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How to properly specify boundary conditions for pressure is a longstanding problem for the
incompressible Navier-Stokes equations with no-slip boundary conditions. An analytical
resolution of this issue stems from a recently developed formula for the pressure in terms
of the commutator of the Laplacian and Leray projection operators. Here we make use of
this formula to (a) improve the accuracy of computing pressure in two kinds of existing
time-discrete projection methods implicit in viscosity only, and (b) devise new higher-
order accurate time-discrete projection methods that extend a slip-correction idea behind
the well-known finite-difference scheme of Kim and Moin. We test these schemes for sta-
bility and accuracy using various combinations of C° finite elements. For all three kinds of
time discretization, one can obtain third-order accuracy for both pressure and velocity
without a time-step stability restriction of diffusive type. Furthermore, two kinds of projec-
tion methods are found stable using piecewise-linear elements for both velocity and
pressure.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

We consider the Navier-Stokes equations (NSE) for incompressible fluid flow in a domain Q in RY (N = 2 or 3) with veloc-
ity specified on the boundary I' = 9Q. We write the momentum equation and boundary conditions in the form

ou+Vp=vAu+F in Q,

u=g onl.

(1)
(2)

Here u is the fluid velocity, p the pressure, and v = 1/Re is the kinematic viscosity coefficient, taken to be a fixed positive
constant. We combine external forcing f and nonlinear terms into one symbol F =f —u - Vu.
The pressure field p should ensure that the velocity is divergence-free, with

V-u=0 inQ

(3)
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This incompressibility condition is the source of many difficulties associated with the numerical approximation of solutions
of NSE, especially in the presence of boundaries. Projection methods, deriving from classic work of Chorin and Temam, aim to
deal efficiently with incompressibility through strategies that involve the Helmholtz decomposition of an arbitrary vector
field into a sum of a gradient plus a divergence-free field. But for many years, projection methods were plagued by large
and poorly understood numerical boundary-layer errors.

The situation improved markedly with the formal analysis of Brown et al. [6], who explained why one could achieve sec-
ond-order accuracy in time. One point we make in the present paper is that for no-slip boundary conditions, formal accuracy
and numerical boundary-layer errors at the time-discrete level can be understood rather simply in terms of the failure of
commutativity between the (space-continous) Laplacian A and the Leray-Helmholtz projection operator P onto diver-
gence-free vector fields.

The commutator AP — PA directly contributes a term to the Navier-Stokes pressure, as we show in Section 2. We will
describe a formula for the pressure, in fact, that shows how it is necessarily determined from the current velocity and forcing
fields by solving Poisson equations with appropriate boundary conditions. This formula underlies the proof in [19] of local-
time well-posedness for an extended Navier-Stokes dynamics unconstrained by (3). This well-posedness proof shows that the
pressure formula provides a rigorous resolution of the longstanding issue of how to properly specify boundary conditions for
pressure. For discussion of this issue see the book [12], and see the paper [26] for a recent and interesting alternative.

Our goal here is to use the pressure formula to derive a number of improvements to numerical schemes for viscous
incompressible flow. We will focus on simple and efficient schemes that involve projection methods for time discretization,
implicit in viscosity only. For numerical performance tests we use a variety of C° finite elements for spatial discretization. We
anticipate that our study will have a number of consequences for other kinds of time stepping and spatial discretization,
however. For example, if the Reynolds number is large enough so that the time step is not severely restricted by diffusive
stability criteria, one can simply use explicit fourth-order Runge-Kutta time-stepping (like for a gauge method in [9]), since
the pressure field is determined by current velocity and forcing.

There are several different kinds of projection methods. We will deal with three types in this paper, which we classify as
follows:

(1) Pressure-approximation (PA) schemes involve determining an approximation of the true pressure from the current
velocity field. A key term in the pressure boundary conditions involves n -V x V x u, the normal component of the
curl of vorticity at the boundary. This term has appeared in the numerical literature on projection methods for many
years, starting with work of Orszag, Israeli, and Deville [22] and Karniadakis et al. [17].

(2) Pressure update (PU) schemes involve using an existing pressure approximation p" at time level n in determining p™*'.
Such schemes go back to van Kan [30], and include work by Bell et al. [5], Timmermans et al. [29] and Ren et al. [25]

(3) Slip-correction (SC) schemes involve adjusting the boundary condition for an intermediate velocity to ensure that the
Leray-projected velocity field (which is nominally divergence free) satisfies the desired boundary condition to higher-
order. The well-known 2nd-order finite-difference method of Kim and Moin [18] is of this type.

In brief, the main improvements that we propose in this paper involve (a) improved accuracy in computing the pressure
in existing pressure-approximation and pressure-update projection methods, and (b) the derivation of new higher-order
accurate slip-correction methods. Furthermore, our stability and accuracy tests indicate that with PA or SC schemes, one
may obtain up to third-order accuracy in time for both velocity and pressure with no diffusive time-step stability restriction.

A potentially significant finding is that the PA and SC schemes which we test exhibit good performance when discretizing
space in simple ways - using Lagrange finite elements of equal order for velocity and pressure, for example. These (but not
PU) schemes are stable even with piecewise-linear approximation for both velocity and pressure. As is well known, this sim-
ple type of approximation violates the classic inf-sup condition, a condition necessary for stability in traditional mixed stea-
dy-state formulations. Our tests suggest that the inf-sup condition may not be required for stability in time-dependent
computations with certain PA and SC schemes. The issue of obtaining good performance without the inf-sup condition is
complex and subtle and worthy of further investigation. For brevity, here we restrict ourselves to reporting a limited number
of numerical tests involving equal-order elements.

There is a large literature concerning projection methods, and discussion of it here must necessarily be limited. We refer
to [13] for a recent comprehensive review. Many projection methods are closely related to the Navier-Stokes dynamics ex-
tended by the pressure formula, and its implicit/explicit discretization appearing in the work of Johnston and Liu [16]. We
refer to [19] for discussion of these relations for the second-order projection or time-splitting methods of Kim and Moin [18],
Timmermans et al. [29], Henshaw and Petersson [14], Brown et al. [6], and the gauge method of E and Liu [9].

The Johnston-Liu scheme is essentially a pressure-approximation scheme, as are the higher-order schemes introduced by
Karniadakis et al. [17]. Leriche et al. [21] recently tested the stability of many schemes from [17] for the Stokes system in a
2D square domain with spectral collocation in space. They found unconditional stability for a certain (3,2) HOS scheme that
exhibits third-order temporal accuracy for velocity. Here, we find similar behavior for slip-correction and pressure-update
schemes with finite-element spatial discretizations. Moreover, using the pressure formula we find ways to recover full
third-order accuracy for pressure as well as velocity. In this regard, it is important to maintain a clear distinction between
the true Navier-Stokes pressure on the one hand, and the potential that enforces zero divergence in the Helmholtz decom-
position on the other hand.
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2. Pressure and well-posedness

We shall derive a very useful expression for the pressure based on a few identities involving the Leray-Helmholtz projec-
tion onto divergence-free fields.
The Laplace-Leray commutator. Recall that any square-integrable velocity field u# has a unique Helmholtz decomposition

u=v+Veo, (4)

where » is [*-orthogonal to all square-integrable gradients: Jo v-Vq =0 for all g smooth enough. Then » is divergence-free
and at the boundary has vanishing component in the direction of the outward unit normal n:

V-v=0 inQ, n-v=0 onl/. (5)

We write v = Pu, defining the Leray-Helmholtz projection operator P, and write ¢ = Qu to denote the zero-mean potential
field in (4), satisfying

Ap=V-u inQ n-Vé=n-u onl. (6)

That is, V¢ = (I — P)u. Then A(I — P)u = AV¢$ = VA¢ = VV -u, and from this, the fact PV =0, and the vector identity
-V x V xu=Au— VV -u, one immediately obtains the following identities described in [19]:

APu=(A-VViyu=-V xV xu, (7)
(AP —PA U= (I - P)(A—VVyu=—(-P)V x V x . (8)

Due to (8), we see that the commutator of the Laplacian and Leray projection operators is the gradient of a potential field
ps(u) satisfying

ps(u) = QA - VV-u, Vps(u) = (AP - PAu. 9)

From (9) it follows that ps(u) is well-defined for all velocity fields with square-integrable second derivatives, and as dis-
cussed in [19], it is the unique zero-mean solution of the boundary value problem

Aps(u)=0 inQ, n-Vpsu)=n-(A-—VVyu onT. (10)

Formulae for pressure. Suppose now that u is a solution of the Navier-Stokes Egs. (1)-(3). Suppose for simplicity at first that
the boundary is no-slip, that is,

g=0. (11)

Then u = Pu, but on the other hand, if we apply P to (1) and use (9) to say PAu = APu — Vpg(u), since PVp = 0 what we find
is that

dcu = vAu — vVps(u) + PF. (12)

Since P =1 — VQ, comparison of (12) with (1) immediately yields the expression for pressure that we seek, assuming it is
normalized to mean zero: Necessarily,
p = vps(u) + OF. (13)

This expression is explicit in terms of solutions of boundary value problems involving the velocity and forcing fields, as in
(10) and (6). We refer to ps(u) as the Stokes pressure since the other terms vanish in the absence of forcing and nonlinear
convection terms.

The expression (13) is altered as follows in case the boundary data g is nonzero and satisfies the natural compatibility
condition

/rn-g:O fort > 0. (14)
Let R(g) denote the zero-mean harmonic function whose normal derivative at the boundary is n - g, meaning that

AR(g) =0 inQ, n-VR(@g =n-g onl. (15)
Now, if u satisfies (1)-(3), then

u—VR(g) =Pu-VR(g)) =Pu, (16)
and applying P to (1) yields

Ot(u—VR(g)) + vVps(u) = vAu + PF. (17)

Hence the pressure is now given by
p = vps(u) — R(9:8) + QF. (18)
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Finite-element computation of this pressure is best based on discretization of the following equivalent weak-form character-
ization that involves only first derivatives: For all test functions y with square-integrable gradient,

[0 = [V ) T0) — (n-0g)i) + [ F- Vi (19)
Q r Q
For sufficiently regular data, (18) is also equivalent to the single boundary value problem
Ap=V-F inQ (20)
n-Vp=-n-(WxVxu+9og)+n-F onl. (21)

The appearance of the curl of vorticity in the boundary condition for pressure is familiar, dating back to Orszag et al. [22]. For
purposes of analysis, however, we most often use the operator representation in (18), which distinguishes contributions to
pressure by source, particularly that from the Laplace-Leray commutator.

