MATHEMATICS OF COMPUTATION
S 0025-5718(00)01239-4
Article electronically published on March 3, 2000

SIMPLE FINITE ELEMENT METHOD
IN VORTICITY FORMULATION
FOR INCOMPRESSIBLE FLOWS

JIAN-GUO LIU AND WEINAN E

ABSTRACT. A very simple and efficient finite element method is introduced
for two and three dimensional viscous incompressible flows using the vortic-
ity formulation. This method relies on recasting the traditional finite element
method in the spirit of the high order accurate finite difference methods intro-
duced by the authors in another work. Optimal accuracy of arbitrary order can
be achieved using standard finite element or spectral elements. The method
is convectively stable and is particularly suited for moderate to high Reynolds
number flows.

1. INTRODUCTION

In this paper, we present a very simple finite element method for the unsteady
incompressible Navier-Stokes equations (NSE) in vorticity-vector potential formu-
lation. Let us first present the idea for the 2D case, where the vector potential is
reduced to a stream function. The NSE read

Ow+ (u-V)w=rAw
(1.1) kot (uV) ’

AY =w,
with no-slip boundary condition
oy
1.2 =0 2 =0
(12) p=0, Lo,
and the velocity is given by
(1.3) w= Ve, V= (2,0,

Adding inhomogeneous terms to the boundary condition only amounts to minor
changes in what follows. For simplicity we will only consider a simply connected
domain in this paper.

Finite difference approximations of (1.1)—(1.3) for large Reynolds numbers have
been studied in detail in [9} 10, [IT], where the the convection and viscous terms are
both treated explicitly in the vorticity transport equation. The stream function, and
hence the velocity, is then evaluated from the vorticity via the kinematic equation
(the second equation in (1.1)). We developed a time-stepping procedure in which
the value of the vorticity on the boundary can be obtained explicitly from the
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stream function without any iteration, thus eliminating some traditional difficulties
associated with the vorticity formulation [2I]. The classical fourth order explicit
Runge-Kutta time stepping method was used to overcome the cell Reynolds number
constraint [9]. The resulting scheme is stable under the standard convective CFL
condition. The method is very efficient. At each time step or Runge-Kutta stage,
a standard Poisson equation is solved [9]. In a fourth order compact difference
scheme an additional mass-like matrix needs to be inverted [10].

Using a variational formulation and a finite element approximation gives a very
general, natural, and clean way to implement the above methodology. It overcomes
the difficulty of finding an accurate local vorticity formula for a curved boundary,
especially in the 3D case. The NSE (1.1)—(1.3) can be formulated in a weak form
[13): find w € H'(Q2) and v € H}(£2) such that

(1 4) <¢7atw>_<vsoku> :_V<V507Vw>7 vng&a

<V<,0,V¢> =—<<p,w>, VQOEHl'
The velocity is again given by (1.3). Here (, ) is the notation for the standard inner
product between functions on Q and || - || for the L? norm.

In this form the first equation is taken as the evolution equation that updates
w, and the second equation is then used to find ¢. However we can also put (1.4)
in a more symmetric form: find ¢ € H}(Q) and w € H(Q) such that

(Vo, Vorb) + Ve, wu) v{Vp, Vw), Vo € HE,
<§0aw> :_<V807V1/1>, VQOEHl.

In this form the first equation is viewed as an evolution equation for updating
and the second equation is used as a definition of w.

Let X ,’f be the standard continuous finite element space [6] with kth degree poly-
nomials on each element of a triangulation 7;, = {K}. Denote by h the maximum
size (diameter) of the elements. Let X}, be the subspace of X} with zero boundary
values. The finite element approximat/ion, treating time as continuous for now, is
given as follows. Find wy, € X}f and ¢y, € X(’ih such that

(1.4')

(1.5) (@, Own) — (Vo, wpun) = -v(Ve, Vwp), Vo € X(])C,h’
<V507V¢h> :_<90awh>a VSO‘GX;]fa

and the velocity field is obtained from the stream function via

(1.6) up = V>,

Clearly the velocity uy, satisfies the divergence free condition everywhere, and the
normal velocity uy - n is continuous across any element boundary. The treatment
of the convection term in (1.5) is legitimate even though the tangential velocity is
not continuous across the element boundaries.

