222 £,

2000102|f|0>}
2 ’

Bas = {<wuqh> € (X Mp) ¢ Jlunlly <

2CyCs <
1+
3 £ llo
The mapping Ty, : (Xn, Mp) — (Xn, M}) is defined by

Ipnllo <

Th(Vn, pn) = (un, pn)
such that
(3.14)
Crh((Thon, pr), (Vhyqn)) + b(0n; Thon, Trop) = (f, Tron),  (vn,qn) € (Xn, Mp,).

Then, substituting (vs, qn) = (up,pn) € (Xn, Mp,) into (3.14) and using (2.7), we
see that

(3.15) Ch((un,pn), (un, pr)) + b(0n; un, Thup — un) = (f, Thun).
Obviously,
(3.16) |Ch((un, pn), (wn, o)) > vllunll.

Nothing that
(3.17) |6l L < Cullogh|*?||én]l1,
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and using the Cauchy-Schwartz inequality, we have

y . V3
|b(Un; un, Cpun — up)| < <|vh||L°°|uh|1 + ?||Uh|\1||uh||L°° IThun — unlo

< 2C3Cy|log h['/2hon |1 | unll?

4C,CyC3Cy
< —————"|log h|'/hl|flol|unlI?

v
(3.18) < whol|ual|?,
(3.19) |(f, Drun)| < (| fllolTrunllo < CoCol| fllollunli-
Thus we see that
(3.20) v (1= ho) [lunlr < CoCo flo-
By a direct computation,
2C,C:
(321) el < 22222 £l

Now, we deduce from (3.10), and the same approach as for (3.18) and (3.19)
that

C
lunl + lpnllo < 850 sup  Colln i), (on,an))
(Vh,qn)E€(Xn,Mp) HUh”l + ”‘IhHO

< B3 (vhollunlly + Cullonll1llunlly + CoCall fllo)

2CoC1C:
(3.22) < 285 CoCa fllo <1 + %ﬂf'v _

Since the mapping T}, is well defined, there exists a solution to system (3.5) by
Brouwer’s fixed point theorem.

To prove uniqueness, assume that (uy,p;) and (ug, p2) are two solutions to (3.5).
Then we see that

(3.23)
Cr((ur — u2, p1 — p2), (Vn,qn)) + blur — ug; ur, Tpop) + b(ug; ur — ug, Tpvp) = 0.

Using the same approach as for (3.18) and (2.8) and setting (vp, qn) = (u1 —uz2,p1 —
p2) = (e,n), we see that

vlel? +Gn,n) <Cilluallillell} + 2vhollell}

2CyC1C
< (B2 + 200 ) el

4CyC1Co
(3.24) STWHOHGH%’
with 4C3Cy| log h|1/2h < (. Then it follows that

4CyC1Cy
(3.25) 0y (1-20C L 1, ) feli <0

Thus u; = us. Next, applying (3.10) to (3.23) yields that p; = pa. Therefore, it
follows that (3.5) has a unique solution. #
We state the error estimates for the finite volume method for the three-dimensional

stationary Navier-Stokes equations. A similar proof can be given as in the R? case
[21].



SUPERCONVERGENCE OF STABILIZED LOW ORDER FINITE VOLUME 427

Theorem 3.3 (Convergence). Let (u,p) € (X, M) and (up,pp) € (Xpn, Mp)
be the solution of (2.10) and (3.5), respectively. Then it holds

(3.26) llu = unlly + [lp = prllo < Chlullz + Pl + 1 £1o);
(3.27) lu—unllo < CRZ([[ullz + lIplly + [1f]11)-

4. Superconvergence by L?-Projection

In this section, the main results are shown about the stabilized finite volume
method for the stationary Navier-Stokes equations by using the L2-projection. The
optimal L% and H'-norm error estimates are obtained for the velocity and the
optimal L?-error estimate is derived for the pressure.

The postprocessing technique introduced by Wang and Ye [24] is to project the
finite volume solution to another finite element space with a different mesh. The
difference in the two mesh sizes can be used to achieve superconvergence after the
postprocessing procedure.

Let 7;, ¢ = 1,2, be another two finite element partitions with mesh sizes 7;,
respectively, where h << 7; (i = 1,2). Assume that 7; and h have the following
relation:

T =hY i=1,2,
where ay, as € (0,1). The parameters «; will play an important role later in achiev-
ing superconvergence for the stabilized finite volume approximation (up,pn). Let
X, and M,, be any two finite element spaces consisting of piecewise polynomials
of degree s and t, respectively, associated with the partitions 71 and 7.