Extended Navier-Stokes dynamics. There is a long history of using various pressure Poisson equations like (20) and (21) in
computation; see [26] for a discussion and further references. In this context, it is notable that (18) has recently been placed
on a sound analytical footing in relation to Navier-Stokes well-posedness theory. It was proved in [19] that the initial-
boundary value problem is well-posed locally in time for Egs. (1) and (2) without the divergence constraint (3)—instead using
(19) to define the pressure. This was done in bounded domains with C* boundaries, for suitably regular forcing and boundary
data, and for any initial velocity u;, having square-integrable gradient and satisfying the boundary condition (2), regardless
of what its divergence is. One obtains unique strong solutions with spatial second derivatives square-integrable in space-
time.

The well-posedness theory of [19] involves using the pressure formula (19) to prove the stability of a basic implicit/ex-
plicit time-difference scheme for (1) that treats the pressure and nonlinear terms explicitly in time, and only the viscosity
term implicitly. Bounds on the pressure gradient come from the following (essentially sharp) estimate for the Laplace-Leray
commutator, or Stokes pressure gradient, which shows that for no-slip boundary conditions, the commutator is strictly con-
trolled at leading order by the viscosity term:

Theorem 1. Suppose Q is a bounded domain with C> boundary, and & > 0. Then there is a constant C such that for all u that vanish
on the boundary and have square integrable second derivatives,

/S;|Vp5(u)|2 < (%+8>/;2\Au\2+C'/Q|Vu|2. (22)

We refer to (1) with (18) (or equivalently (17)) as the extended Navier-Stokes equations. For a general solution of these equa-
tions, it follows easily from (17), (10) and (5) that the divergence w = V - u satisfies a diffusion equation with no-flux bound-
ary conditions:

dw=vAw inQ, n-Vw=0 onl. (23)

The divergence w = 0 initially if and only if w = 0 for all later time, and this produces a solution of NSE including the incom-
pressibility constraint. The dynamics of the extended NSE extends the constrained dynamics of NSE in a well-posed manner
off the “invariant manifold” of states satisfying (3).

3. Time discretization by projection methods

Since pressure is determined explicitly by (19) (or equivalently (18)), it is straightforward to discretize the extended Na-
vier-Stokes Eqgs. (1), (2) and (19) in time. To achieve efficiency at low to moderate Reynolds number, it is convenient to treat
the viscosity term implicitly and treat the pressure and convection terms explicitly. In this section we will describe three
classes of time discretizations of this type, and examine their formal accuracy in light of the formulae from the previous sec-
tion that involve pressure. We treat semi-discrete schemes that are discrete in time and continuous in space. Time discret-
ization has long been considered a main source of numerical boundary-layer error. This is already apparent in the studies by
Orszag et al. [22] and Brown et al. [6], for example, and is consistent with our numerical tests. We will discuss implemen-
tation details for space discretization by finite elements in Section 4.

It will be better to use a rotational form of the nonlinear term, writing

F=f-h h=(Vxuxu (24)

This is different from the previous expression for F, but is related by the identity
u.Vu:(vXu)qur%V\uE. (25)

The pressure formulae in (18)-(21) remain valid with the new F, the pressure changing by a term %|u|2 up to a constant.
For each kind of projection method, we will find a divergence-free approximate velocity ' at time t; = jAt by decompos-
ing an intermediate velocity w according to
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W=0+V¢, A=V inQ n-V¢g=0 onl. (26)
We denote the nonlinear terms corresponding to the divergence-free velocities 1 by
W:(VXM)XIH:(VX@)X(M—VQ’). (27)
We will indicate backward differentiation formulas of order k and extrapolation formulas of order m using the notation
D™ = é 2; GutI, Eutt = Z prur. (28)
1= iz

The nonzero coefficients for these formulae are listed in Table 1.
3.1. Slip-corrected projection methods

One can describe rather simple time-discrete schemes that formally achieve high-order accuracy without using any ex-
plicit approximation to pressure at all. The idea is to adjust slip at the boundary, in a fashion similar to that in the classic 2nd-
order projection method of Kim & Moin [18].

To determine the approximate velocity u™! at time t,,; = (n + 1)At, suppose that for all j < n the decomposition (26) is
available. Fix a pair of integers (k, m) with k > m > 0. We discretize (1) in time using the kth-order backward differentiation
formula for the time derivative and kth-order extrapolation to approximate h""'. We use mth-order extrapolation to approx-
imate Vg**! on the boundary. We update velocity by computing u™' and g™ to satisfy

é (a’guf“ +> oc]’-‘u"“j> = vAu™! 4 f g A in Q, (29)
=1

uLHl :gn+l + vgmqn+] on F, (30)

AG*' =V-u™' inQ n-Vg*'=0 onT. (31)

Then we can write
un+1 — ur*wl _ anﬂ. (32)

We refer to this scheme as the (k,m) SC scheme. (SC is for slip correction.) The case (k,m) = (3, 2) is perhaps most interesting,
yielding third-order accuracy with good stability in tests.

This scheme is just as efficient as many classic projection methods, involving the solution of one scalar Poisson equation
in addition to N decoupled scalar elliptic equations for velocity per time step. Note that with finite-element discretization,
the quantities & need not be computed every time step. One can use . — V¢ for & (j < n) in (29), as in (27). Also note
V- -ul =0,and n-u™' =n.g"! on I', but tangential components of u™' and g"*! may not match. Following the advice
in [22] for avoiding a weak instability in the Kim-Moin scheme, in implementing (30) one should enforce normal-compo-
nent matching explicitly, requiring

n-u™'=n.g"" and nxu™! =nx (g +VEGT) onT, (33)

and not rely on the boundary conditions in (31).

Accuracy for velocity. Though the pressure is neglected in the step (29), it is easy to see that the velocity u" satisfies a for-
mally kth-order-accurate discretization of the momentum equation in the following way. Apply the projection P to (29), not-
ing that n - = n - g/, hence as in (16),

P =P = — VR(g). (34)

Table 1
Coefficients for backward differentiation and extrapolation.

ok j=0 j=1 i=2 j=3 j=4
k=1 1 -1 0 0 0
k= 32 ) 12 0 0
k=3 11/6 -3 3/2 -1/3 0
k=4 25/12 -4 3 —4/3 1/4
B =1 j=2 =3 -4

3333
L[ (|
AW =
B WN ==
|
=
A —oo |
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Because PAu™! = APu™! — Vps(u™') = Au™! — Vps(u™!), we find that

DPU™! + VWpg (™) = vAu™! + Pf 1 — pe ™ (35)
whence u"! satisfies

D™ + VP = yAu'! 4 f 1 g™ (36)
where

pn+1 _ vps(u””) _ R(Dkgnﬂ) +of n+l nghnﬂ. (37)

Clearly (36) and (37) are kth-order accurate discretizations of (1) and (18) respectively.
Slip error. It remains to study the slip error in the boundary condition for u#"+!. From (30) and (32) it follows that this error
is given by

un+1 7gn+1 _ 7V(qn+1 _ gmqnﬂ) on . (38)
Comparing (29) and (36) we find (after writing op = of)
@ _ n+1 __ mn+l
(At vA)q —prl. (39)
This equation together with (28) yields
(30— va) (@ - Eng™ ) = P — Eap™ 4o

Since p" consistently approximates the pressure p, the right-hand side of (40) is formally At™9{"p plus higher-order terms.
Since n- V¢ = 0 on I', the quantity

q — qn+1 _ gmqu] (41)
also satisfies n - Vq = 0, and we can infer from this boundary value problem that § = O(At™*!) formally. (Indeed, if one knew
rigorously that the right-hand side takes values in a fixed interval [-M, M] where M = O(At™), then it follows from the max-
imum principle that the solution to (40) takes values in [-M, M] with M = MAt /o, = O(At™1).) Presuming the boundary and
the data are smooth, it is reasonable to expect that derivatives tangential to the boundary are of the same order O(At™).
Then the full gradient V§ = O(At™!) on the boundary since the normal component is zero. We conclude that formally
the slip error u™! — g"! is O(At™1). This indicates that overall the order of accuracy for u™! is the minimum of k and m + 1.

Approximate pressure. Though pressure is not computed explicitly in the scheme (29)-(32), an approximation p™! whose

formal accuracy matches that of velocity can be computed at negligible further cost and without solving any further Poisson
equations, by using (39) with (31). Namely we can set

ﬁnﬂ — an _ @qnﬂ — VW u1*1+1. (42)

At

This expression involves computed quantities and by (37) it is a consistent kth-order approximation to the pressure corre-
sponding to u™' from (18). Hence it should approximate the true pressure with order of accuracy min(k,m + 1).

Remarks 1

1. It seems remarkable that Eq. (36) for the divergence-free velocity u™+! is fully implicit with respect to Stokes pressure. Evi-
dently this is due to the commutator formula (9). The same thing naturally happens for many different kinds of projection
and splitting methods.

2. We emphasize that the final projection step (32) should not be regarded as a fractional step that solves 9;u + Vp = 0. (For
an interesting perspective relating fractional step methods to block LU decompositions see [24].) The quantity g"*! is not
pressure times At, despite its role in enforcing the zero-divergence condition for u™. It is instructive to consider the error
that occurs if one takes the approximate pressure to be

0o

At

a kind of approximation not uncommon in the literature. Supposing m + 1 > k for convenience, the error in this approx-

imation is evidently vV - u"! + O(At*). Put ¢ = \/vAt/o,. From (29), the quantity w = vV - u™! satisfies

1-8Aw=8V.f " —gh™") = &a, ing, (43)
n.-Vw=-n-Vp"*'= a, onr. (44)

Formally a; and a, are O(1). We expect a boundary layer, whose leading-order behavior may be described by taking the

boundary to be locally flat, a; and a, approximately constant, and presuming w depends only on the distance s to the

boundary. Then the leading-order solution in the boundary layer is

an+l n+1
P =+q

)

W~ &2a; — eae /%, (45)



3434 J.-G. Liu et al./Journal of Computational Physics 229 (2010) 3428-3453

Thus in this case one expects pressure error of order O(At) in the interior, with a boundary layer error O(v/At). And
since 9;w = a, at s = 0, the pressure gradient would have error O(1) at the boundary, as one can also see directly from
(42).

