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PROJECTION METHOD III:
SPATIAL DISCRETIZATION ON THE STAGGERED GRID

WEINAN E AND JIAN-GUO LIU

ABSTRACT. In E & Liu (STAM J Numer. Anal., 1995), we studied convergence
and the structure of the error for several projection methods when the spatial
variable was kept continuous (we call this the semi-discrete case). In this
paper, we address similar questions for the fully discrete case when the spatial
variables are discretized using a staggered grid. We prove that the numerical
solution in velocity has full accuracy up to the boundary, despite the fact that
there are numerical boundary layers present in the semi-discrete solutions.

1. INTRODUCTION

In this paper, we continue our study of convergence and error structure for the
projection method. In previous work [3], we studied semi-discrete situations when
the temporal variable is discretized, but the spatial variable is kept continuous.
We proved that as far as velocity is concerned, the method of Chorin and Temam
[2, 12] is uniformly first order accurate up to the boundary, and the second order
method of [0}, [9] is uniformly second order accurate up to the boundary. However,
due to the presence of numerical boundary layers, pseudo-pressure has only half
order of accuracy near the boundary. We characterized explicitly the structure of
the numerical boundary layer, and proved that full accuracy for pressure can be
recovered if we subtract the numerical boundary layer profiles from the numerical
solution. We also showed, using normal mode analysis, that the boundary layer
modes turn into oscillatory modes for the pressure-increment formulation of [13] [IJ.
For a summary of these results, we refer to [4]. For related convergence results for
the semi-discrete case, we refer to [10] IT].

The presence of singular modes in the semi-discrete solutions raises serious
doubts on the convergence of the fully discrete method. Indeed, it has been known
for some time that accuracy and even convergence can be lost if care is not exercised
at the projection step. This is documented carefully in [5]. It has also been known
for some time that full accuracy is kept if the spatial discretization is done on a
staggered grid. This paper is devoted to a proof of this empirical fact.

Our work still leaves open the very important issue of characterizing the min-
imum condition the spatial discretization has to satisfy in order to guarantee ac-
curacy. The working assumption seems to be that as long as the projection step
is truly a projection, i.e. the numerical projection operator P, satisfies: (1) P, is
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28 WEINAN E AND JIAN-GUO LIU

self-adjoint; (2) P? = P, (we will refer to this as the projection condition), accuracy
in velocity will be kept. It remains to be seen whether this is true in general. We
refer to [I6] for some progress in this direction. On the other hand, there are many
situations in which enforcing the projection condition is difficult. Therefore we are
motivated to seek numerical methods which do not require the projection condition.
The gauge method [5] has so far proved to be a very attractive alternative in this
regard.

This paper is organized as follows. In the next section, we review the projection
method, with emphasis on spatial discretization on the staggered grid (also known
as the MAC grid [7]). In Section 3, we summarize our main results. In Sections 4
and 5 we present the proof for the first and second order methods respectively.

2. REVIEW OF THE PROJECTION METHODS
In primitive variables, the Navier-Stokes equation (NSE) takes the form

ou+ (u-V)u+ Vp = Au,
(2.1) { V-u=0.

Here u = (u,v) is the velocity, p is the pressure. For simplicity, we will only consider
the case when the no-slip boundary condition (BC) is supplemented to (2.1):

(2.2) u=20 on 09,

where ) is an open domain in R? with smooth or piecewise smooth boundary.

2.1. Time discretization. The first order projection method of [2] 2] proceeds
in two steps.
Step 1: Computing the intermediate velocity field u*:

u* —u”
(2.3) At
u* =0, on 0f).

+ (u"-V)u" = Au”,

Step 2: Projecting to the space of divergence-free vector fields to obtain u™*!:

u* = u"tt 4 AtVpnt!
(24) { V'un-l—l — O ’
The projection step enforces the boundary condition:

n+1
a%n =0, on 0f).

Second order schemes. We will concentrate on the formulation in [6, 9], and refer
to [M] for a summary of other second order methods. We have

(2.5) u"™tn =0, or

ut —u" n41/2 n+1/2 u' F+u”
et i AT
N + (u V)u 5
* n __ n71/2
u* +u” = AtVp , on 01,
(26) 'U/* — un+1 + Ath"'H/Q ,
V-urtl =0,
u"tl.n=0, on 0f).
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PROJECTION METHOD III 29

In this formulation, the homogeneous Neumann BC for pressure,
aanrl /2
on

is retained. An inhomogeneous BC for v* is introduced so that the slip velocity of
u"*! at the boundary is of order (At)2.