Next, we introduce the notation of L2-projections. Let Q., : (L2(Q))2%X71 and
Q~, : L*(Q)—M,, be defined by

(4.1) (Qru,vn) = (u,v) Vu € (LA(Q))%, vy € X,
(4.2) (Qropsan) = (p,qn) Vp € L*(), a1 € My,.

We will provide error estimates for v — Qr,up and p — Qr,pp in the following
theorems.

In order to analyze the bound of v — Q- up, the dual problem to consider for
the stationary Navier-Stokes equations is to seek (@, ¥) € X x M such that for any
oY

(4.3) B((v,9); (2, ¥)) + b(v; u, @) + b(u; v, @) = (v, Qr,9),
whose solution satisfies the regularity
(4.4) @2+ %] < CllQr ¢llo-

The L%-norm error estimate for the velocity of the finite volume approximation
of the stationary Navier-Stokes equations is more difficult than that of the finite
element method since a complicated trilinear term is involved and the test func-
tion and the trial function are defined in different finite dimensional spaces with
different meshes. Below an additional duality argument is applied to analyze the
L?-norm estimate for the velocity under the Petrov-Galerkin system. Moreover,
noting that the postprocessed solution of the velocity and pressure are separately
derived without using the so-called inf-sup condition.

Theorem 4.1. Under the assumptions of Theorems 3.2 and 3.3, if 71, h, and
«aq are taken as

2
™ = O(hal) with o] = 5—}——1’
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then the postprocessed solution Q. ,up, satisfies the following error estimates:
2

(4.5) lu = Qryunlli < ChRT% (Jlullsra + [Ipll + [ £]11), ¢ =0,1,
with 0; given by

)
0 = ——.
1+s—1

Proof. Multiplying equation (2.1) by Thop, € X}, and integrating over the dual
elements K € K, multiplying (2.2) by ¢n € M}, and integrating over the finite
elements K € K}, and using (3.5), we see that

A(u —up, Tpon) + Do, p — pr) + d(u — up, qn) + G(p — ph, qn)
(4.6)
+b(u — up;u, Lpop) + b(us uw — up, Tpvn) — b(u — upsw — up, Cpop) = G(p, qn).

Substituting (vp,gn) = (Pn, Up) into (4.6) and using (4.3) with (v, q) = (P, V), we
find that

(6, QT1¢) :a(ea o — q)h) - d((I) - (I)ha 77) + d(ea v — \Ilh) - G(nﬂ \Ilh) + G(pa \Ilh)
+a(e, @n) — A(e,I'n) + d(®n,n) — D(T'n,m)
(4.7) +b(e;u, ® —Tp®p) + b(u;e,® — InP) — b(e; e, T Pp).

Due to the definition of the L?-projection Q.,, the Cauchy-Schwartz inequality, and
the property of the finite element approximation, we have

4.8)  (e,Qr,9) = (Qre, ),
la(e, @ — @p) — d(® — Pp,m) +d(e, ¥ — ¥p) — G(n, ¥p) + G(p, Up)|
<C(llells + [nllo) (1P — @nllo + ¥ — ¥rllo + [|[¥r — II;¥hlo)
<CR*([[ullz + llpll + [ fllo) (122 + | ]}1)
<CR?(|[ull2 + llpll + 1 £ 10)11Q+ ¢llo
(4.9)  <CR*([|ullz + [l + 11 fll0) I ¢llo,
lb(e;u, ® —T'p®) 4 b(us e, ® — ', )
<Clle[l1[lull2]|® = Trh®Pallo
<Clle[lx[[ull2([[® = Pnllo + |Pr — TrhPallo)
<CR?(|lull2 + [l + [ fl0)1®]l2
<CR*([[ull2 + [Iplly + | fll0) 1@ 8llo
(4.10)  <CR*(Jlullz + llpll + 1 £ll0)I¢llo-
Also, noting that
(4.11) lénllze < V2lgnllg llonly"

and using the Cauchy-Schwartz inequality and the inverse inequality, it follows that
[21]

ble;e, Tp®p) =|b(e;e,® — T, ®) + b(e; e, D)
<CllellLs[Vellol|® — Tn®|| s + collell1llell1[[®]lx
<CR*(|lull2 + [[pll + [ fllo) @12
<CR*(|lull2 + [[pll + [ fl0)|Qr ¢llo
(4.12) <CR*(|lull2 + lIplly + [ fllo)lo-
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In addition, we deduce from (2.1) and (3.3) that
la(e, @n) — Ale, Tn®n) + d(®n,n) — D(Tn®p,n)|
=[(f = (u- V)u—ILi(f = (u- V)u), &4 — [p®4)|