3. The slip-correction incorporated into the boundary condition (30) is related to the second-order projection method of
Kim and Moin [18] in the following way. Corresponding to (29) Kim and Moin use a Crank-Nicholson time discreti-
zation for viscous terms and Adams-Bashforth for convective terms. Instead of (30) the boundary condition imposed
on the intermediate velocity is

u™ = g™ L ALV, (46)

where At ¢" in [18] corresponds to g" here, which is a first-order extrapolation approximating g™+!. In [18], this bound-
ary condition is derived in Section 3 and appears two lines below (15). Eq. (4) of [18] is a discretized version of (32)
with g™*! replaced by At¢™'. The potential ¢"*! is determined by solving a discrete Poisson equation to enforce
V - U™! = 0 discretely. This is done on a staggered grid “without the need for boundary conditions for ¢"*!.” However,
Eq. (9) of [18], written after “incorporation of the velocity boundary conditions,” indicates that the discretization is
based on the single derivative boundary condition

Atn - v¢n+1 =-n- (uzﬂ 7gn+1). (47)
(For a similar observation see [28]. To be precise, (9) is obtained using the replacement
" (0, 1,k) — ¢p(i,0,k) 4.1 w1
At (1) = %(0) =1 l,z,k uj 1,2,k ,

which corresponds to (47).) If one follows the advice in [22] to modify (46) and explicitly enforce normal-component
matching as in (33), the condition (47) becomes n - V™! = 0.

3.2. Pressure-approximation schemes

An alternative way to achieve third-order accuracy efficiently and with good stability involves approximating the pres-
sure as determined by the formula (18). In particular, it was observed by Karniadakis et al. [17] (in a context involving
Adams-Moulton/Adams-Bashforth discretizations for formulas equivalent to (1), (2), (20) and (21) but without the commu-
tator formulae) that one can reduce the accuracy of approximating the curl-curl term in the boundary condition (21). For the
linear Stokes equations, Leriche et al. [21] studied the numerical performance of a number of spectral collocation schemes
from [17] based on backward differentiation. Their results indicated unconditional stability using third-order backward dif-
ferentiation together with second-order extrapolation for the curl-curl boundary condition. For a smooth test problem they
obtained third-order accuracy for velocity but less for pressure (as discussed below).

The following time-discretization scheme is close to ones studied in [17,21]: Let us use

K =u Vi (48)

in place of (27). Fix a pair of integers (k,m) with k > m > 0, and for convenience assume m + 1 > k. (Again (k,m) = (3,2) is
particularly interesting.) We update the intermediate velocity u* by successively determining f,P and u™! to satisfy

_ 1 )

_ o+l n+l b kqn+1-j
f=f Exh, At ;% LA (49)
AP=V.f inQ, (50)

K _

n~VI3:—n~(viVxSmuj“+%g”“>+n.f onT, (51)
ok - =
A—?uZ*H—VP:vAuZ“ +f inQ, u*'=g"! onr. (52)

We refer to this scheme as the (k,m) PA scheme (PA for pressure approximation). As before, we do not compute the diver-
gence-free velocity u™! = u™! — Vg™ as in (31) and (32) in each time step, but only as needed—for the final output, say.
(Derivatives of u™! have weak boundary layers, as we shall see presently.)

Accuracy for velocity. We can study accuracy by applying P to (52). What P is does not matter, since PV = 0. Exactly as
before, we get

D™ + VpT = vAu 4 f g 53)
P = vps(™!) — R(Dg™) + Of M — Qe s

This yields kth-order accurate discretizations of (1) and (18) (anticipating that the difference between I and M does not
matter, see below). But now the slip error at the boundary is only due to the decomposition (26):
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un+1 :gnﬂ _ vqnﬂ on I. (55)
If we recognize that
oW =g +R(g) (56)

sincew + Vg = =Pu + VOu =u — VR(g) + Vou, and we write F"*! = f ™1 — £,h™" for simplicity, we see that Eqgs.
(50) and (51) mean

k
p_ n+1 _% n+1 n+1 _l k n+1-j
P = vps(Entt?") — TLR(E™T) + QF" — ; o Qu!
1 : 1 .
— vps(gmunﬂ) _ R(Dkgm-l) + QF“H _ Kt Z (XJ’»‘an_] — [7”"'] _ Vps(um—l _ gmum-l) _ Kt Z a]lgqnﬂ—l. (57)
j>1 i1
Since (52) means
D™ + VP = vAu™! 4+ f M1 _ g
comparing with (53) using & = w + V¢ yields
@ _ n+1 __ n+l n+1
(At VA)Q = vps(u Ent™ ), (58)

with n- Vg™! = 0 on I'. From this we see that ¢"*! and V¢"! are formally O(At™!), meaning that u™' — g"*! = O(At™1) on
I'. Thus if m+1 > k, both quantities u™! and u™! are kth-order accurate approximations to velocity. The former has zero
divergence and the latter has no slip error.

The divergence w! = V- u™! = Aq™! can be expected to have a weak boundary layer, however. This is because, by
applying A and taking the normal derivative at the boundary in (58), we find

@ _ n+l _ i
(At vA)w =0 inQ, (59)
n-vwl =n.V xV x @ - &u"') onlr. (60)

A formal boundary layer analysis like that in remark 2 of the previous section yields (45) with a; =0 and a, = O(At™),
whence w'! ~ O(At™)ee~/* with & = \/VAt/a,. Therefore we expect the maximum norm to be O(,/vVAt™1/2) and the L? norm
to be O(v3/4Atm+3/4),

The presence of weak boundary layers in second derivatives of g"*! prompts concern over the accuracy of approximation
of I, which replaces I in (36). One has the identity

WV - Vi = (V x ) x (WH%V(W—W» (61)

On the right-hand side, the first term is O(At™') and the second term is a gradient. Then one sees
Ph’ =P - V) + O(At™7) and since m + 1 > k, indeed (36) with hi for i is a consistent kth-order accurate approximation
to (1) in this case.

Approximate pressure. If k = m + 1, then the quantity P that appears in (50) and (51) is not a fully kth-order-accurate
approximation to the pressure corresponding to (18). Using (58) in (57) yields

13 _ ﬁnﬂ _ Dkqnﬂ + VW”H . (62)

The error in the boundary layer should be dominated by the last term, being O(At™'/2) in max norm (the one relevant for
boundary forces) and O(At™+3/4) in L? for fixed v. This is quite consistent with the numerical results reported in tables VIII
and X of [21] for the pressure in the (3,2) HOS scheme of that paper, corresponding to k = 3, m = 2. Note that the error in
Vw1 and VP should be O(At?) in max norm in this case, in fact.

For the scheme (49)-(52), the quantities ¢/ are not directly available. However, the pressure approximation

i)nﬂ _ I—)nﬂ _ Dkqnﬂ _ 13 VW ul:+1 (63)

is computable without solving a further Poisson equation. This should be a kth-order accurate approximation to the pressure
corresponding to (18) for u™!. For, formally D,q"*' = O(At*) because the ¢ are O(At™*!). The expression (54) for p™! is evi-
dently kth-order accurate except in the last term, where we have I instead of & - V¢ But by the identity (61), the difference

O, — o - Vi) = O(At") + % (\ui|2 - \uff) = O(At"). (64)
Thus we expect (54), and hence (63), to be kth-order accurate.

Output. For output on time step N one probably wants to use the final velocity u" to compute a divergence-free velocity u"
as in (31) and (32), and the pressure p" that corresponds to u" via (18) (i.e., (20) and (21)).
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3.3. Pressure-update methods

Methods that update pressure approximations from previous time steps have been introduced by a number of authors,
especially including van Kan [30], Bell et al. [5], Timmermans et al. [29], and most recently Ren et al. [25], whose scheme is
formally third-order accurate. Here we describe a class of methods of this kind.

With basic notation as in the previous subsections, fix a pair of integers (k, m) with k > m > 0, and suppose # , ¢ and P’
are known for j < n. With & given by (26), we determine u"*!,g*! and P**! from the following.

é ((x’guf“ +> oc]’-‘u”“j> 4+ VERP™ ! = vAu! +f 1 — g ™ (65)
j=1
ul =g onT, (66)
A" =V.-u™! inQ n-Vg"'=0 onl. (67)
(Xk
PYl =&, P 4 (A—‘; - VA> q! (68)

The divergence-free velocity u™! is given by (32) as usual. We refer to this scheme as a (k,m) PU scheme. (PU for pressure
update.) Timmermans et al. [29] introduced what is essentially a (2,2) PU scheme. The scheme of [25] is a (3,3) PU scheme.

Accuracy for velocity and pressure. Applying P, exactly as in subsection 3.1 we find that u™! satisfies (36), with p"+! given
exactly by (37). Thus the discretization of the momentum equation is kth-order accurate. Subtracting (36) from (65), we find
that

(% _ VA) gt =prt — ngnH. (69)
By (68) this means that
P =prl (70)

Thus by (37) this scheme provides a kth-order accurate approximation p**! = P**! to the pressure formula (18).

Slip error. It remains to consider the slip error u™! — g™*! on the boundary. By (70) it follows that the right-hand side of
(69) is At™9"p plus higher-order terms. Then formally g"*' = O(At™') and the same holds for tangential derivatives. By (32)
it follows that the slip error u™' — g"! = O(At™!) on I', and this indicates kth-order accuracy overall for the scheme if
m+1 >k

4. Spatial discretization by C° finite elements

To obtain fully discrete schemes from the time-difference schemes above using C° finite elements, a key idea is to treat
the Stokes pressure (or curl-curl boundary condition) by using the weak formulation in (19), as was done in [16]. But this is
unnecessary for the ‘pressureless’ slip-corrected projection scheme of Section 3.1, whose discretization is fairly straightfor-
ward—we only have to describe how we handle the slip boundary condition.

We denote by (f,g) = [, fg the inner product in [*(Q) and similarly {f,g), = J; fg for the inner product in [*(I'). Given a
discretization parameter h > 0, we let Y;, be a space of C° finite elements for approximating pressure and potentials, with
Y, c H'(Q)/R, the Sobolev space of functions with square-integrable gradients, modulo constants. Also let X, be a space
of C° finite elements for approximating the velocity field, with X, c H'(Q RY) having a nodal basis. Let
Xon =XnN H(])(Q, RM) be the subspace of X; consisting of vector fields that vanish on I.