=0, on 01},

Remark. The nonlinear convection term (u"+/2.¥)u"*+1/2 can be treated in many
ways. In Theorems 1 and 2, we use the Adams-Bashforth formula: %(U”V)u” —
%(u”*1 -V)u"~!. This explicit treatment of the convection term requires a CFL
stability constraint. In the convergence analysis, this is realized by an a priori
estimate (see (4.58)). This stability restriction and the a priori estimate are no
longer needed in an implicit treatment of the convection term.

It is readily seen that the projection step enforces

aanrl _ apn _ _ apo B

on  on  on
for the numerical solution. In general this is not satisfied by the exact solution
of (2.1). Therefore we expect that dp™/0n has O(1) error at the boundary. This
causes u* and p™ to have numerical boundary layers.

(2.7)

0, on 0f),

2.2. Spatial discretization. We will consider the case when the MAC scheme
is used to discretize in ®. An illustration of the MAC mesh near the boundary
is given in Figure 1. Here pressure is evaluated at the square points (i, 5), the u
velocity at the triangle points (i & 1/2, j), and the v velocity at the circle points
(1,4 +1/2). The discrete divergence is computed at the square points:

N Uit1/2,5 — Ui—1/2,5 Vi j+1/2 — Vi j—1/2
(V-u);j = o + 2y )
FZ/
- [ - ° 1> ° 1> [
? A 4 4 A
| | | |
- ° - ° -1 o - [
} A A A A
| | | |
—1> ° —1> ° 1> ° - .
} i i i T
— — — —

FIGURE 1. The MAC mesh
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30 WEINAN E AND JIAN-GUO LIU

Other differential operators are discretized as follows:

Uitg/2,5 = 2Uit1/2,5 T Uim1/2,

(Au)iyiy2; = L
I Uit1/2,54+1 — 2ui+1/2,j + Uir1/2,5-1
Ay2 ’
Vit1,j4+1/2 — 2Ui j41/2 + Uim1 j+1/2
(A)jj11/2 = —=H sz/ et
. Vi j+3/2 — 20i 54172 + Ui jo1/2
Ay2 ’
_ Pit1,5 —Pij
(px)i+1/2,j N
_ Pij+1 —Pij
(Py)ijiie = ==
B 1
Wi j41/2 = 1(“1‘4—1/24 U125 F Wit1/2,541 F Uim1/2,54+1) »

- 1
Viy1/2,5 = Z(’Ui+1,j+1/2 + Vit1,5-1/2 + Vij41/2 + Vij-1/2)

Qi43/2,5 — Ai—1/2,5 Qit1/2,54+1 — Qit1/2,5—1

Ni(w,a)iy1/25 = Uip1)2, N + Vit1/2,5 2y )
_ bi 1,5 12_bi71,' 1/2 bi,' 32_bi,'712
Nh(u, b)i,j+1/2 = 'U:i’j+1/2 T /QAQC J+1/ + Ui,j+1/2 A /2Ay il )

where we use the notation N to denote the nonlinear convection term. Clearly the
truncation errors of these approximations are of second order.

The boundary condition v = 0 is imposed at the vertical physical boundary,
whereas v = 0 is imposed at the “ghost” circle points which are % to the left
or right of the physical boundary. The “ghost” points are eliminated using linear
interpolation of the boundary conditions. More explicitly, v_1 /3 j +v1 /2 ; = 0. Sim-
ilarly the boundary condition v = 0 is imposed at the horizontal physical boundary,
but v = 0 is imposed at the “ghost” triangle points a distance of % away from the
physical boundary.

One shortcoming of the MAC scheme is the serious constraint on geometry.
Although slightly more general situations can be studied, in the present paper we
will concentrate on the situation when Q = [—1, 1] x [0, 27] with periodic boundary
condition in the y direction and no-slip boundary condition in the z-direction:
u(z,0,t) = u(z,2m,t),u(-1,y,t) = 0,u(l,y,t) = 0. We will use 9'Q) to denote
the part of the boundary at z = +1. We will always assume that Az ~ Ay and
h = min(Az, Ay).

Notation. We will use C' to denote generic constants which may depend on the
norms of the exact solutions.
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PROJECTION METHOD III 31

3. SUMMARY OF RESULTS

The main results of this paper are the following (the constants are independent
of At and h).

Theorem 1. Let (u,p) be a solution of the Navier-Stokes equation (2.1) with
smooth initial data u®(x) satisfying the compatibility condition

(3.1) u’(z) =0, Jyp(x,0)=2,p(x,0)=0, ond Q.

