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This paper proposes and analyzes a stabilized finite-volume method (FVM) for the three-
dimensional stationary Navier-Stokes equations approximated by the lowest order finite element
pairs. The method studies the new stabilized FVM with the relationship between the stabilized
FEM (FEM) and the stabilized FVM under the assumption of the uniqueness condition. The results
have three prominent features in this paper. Firstly, the error analysis shows that the stabilized
FVM provides an approximate solution with the optimal convergence rate of the same order
as the usual stabilized FEM solution solving the stationary Navier-Stokes equations. Secondly,
superconvergence results on the solutions of the stabilized FEM and stabilized FVM are derived on
the H!-norm and the L>-norm for the velocity and pressure. Thirdly, residual technique is applied
to obtain the L?-norm error for the velocity without additional regular assumption on the exact
solution.

1. Introduction

Recently, the development of stable mixed FEMs is a fundamental component in the search
for the efficient numerical methods for solving the Navier-Stokes equations governing the
flow of an incompressible fluid by using a primitive variable formulation. The object of this
work is to analyze the stabilized finite volume method for solving the three-dimensional
stationary Navier-Stokes equations.

The importance of ensuring the compatibility of the component approximations of
velocity and pressure by satisfying the so-called inf-sup condition is widely understood. The
numerous mixed finite elements satisfying the inf-sup condition have been proposed over the
years. However, elements not satisfying the inf-sup condition may also work well. So far, the
most convenient choice of the finite element space from an implementational point of view
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would be the elements of the low polynomial order in the velocity and the pressure with an
identical degree distribution for both the velocity and the pressure.

This paper focuses on the stabilized method called local polynomial pressure
projection for the three-dimensional Navier-Stokes equations [1-5]. The proposed method
is characterized by the following features. First, the method does not require approximation
of derivatives, specification of mesh-dependent parameters, edge-based data structures, and
a nonstandard assembly procedure. Second, this method is completely local at the element
level.

On the other hand, FVM has become an active area in numerical analysis. The most
attractive things are that FVM can keep local conservation and have the advantages of FVM
and finite difference methods. The FVM is also termed the control volume method, the
covolume method, or the first-order generalized difference method. Nowadays, it is difficult
in analyzing FVM to obtain L>-norm error estimates because trail functions and test functions
are derived from different spaces. Many papers were devoted to its error analysis for second-
order elliptic and parabolic partial differential problems [6-10]. Error estimates of optimal
order in the H!'-norm are the same as those for the linear FEM [9, 11]. Error estimates of opti-
mal order in the L2-norm can be obtained as well [8, 9]. Moreover, the FVM for generalized
Stokes problems was studied by many people [11-13]. They analyzed this method by using
a relationship between it and the FEM and obtained its error estimates through those known
for the latter method. Also, it still requires H®> smoothness assumption of the exact solution
to obtain O(h?) error bound in most previous literatures. However, for the Stokes problems
only the finite elements that satisfy the discrete inf-sup condition have been studied.

The work of [14, 15] for the two-dimensional stationary Stokes equations is extended
in this paper for the three-dimensional stationary Navier-Stokes equations approximated
by lowest equal-order finite elements. Following the abstract framework of the relationship
between the stabilized FEM and stabilized FVM [14, 15], the stabilized FVM is studied,
and the optimal error estimate of the stabilized FVM is obtained for the three-dimensional
stationary Navier-Stokes equations relying on the uniqueness condition. As far as known,
there still requires much research on FVM results [16] about the velocity in L?>-norm and
superconvergence result between FEM solution and FVM solution of the three-dimensional
Navier-Stokes equations.

The remainder of the paper is organized as follows. In Section 2, an abstract
functional setting of the three-dimensional Navier-Stokes problem is given with some basic
assumptions. In Section 3, the stability of the stabilized FVM is analyzed and provided by
Brouwer’s fixed-point theorem. In Section 4, the optimal error estimates of the stabilized
finite volume approximation for the three-dimensional stationary Navier-Stokes equations
are obtained.