The decomposition (26) into a divergence-free field and a gradient field with vanishing normal derivative at the boundary
means that ¢ is determined (up to constants) by requiring

(V@ Vy) = @, Vy) - (n- y), Ve H (Q)/R. (71)

For consistency the integral [, n- ¥ must vanish. Given a discrete field uih € Xp that we desire to satisfy n - uih =n-gonl,
where g satisfies the consistency condition (14), we determine the corresponding discrete decomposition as follows. We find
qj, € Yy to satisfy

(V). Vi) = (W, V) — (n-g/ ) Wy € Yo (72)

Then we write U{] = '*h 5Vq’;l. This need not belong to X;; the terms u’;h and Vq’,', can be handled separately throughout. For
output, the vector field U, may be [%-projected into X, ‘ ‘

Slip correction. To discretize the slip-correction schemes of Section 3.1, we suppose we have , and gj, for all j < n, and
write

H, = (Vxu,) x U, = (Vx,)x @, - Vq,). (73)



J.-G. Liu et al. /Journal of Computational Physics 229 (2010) 3428-3453 3437

The discrete momentum equations for determining "' are
k

%o

At

where

@ o) + (VU Vo) = (F o) Yo € Xon, (74)

n+1 __ £ n+l n+1 1 ko n+1-j
Fi'' =f ™1 — &H] _ﬂz%uh :

j=1
These equations suffice to determine u”;! € X, once we specify discrete boundary conditions of the form
! =gt 4+t on Iy, (75)

where I, is the collection of grid nodes on I'. Then we find g*! € Y;, by (72) and write u}*! = u™' — Vq}*! as above.
The terms r}*! lie in the space of boundary values of functions in X, and approximate VE&yq)*!, which lies in VY. For
consistency with volume conservation, we require

n-ri*'=0 on Y. (76)

Consider a polygonal domain in 2D, whose boundary is the union of straight edges I''. At corners where two edges meet,
there are two independent normals and this forces r*! = 0. Along each edge I'', the tangential component z - ri*! must
be found in the space Z} of tangential components of functions #;, € X;, that satisfy - #, = 0 at the endpoints of I". (When
X, is a space of Lagrange piecewise polynomial finite elements, the space ZL is just a space of scalar Lagrange piecewise-poly-
nomial elements on I that vanish at the two endpoints.) To determine - ri+1, it is convenient to simply project the tangen-
tial derivative = - V&,q)*" into Z, using the inner product in L*(I™).

This procedure will generalize naturally to 3D polyhedral domains. The condition (76) forces r{*! = 0 at corners where 3
faces meet. Two components vanish along edges where two faces meet, and the tangential component can be determined by
L* projection of z - VEmqit! for each edge separately. Then the two tangential components on faces can be determined by I?
projection separately for each face.

We mention an alternative (and more expensive) method of imposing boundary conditions that led to some stability
problems in practice. Namely, in (75) we could simply take ! to be the L* projection of VEnqit! into X,

Pressure-approximation schemes. Discretization of the pressure-approximation schemes from Section 3.2 by C° finite ele-
ments is based on the weak form Eq. (19) for pressure, as was used in [16,20]. With I, = u’;h . Vuih and writing

Fu=f e S o, (77)

j>1

we require P, € Y}, to satisfy

— o —
(VPo, V) = (V9 x Ently ", Vi) — 20 -8 ) + (o Vi) (78)
for all y, € Y;,. The momentum equations read
Z—i(u’;‘;l, vy) + (VP o) + V(YUY Vo) = (Fr, o) You € Xon, (79)

with the boundary conditions u”,! = g"*! on I.
5. Numerical tests in 1D
5.1. Single-mode Stokes flow in a periodic strip

To study stability and accuracy for the simplest kind of incompressible flows, we first consider the unsteady Stokes equa-

tions in the strip —1 < x < 1,y € R, with boundary conditions at x = +1:

O+ Vps(u) =Au+f, ul,_, =g ul_o=1u. (80)
We set the force and boundary velocity to zero:

f=0 g=0, (81)
and look for normal-mode solutions that we write in the form

u(t,x,y) = e "(u(x, &), iv(x, ). (82)
With

u= 52 -0, (83)
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the equations reduce to the system

(0% — K2)u=0xp, uly =0, (84)
( ) ép? 7/lxzil = 07 (85)
(02 ”Z)P =0, (0p—E&0xV)|_yy =0. (86)
We see p = c; sinh &x + ¢, cosh éx. If for definiteness we take p as anti-symmetric,
p = sinh éx, (87)
we find
u(x) = A coshéyx_coshux Azécoshg, (88)
cosh¢  cosh &2
V() — B 51ph¢f<_51phux B:gsmhg. (89)
sinh¢  sinhp —
Now, we compute that at x = +1,
; g smh & (Ecosh¢é  pcoshp
Oxp — EOxv = Ecosh & — ( sinhe ST A
Imposing the boundary condition d,p — ¢0xv = 0 at x = +1 and simplifying leads to
$2
ifcothif—ézg—z(ucotu—écothé) =0 (90)
-

which can be simplified to read p tanh pt = ¢ tanh €. This equation indeed implies d,u — ¢v = 0 by a simple calculation using
(88) and (89). Since ¢ is real, it is not hard to see y = ijt where jt is real and

—jitan ft = £tanhé. (91)
In the numerical tests below, we will take ¢ = 1, jt = 2.883355658589349, so that jitan jt + ¢ tanh ¢ ~ 0 numerically.

5.2. Single-mode stability tests

To investigate the stability of fully discrete k-step schemes, we write the schemes with f =0 and g = 0 as
A" + AU + -+ AR =0, (92)

Looking for a normal-mode solution u" = k"u, we require (Z}'fZOAjK*f)u = 0 which is a polynomial eigenvalue problem for
z= k1. This can be rewritten as a generalized eigenvalue problem as usual - e.g., for a three-step scheme, k = 2 and we
require

0 I 0 u I 0 O u
0 0 I ku |[=x|0 I 0 Ku |. (93)
—A3 *Az *A1 K2u 00 Ao K2u

The matrices A; depend on At as well as the finite elements being used.

x  (3,2) P1/P1
O (3,2) P2/P1 ]
(2,2) P1/P1
0 (2,2) P2/P1 |
+  (4,3)P1/P1
O (4,3) P2/P1 i
05 -5 ‘—3 ‘—1 ‘1 ‘3 ‘5 ‘7 ‘9
10 10 10 10 10 10 10 10

Fig. 1. Largest magnitude of eigenvalue vs. At. PA scheme. Thirty elements for each variable. Solid lines are theoretical results from Appendix A.
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We calculated the eigenvalues of largest magnitude for the generalized eigenvalue problem (93) as a function of At for
fixed ¢ = 1, using the Matlab function eigs. The results are plotted in Figs. 1-3 and are discussed below. We used a range
of time steps varying from large (At = 10'°) to small (At = 107°). The solid curves in Figs. 1 and 2 are determined by the
space-continuous normal-mode theory of Appendix A.

5.2.1. PA and SC schemes with m = 2

The results for the (2,2) and (3,2) PA and SC schemes indicate that the eigenvalues always have magnitude less than 1. We
found this result insensitive to spatial resolution, and it holds with various finite-element pairs for spatial approximation
that were tested. This includes piecewise-polynomial approximations of equal order for both velocity and pressure, includ-
ing piecewise-linear elements (P1/P1). Similar results were found also for piecewise quadratic (P2/P2) and quartic (P4/P4)
elements. We will comment on the relation of these findings to the standard inf-sup stability condition in the Conclusions
section below.

This suggests unconditional stability for the (3,2) PA and SC schemes, which involve reduced-order extrapolation of pres-
sure or slip-correction terms. The result for the (3,2) PA finite-element scheme is consistent with the results reported by Ler-
iche et al. [21], in a square 2D domain with spectral collocation in space, using a ‘(3,2) HOS scheme’ that is equivalent to the
(3,2) PA scheme at the time-discrete level for the Stokes equations.

5.2.2. PA and SC schemes with m = 3

We also tested (4,3) and (3,3) PA and SC schemes, which have unstable eigenmodes with |x| > 1 when At large. Only the
results for (4,3) schemes are shown, since the (3,3) results are quite similar. Again we found the results rather insensitive to
spatial resolution and the type of finite-element discretization.

The unstable eigenmodes were found to appear smooth and turn out to fit rather well a theory of normal modes for a
space-continuous version of (92) for which an explicit dispersion relation can be written that relates x to At and ¢. See
Appendix A for the details.

1.1

0.9

X (3,2) P1/P1
o (3.2) P2/P1

(2,2) P1/P1
0 (2,2) P2/P1
+  (4,3)P1/P1

0.8

0.7

0.6 b
O (4,3) P2/P1
05 -5 ‘—3 ‘—1 ‘1 ‘3 ‘5 ‘7 ‘9
10 10 10 10 10 10 10 10
At

—»— (3,2) P1/P1
o (32)P2/P1
(2,2) P1/P1 4
0 (2,2) P2/P1
—+— (3,3) P1/P1
o (33) P2/P1 4
Lo b B —b— (4,3) P1/P1
q < (4,3) P2/P1

N
@
a
Q
5]
<]
o
G

g

o
s
&

08 F 8 ]

0.6 |- 80 4

Fig. 3. Largest magnitude of eigenvalue vs. At. PU scheme. Thirty elements for each variable. Lines are interpolated to aid visualization.
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The theory indicates that for this single-mode problem, the (4,3) and (3,3) time-discrete schemes are stable for time steps
At less than a critical value At, independent of wave number ¢. Our numerical results suggest that this holds independent of
spatial resolution. This means that these schemes in 1D do not appear to be subject to a stability restriction of diffusive type
like At < Ch?, which becomes more restrictive as the grid is refined.

For the PA schemes this finding is not consistent with the corresponding results of [21] for 2D square domains, where
instability for all time steps was found for (4,3) and (3,3) HOS schemes. It is possible that instability for these schemes is
associated with presence of corners, so we performed numerical tests in a 2D domain with smooth boundary (a ring domain)
that are described in the next section.

5.2.3. PU schemes

The results for pressure-update (PU) schemes are reported in Fig. 3 and have a different character. Of course, one has to
augment Eq. (93) with pressure variables for PU schemes. The (2,2) and (3,2) PU schemes appear unconditionally stable only
for the P2/P1 velocity/pressure finite-element pair, which satisfies the standard inf-sup condition. With P1/P1 elements,
these schemes are unstable for small At, and almost neutrally stable (|imax| = 1) for larger At, with neutral modes dominated
by high-frequency oscillations in the pressure.