Let (up, pp) be the numerical solution of the projection method (2.3)-(2.5) coupled
with the MAC spatial discretization. Assume that At << h. Then we have

(3:2) [ = wp Lo + A2 — pullre < C(At+h?),
(33) 1P — Ph — pellLe < C(At+h?),
where
pe(@,t) = At ﬁﬁ gmele=ll/ats? DY p(x — A2y, t)
(34) 12 5 €% N 1/2
+At / 6— efa\erl\/ ¢ Diph(x"‘ At / 7yat)7

e —1

Atl/Q AJ32 Nz A 1/2
_ _ _ —alz/AtY? -1
a=— arccosh(1 + 5 t), 8= t1/2(1 el )7L

Remark 1. As will be seen more clearly in the proof (4.52), at the scaling A = Ch?
the boundary layer in pressure looks like At'/2A(y, t)x7, where A(y,t) is smooth,
|k] < 1, k does not depend on h, and j is the horizontal grid index relative to the
lower boundary.

Theorem 2. Let (u,p) be a smooth solution of the Navier-Stokes equation (2.1)
with smooth initial data u®(x) satisfying the compatibility condition

(3.5) 5‘;‘1832110(33) =0, ondQ, foras+az<6.

Let (up, pp) be the numerical solution of the projection method (2.6) coupled with
the MAC spatial discretization. Assume that At? << h. Then we have

(3:6) flw—wunllLe + A2 |p = pill o + Atllp — pallLorr2y < C(AL2 +h7),

(3.7) lp — pr — pell= < C(At+h?),
where
e —alz— /2 .

e = Atl/Qﬁea — e lz—1|/At D+ph(:c— Atl/Q,y,t)

(3.8) o
+At1/2ﬁeae_ : e—oz\:c+1\/Atl/2 Dﬁph(m 4 Atl/Q,y,t),
Atl/Z A$2 Ax N At1/2 =
o= e arccosh(1 + At)’ Bzm(l_ea z/ )1
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32 WEINAN E AND JIAN-GUO LIU

Remark 2. The constraint on the size of At is only technical and is different from
the standard stability condition. The issue of the compatibility conditions on the
initial data for the general domain are very complicated and are usually nonlocal
[8]. In the case of periodic BC in y and no-slip BC in x (as in the present work),
this reduces to the boundary condition (3.5). The correction term in (3.8) can also
be given by %AtAhp, as proposed in Kim & Moin’s original paper [9].

The proofs of these results follow the general strategy outlined in Section 3 of
[3]. Step 3 is made simpler since we can now use the inverse inequality.

4. FIRST ORDER SCHEMES WITH SPATIAL DISCRETIZATION

We will concentrate on the following version of the first order projection method
with the standard MAC spatial discretization:

%—FN}L(U u") = Apu”,
=0, on §'Q,
(41) u*t = un+1 + Achpn
Vh~u”+1 = 0,
n-u"tl =0, on §'Q.
For a = (a,b),c = (¢,d),u = (u,v), we define the following discrete inner
products on the grid:
N-1 N
(a,0) = Lely Yy Y aiayz civijeg
i=1 j=1

N N
+ Axly ZZ ij+1/2dij41/2,

N—-1 N
(u, Vip)) = Ay Zuz+1/23 Pit+1,j — Dij)
=1 j=
(4.2) U
s ZU gr1/2(Pigr1 = Pig),
=1 j=1
N—-1 N
(Vi-u,p) = Ay Z u1,+1/2,j - ui—1/2,j)pi,j
=1 j=1
N N
CUZ Z vz,j+1/2 - vi,j—l/Q)pi,jv
=1 j=1
and discrete norms
(4.3) Jull = (w,u)?,  Jullo = max [u; ;.

Denote h = min(Az, Ay).
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PROJECTION METHOD III 33

Lemma 4.1. We have the following.

(i) Inverse inequality:

1
(4.4) [flloe < < I£1I-
(ii) Poincaré inequality: if f |z=+1= 0, then
(4.5) IFII < CIVRI

where C' depends only on the domain.
(iil) Suppose n-u |,—11 = 0; then we have

(4.6) (w, Vip)) = (Vi-u,p)).

(iv) Suppose w |z—+1=0; then we have
(4.7) 2((w, Apu)) < [ Viu|? = Vil 2

(v) Suppose @ |yz—+1=0 and c¢-n |g—11 = 0; then we have
(4.8) (@, Nu(u, )| < [lell[[Vhalll|lullwe.

Proof. The proof of (i-iii) is standard. We show (iv). Summation by parts gives

(4.9) (u, Apu)) = _||th||2 + Z[Uo,j+1/2(vl,j+1/2 - ’Uo,j+1/2)
4.9 J

- UN,j+1/2(UN+1,j+1/2 - UN,j+1/2)]-

Since v |z=+1= 0, we have

(4.10) V1,j41/2 = —V0,j+1/25 UN,j+1/2 = —UN+1,j+1/2-
Hence
(4.11) (w, Anw) = = [ Vaull* + 2 (05 11172 = VR a1 /2)-
J
But
(4.12)
IVhul? > (IVh-ull® + ) (0155172 — voj41/2)° + (Unt1412 — UNjr1/2)’]
J
= IVa-ul® +4) [(v0,541/2)* + (o8 41,541/2)7]-
J