2. FVM Formulation

Let Q be a bounded domain in R?, assumed to have a Lipschitz-continuous boundary I' and
to satisfy a further condition stated in (A1) below. The three-dimensional stationary Navier-
Stokes equations are considered as follows:

—vAu+Vp+(u-Viu=f, inQ, (2.1a)
divu =0, inQ, (2.1b)
ulyo =0, on 0Q, (2.1¢)
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where v > 0 is the viscosity, u = (u1(x), up(x), us(x)) represents the velocity vector, p = p(x)
the pressure, and f = (f1(x), f2(x), f3(x)) the prescribed body force.
In order to introduce a variational formulation, we set [17]

X=[H3(Q)]3, Y=[L2(Q)]3, M=L§(Q)={qeLZ(Q):qudx=o},

(2.2)
D(A) = [HZ(Q)]3 nx.

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

-Av+Vg=g, divi=0 inQ, v|sn =0, (2.3)
for a prescribed g € Y exists and satisfies
ol + llall, < <llgllo (24)

where ¢ > 0 is a general constant depending on Q. Here and after, || - ||; and | - |; denote the
usual norm and seminorm of the Sobolev space H(Q) or H' Q)3 fori=0,1,2.

We denote by (-,-) the inner product on L*(Q) or Y. The space H&(Q) and X are
equipped with their equivalent scalar product and norm [17]

((w,0)) = (V, Vo), [IValy = ((e,0)""2 (25)
It is well known [18] that for each v € X there hold the following inequalities:

1/2 1/4 3/4
[olls <22 [lolly VoIS, ol < vllolh, (2.6)

where y is a positive constant depending only on Q.
The continuous bilinear form a(-,-) on X x X and d(-,-) on X x M, respectively, are
defined by

a(u,v) = ((n,v)), YuvekX, d(v,q) =-(v,Vq) = (q,divo), YoeX, ge M. (2.7)
Also, the trilinear term is defined by

b(u,v,w) = ((u-V)v,w) + %((divu)v,w)
(2.8)
= %((u -V)v,w) — %((u -V)w,v), VYu,v,weX
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and satisfies

b(u, v, w) < oVl Vol Veollo- (2.9)

Then the mixed variational form of (2.1a)—(2.1c) is to seek (u, p) € (X, M) such that

a(u,v) -d(v,p) +d(u,q) +b(u,u,v) = (f,v), VY(v,q) e Xx M. (2.10)

The existence and uniqueness results are classical and can be found in [18-20].

We introduce the finite-dimensional subspace (Xj, M) C (X, M), which is
characterized by 7, with mesh scale h, a partitioning of € into tetrahedron or hexahedron,
assumed to be regular in the usual sense(see [20-22]).

Here, the space (X}, My,) satisfies the following approximation properties. For each
v € D(A), p € H(Q), there exist approximations I,v € X, and J,g € M}, such that

= Tellg + RV e = Lan)llg + 2 = Tuplly) < ch®(laaly + [1pl,), (2.11)
together with the inverse inequality

IVonllo < cth Monlle,  Iunlle < c2h™ 2|Vl (2.12)

The stable and accurate finite element approximational solution of (2.10) requires that
(XK, My,) satisfies the discrete inf-sup condition

d(vn, qn)
sup ——~ > , 2.13
9 Toul, = Pllaelo 249

where f is positive constant independent of h.

The main purpose of this paper is to study a stabilized FVM for the stationary 3D
Navier-Stokes equations. We follow [23, 24] to obtain the dual partition Izh. We first choose
an arbitrary point Q in the interior of each tetrahedron K and then connect Q with the
barycenters Q;jx of its 2D faces AP;P; Py by straight lines (see Figure 1). On each face AP, P; Py,
we connect by straight lines Q;;x with the middle points of the segments P;P;, P; Py, and PP,
respectively. Then the contribution of K to the control volume K of a vertex P of K is the
volume surrounding P by these straight lines, for example, the contribution from one simplex
to the control volume K with the interfaces Y12 and yi3.