The (3,3) and (4,3) PU schemes are always unstable with P1/P1 elements. With P2/P1 elements, however, these schemes
exhibit a window of stability, with instability for both small At and for large At. The lower threshhold for stability appears to
get smaller as the spatial grid is refined, in a way we did not analyze. (The (3,3) PU scheme was described and tested using
finite differences by Ren et al. [25].)

5.3. Single-mode accuracy tests

We checked the accuracy of various finite-element schemes using an explicitly specified smooth solution

(u,v,p) = g(t)e" (u(x), iv(x),p(x)), g(t) = cos(t), (94)

where u(x), (x), and p(x) are given by (88), (89) and (87), respectively. The computational domain for x is [0.1,0.9]. The forc-
ing functions f and g are determined so that the Stokes Eq. (80) hold.

Temporal accuracy. In Tables 2 and 3, we take time steps At = 0.02/2" for k = 0 to 4 and integrate to T = 2 to do a temporal
accuracy check. We use P5 finite elements for both velocity and pressure. We refine the grid when reducing the time step so
that At/h remains constant (= 1), to make spatial errors less than temporal errors. The main quantity tabulated in all tables is
—log,oE, where E is the quantity listed in the left-hand column. (This indicates the number of essentially correct digits in the
approximation.) In parentheses we also list the local convergence rate « for E. In Tables 3 and 2 this is determined from the
formula

_ logig(Ex1/Ex) _ logioEx 1 —10gsoE
~logyo(Ati 1 /AL~ 03010...

(Note log;(2 =~ 0.3010. Values of « in the first column of the tables are based on values of E for a larger time step not shown.)
We only show results for the divergence-free approximate velocity u, = (us, 7). We use p,, to denote the pressure obtained
from solving a discrete version of (20) and (21), and will use p,, to denote the approximate pressure obtained without solving
any further Poisson equations - i.e., p, is based on (42) for SC schemes or (63) for PA schemes. Since discretization of these
formulas yields discontinuities across element boundaries due to the divergence term, we [*-project the result into the fi-
nite-element pressure space to facilitate computation of gradient errors. (In a number of cases we checked that one gets
essentially the same results by computing errors elementwise without projecting.)

The results of the temporal accuracy check all show third-order convergence in time consistent with the formal analysis,
except for Vp,, in the SC scheme at the finest resolution.

Spatial accuracy. Tables 4-7 contain results of tests of spatial accuracy using uniform grids with element size h = 0.02/2*
for k= 0,1,2,3,4, with time step At = h** to minimize temporal error, and integrate to time T = 1. We use P2/P1 finite

(95)

Table 2

Temporal accuracy of the (3,2) PA scheme in 1D. —log;(E (and local order o) vs. At. P5/P5 FE, T = 2, At = h.
E\ At 0.01 0.005 0.0025 0.00125
[l — up ||~ 7.2 (2.95) 8.1 (2.97) 9 (2.98) 9.9 (2.99)
IV (u —up)|| = 6.08 (2.95) 6.98 (2.97) 7.87 (2.98) 8.78 (2.99)
[lo = vl 6.08 (2.95) 6.98 (2.97) 7.87 (2.98) 8.78 (2.99)
IV(v = op) ||~ 5.19 (2.95) 6.08 (2.97) 6.98 (2.98) 7.88 (2.98)
Ip = Pall~ 4.77 (2.95) 5.67 (2.97) 6.56 (2.98) 7.49 (3.08)
IV(p = pp)llp= 5.19 (2.95) 6.08 (2.97) 6.98 (2.98) 7.88 (2.98)
lp = Pnllp~ 4.77 (2.95) 5.67 (2.97) 6.56 (2.98) 7.46 (2.98)
IV (P = DPn) |l 5.19 (2.95) 6.09 (2.97) 6.98 (2.98) 7.72 (2.43)
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Table 3
Temporal accuracy of the (3,2) SC scheme in 1D. —log;(E (and local order «) vs. At. P5/P5 FE, T = 2, At = h.
E\ At 0.01 0.005 0.0025 0.00125
flu = g 7.67 (2.87) 8.55 (2.92) 9.44 (2.95) 10.3 (2.98)
197 (= up) |~ 6.69 (2.89) 7.57 (2.93) 8.46 (2.95) 9.35 (2.96)
o= vpllp 6.69 (2.9) 7.57 (2.94) 8.46 (2.96) 9.36 (2.97)
IV (2 = vy)l~ 5.92 (2.92) 6.81 (2.95) 7.7 (2.97) 8.6 (2.97)
1P = Pl 5.58 (2.95) 6.48 (2.97) 7.38 (2.98) 8.51 (3.78)
1Y@ = b= 5.92 (2.92) 6.81 (2.95) 7.7 (2.97) 8.59 (2.97)
1P — Ball~ 5.59 (2.95) 6.48 (2.97) 7.38 (2.97) 8.25 (2.92)
IV® = Bu)ll 5.91 (2.91) 6.8 (2.93) 7.68 (2.92) 8.06 (1.28)
Table 4
Spatial accuracy of the (3,2) PA scheme in 1D. —log,,E (and local order &) vs. h. P2/P1 FE, T = 1,At = h'®,
E\h 0.8/80 0.8/160 0.8/320 0.8/640
= g 7.74 (3.16) 8.68 (3.11) 9.61 (3.08) 10.5 (3.05)
1V (1 = up) |~ 4.94 (2.01) 5.54 (2) 6.14 (2) 6.75 (2)
o — vl 6.98 (3.29) 7.97 (3.27) 8.94 (3.25) 9.91 (3.21)
IV (2 = vy)l~ 4.49 (2.04) 1(2.01) 5.7 (2) 6.31(2)
1P = Pl 3.88 (2.02) 449 (2) 5.09 (2) 5.69 (2)
IV® = bl 2.66 (1.02) 2.97 (1.01) 327 (1) 3.57 (1)
Ip = Brll~ 5.44 (2.75) 5.98 (1.82) 6.56 (1.9) 7.15 (1.97)
IV = br)ll 2.67 (0.999) 2.97 (0.998) 327 (1) 3.57 (1)
Table 5
Spatial accuracy of the (3,2) SC scheme in 1D. —log,,E (and local order o) vs. h. P2/P1 FE, T = 1, At = h'®
E\h 0.8/80 0.8/160 0.8/320 0.8/640
= g 4(1.68) 451 (1.69) 5.02 (1.7) 5.54 (1.71)
1V (u = up)|= 1.49 (0.671) 1.7 (0.683) 1.91 (0.696) 2.12 (0.705)
o — vl 6.71 (2.74) 7.54 (2.74) 8.36 (2.75) 9.18 (2.72)
IV (¥ = vp)ll;~ 4.05 (1.78) 458 (1.78) 5.12 (1.78) 5.65 (1.77)
1P = Pl 3.88 (1.99) 4.48 (1.99) 5.08 (2) 5.68 (2)
IV® = )l = 2.66 (1.02) 2.97 (1.01) 3.27 (1.01) 3.57 (1)
Ip = Brll~ 5.35 (1.96) 5.95 (1.97) 6.55 (1.99) 7.15 (1.99)
IV = br)ll 2.67 (0.998) 2.97 (0.997) 3.27 (0.999) 3.57 (0.999)
Table 6
Spatial accuracy of the (3,2) PA scheme in 1D. —log;,E (and local order ) vs. h. P2/P2 FE, T = 1,At = h'.
E\h 0.8/80 0.8/160 0.8/320 0.8/640
flu = uap 7.75 (3.15) 8.68 (3.11) 9.61 (3.08) 10.5 (3.05)
1V (u = up) |~ 4.94 (2.01) 5.54 (2) 6.14 (2) 6.75 (2)
o= vl 6.98 (3.29) 7.96 (3.27) 8.94 (3.25) 9.91(3.21)
IV (2 = vg)ll;~ 449 (2.04) 5.1 (2.01) 5.7 (2) 6.31(2)
1P = Pl 3.89 (2.02) 4.49 (2.01) 5.1(2) 5.7 (2)
1Y@ = p)l 426 (2.02) 487 (2.01) 5.47 (2) 6.07 (2)
|lp = Dnll~ 4.7 (2.16) 5.32 (2.06) 5.93 (2.02) 6.53 (2.01)
[IV(p = Pn)|lp= 2.01(1) 231(1) 2.61(1) 292 (1)
Table 7
Spatial accuracy of the (3,2) SC scheme in 1D. —log,,E (and local order o) vs h. P2/P2 FE, T = 1, At = n'?
E\h 0.8/80 0.8/160 0.8/320 0.8/640
flu = 531 (1.94) 5.89 (1.94) 6.48 (1.95) 7.07 (1.96)
197 (= up) |~ 2.6 (0.938) 2.89 (0.94) 3.17 (0.948) 3.46 (0.954)
o= vpll 7.41(3) 8.31(3) 921 (3) 10.1 (3)
IV (2 — o)l 45 (2) 5.1(2) 5.7 (2) 6.31 (2)
1P = Pl 3.89 (1.99) 4.49 (1.99) 5.09 (2) 5.69 (2)
IV® = p)ll~ 429 (1.98) 4.88 (1.99) 5.48 (1.99) 6.08 (1.99)
1P — Pl 3.7 (1.13) 4.05 (1.16) 441 (1.18) 477 (12)
IV® = )l 0.997 (0.119) 1.04 (0.154) 1(0.178) 1.15 (0.193)




3442 J.-G. Liu et al. /Journal of Computational Physics 229 (2010) 3428-3453
elements respectively for velocity and pressure in Tables 4 and 5, and use P2 elements for both velocity and pressure in
Tables 6 and 7.

For the (3,2) PA scheme with P2/P1 elements, all errors in Table 4 exhibit the same convergence rate as interpolation. For
the (3,2) SC scheme, however, the velocity errors in Table 5 exhibit fine-scale oscillations near the boundary, particularly the
horizontal velocity, and the order of convergence is degraded. See the error plots in Fig. 4.