Combination of (4.11) and (4.12) gives (4.7).
To show (v), denote I = (@, Np,(u,c))). We have

I =AzAy Z Aiy1/2,5 (Ui+1/2,jD§Ci+1/2,j + ’l_)i+1/2,ngCi+1/2,j)
i,j
(4.13)
+ATAY D by i1y je12Dgds o1z + vijr12DYdiz1ye),

2]
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34 WEINAN E AND JIAN-GUO LIU

where we used the notations a = (a,b) and ¢ = (¢,d). Summation by parts gives
(4.14)

I =-Azly Z Cit+1/2,5 [Dg(ui+1/2,jai+1/2,j) + Dg(’l_)i+1/2,jai+1/2,j)]
i!j
—AxAY Y d; 1 2[DF (Wi jr1/2bij11/2) + DY (Vi 41200 412)]
%
1 _ _ @
+1AxAy Z(UN+1,j+1/2dN,j+1/2 - UN,j+1/2dN+1,j+1/2)DJJN+1,j+1/2

J

1
—ZAOCAZJ Z(al,j+1/2d0,j+1/2 — g, j41/201,j4+1/2) D5 bo j41/2-
J

Here we have used the fact that

(4.15) bij+1/2 = —bojt+1/2, bnjt1/2 = —bNi1j+1/2-
Now, (4.8) follows directly. This completes the proof of the lemma. O
We set ¢ = At'/?, E=(x+1)/e, & = —1+ilx, & = iNE, NE = Nx/e,
t" =nAt, "2 = (n —1/2)At, n =1,2,---. Clearly, we have
afi Y5, t _afiay’vt
Dial(&,y;t) = (€41, )Ag (§,95, )

a(wit1/e,yjt) — alzi/e,y;,t
—c ( i j — i j ):EDﬁa(l‘i/gaijt)'

(4.16)

This shows that Di_ = €Dﬁ_. We will use the notation

417 D2=D*D%, D2?=DYDY,
3 + Y +

and

(4.18) Ve = (D3,0), V, =(0,DY).

Denote the solutions of (4.1) as (un,u},pn). Motivated by the discussions in §4
of [3], we make the following ansatz, valid at t" = nAt, n=1,2,---:

wj(x,t) = uo(m,t) + e [u)(a,t) + aj (&, y,1)],
j=2
(4.19) up(x,t) = up(x, t) + ;EjUj(w, t),
ph(wa t) = pO(wa t) + Z&j[pj(w, t) + @j(ga y,t)] .

Note that the functions involved are defined only on the numerical grid. So these
formulas and the following ones should be understood as being valid on the grid.
We have

(4.20) Apuj, = Apug + Y e’ (Apu} +e°D2aj + DJal),
j=2
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PROJECTION METHOD III 35

(4.21) Vi -up :Vh-uo+Zeth-uj,
j=2

(4.22)  Vppn = Vaipo + 671V5<,00 + Vypo + Z Ej(vhpj + 671V5<,0j + Vye;),
J=1

w (@) =ug(x, ") + ) eluy(a, )
j=2

1
=k_0k62ku(()k)a:t” —1—]225]2_:—.5 u ().

(4.23)

Next we substitute these relations into (4.1) in order to determine the coefficients
of €7 in (4.19). We get hierarchies of equations by collecting equal powers of €.
The first equation in (4.1) gives

(4.24) ul + aly — us + Ny (uo, wo) = Afu + Dg aj.
For j > 1,

(4.25)  ujiotaji,—uji2t ZNh(uk, uj) = Apuj + Dga;JrQ + DyQa]
k=0
The second equation in (4.1) implies that
(4.26) us + a3 = uz + Oug + Vipo + Vepr + Vypo
Forj=20—-1,¢>1,

4
. . L&
(4.27) ulyo+ @} o = ujpo + Oy + Vips + Ve + Vyo + gu§-_’2k+2 :
k=2

For j=20,0>1,
Uio+ Qo = Ujt2 + Oy + Vhpj + Vepjtr + Vyp;
(4.28)

(e+1) u®
+(€+1 Uy +Zk' j—2k+42 "

From the third equation in (4.1), we obtain

(4.29) Viu; =0, ji=0,1,---

The boundary conditions become

(4.30) wit+a; =0, Dipj1+D5¢; =0, at z=-1, £=0,
for j > 0.

Next we go through all these equations, one by one, to see if they are solvable.
Since this is very similar to §4.1 in [3], we will only give a summary of results.