Finite element approximations of the form (1.5) have been studied for the case of
steady state flow. However, the computation of the vorticity and stream function
are fully coupled, cf. [I4]. See [7, 2] for the case of the biharmonic equation and
[2, [T, B 18, 25] for the steady Navier-Stokes equation. The main contribution of
this paper is an efficient time stepping procedure of (1.5) which will be described
in Section 2. All the nice features mentioned before in the finite difference setting
will be maintained for the finite element method. At the same time the method
is generalized in an extremely simple and clean way for the general domains in
both 2D and 3D, with arbitrary order of accuracy. The high order spectral element
method can be easily adapted into our scheme. More complicated physics, such as
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stratified flow, gravitation and centrifugal forces, turbulence models, etc., can be
incorporated into the scheme.

There is also a simple and natural generalization of the above methodology to 3D,
which will be discussed in Section 3. It is well known that there is a major difference
between two and three dimensions for vorticity-based numerical methods. Most
apparent of all is the fact that both the vorticity and stream function become vector
(instead of scalar) fields in 3D. At the same time, the stream function changes its
name to vector potential. Along with this is the necessity to enforce the solenoidal
conditions for the vorticity and vector potential. This turns out to be a major
problem in designing efficient numerical methods in 3D based on this formulation.

In Section 4, we will present an error analysis for both 2D and 3D. A near
optimal estimate of h*~1/2 in L2-norm for velocity and vorticity will be proved for
the standard kth order finite element method. Systemic numerical experiments of
the methods proposed in this paper will be reported in [20] for the standard finite
element method, in [T9] for discontinuous Galerkin method.

2. EXPLICIT TIME-STEPPING PROCEDURE

Since finite element methods amount to centered schemes, a high order time
discretization method must be used in order to avoid cell Reynolds number con-
straints. This is discussed in detail in [9]. In practice we use the classical fourth
order Runge-Kutta method, which can essentially be written as four forward Eu-
ler type steps [9). For example, the intermediate stage u** in RK4 for the ODE
u' = f(u) can be formulated as

1
="+ §Atf(u*) .

Therefore, we will illustrate the time discretization of (1.5) using forward Euler.
Suppose we know the values of w™, ¥ and u" at t". We first compute an
auxiliary term (p, w™ 1) for any ¢ € Xé“’h from

T (o, "™ = (o, W) + At{(Vp, w"u™) — VALV, Vw™).

Using this auxiliary term, we can solve for stream function ¢"*+! € Xé“’ 5 from
(D) (Vo, Vi"t) = —(p, w™), Vo e Xg),.

From ¢™*!, we can obtain the vorticity w™t! by inverting a mass matrix from
(I11) (@, ") =(Vp, Vo™, VpeX}.

The right hand side of the above equation does not have to be computed again for
each test function ¢ € X(’i , since it is equal to the auxiliary term from (II), which
has already been computed in (I). Finally we compute the velocity

(2.1) u' = v yntl

We should emphasize that in the above time stepping procedure, the momentum
equation (I) is completely decoupled from the kinematic equation (IT). There is
no iteration required between the vorticity and stream function to recover the
boundary values for the vorticity. Many existing methods require this, for example
[21, 2, (1] 22) (16, [14].

At first sight, this procedure seems circular since (II) and (III) seem to use the
same equation, but are used to compute different things. So some comments are in
order:
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1. Step (I) only computes (¢, w™ ) for ¢ € X(’f’h. To completely determine w™*!
we need to compute (¢, w™ ) for all ¢ € XF. The computation of (p,w™ 1)
for the degrees of freedom associated with the boundary nodes is split into two
steps. First in Step (II) we compute the stream-function "*1. Fortunately,
and this is very important for the success of this procedure, knowing (¢, w™*?)
for ¢ € Xé“’h is enough to compute )" *!. This is the same reason why the
explicit methods work so well in the finite difference setting. Having ¢m!,
we then compute (p,w" ) for p € X\ X, using step (III). However, (III)
is also valid for ¢ € Xé“’h because of (II).