Then, the dual finite element space can be constructed for the FVM as follows:

X, = {5 e [I}(Q)]3 s PO(IZ) VK € Ky; B,z = o}. (2.14)
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P, Y12

Figure 1: Control volumes in three-dimensional case.

Obviously, the dimensions of X} and )~(h are the same. Furthermore, there exists an invertible
linear mapping I';, : X, — X}, such that for

N
on(x) = D on(P)$i(x), x€Q, vy €Xy, (2.15)
j=1
with
N
Thou(x) = > on(P)) xj(x), (2.16)
j=1

where {¢;} indicates the basis for the finite element space X, and {y;} denotes the basis
for the finite volume space X}, that are the characteristic functions associated with the dual
partition Kj,:

1 ifxeK; €Ky,
Xj(x) = (2.17)
0 otherwise.

The above idea of connecting the trial and test spaces in the Petrov-Galerkin method
through the mapping I', was first introduced in [25, 26] in the context of elliptic problems.
Furthermore, the mapping I';, satisfies the following properties [26].



6 Mathematical Problems in Engineering

Lemma 2.1. Let K € Ky,. If vy, € Xpand 1 <r < oo, then
j (v —Thop)dx =0, (2.18)
K

(2.19)
IThonlly < csllonllo, lon = Tnonllrr k) < cahl|VORl

where hy is the diameter of the element K.

Multiplying (2.1a) by I'yuy, € X, and integrating over the dual elements K € K, (2.1b)
by gn € M}, and over the primal elements K € K}, and applying Green’s formula, we define
the following bilinear forms for the FVM:

N
ou

A(up, Tyon) = =Y on(P;) I _ a—hdS, up, U € X,
j=1 oK; n

N
D (Tyon, pn) = th (Py) f _ pnnds, pp € My,
1 %Ki (2.20)

1 ..
b(un, vn, Thwn) = ((un - V)op, ywp) + E(le upop, Tpwy),

N
(f,l"hvh) = th(Pj) . J: fdx, vy € Xy,
j=1 K;

where 7 is the unit normal outward to K j and these terms are well posed.
As noted above, this paper forces on a class of unstable velocity-pressure pairs
consisting of the lowest equal-order finite elements

Xy ={veX vl € [Ri(K), VK €m},
(2.21)
My ={geM:glx € Ri(K), i=0,1, VK € 3},

where R;(K), i = 0,1 represent piecewise constant range and continuous range on set K, R;,
i = 0,1 are spaces of polynomials, the maximum degree of which is bounded uniformly with
respect to K € 7, and h. The corresponding stabilized FEM is formulated as follows [3]:

a(ﬁh, Uh) - d(vh,;_oh) + d(ﬂh, qh) + G(?h’ qh) + b(ﬁh,ﬁh,vh) = (f,vh), V(Uh,qh) € (Xh,Mh).
(2.22)

Also, the corresponding stabilized FVM is defined for the solution (up, pn) € (Xp, My) as
follows:

Cn((un,pn); (vn,qn)) + blup, un, Tpon) = (f,Thon)  Y(on, qn) € (Xn, Mp), (2.23)
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where
Cn((un, pn); (vn, qn)) = Alun, Tnop) + D(Tpop, pr) + d(un, qn) + G(pr, qn)- (2.24)

Obviously, the bilinear form G(:,-) can be defined by the following symmetry form: [1]

G(p,q) = (p - hp, q - TThg). (2.25)
Note that
12(Q) — Ry ifi=1,
= (2.26)
[2(Q) — Ry ifi=0.
Here, the operator I}, satisfies the following properties: [1, 4]
(p,an) = (Thhp,qn) Yp €M, qu € R;, (2.27)
[ITplly < esllplly VP e M, (2.28)
Ip - ipll,y < cohllplln ¥p € H'@ 0 M. 229

In particular, the L?-projection operator I, can be extended to the vector case.
This section concentrates on the study of a relationship between the FEM and FVM for
the Stokes equations.