(4.13) <CR?||fllQr ol < CR?|| fll1]llo-

Combining (4.8)—(4.13) with (4.7), we obtain

(4.14) 1@ ello < CR2(ullz + llpll + Il f]11)-

The gradient term can be estimated by the inverse inequality as follows:
(4.15) IV (@ e)llo < Cr M| Qryello < Cri A2 ([lullz + [Iplly + [Lf]11)-
The definition of @, gives

(4.16) lu = Qrullo + millu = Qryully < CTy |1,

which, together with (4.15), yields (4.5). #
In order to analyze the error p—Q.,py, in the L?-norm, the same duality argument
as for Theorem 4.1 is used: For some given 1) € L?(Q), we define

(4.17) B((v, q); (w,€)) + b(v; u, w) 4 b(w; v, w) = (¢, Qry¥)),
for all (v,q) € X x M. It satisfies the regularity
(4.18) lwll2 + [I€lh < CllQn -

Then a similar result can be derived for the pressure component.
Theorem 4.2. Assume that 172, h, and as are taken as

T2 = O(ha2) with Qg = t—|——27

then the postprocessed solution Qr,pn satisfies the following error estimate:
2(t+1)
(4.19) [P = Qropnllo < Ch w72 ([lullz + [|pllera + [ f]]1)-

Proof. Subtracting (4.6) from (4.17) by taking (v,q) = (e,n) in (4.17) and
(v,q) = (Tnw, Jp€) in (4.6), we obtain

(777 QT2¢) :B((e7 77)7 (w - wha€ - gh)) + b(e7 U, W — FhWh) + b(u7 e, W — Fhwh)
+ a’(ua wh) - A(ua Fh(.dh) - d(whap) - D(Fhwhap)

(4.20) + b(e;e,wp — Trwp) — b(es e,wr) + G(p, Ep)-
Similar to the proof in Theorem 4.1, we have
(421) (77,@721/)) :(Q‘rznaw)a

B((e,n); (w — wn, & — &) <C([lellx + [mllo)(lw — w1 + 1€ — &rllo)
<CR*(lullz + ol + [ Fllo) (w2 + [[€]l1)
<CR*([lullz + Ipll + 1£ 1)1 Qrall2

(4.22) <CR?7y ([lullz + [Pl + [ £ lo) 1410,
|G(p,&n)| =G(p,&n — &) + G(p,§)
<Cllp — W;pllo([|gn — &llo + (1€ — ;€ ]l0)
<CR?|Ip|1 €l < CR?|pllh ]| @Il
(4.23) <Ch*r; *|pll1 [l lo-
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As for the trilinear terms, it follows by the same approach as for (4.12) that
|b(e; u,w — Trwn) + b(u; e,w — Thwy)|
<Clell1llullzllw = Trwrllo
<Clle[l1fJull2(llw = wnllo + llwn — Tawnllo)
<CR?([Jullz + [[pll + [ fllo)Iwll2
<CR?(|lullz + Ipll + [Lfll0)|Qr Iy
(4.24) <CR?(|lull2 + [l + I fl0)7s *{I%llo,
b(e; e, Trwn)
=|b(e; e,wp — Tpwp) + ble; e, wp)]
<Cllel[Ls[[Vellollw — TawnllLs + cllell1]lell1llwn]l2
<CR?(|lullz + Ipll + [Lfllo) ]2
<CR*([[ull2 + llpll + [ Fllo)|@r 11
(4.25) <Cry B2 ([lullz + lIpll + [Lf o)l llo-

Similarly,
la(u,wn) — A(u, Thwp) — d(wh, p) — DT hwh, p)|
=|(f = (u-V)u —1ILi(f — (u- V)u),wsn — Trwn)|

(4.26) <CR|[fl1l1@nl1 < CR2| fllxl¥llo-
The definition of @, gives
(4.27) Ip = Qrapll < CryIplles-

Finally, combing (4.21)—(4.27) with (4.20) yields the desired result. #

Observed from Theorems 4.1 and 4.2, there is a superconvergence result for
the velocity in the H'-norm if s > 2 and one for the pressure in the L?-norm in
the case t > 1. However, no improvement can be made for the velocity in the
L?-norm. Furthermore, the postprocessed solutions of the stabilized finite volume
method provided in Theorems 4.1 and 4.2 achieve the same supconvergence results
as the stabilized finite element method in the R? case [20] for the three-dimensional
Navier-Stokes equations studied in the present paper.
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