2. The equation (p,w" ™) = (Vg, Ve"t1) for ¢ € X'\ X{, can be thought
of as the vorticity boundary condition. This is a natural generalization of
Thom’s formula.

The above procedure can be described more clearly with matrix notation. Let
@it = 1,2,---, Ny, be a basis corresponding to the interior nodes, and ¢;,;j =
No+1,Ng+2,---, Ng+ Ny, a basis corresponding to the boundary nodes. Denote
w" = (w;) and Y™ = (¢;), vectors of size (Ng + N;) and Ny, representing the
vorticity and stream function

No+Ny No
(2:2) wip= Y widi, U= i,
i=1 i=1
respectively. For the Lagrangian finite element space, the number of nodes is equal
to the dimension of the finite element space, i.e.,

(2.3) Ny = dimension of X(’)ih , Ny + N, = dimension of X}’f.

Denote by M = ({¢; , ¢;)) the standard (Ny + Ny) x (No + Np) mass matrix and
by A = ((Véi, Vo;)) the (Ng + Np) x (No + Ny) stiffness matrix, partitioned,
according to the dimensions Ny and N, as

Ao Aop
24 A= ’ ’ .
(2:4) < Apo  App
The auxiliary term in (I) is denoted by @" ™! = (@;), a vector of size Ny and having
values

No+Ny

(2.5) o= Y (e, i)wi, €=1,2,--- No.

i=1
We denote the nonlinear term by A (u™,w™) = (N), a vector of size Ny and having
values
No+N; No
(2.6) Ne== )" D (Voe, 6iVEgjwiy;, £=1,2,--,Np.

i=1 j=1

Then the momentum equation (I) can be written as

wnJrl _ wn
o R AN ") = (Ao, Aoy
We can use the auxiliary variable @™ to solve for the stream function "' from

(Ir) Agop™tt =@t



SIMPLE FINITE ELEMENT METHOD 5

We can solve for w™*! by inverting the mass matrix M from

12 n+1 wnJrl
(I1T) Mw = < Ay o1 > .

The velocity is again given by (2.1).

The above time stepping procedure is very similar to the one used in an essen-
tially compact fourth order finite difference scheme (EC4 for short) proposed in
[10]. The vorticity boundary value on the left side of (IIT') is related to the stream
function " *! through the local kinematic relation on the right hand side of (III').
The boundary values of w™*! are obtained along with the interior values in (IIT")
by inverting a mass matrix. This is quite general and natural and does not result
in any iteration between the vorticity and stream function. The simplicity and
efficiency of the above scheme is obvious. The main computation involves solving a
standard Poisson equation (II') and inverting a standard mass matrix (III"). Stan-
dard FEM packages with a Poisson solver can easily be modified to compute the
unsteady viscous incompressible flow.

Alternatively, the finite element discretization of (1.4") results in a symmetric
Galerkin form: find vy, € Xé“’h and wy, € X}’f such that

<VQO, Vat¢h> + <v307 (UhUh> = V<V<Pa vwh> ) VSO € X(]fh )
(p,wn) =—(Vo, Vin), VoeXy.

In a matrix notation as defined before, (1.5") becomes

A0,00:0n + N (up,wn) = v(Aoo, Aop)wn,

A
Mw, =- A(b)’(()) ’Lph.