Lemma 2.2. [t holds that [11-13]

A(up, Trhop) = a(un,vn)  Yup, vy € Xp, (2.30)

with the following properties:

A(up, Trop) = A(op, Thup),
|A(un, Thon)| < c7l|Vunllol| Vonllo., (2.31)

| A, Tyon)| > v|[Vou[5.
Moreover, the bilinear form D(-,-) satisfies [14]
D(Thon, qn) = -d(vn,qn) V(0w qn) € (Xn, My). (2.32)

Based on detailed results on existence, uniqueness, and regularity of the solution for
the FVM (2.23), the following result establishes its continuity and weak coercivity.
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Theorem 2.3. It holds that [14]

|Cr (s 1), (On,qn))| < e(llunlly + lnllo) (lonlly +114n]lo)

(2.33)
Y (un, pn), (n, qn) € (Xn, Mp).
Moreover,
Cn((un,pr), (on, gn
sup [CaCan ). (01, 91)| > B(llunlly + |lpnlly) Y (un pr) € (Xn, Mp),
(0n,qn)€(Xn,Mp) ”vhlll + |qh| 0
(2.34)

where B is independent of h.

3. Stability

In this section, we analyze the results of FVM for the three-dimensional stationary Navier-
Stokes equations. Firstly, we are now in a position to show the well-posedness of system
(2.23)

ho C203C4sz ”f"o (3.1)

Theorem 3.1 (stability). For each h > 0 such that

0<hy<t (3.2)

N

system (2.23) admits a solution (up, pn) € (Xn, Mp). Moreover, if the viscosity v > 0, the body force
f €Y, and the mesh size h > 0 satisfy

0<hy< 1, 1-2cocsyv 2| f |l > O, (3.3)

=

then the solution (up, pn) € (Xn, My) is unique. Furthermore, it satisfies

2c
19l < = flly lpally < syl flly Gescsw 2y Il + ). (34)

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

2c
Bar = { (0n,) € 0%, M) 19l < = 7l loally <7 eopl 7 (hesesw 21l 1L, +1) |

(3.5)
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Then we define the mapping Tj, : (Xi, My) — (Xpn, My) by [19]

A(Pywy, Troy) + D(Tpon, pr) + d(Twwn, qn) + G(pr, qn) + b(wp, Tpwn, Thon) = (f, Thon)
V(Uh/qh) € (Xh/ Mh)/

where Ty, (wp, pr) = (Tvwn, Topr) = (un, pr). We will prove that Tj, maps By into Byy.

(3.6)

First, taking (vn, qn) = (un, pr) € (X, My) in (3.6), and using (2.12) and (2.19), we see

that for for all (vy, qn) € (Xn, Mp)
V||V |3 < A(un, Thun) + G(pn, pr)
<1 FloIThtnlly + 2c2cah™ || Vewr |51 V15

dcacacsyh'| £l
v

< eyl £l Vunlly + IV unll3

since

b(wn, up, Tpun) = b(wp, wp, Tpup — up)

V3
< <”wh||L°°”V”h||0 + 7||uh||Lw||th||o T hun — unllo
2
< 2c2c4h1/2||th||0||Vuh||0.

Thus, we have

p2

dcacseayh'?|| f
v<1— oY < ol sl

which implies

2c3y

Vupl|lg £ —
1Vunlly < =

171,

(3.7)

(3.8)

(3.9)

(3.10)

Then, using the definition of b(:;,-) and Cp(:,-), (2.19), setting cg = 2 max{2crcsh'’?, ¢g}, and

the same approach as above gives that

Cr((un, pn), (vn,qn))
[IVoR|ly + ”‘ih”O

> Bllpn

0/

|b(wn; un, Tnon)| = |b(wn; un, Thon = vi) + b(wn; un, on)|
< csl| Vel Vol Vonllo,
|(f,Twon) | < || flloITronllo
< esy|| flloIVonllo,

(3.11)



10 Mathematical Problems in Engineering

which, together with (3.10), gives
pally < B syl f 1o (descsv 2y [l £l + 1)- (3.12)

Since the mapping Ty, is well defined, it follows from Brouwer’s fixed-point theorem that
there exists a solution to system (2.23).