The coefficients in the expansions (4.19) can be obtained successively in the
following order:

vy + Vipo + N (ug, wo) = Apug,

Vh"u/() = 0,
(4.31) ug =0, at = =+1,
uo(-,0) = u’(:).
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36 WEINAN E AND JIAN-GUO LIU

Using the following lemma, we know that (4.31) has a smooth solution in the
sense that the divided differences of various orders are bounded.

Lemma 4.2. Let (u,p) be a solution of the Navier-Stokes equation (2.1) with
smooth initial data u°(x) satisfying some compatibility conditions. Let (ug,po) be a
solution of (4.31). Then (wo,po) is smooth in the sense that its discrete derivatives
are bounded. Moreover, we have

(4.32) lw — o[z + [lp — pof| = < ChZ.

The proof of this lemma, as well as Lemma 4.3, can be found in [I5].
We next have

(4.33) uy = u + dyuo + Vppo,
Y1 = D52<P1 )

4.34
(4.34) { Di% le=0o = —D%po |e=—1 -
This gives
(4.35) e1(&,y,t) = BDYpo(—1,y,t) e™°%,
where

1
(4.36) a= A—farccosh (1+2¢%/2), B =01 —e )7,
(437) a; = Di@l; b; = Oa
(4.38) u3z = ug,
(4.39) 02=0, a3=0, b5=DY¢1,

Ouz + Vipa + Np(wo, u2) + Np (U2, uo)
(4.40) = Apug + A (Oruo + Vipo) — 3020,

Vi-uz = 07
U2 [z=—1= —Vppo |a=—1 —Ve@1 |¢=0, on 0Q.

With suitable initial data, we know from the following lemma that (4.40) has a
smooth solution.

Lemma 4.3. Let (u,p) be a solution of the linear ODE
8tu + Vhp +Nh(u07u) +Nh(ua UO) = Ahu + fa

Viyu=0,
(4.41) u=g, at x==1,
’U(,O) = uo(')v

where f, g and u® smooth and satisfy some compatibility conditions. Then (u,p)
is smooth in the sense that its divided differences of various order are bounded.

Continuing in this fashion, we get

(4.42) {

The solution for (4.42) is
(4.43) ©3(&,y,t) = BDY pre™ ¢ + Br (€ + W)DiDyQ D0 |oe—1 €72,

p3 = Dép3+ D21,
Di% le=o = —=D%p2 |o=—1 -
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PROJECTION METHOD III 37

where

1 e—(yAE
(4.44) B = (1 — e*aﬁg)(e*O‘AE _ eaAE) ’ = Agm,
(4.45) bi=0, aj=Dips.

Orug + Vips + Ni(ug, uz) + Np(usz, wo) = Apus + ApVips,
(4.46) Vi-u3 =0,
U3 [p=—1= —Vy¢1 |¢=0,

Y4 = D£2<)04 )
DSy |e=o = —D%ps o1,

(4.47) {

(4.48) ai =DSps, bi=DY%gp;.

Obviously this procedure can be continued, and we obtain

(4.49) { #; = Dépj+ Dypj—z,
DS@jle=o = =Dipj 1 |u=—1,
[3/2)
(4.50) 0i =Y Fily)re o,
k=0
(4.51) at=D%pj1, b5=DYp; s,
Now if we let
2N
=+ 3+ ),
j=1
2N
(4.52) U" =up+ ) cluy,
j=1
2N
P"=po+ Y el(pj+ ) + N panin,
j=1

then we have

U*—un
BN + N (U™, U") = AU + At f
U*=0, at = =41,

(4.53) U* = U™ 4+ AtV, P + At
VUl =0,

DiP”:wU”“:O, at =41,

where « = N — 1/2; f and g are bounded and smooth if (ug,po) is sufficiently
smooth. Tt is easy to see that

n() e < C*.
(4.54) opax U ()llwre < €
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38 WEINAN E AND JIAN-GUO LIU

We point out that the constructed solution in (4.52) is different from the discretized
solution. The constructed solution consists of two parts: the leading term is the
exact solution of the NSE on MAC grid (4.31) and hence is bounded (see [15]),
and the remaining terms are the solutions of the linearized (linearized on the exact
solution) NSE (4.40), (4.46), and hence are bounded. As a direct consequence, the
truncation terms f and g in (4.53) are also bounded.

For the initial data, we have

(4.55) U(z) = v’ (z) + Atw(z),

where w? is a bounded function. Furthermore, under the compatibility condition

(3.5), we can construct a better approximate initial data
(4.57) U(z) = u’(x) + At*w’(z).

The construction of the initial w® in (4.55) and (4.57) in general is very compli-
cated. This is exactly where we need the compatibility conditions. In the case of
periodic BC for y and no-slip boundary condition in z (the domain we considered
in this paper), the construction of w® is more straightforward. The details of the
construction are very similar to those used in the analysis of the gauge method in
[T4]. In that paper the details of the construction of w® were given.