Explicit time discretization of above equation is equivalent to the time-stepping (I)—
(II"). Equation (LE) can be viewed as an ODE system for v, after eliminating
Wh-

(1.5

(1.5")

3. FINITE ELEMENT METHOD
IN THE 3D VORTICITY-VECTOR POTENTIAL FORMULATION

Now we present the finite element method in the 3D vorticity-vector potential
formulation. A corresponding finite difference version was studied in [1I]. We
will use the following 3D Navier-Stokes equation in the vorticity-vector potential
formulation:

Orw+ Vx(wxu) =rvAw,

(3.1) A = —w,
with six boundary conditions

nxyp =0, Vap=0,
Vw=0, nx (VX)) =nxuy.

The velocity is given by

(3.2)

(3.3) u = Vxtp.
It is easy to verify that (3.1)—(3.3) imply
(3.4) Vw=0, Vu=0, V-=0.

As a consequence of (3.4), (3.1)—(3.3) are equivalent to the Navier-Stokes equation
in primitive variables. See [23] Theorem 3.1] for a more detailed discussion. For
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simplicity we assume up = 0. General inhomogeneous boundary conditions can be
treated similarly. The difficulty in designing an efficient numerical method for (3.1)—
(3.3) arises from the need to enforce the solenoidal conditions (3.4) numerically.
We will use a div-curl type stiffness matrix (see (3.6) below) in our finite element
approximation to overcome this difficulty. Define the space Y = (H')? and the
subspace

(3.5) Y,={ypeY :nxypy=0 onl}.
It was proved in [§] that the || - ||z norm in Y. is equivalent to the div-curl norm

and that the following Poincaré inequality holds:

(3.7) ol < Clel, VeeY:.
Indeed, it was shown in [8] that for any ¢, ¢ in Y,

(39) (V6. V) =6 %l + [ Zovar

where R is the mean radius of the curvature of I'. R > 0 when ) is convex. A
variational form for (3.1) and (3.2) is given as follows. Find w € Y and ¢ € Y;
such that

(P, 0rw) + (VXp,wxu) =—-v[p,w], VpeY,,
@, 9] =(p,w), Vopev,

or alternatively in a more symmetric way, find ¥ € Y; and w € Y such that

(3.9') (@, O]+ (VX wxu) =-vip,w], YéeYr,
' (P, w) =[p, 9], VoeY.

Again, the velocity is given by (3.3). It is easy to verify that (3.9) is equivalent to
(3.1)—(3.2). See [3] for discussions on the variational formulation in multiconnected
domains.

Let V¥ = (X})? be the standard continuous finite element space with degree k
and

(3.10) Vi, ={peYf nxyp=0 onTl}.

(3.9)

In general, the boundary condition in (3.10) is understood to be valid for all the
boundary nodes. The finite element approximation of (3.9) is given as follows. Find
wp € YF and ¢, € YT’fh such that

<¢7 at wh> + <VX¢7 Wh th> = _V[¢7 wh] ) V(ﬁ € Y-rk,h )
[¢a ¢h] = <¢7 wh> ) V(ﬁ € th ’

or, written in a symmetric Galerkin form, find 4, € Yf_h and wy, € th such that

(3 11/) [¢a at"vbh] + <VX¢;wh th> = _V[(p;wh] 5 V(p c YT]fh,
. <¢7wh> = [¢7¢h] ) v¢ € th ’

(3.11)

and the velocity is given by

(3.12) up = VX, .
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Explicit time-stepping procedure. As in 2D, we now present an efficient time
stepping scheme for (3.11)—(3.12). Again, we use forward Euler as an illustration.

Suppose we know the values of w™, ¥™ and u™ at t". We first compute an
auxiliary term (¢, w™*1) for any ¢ € Y}, from

(A) (P, ") = (p, W) — ALV X P, w" xu™) — vAt[}, W"].
Using this auxiliary term we can solve for the vector potential 1,[1”“ € Yffh from

(B) (6, v = (¢, W), VoeYl,.
From 1/)"“, we can obtain the vorticity w”™*! by inverting a mass matrix from

(C) <¢a wn+1> = [¢7 wnJrl] ) V(ﬁ € th .