To prove uniqueness, assume that (11, p1) and (u2, p2) are two solutions to (2.23). Then
we see that

Cn((u1 —uz,p1 — p2), (Vn, qn)) + b(ur — uz; u1, Tpop) + b(uz; ur — up, Top) = 0. (3.13)
Letting (vp, qn) = (w1 — uz, p1 — p2) = (e, 1), we obtain

Cu((e,m), (e,m)) > v||Vels,

|b(e; u1, The) + b(uz; e, The)| = |b(e;ur, Tpe —e) + b(e;uy,e) + b(uz; e, The —e)|

(3.14)
< 2coe4h' (| Va [lg + | Viiallg) |V ellg + coll V[l Vel
< 2<vho +cocsyv! ||f||0>||Ve||é,
which together with (3.3) and (3.13), gives
0 <v(1-2cocsyv 2| f ) IVells <0, (3.15)

which shows that e = 0 by (3.15); that is, u; = u,. Next, applying (3.3) to (3.13) and (2.34)
yields that p; = p,. Therefore, it follows that (2.23) has a unique solution. O

4. Optimal Error Estimates

Theorem 4.1 (optimal error and superconvergent results). Assume that h > 0 satisfies (3.2) and
f €Yandv > 0satisfy (3.2). Let (u,p) € (X, M) and (un, pn) € (Xn, My) be the solution of (2.10)
and (2.23), respectively. Then it holds

e = wnlly + llp = pullo < whCllullz + lipll, + 11£1)- (4.1)
Also, if f € [H 1(§2)]3, there holds for the solution (uy, p;,) of (2.22) that
e =Tl + o = Pully < B2 (llullz + Il + 1£11)- (4.2)
Proof. Subtracting (2.10) from (2.23) gives that

Cn((e,n); (vn, qn)) + ble, un, Tpop) + b(up, e, vy) + b(up, up, vp — Tpop) =0, (4.3)
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with (e, n) = (up — up, p), — pr)- By (vn, qn) = (e, 1), it follows that
v||Vells + G(n,1) + b(e, un, e) + b(up, up, The —e) = (f,on —Thon).
Using Theorem 3.1, (2.12), (2.23), and (2.25) gives

ble, un, e) < col|Vully|| Vel

< 2c¢h" 2| Vuy || Vellg

_ dexeacsyh! 2| f|

2
Vel

2
= vho||Velly,

1
bt 0y, The — €) < (((uh ~Thyan) - V) + 5 v (s~ o), €~ rhe)

< ||Vun|loollun — Ipug|lylle — Trelly

2
< k2| Vuy [ Vel

Similarly, by Lemma 2.1 and (2.25), we have

|(f e=Tne)| = |(f ~TInf,e~The)|
< CH!||f1l;lle = Tnelly

<V T+ el =01

Combining the above inequalities with (4.3) gives

||€||1 < C<h3/2+hi+l>”f

L, i=0,1
In the same argument, it follows from (2.34) that
llly < (/2 « 1) £, i=0,1.
Noting that [3]
e = wnlls + lp = pallo < chllull + [Iplly + 11 £1l0)-

(4.6)—(4.8), and using a triangle inequality completes the proof of Theorem 4.1.