Results using P2 elements for all variables are in Tables 6 and 7. Note that while the pressure gradient Vp, exhibits sec-
ond-order accuracy in space (the same order as interpolation error for P2 elements), the pressure p, itself exhibits only the
same second-order accuracy, which is one order less than interpolation error. This may be due to a breakdown of the typical
duality argument for optimal approximation in the elliptic problem (10) that determines the Stokes pressure. The sharp esti-
mate from [19] in (22) indicates that the Stokes pressure gradient is a second-order operator on the velocity field, and con-
sequently the pressure is a first-order operator. The second-order accuracy in space for pressure with P2 elements is
consistent with this similarity to velocity gradients. We might then expect the pressure gradient to exhibit first-order accu-
racy (like second derivatives of velocity) instead of the observed second-order accuracy.

For the (3,2) PA scheme with P2/P2 elements, we remark that the error p — p;, is smaller than the error p — p,,. But the
former is dominated by grid-scale oscillations, resulting in gradient errors of similar magnitude.

The spatial convergence rates for the (3,2) SC scheme with the P2/P2 finite-element pair are less than optimal for hori-
zontal velocity and especially its gradient. The error # — u;, appears to be dominated by high-frequency grid-scale oscillations
near the boundary. The pressure error p — p, based on the approximation in (42) is also dominated by oscillations in this
case. Note that only the vertical velocity v, is corrected by the projection step in this 1D problem—the horizontal velocity
is not affected by slip-correction.

6. Numerical tests in 2D

In this section, we report the results of tests on the stability, accuracy and benchmark performance of the PA and SC finite-
element schemes described in Section 3 for several basic 2D examples. All the finite-element computations are performed
using Lagrange piecewise polynomial isoparametric C° finite elements of equal order for both velocity and pressure
[27,11]. For benchmark problems including driven cavity flow, flow over a backward-facing step and flow past a cylinder,
for the most part we use piecewise quadratic (P2) elements.

Our stability and accuracy tests all use the same explicitly specified smooth solution, given by

Uex = COS(t) cos?(mx/2) sin(my), (96)
Vex = — €OS(t) sin(7x) cos?(my/2), (97)
Dex = COS(t) cos(mx/2) sin(my/2). (98)
“Tu —uy, v —up “4p —ph Sp —Pn
1x10 1x10 5.5x10 2x10
0 N 0 A 5 v 0 \
-1 -1 45 -2
0 05 1 0 05 1 0 05 1 0 05 1
4 —uy, 6y — ~4p —pp Sp —Dn
5><10 2x10 5.5x10 0x10
° ’ ° \/ B \
-5 -2 4.5 -2
0 05 1 0 05 1 0 05 1 0 05 1
T —up, v -y, 4P —Ph 4P —Dn
x 10 1><10 5.5><10 2><10
0 N 0 /\ 5 \/ o e
-2 -1 4.5 -2
0 05 1 0 05 1 0 05 1 0 05 1
“Su—up Bv—wp 4 —ph 4P —Pn
2x10 1x1O 5.5x10 5x10
0 H 0 WM 5 \/ 0 M
-2 -1 4.5 -5
0 05 1 0 05 1 0 05 1 0 05 1

Fig. 4. From top to bottom: error plots for (3,2) PA-P2/P1, (3,2) SC-P2/P1, (3,2) PA-P2/P2, and (3,2) SC-P2/P2 schemes. Forty elements for each variable.

At =h"* =0.0028,T=1.
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We take v = 1, and use forcing f and boundary values g for velocity determined as necessary to yield the same exact solution
in each case.

The finite-element package we have implemented is in some sense an upgraded version of iFEM due to Long Chen (GNU
Licensed, see http://math.uci.edu/~chenlong/iFEM.html). iFEM is an adaptive piecewise linear finite-element package based
on MATLAB. It uses a beautiful data structure to represent the mesh and also provides efficient MATLAB subroutines to
manipulate the mesh (e.g., see [8,1]). In particular, local refinement and coarsening can be done fairly easily. For our pur-
poses, we have extended it to isoparametric Lagrange elements up to P5. The finite-element mesh is generated using Dist-
Mesh of Persson and Strang [23]. The contour plots on unstructured meshs are generated by the MATLAB routine
tricontour.m due to Engwirda [10].

6.1. Stability

We checked the nonlinear stability of several PA and SC finite element schemes by integrating the full NSE to time
T = 10,000. The domain (a square with hole) and mesh used are shown in the left half of Fig. 5. If any element has an edge
on the circle, it is an isoparametric element. We used 324 P2 finite elements (dof = 740) for each variable.

With (3,2) PA and SC schemes, the computations were observed to remain stable to time T = 10, 000, for values of At as
large as 8 with errors no larger than O(1). Similar results were obtained for these schemes with P1 (piecewise linear) and
with P4 finite elements.

The (3,3) and (4,3) PA and SC schemes in a square with hole were observed to have a time-step restriction for stability of
possibly diffusive type. See Table 8.

For (3,3) and (4,3) PA and SC schemes in the annulus, we calculated the eigenvalues of largest magnitude using the Matlab
function eigs, adapting the formalism of Section 5.2 to the fully discrete scheme in 2D. The largest magnitude was observed
to be less that 1 for At less than a critical value At. that depends weakly on the mesh size, in the way reported in Table 9.
These results suggest that the phenomenon observed for these schemes in 1D, namely stability for small time steps indepen-
dent of mesh size, may indeed hold also for smooth 2D domains.

6.2. Temporal accuracy

We perform temporal accuracy checks in two different domains: an annulus, and a square with a hole. One has smooth
boundary, and the other has corners. We use P4 isoparametric finite elements. The coarsest meshes used are pictured in
Fig. 5. These meshes were used with At = 0.04 for Tables 10-12. When At is reduced by half, one triangle breaks into 4
triangles.

Third-order schemes. We only show results for the (3,2) SC scheme, since results for the PA scheme are similar. See Tables
10 and 11. The pressure gradient shows slightly degraded accuracy in the square with hole. In Fig. 6 we show a mesh plot of
the pressure error in the square with hole for the (3,2) PA and SC schemes. One sees steep gradients near the corners, where
the formal analysis of Section 3 evidently breaks down. Max-norm errors are strongly affected by behavior in the corner, and
for this reason we tabulate L* norms for pressure error and its gradient in Tables 10 and 11.

Second-order schemes. For purposes of comparison, in Table 12 we provide results of an accuracy check for a (2,1) SC
scheme, which is formally second-order accurate in time. We are not aware of previously published results using such a fi-
nite-element method, which is based on a time discretization close to the original Kim-Moin finite-difference scheme de-
scribed for a staggered grid in [18]. Comparison of Tables 11 and 12 indicates that for this smooth test problem the
third-order schemes are substantially more accurate than the second-order (2, 1) SC scheme, with essentially the same cost.
Note that here we have nonhomogeneous boundary conditions and are using P4 elements with an unstructured grid in a
domain with corners and a hole.

Qv D < A%
/N
ARSI

Fig. 5. Finite-element meshes for stability and temporal accuracy checks. Square with hole: {(x,y)[r> <x*+y?, |x|,|ly| <R}. Annulus:
{(x)Ir? <x* +y* <R*}. (r,R) = (0.2,05).
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Table 8

Largest time step for linear stability of PA schemes in a square with hole. N = number of refinements from grid in Fig. 5.
At \ N 0 1 2
(3,3) P1/P1 0.0448 0.0155 0.00067
(3,3) P2/P2 0.0002685 0.0000733 0.0000182
(4,3) P1/P1 0.0485 0.0168 0.00074
(4,3) P2/P2 0.0002909 0.0000805 0.0000200

Table 9

Largest time step for linear stability of PA schemes in annulus. N = number of refinements from grid in Fig. 5.
Ate \ N 0 1 2
(3,3) P1/P1 0.022 0.014 0.010
(3,3) P2/P2 0.007 0.005 0.005
(4,3) P1/P1 0.024 0.017 0.014
(4,3) P2/P2 0.011 0.011 0.010

Table 10

Temporal accuracy, (3,2) SC scheme in annulus. —log,,E (and local order «) vs. At. P4 isoparametric FE, T = 2.
E\ At 0.02 0.01 0.005
[l — up|| = 5.76 (2.58) 6.66 (2.99) 7.57 (3.04)
IV (u = up)||~ 4.06 (2.93) 5.01 (3.13) 5.94 (3.1)
[lp — pnll,2 4.18 (2.5) 5.06 (2.93) 5.96 (2.98)
V(D — pn)ll 2 3.68 (2.52) 4.56 (2.93) 5.45 (2.96)
[lp = Pnll2 4.17 (2.52) 5.06 (2.94) 5.96 (2.98)
V(D — pn)ll 2 3.63 (2.8) 4.53 (2.99) 5.4 (2.92)

Table 11

Temporal accuracy, (3,2) SC scheme in square with hole. —log,,E (and local order «) vs. At. P4 isoparametric FE, T = 2.
E\ At 0.02 0.01 0.005
[l — up]| = 5.74 (3.64) 6.64 (2.99) 7.56 (3.04)
IV (u — up) ||~ 3.87 (3.44) 4.87 (3.31) 5.83 (3.2)
[lp = Pnll2 4.17 (3.71) 5.05 (2.94) 5.96 (3)
[IV(P = pn)ll 2 3.53 (3.58) 4.38 (2.82) 5.21 (2.77)
[lp = Pnll2 4.16 (3.71) 5.05 (2.95) 5.96 (3)
[IV(P =)l 2 3.38 (3.5) 4.29 (3.03) 5.14 (2.82)

Table 12

Temporal accuracy, (2,1) SC scheme in square with hole. —log;,E (and local order o) vs At. P4 isoparametric FE, T = 2.
E\ At 0.02 0.01 0.005
[[u — up|| = 3.61(1.9) 4.21 (1.99) 4.82 (2.04)
IV (u—up)||= 2.09 (1.92) 2.69 (1.99) 3.3 (2.03)
[lp = pnll2 2.02 (1.91) 2.61 (1.98) 3.22 (2.02)
IV —pu)ll2 1.41 (1.84) 1.97 (1.87) 2.52 (1.84)
[lp = Pnll2 2.02 (1.91) 2.61(1.98) 3.22 (2.02)
IV - bn)ll 2 1.41(1.84) 1.97 (1.87) 2.52 (1.83)

Fourth-order scheme in a smooth domain. We also provide results of an accuracy check for a (4,3) PA scheme in an annulus
(which has smooth boundary) in Table 13. For stability reasons the largest time step we take is At = 0.01, smaller than that
used in the previous tables. The coarsest mesh used is that in Fig. 5, used when At = 0.01. The results demonstrate better
absolute accuracy than the (3,2) SC scheme in Table 10 for comparable step sizes, but they fall short of fourth-order accuracy,
especially for Vpy,, whose absolute accuracy is rather good but does not improve with refinement in this test. It appears that
the error in p,, in Table 13 exhibits fine-scale oscillations like in Fig. 4 for the (3,2) PA scheme with P2/P2 elements. The error
in p, and Vp, decreases steadily, however.
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Fig. 6. Pressure error in the square with hole for the (3,2) PA (left) and SC (right) scheme. At = 0.02. 1296 P4 elements for each variable. T = 2. Only values
at the vertices of triangles are used in the plots.