The right hand side of the above equation does not have to be computed again for
each test function ¢ € Y, since it is equal to the auxiliary term from (B), which
has already been computed in (A). Finally we compute the velocity

(3.13) u"tt = Vxyp"tt,

Remark 1. When the boundary of the domain consists of flat surfaces, i.e., a poly-
gon, then the mean radius of curvature R = co. From (3.8), we know that for any

o, eY,
(Vo , Vip) =@, 4]

The stiffness matrix in (B) can be replaced by the standard stiffness matrix for the
vector Poisson equation. In the case when the boundary surfaces are parallel to the
coordinate planes, the three components of the vector potential decouple, and the
boundary conditions in (B) become homogeneous Dirichlet boundary conditions
for the tangential components of the vector potential, and Neumann boundary
condition for the normal component. This special geometric property has been
explored before in a finite difference approximation [IT].

Designing simple and efficient finite difference schemes for 3D in vorticity-vector
potential formulations have been attacked in [I1] with the same strategy: treat the
viscous term explicitly and use a local vorticity boundary formula. A second order
and fourth order compact difference scheme on a nonstaggered grid was proposed
in [II], and a local vorticity boundary condition, analogous to Thom’s formula in
2D, is derived.

4. STABILITY AND ERROR ESTIMATES FOR THE SEMI-DISCRETE CASE

The stability analysis and error estimates for the finite element approx
-imations (1.5)—(1.6) in 2D and (3.11)—(3.12) in 3D are rather standard. For com-
pleteness, we give a detailed account here. For the stability analysis, we have the
following conservation of energy:

Theorem 1. Let uy and wy, be the solution of the finite approzimation (1.5)—(1.6)
for the 2D Navier Stokes equation (1.1)-(1.3). Then we have

t
(4.1) len (-, 01172 + 21//0 lwon (-, $)lIZ2 ds = lun(-, 012
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Let up, wy, and 1, be the solution of the finite element approximation (3.11)—(3.12)
for 3D Nawier Stokes equation (4.1)—(4.3). Then we have

t
len (-, 0)ll72 + 1V -9, )17 + 21//0 lln (-, $)II72 ds

= [lun( 072 + IV-45,(, )17 -
Proof. We first prove (4.1). Take ¢ =4, in the first equation of (1.5) to obtain
(4.3) (Un s Own) — (Vbn, wpun) + v(Vipy, V) = 0.

The second term is zero since uy, - Vo, = 0. Taking ¢ = wy, in the second equation
of (1.5), we have

(4.4) <V¢h , th> + (wh s wh> =0.

Take the time derivative of the second equation of (1.5), and replace ¢ by ¥y to
obtain

(4.2)

d1

d 1
(4.5) (Vn, Duwn) = =(Vibn, V) = —— §|\vwh|\2 = §|\uh||2.

We obtain from (4.3) and (4.4) the conservation of energy
d
(4.6) Tl + 2vflwn]® = 0.

Integration in time gives (4.1). The proof for the 3D problem is similar. We take
¢ = 1, in the first equation of (3.11) to obtain
(4.7) (W, , Own) + (Vx4 , wpxup) + v, , wy] =0.

The second term is zero since (Vx1p;,) - wp xup = 0. Taking ¢p = wy, in the second
equation of (3.11), we have

(4.8) [}, , wh] = (Wh, wp) .
As in (4.6), we have from the second equation of (3.11) that
d1
(Orwn, ¥n) = §|_¢h]2'

We obtain from (4.7) and (4.8) the conservation of energy
d
(4.9) Lol +2vfwn]? = 0.

Integrating in time and using the fact that w, = V x 1, we obtain (4.2). This
completes the proof of Theorem 1. O

Ladyzhenskaya-Babuska-Brezzi (LBB) condition. The finite element approx-
imations (1.5) and (3.11) can be viewed as a mixed approximation of the Navier-
Stokes equations (1.1)—(1.2) and (3.1)—(3.2), respectively. The LBB condition plays
an important role in the error analysis of mixed type problems [4,[13][16]. We should
emphasize that in the fully discrete scheme (1.7)—(1.10), the momentum equation
(1.7) is completely decoupled from the kinematic equation (1.8). Nevertheless the
LBB condition is still important when choosing the discrete spatial spaces. The
same is true for the 3D problem.