11

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)
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As noted above, it is still difficult to achieve an optimal error estimate for the velocity
in the L*>norm for the three-dimensional stationary Navier-Stokes equations. Here, the
following dual problem is proposed and analyzed:

a(v,®) +d(v,¥) -d(®,q) + b(w; v, D) + b(v;u, D) = (u—up,v). (4.10)

Because of convexity of the domain €, this problem has a unique solution that satisfies the
regularity property [18]

[Pl + ¥l < Cllee = unllo- (4.11)

Below set (®p,, ¥) = (InD, Jn¥) € (Xi, My), which satisfies, by (3.2),

|~ @plly + h(ID ~ Dylly + ¥ = ¥hll) < CH (Dl + [[¥lly)- (4.12)

Theorem 4.2 (optimal L?-error for the velocity). Let (u,p) be the solution of (2.1a)—(2.1c) and
let (up, pn)be the solution of (4.3). Then, under the assumptions of Theorem 4.1, it holds

e = wnlly < CH*(llully + [lpll; + [1£11)- (4.13)

Proof. Multiplying (2.1a) and (2.1b) by I',®@;, € X, and ¥}, € M, and integrating over the dual
elements K and the primary elements K, respectively, and adding the resulting equations to
(2.23) with (vp, qn) = (Pn, ¥1), we see that

A(e, I‘h(I)h) + D(Fh(I)h, 71) + d(e, qrh) + G(TZ, q’h) (4 14)
+ b(e; u, Ty®y) + b(u; e, T, Dy) — ble; e, Th®y) = G(p, W), '

where (e, 1) = (u — up, p — pr). Subtracting (4.14) from (4.10) with (v, q) = (e, 17) to obtain

lelld = a(e, ® - @) +d(e, ¥ — ¥) — d(® - Dy, 1) - G(1n,®r) + G(p, ¥) + ale, Dy)
- A(e, Tn®p) — d(®y, 1) = D(ThDp, 1) + b(u; e, ® - T, D) + b(e; u, ® - T, D)
+b(e;e, I, Dy)
=a(e,®-Dp) +d(e, ¥ —¥;) —d(D-Dy,7) - G(17,%r) + G(p, ¥r) + ble; e, [, D)

+b(u;e,® - T, @) +b(e;u, ® — T Dp) + (f — (- V)u, @, — IDyp).
(4.15)
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Obviously, we deduce from Theorem 3.1, (2.27)—(2.29), (4.11), the inverse inequality (2.12),
and the Cauchy inequality that

|a(e, ® - @) +d(e, ¥ - ¥y) - d(® = Dy, 1) | < c(llelly + [|7]l,) (1D = Dilly + 1% = illy)
< ch?(lully + [lpl,) (1@l + [¥],)
< ch?(llull + [Iplly) llello,

|G (1, ¥n) = G(p, ¥n)| < ch(|lp - Tp||, + [l ) ¥y
< ch?(Jlull + [Iplly) llello,
|(f = (- V)u, @ =Ty ®@y) | = [([f - T f]
—[(u- V)u—TIp(u- V)u], @, - T @) |
<l (|| flly + IV LG - V)ulllo) 1nlly
< ch? (|| Il + lally 2l + Yl ) lelo
Ib(t; €, ® - T,®y) + b(e; u, ® — T,®3)| < clulllell (1Ds - TrDilly + [ — Dylly)

< ch?(llull + Ipll) Il

< e (llully + [lpll) lello,
|b(e; e, T,®p)| = |be; e, T Dy — Dy) + b(e; e, Dyp)|

2
< c(llelloallell ITn®s = Dulo s + lel2 @l )
1/4 7/4 2
< chllellyllell; 1 Vil + clel il

< Ch2(||u||2 + ”P”l)”e”O'
(4.16)

Combining all these inequalities with (4.15) yields (4.13). O

In this paper, we have obtained optimal and convergent results of the stabilized mixed
finite volume method for the stationary Navier-Stokes equations approximated by the low
order finite elements. Furthermore, we could apply the same technique presented to develop
and obtain the corresponding results of other (stabilized) mixed finite volume methods in
two or three dimensions.
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