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Abstract

In this paper wetreat several aspects related to time integration methods for the incom-
pressible Navier-Stokes equations that allow to uncouple the calculation of the velocities
and the pressure. Thefirst family of schemes consists of classical fractional step methods,
of which we discuss several possibilities for the pressure extrapolation and the time inte-
gration of first and second order. The second family consists of schemes based on an ex-
plicit treatment of the pressure in the momentum equation followed by a Poisson equation
for the pressure. It turns out that this* staggered” treatment of the velocity and the pressure
isstable. Finally, we present predictor-corrector methods based on the above schemes that
aim to converge to the solution of the monolithic timeintegration method. Apart from pre-
senting these schemes and check its numerical performance, we also present a complete
set of stability results for the fractional step methods that are independent of the space
stability of the velocity-pressure interpolation, that is, of the classical inf-sup condition.

1 Introduction

The uncoupling of the pressure from the vel ocity in the numerical approximation of theincom-
pressible Navier-Stokes equations has been traditionally attempted using different approaches.
Perhaps the most well known is the use of fractional step methods, although there are other
techniques based on the solution of a pressure Poisson equation (see [9] for a review of this
type of methods) and predi ctor-multicorrector algorithms (either using asingle stage or amul-
tistage timeintegration). The interest for thistype of methodsistheir computational efficiency,
since only scalar equations need to be solved (see e.g. [12, 17]).

The objective of thispaper isto study severa aspects of some pressure segregation methods
for the transient incompressible Navier-Stokes equations using afinite element approximation
for the space discretization. Our reference will be the solution of the monolithic problem,
that is, the coupled calculation of the velocity and the pressure. Obviously, the fully discrete



and linearized monolithic scheme leads to an algebraic system the structure of which can
be exploited so as to solve independently for the velocity and pressure degrees of freedom.
However, we consider this a particular algebraic treatment of the final linear system that we
will not study in this paper (even though it might have a counterpart at the space-continuous
level).

It is not the purpose of this paper to discuss how to deal with the pressure interpolation.
All our discussion will be based on a Galerkin finite element interpolation for the velocity and
the pressure. If the velocity-pressure pairs satisfy the classical inf-sup condition, that will yield
a stable pressure approximation. Otherwise, if for example equal velocity-pressure interpola
tion is used, the Galerkin formulation can be modified to a stabilized finite element method
for which all the discussion that follows could be easily adapted. Likewise, no stabilization
methods for the convective term when it dominates the viscous one will be taken into account,
although these could also be easily incorporated to what follows. An example of this is the
work presented in [4], of which part of the present work is a continuation.

Referring to the time integration, we will concentrate on first and second order implicit
finite difference schemes. The backward Euler method will be used for the former, whereas
for second order methodswe will consider both the Crank-Nicolson and backward differencing
(or Gear) schemes. We will refer to the first and second order backward differencing schemes
as BDF1 (which coincides with backward Euler) and BDF2, respectively.

After describing the problem and itstime and space discretization in Section 2, the methods
we wish to consider are presented in Section 3. Thefirst family is the classical fractional step
methods. Our approach here isto present the splitting at the pure algebraic level, asin[13, 14],
rather than at the space continuous level asit was donein the original works of Chorin [3] and
Temam [16] and which is still the most common approach. The algebraic viewpoint obviates
the discussion on the pressure boundary conditions (which neverthelessit is obviously there).

The second family of methods is the one based on a particular pressure Poisson equation
presented in [11]. The momentum equation can be solved treating the pressure explicitly, and
then updating the pressure. Contrary to classical fractiona step methods, in this case there
is no intermediate velocity to deal with. However, the velocity obtained with this scheme is
not (weakly) divergence free for the discrete problem. Our contribution here is to compare
methods based on this approach with the fractional step methods discussed previously. We
explicitly show the equivalence between this momentum-pressure Poisson equation approach
and classical splitting methods.

The third and last family of methods is of predictor-multicorrector type in the spirit of [1]
(see also references therein). Starting from fractional step methods, we propose an iterative
scheme the goal of whichisto converge to the solution of the monolithic problem. The robust-
ness of this scheme relies on the presence of aterm that is motivated precisely by the starting
splitting method.

An important part of this paper is devoted to the stability analysis of the fractional step
methods presented. Thisis done in Section 4. Four methods are considered. In the first two, a
first order time integration is used, both with afirst and a second order splitting error. For the
third and fourth methods the splitting error is of second order, the same as the time integration
error. In one case the time integration is performed using the Crank-Nicolson method, whereas
the BDF2 scheme is used in the last case. Two of these four stability results were already
presented in [4], whereas the other two are new. The important issue is that we do not rely on



the pressure interpolation, which leads to poor stability estimates for the pressure. They could
be improved either by making use of the inf-sup condition or by resorting to stabilized finite
element methods. Neverthel ess, we consider important to point out that some pressure stability
is obtained even if none of these possibilitiesis used.