The LBB condition for (1.5) is

(4.10) inf  sup M >C >0,

enexXtn gpexp lenll VPRl —
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and the LBB condition for (3.11) is

(4.11) inf  sup 1Dns $n] >C>0.

ooyt oy [l 0] =

)

Using the Poincaré inequality for v, we can obtain (4.10) directly from

Vo,V Vi, V
sup (Veon, Vi) > (Von , Vipp) > Cl[Vn].
oneXk llonl ll19n |

Using the Poincaré inequality (3.7), estimation of (4.11) is similar. Directly using
the LBB condition will give an h*~! estimate for w and w for the biharmonic
equation or the steady Stokes equation, cf. [4]. A more careful analysis using an
L>-estimate or duality argument will give an h¥~1/2 accuracy cf. [24) 12]. The
time dependence and the nonlinear term will contribute some more complications.
We will give a detailed account of the error estimates for the full time dependent
NSE in both 2D and 3D below.

Some estimates for projection operators. We first define two projection op-
erators for the 2D finite element spaces. P is the standard L? projection into the
space X f’f

(4.12) (¢, w—Pw) =0, Vo € XF;

and II is the standard projection into X(’i h

(4.13) (Vo, V(i —TIy)) = 0,  Vpe Xg,.
We have the standard estimates for P and II [6]

(4.14) IV(6 = POl + V(¢ — T1) | < CR* [ e,
and a maximum estimate [6]

(4.15) b — T 1,00 < CRE| I RI* [4]piss

where o = 1 if k = 1; otherwise o = 0.
Similarly, we define the two projection operators for the 3D finite element spaces.
P is the standard L? projection into the space th

(4.16) (¢, w— Pw) =0, Vo € Yy
and we have the standard estimates [6]

(4.17) V(¢ — P)|| < Ch¥||@]| grsn,

and IT is the projection into YT’fh

(4.18) (¢, —TI] =0, VopeYr,
It was proved in [§] that
(4.19) (¢ — T1p] < Ch¥[|p] grrs

for any ¢ € Y N (H*™1)3 and V-¢ = 0.
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Error estimate for 2D case. We now proceed to estimate the error for the finite
element approximation (1.5) for the Navier-Stokes equation (1.4). Let w and ¢ be
the exact solution of (1.4). We denote the error functions by

(4.20) € =W — Wp, 6= — .

Since both the numerical solution and the exact solution satisfy (1.5), one has after
subtracting one from another,

(0, die) = (Vo, (wu —wpup)) +v(Ve, Ve) =0 Voe X(,,
(Vp, Vo) +(p,e) =0 VYpe Xy,

Following the standard strategy for estimating the error in a finite element approx-
imation for the evolution type equation [I7], we will first estimate the following
projections of the error terms in (4.20):

(4.22) 5h:P5:Pw—wh, 5h:H(5=H’¢—’$h.
Using (4.12) we obtain from (4.21)

(4.21)

(0, den) = (Vo (wu —wpup)) +v(Ve, Ve) =0 Voe Xf,,

4.2
429) (Vo, Vo) +(p,en) =0 VoeXF.

Take ¢ = d, in the first equation of (4.23). The first term can be estimated in a
manner similar to that used to estimate (4.6)
d 1

(4.24) (On, Bren) = —— §||V5h||2-

The second term becomes

<V(5h s (wu - whuh)> = <V(5h , w(u - uh)> + <V5h , e’u,h>
= <V(5h , wVL((S — 5h)> + <V(5h, Euh>
= (Vo , WV (¢ = TIY)) + (Vén , cup).