Proof of Theorem 1. Assume a priori that

N -
. o < (O
(4.58) oax [lu"lwre < C
We will justify this a priori assumption later (see (4.67)).
In the following estimates, the constant will sometimes depend on C* and C,
and we will show that it is uniformly bounded. Later on we will estimate C'. Let

(4.59) e"=U"-u", e =U"—u", q" =P —p".
Subtracting (4.53) from (4.1), we get the following error equation:

e —e” n rn n _n * a pn

N +Nh(evU)+Nh(uae):Ah6 + AT
e =0, at =41,
n+1 *
(4.60) € TC LV, = At
At + rq g,

Vet =0,

Drg" =e"tln =0, at z=+1,

e’ = At* wP.

Taking the scalar product of the first equation of (4.60) with 2e* and integrating
by parts, we obtain

le*)| — lle™[| + lle* — e™||* + At | Vre*||?
< AP 4 A e — 208 (€, Na(e?, U™)
=2/t (e*, Ny (u",e™))
< AT F 2+ CAt(ller]|? + et ) + 54t [[Vrer||2.

(4.61)
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Here we used Lemma 4.1. Taking the scalar product of the second equation of
(4.60) with 2e" ™! yields
(4.62) "2~ e * + "t —e||P < At et 2 4 At |gn|?.
Combining (4.61) and (4.62), we get
le™ 112 — fle™]| + [le* —e™||* + [le"* —e*[|* + At [[Vie*||?
< C Ot (le™ M2 + len|?) + A F)12 + llg™)2) -

Applying the discrete Gronwall lemma to the last inequality, we arrive at

(4.63)

(4.64) e™]| + [le* — e[| + [le"™ — e*|| + A2 [|Vye*|| < CLAt™.
Using the second equation of (4.60), we have
(4.65) [e" || + At Vg™ || < CLAE.
Now by the inverse inequality (4.4) we have
(4.66) el + AHTag" [z + hlle" i < G
If N =3 and At* << h2, and we choose At small enough, we will always have
(4.67) le"  lwre < 1.
Therefore in (4.58) we can choose
(4.68) C=1+ max [U"()|wre,
n<[F|+1

which depends only on the exact solution (u,p). This proves that
(4.69)

luo = unllz= + llpo = pul e + At

lpo — pnllze + lpo — Pr — Pell L < C AL
But we also have, from Lemma 4.2,
(4.70) |lw — oo + ||p — pollz~ < Ch2.

Thus
(4.71)

lw = wnllzo + [l = pall e + A2

Ip = pallzee + llp = pr = pellL= < C(At +h?).
This completes the proof of Theorem 1.
5. SECOND ORDER SCHEMES WITH SPATIAL DISCRETIZATION

In this section we carry out the same program as in §4 for the second order
method (2.6) with the standard MAC spatial discretization:

wt —u” u* 4+ u”
=A
At P
u* 4+ u = AtVp1/2, at =41,

(51) ut = un+1 T Achpn+1/2,

Vi-umtl =0,

n-u"tl =0, at = =+1.

Here we leave out the nonlinear term, since it does not affect the major steps but
substantially complicates the presentation.
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We begin with the following ansatz:
u*(z) = uo(x, ") —|—ZEJ (") + al (€ y,t™)]
u'(@) = uo(@,t") + Y lu;(w, 1),
j=4
p P (@) = po(m, t"?) + g1 (6, y, 1" ?) + 33 (&, y, 17 ?)

+3 (@ ") (6, ).
j=4

Here again we set ¢ = AtY2 € = (z +1)/e, t" = nAt, "2 = (n — 1/2)At,

n=1,2,---. The formulas are to be understood as being valid at the grid points.
Substituting (5.2) into (5.1) and collecting equal powers of &, we get the following
equations:

From the first equation in (5.1), we get

* * 1 * *
(5.3) uy+ay —ug = §(Ahu0 + Dga,2 + Apuo) .
For j > 1,
* * 1 * * *

(5.4) Uiio+ Qg — Ujt2 = §(Ahuj + D§2aj+2 + D;aj + Apuy).

From the third equation in (5.1), we get
(5.5) u; + a5 =uz + Ouo + Vppo + Vepr,
(5.6) uz + a3 = us + 0yur + Vpp1 + Vepa + Vyor .

For j = 24,
Ujio T Ao
= uji2 + Opuj + Vhpj + Vet + Vyp;

1 () u® )
(5.7) Yk +Z U ks W,Vhpo +Z 2kk'vhp] o

4
1 (k) (k)
+ Z el (Ve Zopi1 + Vo Lop) -
k=1

For j =20+1,
Ujio+ @i,

(58) g+1

(k) (k)
+ Z %l j 2k+2 + Z 2’%' Vhp] ok T vf%—zkﬂ + Vy%"j—zk) .