Table 13

Temporal accuracy, (4,3) PA scheme in annulus. —log;E (and local order a) vs At. P5 isoparametric finite elements are used. T = 2.
E\ At 0.01 0.005 0.0025
[ — up|| = 8.42 9.52 (3.68) 10.6 (3.67)
IV (u—up)|= 6.97 8.03 (3.52) 9.07 (3.45)
[lp — pnll2 7.59 8.71 (3.72) 9.85 (3.79)
[IV(P = pn)ll2 6.39 7.56 (3.89) 8.66 (3.64)
[lp — Pnll,2 7.57 8.7 (3.74) 9.84 (3.81)
[IV(p = )l 2 6.12 6.58 (1.54) 5.83 (-2.5)

6.3. Benchmark tests with finite elements

In this subsection, we test our schemes on the benchmark problems of driven cavity flow (with v = 1/1000), flow over a
backward-facing step (with v = 1/100 and v = 1/600) and flow past a cylinder (with v = 1/1000). We use P1 finite-element
or P2 and P4 isoparametric finite-element discretization. To save space, we only show results for the (3,2) SC and (3,2) PA
schemes. We emphasize the (3,2) SC scheme since the performance of the (3,2) PA scheme is always at least as good.

For the driven cavity flow, we compute the flow in the domain [0, 1] x [0, 1] and start from rest, impulsively imposing hor-
izontal velocity u = 1 on the top boundary for t > 0. Following [7], we plot the contours of vorticity with values [-5, —4, —3,
-2,-1,-0.5,0,0.5, 1, 2, 3] and the contours of pressure with values [0.3,0.17,0.12,0.11, 0.09, 0.07, 0.05, 0.02, 0, —0.002]. the
pressure is set to be zero at (0.5,0.5) which is the center of the cavity. (For the SC scheme, we report the pressure computed
from the final velocity field using (19), with the convective form of the nonlinearity and not the rotational form which yields
a different pressure.) The computational mesh used is a 64 x 64 stretched rectangular grid subdivided into triangles, one
refinement of the grid shown in [20]. We refer to computational results of [18,7] for comparison. Although we use a rather
coarse mesh, the vorticity and pressure contour plots agree quite well with [7].

For the backward-facing step, we compute the flow in the domain

Q=10,1] x [-0.5,0.5]\ [0,0.5] x [~0.5,0]

e I s
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Fig. 7. Mesh used in backward-facing step flow computation when v = 1/600 and in flow past a cylinder calculation when v = 1/1000.
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Fig. 8. Driven cavity, v = 1/1000. P1/P1 with 8192 P1 elements (dof = 4225) for each variable. i, = 0.00594, hy.x = 0.0397, At = 0.006, T = 50. Top: (3,2)
SC scheme. Bottom: (3,2) PA scheme. From left to right: vorticity contour plots, pressure contour plots.

Fig. 9. Backward-facing step. v =1/100. P1/P1 with 6640 P1 elements (dof = 3487) for each variable. hyi, = 0.00783, hpnax = 0.116, At = 0.006, T = 20.
X/S = 2.84. Left: (3,2) SC scheme. Right: (3,2) PA scheme.

Fig. 10. Backward-facing step. v = 1/600. 1700 P2 elements (dof = 3925) for each variable. hy,, = 0.0186, hpm.x = 0.334, At = 0.003,T = 120. Top: (3,2) SC
scheme, X; /S = 8.86, X»/S =15.5, X3/S =9.9. Bottom: (3,2) PA scheme, X; /S = 8.86, X,/S =15.55, X5/S=9.9.
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with no-slip boundary conditions everywhere except at the inflow boundary x = 0 and the outflow boundary x = L. We take
L =8 when v = 1/100, and take L = 20 when v = 1/600. But we will only show results near the step. We start from rest and
gradually increase the boundary velocity (u, v) to (12y(1 — 2y), 0) at the inflow boundary and (-3y? + 3/4,0) at the outflow
boundary, with no net influx at each time. The time-dependent function we used for gradually increasing velocity is
(1 — cos(mt))/2 on [0, 1]. So, when t is large, the mean inflow velocity is 1 which leads to Re=1/v when we use twice the step
size as reference length. The computational mesh for v = 1/600 is shown in Fig. 7. Once the velocity field is obtained, we
calculate the stream function and then show its contour plot. Once again, we obtain results that agree rather well with
[2,18] using a rather coarse mesh.

For the flow past a cylinder, we follow the setup in [15]. Then the domain is [0, 2.2] x [0,0.41]\(x — 0.2)> + (y — 0.2)* < 0.05%}.
(Note that the hole is slightly off-center.) The time-dependent inflow and outflow profile (see Figs. 8-10)

04

0 0.5 1 1.5 2

Fig. 11. Flow past a cylinder. v = 1/1000. 763 isoparametric P4 elements (dof = 6322) for each variable. The velocity at t = [2,4,5,6,7,8]. At = 0.0004.
Rmin = 0.00822. hpmax = 0.117. (3,2) SC scheme.
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u(t,0,y) =u(t,2.2,y) = 0.417* sin(nt/8)(6y(0.41 — y),0) (99)

is prescribed. v is chosen to be 1/1000. Based on the maximum velocity Un.x = 1 and the diameter of the cylinder L = 0.1, the
Reynolds number of the flow is 100. The computational mesh is shown in Fig. 7 and the contour plot of the stream function at
t=[2,4,5,6,7,8] is shown in Fig. 11.

For comparison with [15] we also calculate the drag and lift coefficients, denoted by c,(t) and ¢(t), which are the x and y
components of the quantity

=
—— [ Vopu—pn (100)
2 n kl
LU, i« /s
where S is the surface of the cylinder. Since our goal is to test the scheme, we faithfully calculate these quantities by surface
integration, instead of transforming them into volume integrals, which is known to be more accurate. We also calculate
when the maxima of ¢4 and ¢; occur, and compute the pressure difference between the front and the back of the cylinder

Ap(t) = p(t,0.15,0.2) — p(t,0.25,0.2). (101)

Since we use rotational form for the nonlinear term in the SC calculations, the pressure we obtained is different from the
standard pressure by 1 |u*. But because u vanishes on the cylinder surface, we have used our pressure directly. As we have
mentioned, we do not need to solve an extra Poisson equation to obtain this pressure.

The results for both the (3,2) SC and PA schemes with P4 isoparametric elements are shown in Fig. 12. Agreement with the
reference results of [15] appears good, given that we use a grid roughly comparable to the coarsest grid (level 1) used in [15].

Y, )=3.9348 ¢, _ =2.9203 tc  )=5.6932,c _ =0.47756 Ap _ =2.3219, Ap(8)=-0.11148
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Fig. 12. From left to right: the drag and lift coefficients cy4, ¢; and pressure difference between front and back of the cylinder Ap for flow past a cylinder with
v =1/1000. Mesh is in Fig. 7. At = 0.0004. 763 isoparametric P4 elements (dof = 6322) for each variable. Top: (3,2) SC scheme. Bottom: (3,2) PA scheme.
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If we follow [15] and use [2.95092,0.47795,—0.1116] as reference values for the maxima of ¢4, c; and Ap(8), the relative er-
rors of those quantities are

0.73%, 0.08%, 0.11%] and [0.11%, 0.25%, 0.02%]

for the SC and PA schemes, respectively. We have also used P2 elements instead of P4, with the same time step At = 0.0004,
but with one global refinement of the mesh in Fig. 7, so that the number of degrees of freedom remains the same. Then the
relative errors in the maxima of ¢4, ¢; and Ap(8) change to

[3.19%, 2.10%, 0.14%] and [0.33%, 1.65%, 0.40%]

for the SC and PA schemes respectively. We mention that if we increase At from 0.0004 to 0.0005, and keep the other param-
eters the same as in Fig. 11, the solution blows up around t = 3 (after about 6000 time steps).

7. Conclusions

The well-posed formula (18) that expresses pressure in terms of current velocity and forcing fields, via the Laplace-Leray
commutator, has enabled us to study in a rather simple way the formal accuracy of time-difference schemes for incompress-
ible viscous flow. We used the commutator formula in (9) and the concept of Stokes pressure to explain the accuracy of exist-
ing pressure-approximation and pressure-update projection methods, to devise improved approximations for computation
of pressure, and to derive new higher-order slip-corrected projection methods. The slip-correction methods are closely re-
lated to the original Kim-Moin scheme from [18] which was devised for a staggered finite-difference grid. At the space-con-
tinuous level, the Kim-Moin scheme corresponds to a (2,1) SC scheme here with second-order Crank-Nicolson time
differencing and first-order extrapolation for slip correction.

Stability. Our numerical tests indicate that, with no more cost than traditional 2nd-order methods, one can achieve third-
order accuracy in time for both velocity and pressure, using (3,2) PA or SC schemes that retain stability with large time steps
at low Reynolds number. In tests in smooth domains it appears one may even achieve fourth-order accuracy using (4,3) PA or
SC schemes for the Stokes equations with a stability restriction on At that appears independent of the spatial grid size h. In
domains with corners, however, (4,3) and (3,3) schemes appear subject to a diffusive time-step restriction with the spatial
discretizations that we tested.

In general it is not clear just how the implicit treatment of viscous terms enhances stability, but the effect naturally
diminishes when viscosity becomes sufficiently small. Our tests on benchmarks involve Reynolds numbers in the hundreds,
and here we do encounter practical time step restrictions for stability of (3,2) PA and SC schemes. For these tests we find that
we need UpaxAt/hmin = O(1) where hp, is the size of the smallest edge in the mesh and each edge contains k + 1 grid points
for P, elements. This appears roughly consistent with a CFL constraint based on the explicit treatment of convection terms.