In the second equality above we have used the fact that & - V6, = 0. Assuming
for the moment that

(4.25) unll, < €

the second order term can be estimated as
(Vi (= wnan)) < GV (1906 = )] + el
where
(4.26) C,=C (é + |w||Loo> .
Together with (4.23) and (4.24) we have
a2 LIV < 296, Ve) + Ve IV -] + el )

To estimate the first term on the right hand side of (4.27), we take ¢ = ¢, in the
second equation of (4.23). Direct computation leads to

<V(5h, V€> = —<Eh , Eh> + <V(5h, V(€ — Eh)> — <V5h, V(5 — 5h)>
= —(ep, en) +(Von, V(w — Pw)) — (Vep, V(b — IIyY)).
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Plugging back into (4.27), we obtain
SIV8 I+ 2vlenl? < €98 (196 = )] + 90 = Pw)l + )
—2v(Vep, V(¥ — 1y))

< 1|V (nshn - ||w||Hk+1>)
—2(Vep, V(1 — IIY)).

(4.28)

In the last inequality, we have used the estimate (4.14). To estimate the last term
on the right hand side of (4.28), we denote by €5, € Xf,h the interior components
of €}, and by €5, the boundary components of €y, i.e.,

Eh =€h,0 t Enb-
Using the projection (4.13), we have
<V€h B V(w - Hw» = <V€h,b 5 V(w - Hw)> .
Direct estimation gives

(4 29) <V5h,ba V(w—mﬁ» < Ch”w_Hle,oo ZI |15h,b|
' < O [Yllwkrree 32 el

with a |In k| factor on the right hand side of (4.29) if kK = 1. Here the summation
3" is over the boundary nodes. The boundary nodes on the right hand side of
(4.29) can be directly estimated as follows:

> lenpl < Ch7V24 /3 e p]2 < Ch™32|lenpll < CRT3/2|en]|.

Together with (4.28) we have
3 IVon® + 2vllen]|* < C1R¥||Vanl| (||1Z)||Hk+1 + ||w||Hk+1>

e (clnwhn n Ch“/znwuw,w) .

Using Holder’s inequality, we have

Cth—l

d C?
(430) S IVaI + vilenl® < ZH96° + (10w + ol ).

The Grownwall inequality gives

IV8n (-, D)l Lo 0.73:L2) + llen( D)l 2(o.17:22) < CohF 12

where
2
Co = ([l (orwss=) + [l zmqopamsn)e /¥ /O
Therefore
(4.31) [ wll = IV = yn)ll = V(0 — n)ll

<V = T + [|Von]| < Con* 12,
Using an inverse inequality, we have

(4.32) e — wp||oe < Coh*=3/2.
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This justifies the a priori assumption (4.25) when k > 2 by taking
C = lulloo + Colt™—22.
Therefore we have proved the the following theorem.

Theorem 2. Let (¢, w,u) be an exact solution to the Navier-Stokes equation (1.4)
and (Yn, wn, up) be the numerical solution of the finite element approximation (1.5)—
(1.6) with standard kth order finite element space X,’f, k > 2. Then we have

[l = | Lo (0,17:22) + lw = wnllL2(0,17:L2)

(4.33) < Chk=1/2 191] oo (0,7 +1,00) + |w||L°°((o,T];Hk+1))

CT(|wl2+lwl3,)
v )

where C' is a constant that does not depend on h or the solution.

X exp

Error estimate for 3D case. As in 2D, we let w and 1 be the exact solution to
(3.9) and define the error functions by

(4.34) e=w-—wp, =11,
and their projections by
(4.35) en=Pe=Pw—wp, O, =1d =11 — 1.

Since both the numerical solution and the exact solution satisfy (3.11), we have
(@, Oen) + (Vx &, (wxu—wrxup) +v[p, e =0 YoeVk,
(P15 0] + (P, €n) =0 YpeYy.
Above we have used the property of the projection (4.16).
Take ¢ = d;, in the first equation of (4.36). The first term becomes
d1

(4.36)

(4.37) ) I_Jh-|2 = (0n, Own),
and the second term becomes
(Vx6bp, (wWxu—wpxup)) =(VXdy, wX(u—up))+(Vxd, exup)

=(Vx0p, wxVx(d—968p))+(VXd, exuy).
Assuming for the moment that
(4.38) un|l, < C,

we have
(439)  (Vxdn, (wxu — wpxun)) < C|Vx bl (nw (% — 1) + ||e|> .