In the last two sections of the paper (Section 5 and 6) we present some numerical examples
and draw some conclusions.

2 Problem statement

2.1 Continuous problem

Let 2 be the domain of R4 occupied by the fluid, where nyq = 2 or 3 isthe number of space
dimensions, I' = 02 its boundary and [0, T'] the time interval of analysis. The Navier-Stokes
problem consistsin finding a velocity « and a pressure p such that

du+u-Vu—vVu+Vp=Ff inQ, te(0,T), (1)
Vou=0 inQ te/(0,7T), @

u=0 onl, te(0,7T), (3)

u=u" inQ, t=0, 4)

where v isthe kinematic viscosity, f isthe force vector and u" isthe velocity initial condition.
We have considered the homogeneous Dirichlet boundary condition (3) for simplicity.

To write the weak form of problem (1)-(4) we need to introduce some notation. \We denote
by H'(£2) the Sobolev space of functions whose first derivatives belong to L?(€2), and by
H;y(92) the subspace of H'(€2) of functions with zero trace on I". A bold character is used for
the vector counterpart of these spaces. The L? scalar product in €2 is denoted by (-, ), and the
L2 norm by || - ||. To pose the problem, we also need the functional spaces Vi, = Hj(Q)™,
and Qy = {q € L*(Q) | [,q=0}, aswellasV = L*(0,T; V) and Q = L*(0,T; Q) for
the transient problem.

Assuming for simplicity the force vector to be square integrable, the weak form of problem
(1)-(4) consistsinfinding (u, p) € V' x @ such that

(Ou+u-Vu,v)+v(Vu, Vo) — (p,V-v) = (f,v), (5
for al (v,q) € Vi x Qy, and satisfying the initial condition in a weak sense. For the sta-
bility analysis of Section 4 it will be convenient to write the convective term uw - Vu in its

skew-symmetric form, that is, w - Vu + (1/2)uV - u, athough thisisirrelevant for the space
continuous case, whereV - u = 0.

2.2 Monolithic timediscretization

Let us introduce some notation that we will use throughout the paper. Consider a uniform
partition of the time interval of size §t, and let us denote by f" the approximation of atime



dependent function f at timelevel ¢ = ndt. For aparameter 6 < [0, 1], we will denote

fn+9 — efn-l-l + (1 o Q)fn,
5fn+1 = 5(1)fn+1 — fn+1 . fn’
gUAD it = O prit 50 =1,2,3, .

The discrete operators 6“+1) are centered. We will also use the backward difference operators
lenJrl — 5fn+1 — f'nJrl _ f'n’

1
D2fn+1 — 5(3.]071-1-1 o 4fn + fn—l)7
as well as the backward extrapolation operators

J/c\'inJrl — fn+1 . 5(z)f-n+1 — f-n+1 + O(étz)’
n+1 o
1 — f )

/;n-l-l — 2fn . fn—l. (7)

For the time integration of problem (5)-(6) we consider two types of finite difference approx-
imation. The first is the generalized trapezoidal rule, which consists of solving the following
problem: from known »”, find u"*! € Vi and p" ™! € Q, such that

), ®

1
Diuw™™ " vt ) + u(Vu T Vo) — (p" V) = (
(¢, V- u™?) =0, 9)

(52

for all (v,q) € Vi x Qq. Theforceterm ¥ in (8) and below has to be understood as the

time average of the force in the interval [t", t"*!], even though we use a superscript n + 6 to
characterize it. The pressure value computed here has been identified as the pressure eval uated
at t"+?, athough thisisirrelevant for the velocity approximation. The values of interest of ¢
are 0 = 1/2, corresponding to the second order Crank-Nicolson scheme, and § = 1, which
corresponds to the backward Euler method.

The second scheme is BDF2. In this case, u! can be computed from the backward Euler
method, whereas for n > 1 the unknowns u"*! € V and p"*! € Q. are found by solving
the problem

1 -n
(EDQU”“ + 4" Vu"t v) +u(Vu" T Vo) — ("L V) = (f i v), (10
(¢, V-u™h) =0, (11)

foral (v,q) € Vi X Q.

2.3 Finitedement discretization

Let 7;, denote a finite element partition of the domain 2 of diameter h, from which we con-
struct the finite element spaces (9, and V', o, approximationsto (), and V', respectively. The
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former is made up with continuous functions of degree k, and the other with continuous vec-
tor functions of degree k., verifying the homogeneous Dirichlet boundary conditions. In the
following, finite element functions will be identified with a subscript h.