Accuracy. An interesting fact seen in our formal accuracy analysis is that the projected (divergence-free) velocity satisfies
a discretized momentum equation that is fully implicit as regards the Stokes pressure (the viscous part of total pressure).
This is a consequence of the commutator formula in (9) and holds for many different projection and time-splitting methods.
It does not mean that we need to solve a coupled system for velocity and pressure, however.

The formal analysis indicates that, as with any of the known projection methods, weak boundary layers usually remain in
higher gradients of velocity and pressure. In the numerical tests for (3,2) PA and SC schemes, there are some indications of
degraded accuracy in such quantities, especially near corners in the domain. Improved understanding and handling of cor-
ners would be desirable. Future work is also needed to understand better the impact of spatial discretization on stability and
error, especially near boundaries.

Finite elements and the inf-sup condition. A potentially important finding in this paper is that for PA and SC schemes we
have observed good stability and accuracy in tests and benchmark problems using simple Lagrange finite elements of equal
order for velocity and pressure. This suggests that there is far more flexibility in choosing methods for space discretization in
schemes of this type than is traditionally possible for incompressible flow problems using finite elements without stabiliza-
tion techniques (as in [3,4], for example). For three-dimensional problems, for example, where complex mesh geometry may
demand a simple approach, a (2,2) or (2,1) PA scheme with piecewise linear elements (P1/P1) could be considered. (Our
numerical tests for a smooth test problem have indicated a substantial improvement in temporal accuracy with third-order
schemes, however.) Alternatively, for situations that demand high accuracy, high-degree elements might be used without
regard to velocity-pressure compatibility.

Many traditional finite-element discretizations of mixed formulations of the Stokes equations with divergence constraint
require the spaces for velocity and pressure approximations to satisfy the inf-sup (Ladyzhenskaya-Babuska-Brezzi) condi-
tion: there should exist ¢ > 0 independent of the discretization parameter h such that

inf sup (V- on,qy)

>c>0. 102
a<¥n opexy |V 2ll]|Gnll 1o

The role of this condition is to ensure stability and accuracy for the pressure as determined by the mixed formulation. But as
is well known, Lagrange finite elements of equal order for velocity and pressure fail to satisfy this condition.
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As we emphasized in Section 2, however, the pressure is necessarily determined by formula (18), for strong solutions of
the Navier-Stokes boundary value problem (1)-(3). This should mean that whenever one can compute an accurate velocity,
one can compute an accurate pressure from the weak form (19) or the Poisson BVP (20) and (21). The inf-sup condition (102)
should play no role in this. (See also [20] for more discussion, where stability of a C' finite-element scheme for steady-state
Stokes equations is proved, by using simply the Lax-Milgram lemma instead of the inf-sup condition.) But while our numer-
ical tests are suggestive, we have no real reason why PA and SC schemes appear stable irrespective of the inf-sup condition,
while PU schemes do not. Clearly, much regarding the role of the inf-sup condition with regard to stability and accuracy of
projection methods remains to be explained.

Comparisons. The new slip-correction schemes appear to have stability properties similar to corresponding pressure-
approximation schemes. In our implementations, however, higher-order PA schemes seem to be somewhat more robust than
their SC counterparts in terms of spatial accuracy and accuracy near boundaries and corners. Pressure-update (PU) schemes
are somewhat simpler to describe and to code, but appear far less stable with finite-element pairs that violate the inf-sup
condition.

Finally, we remark that certainly one can consider schemes that combine the pressure-approximation, slip-correction,
and pressure-update strategies as we have discussed. This may involve additional cost per time step, but it allows one to
use lower-order extrapolation while retaining accuracy in the overall scheme. Whether such combinations might yield gains
in stability or mitigate deficiencies in individual strategies remains to be seen.
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Appendix A. Time-discrete normal modes in a strip

Here we describe how to determine normal-mode solutions for the time-discrete schemes of Section 3.1 (slip-correction)
and Section 3.2 (pressure-approximation), in the strip —1 < x < 1 as in Section 5.1. From this analysis we will get a stability
condition for the time step that is consistent with the numerical observations from Figs. 1 and 2, namely that the (4,3) and
(3,3) PA and SC schemes are stable for time steps below a critical value independent of spatial grid size.

With zero forcing and boundary velocity and neglecting nonlinear terms, we look first for solutions of the time-discrete
SC scheme (29)-(31) with the form

u' = K"u(x,y) = K" (u(x), iv(x))
with corresponding notation for u" and g". We will find it convenient to define

Dy(2) = Z O{jkzj> Em(2) = Zﬁjmzj

j=0 j=1

We fix v = 1. The SC scheme requires

1 K k ; -
I (ocgu* +Zocju> =Au, inQ, u,=E&(k")Vq onT, (103)

j=1
u.=u+Vq, V-u=0 inQ, n-Vg"'=0 onT. (104)
We write separate equations for u# and q as in Section 3.1 by applying the projection 7 and using the commutator relation

(AP — PA)u, = Vp, where p = ps(u) is the Stokes pressure. The equations for u and g correspond to (36) and (39) respec-
tively, and take the form

Dk —Au+Vp=0, V-u=0 inQ, (105)
Ap=0 inQ, n-Vp=n-(A-VV)u onl, (106)
u+(1-En(k)Vg=0 onT, (107)

k
(%—A)q:p inQ, n-vg=0 onT. (108)
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With y-dependence proportional to €% in the strip —1 < x < 1, and with

k
@) =\E+ i), 2=+, (109)

and z = k', the equations become

([Lz—af)<i>+<?x>p:0, u—¢év=0 (-1<x<1), (110)
(E-Pp=0 (-1<x<1), &hp=~Ehv (x==1), (111)
u=0, v+(1-Enk)ég=0 (x==1), (112)
(P-2)qg=p (-1<x<1), &Hg=0 (x==1). (113)

We can separately study modes for which pressure, for example, has even or odd symmetry. Looking first for the latter, we
find that solutions with divergence-free velocity tangent to the boundary take the form

p(x) = Asinh &x (114)
_ pefcoshéx  cosh jix

u() 7Bg<coshi a cosh,a)’ (115)
_ p(¢sinhéx  psinh fix

vx) = B( cosh ¢ coshit )’ (116)

sinhéx  sinh/x
a0 = (St ) (117)

Zcosh¢  7.cosh/
On the boundaries x = +1, these forms satisfy u = 0 and 8,q = 0. The pressure boundary condition reads 8,p = 8, v = &2, so
it will automatically hold once the first component of (110a) is enforced. Imposing (110a) and the (113a) for g, we find that
A, B and C are related by the linear equations

-

A+lioshg§ B=0, (118)
Py

T Ecoshé (119)

so that (12 — £2)¢éB + (4% — €%)C = 0. Imposing the boundary condition (112b) for »and using this relation for B and C leads to
the equation that determines the growth factor x, which we write in the form

Fo(z,At,é) =0, z=kK", (120)
with F, defined via

Fo(z AtE) 0 . &

Wgtanhg—,utanhu—S(z)(gtanhif—TtanhA>, (121)
At

S@) =z D) (1 = En(2). (122)

0

The factor cosh jt is introduced in order to remove the poles arising from tanh z. This makes F, an entire (i.e., globally ana-
lytic) function of z.
For the mode with pressure having even symmetry, p = cosh éx, similar calculations lead to the dispersion relation

Fe(z,At,¢) =0, (123)
Fe(z At,Q) . . o . &
m = ¢coth ¢ — ficoth it — S(2) (é coth¢é — - coth A) . (124)

Again, F. is an entire function of z.

It turns out that exactly the same single-mode dispersion relations govern the time-discrete PA scheme.

Numerical study via winding number. To count all unstable odd modes (and similarly for even modes), for given values of
At and ¢, we want to count all solutions of (120) for which |z| < 1. From basic complex function theory, the number of solu-
tions of (120) satisfying |z| < R, counting multiplicity, is the winding number around zero of the closed curve F,(Ry, At, &),
where ) parametrizes the unit circle:

p(0) =€’ 0<0<2m (125)

If there are no zeros satisfying |z| = R, then the winding number is an integer, the total change in the complex argument di-
vided by 2. It turns out there is always a trivial zero at z = 1, since Di(1) = 0 and jt = &. It is convenient to remove this zero
and scale amplitudes, by defining
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Fig. 13. Largest stable time step At. vs. ¢ according to normal-mode theory.

~ Fo(z, At §)

(1+F@)"

(The parameter  is just a convenient number close to 1.) Thus, the quantity

, flo=

N(R) = ;—n /0 § d(arg f(Re"”)), (126)

the winding number of f(Ry) around zero, is the number of zeros of F, satisfying |z| < R, excluding z =1 (once, in case of
higher multiplicity).

We compute the winding number N(R) numerically using a simple adaptive stepping algorithm. We evaluate
fi =f(Rexpit;) for 0~ 0o < 0y < --- < 0, = 0g + 27, and accumulate 3, arg(fi/fi_1)/27 ~ N. The values 0; are determined
successively by doubling or halving the step 0;,1 — 0; to keep |1 — f;,1 /f;| within specified tolerances. This controls the relative
change in argf and |f|, and works well even when there is a zero of f very close to the circle |z| = R.

Using bisection in R for N(R), we can then find rather accurately (to a tolerance T = 0.0005 with no difficulty) a value R for
which the winding number satisfies N(R) = 0 < N(R + 7). Then 1/R is approximately the largest magnitude of any amplifi-
cation factor x for a mode with odd pressure in the space-continuous scheme. We perform the corresponding calculation
for even pressure modes and take the max. The results provide the solid curves in Figs. 1 and 2.

Recall that in Figs. 1 and 2, the results for the (3,3) and (4,3) schemes indicate that for £ = 1 there is a largest stable time
step At, > 0 independent of spatial resolution. The present normal-mode theory suggests that this remains true uniformly
for all wave numbers ¢. We compute At as a function of ¢ by fixing R = 1 and using bisection in At to find the largest At
where N = 0. The results are plotted in Fig. 13, and indicate that At. increases with ¢ but remains strictly positive in the limit
& — 0. (For ¢ =0.01, At. is 0.539 for the (4,3) scheme and 0.349 for the (3,3) scheme.) For the (4,3) scheme with ¢ =1 the
critical time step At. = 0.63 which compares well with the results in Figs. 1 and 2.
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