From the incompressibility condition, we get

(5.9) Viuw; =0, for j>0.
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The boundary conditions imply that for z = —1, £ =0,

(5.10) ug =0,
(5.11) uz +uy + a3 = Vppo + Vepr,
(5.12) uz +u3 + a3 = Vpp1 + Vepa + Vypr ;

forj=20,0>1,
u; +u; +a;

(_1)£71
=Vppj—2+Vepj 1+ Vypj o+ 75—

(5.13) 201 (-

D

— 2
+Z Qkk| Vhpj 2k— 2"’2 ok ! VE‘P] 2%— 1+Vy% ok—2)
k=1

forj=20+1,0>1,

uj +u; +a; =Vppj_o+ Vepj1+ Vypjo

(5.14) =
+Z Qkk| vhpg ok—2 T Vg(p 721@ 1T Vy% ok—2)}
k=1
and for j >0
(5.15) D%pj+ DSpji1 =0.

1

1)!

(£-1)
0

41

Next we go through all these equations, one by one, to see if they are solvable.
It can be checked that the coefficients in the expansions (5.2) can be obtained

successively in the following order:

Orug + Vippo = Apug,

(5.16) Viug =0,
ug =0, at x==+1,
(5.17) uy = ug + yuo + Vppo ,
(5.18) { p1=3D¢¢1,
D51 le—o = —D%po |o=—1,
(5.19) @1 =BDIpo |o=—1 € ¢,
where
1
(5.20) o= A—Earccosh (1+ A%, =201 —e
(5.21) ay=DSp1, b5=0.
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We next have

(5.22)

(5.23)

(5.24)

U3:u3,
w2 =0, ag:oa bEZD?MPla

{ w3 = 3(DZps + D2p1),
D3 le=0 = 0.

The solution for (5.24) is

(5.25)

where

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

903(3/7 ga t) = ﬂl (5 + V)DiDyQ Po |z:71 eiaf )

1 A e—alE
b= 2(1 - e*aﬁf)(e*aﬂi — eaAE) ’ 7= 51 _ e—alg’

* 1 *
ay = §D§r@t<p1 + Digpg , by=0,

1 1
’U,Z = uy4 + 583114) + iatvhpo ,

N 1
ps=0, a5=0, b5: §Diat301+Dig03,
U5 = Uus,
Orus + Vaps = Apug + AR U0 + 9 Vipo) — 07 u0 — 9 Vipo

Vi-uy = 07
Uy [o=—1=—3(0Vapo + 30:Vep1) lo=—1,6=0 -

Now if we let

(5.32)

2N
U" =ugp + E eluy,
=1

then we have

(5.33)

2N
P2 =po+ ) el (pi+ o) + N oan
j=1
U —un ur+ur
=A At
U+ U™ = AVRP7Y2 0 at =41,
U* — Un+1 +Atvhpn+1/2 +Ata+lg7
Vh'UnJrl = 07
Df_P”"‘l/Q:n-U"J"l:Ov at x:ila
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where « = N — 1/2; f and g are bounded and smooth if (ug,po) is sufficiently
smooth. It is easy to see that

(Y [ < CF
(5.34) opax U7 ()llwre < €

For the initial approximation, we have
(5.35) U'(x) = ul(x) + At*w (z)
without the extra compatibility condition, and
(5.36) U'(x) = ul(x) + At*w (z)

with the compatibility condition (3.17).

Proof of Theorem 2. Assume a priori that

. N
. o < (C.
(5.37) omax f[u"lwie <C

As in the proof of Theorem 1, we let
(5.38) et =" — un7 e =U* —a* , qn _ Pn—1/2 _pn—1/2 ,
where

20" = u* +ut — At Vyp /2,

(5.39) 2U* = U* + U™ — At V, P1/2

From (5.1) and (5.34), we get

(5.40)
2(e* —e™) 1 1 1 yrm—i
n_ZAt A" ) = A, e* - n n
——— +tVn (q 50t Ang ) ne" + 2Nh(e U
1 n—1 _n—1 3 n n 3 n _n a en
+§Nh(u , € )_iNh(e 7U )_§Nh(u ) € )"_At f )
e =0, at =41,

e"tl 4 e — 2¢e*
At
Vet =0,

D-z‘ranrl/Q:en‘i’l.n:O, at l‘:il;
eo = At(”wo .

+ V(g™ - ¢") = Atg",

Taking the scalar product of the first equation of (5.40) with e* and integrating by
parts, we get

1 1
12 = lle™ |1 + lle™ — €| + 5.t | Ve*||? + 54t | V-e”)|?
1
(5.41) <At / e V(q" — SAtAG") dz + C AL £
Q

+C AL ([len]|? + [le" 1% + [le*]|?) + 3 At [ Ver| .