From (4.36), (4.37) and (4.39) we have

(4.40) % 16212 < 20[60 , €] + C|64] (Lw ]+ ||e|> .

To estimate the first term on the right hand side of (4.40), we take ¢ = dj, in the
second equation of (4.36). Direct computation leads to

(4.41) (01, €] = (en, €n) + [On, (w —Twn)] — [en, (¥ —TI9h)].

The last term can be estimated by the inverse inequality,

(4.42) ens (@~ 1) < |36 T
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Plugging (4.42) and (4.41) back to (4.40), we have

@ Lon]? +2vfen]® < Cln] (Lw — Y] +[[V(w = Pw)|| + ||6h|>

+vllenll [ — ] .

Using the estimates (4.17) and (4.19) for the first two terms on the right hand side
of (4.43) we have

(4.43)

d
(4.44) o 16112+ vlen|* < C184]° + CR*2.
This gives

(4.45) 16,] < ChFL.

Using an inverse inequality, we are able to justify the a priori assumption (4.38)
when k£ > 2. We now summarize the above arguments in the following theorem.

Theorem 3. Let (¢, w,u) be an exact solution to the Navier-Stokes equation (3.9)
and (Y, wn,up) be the numerical solution of the finite element approximation
(3.11)~(3.12) with standard kth order finite element space XF, k > 3. Then we
have

[ =l o,1y:02) + llw = whllzzqo,7y;22) + IVl o,r,22)
(446) < Chkil (||¢|L°°((O,T];Hk+1) + ||W|LOO((O7T];HI¢+1)>

CT(wl% + llull%)
> .
Here C is a constant that does not depend on h or the solution.

X exp

We remark that an h'/2? order shaper estimate can be improved in (4.46), pro-
vided the following maximum norm estimate for the projection of II in (4.18) is
true:

[% — p]oe < CR* I h|*|[ 4]l wesroc,

where

[$loo = IV - lloc + (VX0 ,

a=1if k =1; otherwise a = 0.

5. CONCLUDING REMARKS

We presented a very simple, efficient and accurate finite element method for the
unsteady incompressible Navier-Stokes equation (NSE) in vorticity-vector potential
(stream function in 2D) formulation. The standard continuous finite element space
with kth degree polynomials is used for both the vorticity and vector potential. A
near optimal error estimate of h¥~1/2 is obtained for both velocity and vorticity.

The efficiency of the method results from the explicit time stepping procedure
that we described in Section 1 for 2D and in Section 2 for 3D. The viscous term
is treated explicitly and the boundary vorticity is determined by a local explicit
formula from the vector potential (stream function) via the kinematic relation at
no additional cost. The resulting momentum equation is completely decoupled from
the kinematic equation. There is no iteration between the vorticity and the vector
potential (stream function). At each time step or Runge-Kutta stage the main
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computation involves solving a standard Poisson equation and inverting a standard
mass matrix. In the 3D case, the stiffness matrix is of div-curl form and is used
to achieve the solenoidal conditions for the vorticity and vector-potential. This is
a key difficulty in designing efficient numerical methods for NSE for 3D. In the
case when the domain is a polygon, the div-curl form stiffness matrix is reduced
to the standard stiffness matrix for the vector Poisson equation. Standard FEM
packages with a Poisson solver can be easily modified to compute the unsteady
viscous incompressible flow.

A finite difference version of the above scheme has been studied in detail and
successfully used in many applications [9][10, 11]. The time stepping follows exactly
the same steps in the essentially compact fourth difference scheme [I0]. A varia-
tional formulation and finite element approximation give a very general, natural,
and clean way to implement the above methodology. It overcomes the difficulty of
finding an accurate local vorticity formula for a curved boundary, especially in the
3D case.
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