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



44 WEINAN E AND JIAN-GUO LIU
Taking the scalar product of the second equation of (5.42) with e"*!, we obtain

(5.42)
lem 12 = ]| + fle™+ — e = S(llen 12— fle]|?) — Sllent! — e

< C A gn||? + O At [lem |2
Combining these two estimates, we get

(5.43)
le" 12— [le]| + et + e —2e*|| 2 + At [[Vie*||? + At [[Vy-e||?

1
< =20t (€7, Vi(g" = 5AtAng") + C At ([l + "1 % + [le™ %)
+C A2 + Nlg™ 1) -

To estimate the first term on the right hand side of (5.43), we let

1
I = -2At(e*,Vi(¢" — EAt Ang™))
(5.44) ,
= 2A¢(e*,Viq") — At (Vi-e, A" ) =1L + 1.

Using the second equation and integrating by parts, we can write the first term as

I

—2At(e*, Vra")
= —At(Vi(@" = "), Vag™) — At (g™, Vig™)

1
(5.45) = —5 A3 (Vag" ™~ [ Vag" )
1 @ n n
+5 A Va(g™ = g * = AT (g", Vg™ -
Since
1 1 *
AL IVAE ! =g = 5l + e — 2e7?
(5.46) 1
+§||At"+1gn|| 2+ AT (gn et + e — 2e7)),
we have
(5.47)
Lo = =3A8(|Vag |2 = [ Vag™||?) + et + en — 2¢¥|2

1
+5||Ata+1g”||2 + AtaJrl((gn’en-i-l + e — 26*)) _ AtaJrZ((gn’vhqn)).
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Next we rewrite the second term as

(5.48)
Iy =-At*(Vi-e',Ang™)
1 1
= =5 AP (An(g" = "), Ang™) — A (Vg Ang™))

1 n n 1 n n

= —ZN3(IIAMJ 2 = Ang™1?) + ZNBIIAh(q H—gM)I?
1 « n n

—5 0t (Vn-g", Ang™)

1 3 n+1 2 ni| 2 * || 2 1 2a+3 nj 2
= =780 A" 17 = 1Ang" %) + At [Vh-e™||” + 1 AT Va-g"|

1
AT (Vg Vare®) = 3O (Vg M)

Combining these two terms, we arrive at
(5.49)

1 1, .
I= =S AP ([Vrg" 2 = 1Vhg" 1) = A1 ARa" T * = 11 Ang"]|?)

1
+§||e"Jrl + e —2e*||2+ At |[Vih-e*||2 + At T (gm, et 4 e — 2e%))
—At2(g", Vag™) — A (Vi-g", Vi-e?))
1 1 1
LA (g M) LA L
This gives
I < =3O (|Vag™ 12 = [ Vag™(|?) = 308 (|Ang™ 1% = [[Ang™]|2)
G50) e et =262 4 AL [Vaeet? 4+ At e+ e - 2e7)|?
F2A8 Vg || 2 + 2081 Ang™|| % + 2882 (|l g™ (|12 + Atllg™ | Zr) -

Going back to (5.45), we obtain

(5.51)
len ™12 = [le"]|? + §llen ™ + em — 2e*||2 + At |[Vyer|?

+3 A2 (Vag" 2 = 1Vhg"1?) + AL (1 2ng™ % = | Ang™(|?)
< AL|Vag"[|? + A Ang™ |12 + C AL (€] + e 1|2 + [lent]2)
+O AT 12 + Atlg™ | Fa) -
Gronwall’s lemma gives
(5.52) [le™]| + le*]| + At [Vag™ | + A2 | Ang™ || + A2 Vier| < CLAte.
Now by the inverse inequality (4.4) we have
At
W

(5.53) le™ [ + hlle™ i + At Vag" |z < Cy
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If N =5 and At® << h2, and we choose At small enough, we will always have

(5.54) le" L= < 1.

Therefore in (5.39) we can choose

(5.55) C=1+ mex, U™ (M lwoe
n=|az

which depends only on the exact solution (u,p). This proves that
(5.56)

lwo — wnllze + o — pullrz + Lt

Ipo = pallze + llpo = pr — pellLe < CALZ.
From Lemma 4.2, we have
(5.57)

lw — wnl|lp + |p — pallre + A2

D= pulle + [P = pr = pelle < C(AL* + 1 ?).
This completes the proof of Theorem 2.

6. CONCLUSIONS

The main conclusion from the analysis presented in this paper is that the numer-
ical error in the projection method has the same structure as in the semi-discrete
case (analyzed in [4]) after it is spatially discretized on a staggered grid. This
paper leaves open the very interesting question of what happens on a regular non-
staggered grid. Some progress in this direction has been made in [16].
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