The discrete problem is obtained by approximating « and p. We assume that ;' and p}
are constructed using the standard finite element interpolation from the noda values. From
problem (8)-(9), these are solution of the nonlinear algebraic system

M(S D Un+1 + K(un—l—@)un—f—@ +Gpn+9 Fn—f—@ (12)
DuU"t? =0, (13)

where U and P are the arrays of nodal unknowns for « and p, respectively. If we denote the
node indexes with superscripts a, b, the space indexes with subscripts i, 7, and the standard
shape function of node a by N¢, the components of the arrays involved in these equations are:

M = (N®, N®)d;;  (8;; isthe Kronecker ),

KU = (N up - VN®)o,; + ; (N (V- u ™ )NP) 6,5 + v(VN®, VN®)§,;,

G = (N2, 9;N?),

DY = (N*, 0;N"),

Fi - (Na7 fz)
It isunderstood that all the arrays are matrices (except F, which isavector) whose components
are obtained by grouping together the left indexes in the previous expressions (« and possibly
i) and the right indexes (b and possibly j). Likewise, (12) and (13) need to be modified to
account for the Dirichlet boundary conditions (matrix G can be replaced by —D" when thisis
done). Observe aso that we have used the skew-symmetric form of the convectiveterm, which
yields the convective contribution to matrix K(U™*?) skew-symmetric.

For problem (10)-(11) the resulting algebraic system is analogous to (12)-(13), ssmply
replacing D1U by D,U and evaluating the rest of theterms at n + 1 instead of n + 6.

3 Some pressure segregation methods

3.1 Fractional step methods

Thefirst family of schemeswe consider isclassical fractional step methods. They can beintro-
duced at this point, applied to the fully discrete problem (12)-(13). Thisis exactly equivalent
to

1

Ma(onﬁ-l _ Un) + K(un+9)un+9 + ’}/GPn — I:n-i—@7 (14)

1 ~
Ma(urrkl . Un+1) 4 G(Pn+1 . ’YPn) — 0’ (15)
DU =0, (16)



where U™ is an auxiliary variable and ~ is a numerical parameter, whose values of interest
are 0 and 1. At this point we can make the essential approximation

K(un+9)un+9 ~ K(OnJr@)OnJr@’ (17)

where Unt? := gU"+! + (1—6)U". Expressing U™ intermsof U™t using (15) and inserting
the result in (16), the set of equationsto be solved is

1 - ~ ~
M— (U™ —U") + KU ) U™ 4 7GP™ = F"*7, (18)
ot
StDM™'G(P™*! — 4P") = DU, (19)
1 ~
Mﬁ(un-ﬁ-l o Un+1) 4 G(Pn+1 _ ,ypn) — O, (20)

which have been ordered according to the sequence of solution, for U+!, P+ and U™, This
uncoupling of variables has been made possible by (17).

Even though problem (18)-(20) can be implemented as such, it is very convenient to make
a further approximation. Observe that DM ~'G represents an approximation to the Laplacian
operator. In order to avoid dealing with this matrix (which is computationally feasible only if
M is approximated by a diagonal matrix), we can approximate

DM~ 'G ~ L, withcomponentsL” = —(VN® VN?). (21)

Matrix L is the standard approximation to the Laplacian operator. Clearly, this approximation

isonly possiblewhen continuous pressure interpolations are employed. Likewise, it introduces

implicitly the same wrong pressure boundary condition as when the splitting is performed at

the continuous level (see[9] for adiscussion on boundary conditions for the pressure Poisson

equation). In [10], the use of approximation (21) isreferred to as * approximate projection”.
After using (17) and (21) the problem to be solved is:

1

Mﬁ(OnJrl _ Un) + K<0n+9)0n+9 +~GP" = Fn+9’ (22)
StL(P™*! — 4P™) = DU, (23)

1 ~
|\/|E(U”+1 — U™ + G(P" —4P™) = 0. (24)

In Section 4 we will consider three possibilities depending on the choice of 6 and . Formally,
it is easy to see that the splitting error, introduced by approximation (17), is of order O(4t)
when v = 0 and of order O(5t*) when v = 1 (observe from (15) that O(||U"+! — U™*+!||) =
5tO(]|P™ — ~Pm™|) in any norm ||-||). Thus, we will refer to the case v = 0 as the case with
splitting error of order 1, called SE1 in the following, and the case v = 1 as the case with
splitting error of order 2, called SE2. The three possibilities mentioned are:

e 0 =1,y =0. Method BDF1-SE1.
e =1,y =1. Method BDF1-SE2.
e 0 =1/2,v = 1. Method CN-SE2.



Method BDF1-SE2 will obviously be first order, and thus the second order splitting er-
ror unnecessary. However, this method has some interesting properties that will be discussed
below.

So far, we have considered the trapezoidal rule for the time integration. If, instead, we use
BDF2 with a second order splitting error, the final algebraic system will be

1 - - -
Mo (UM —4U"™ + U + K(UTHU™™ + GP™ = F, (25)
2 ~
SOtL(aP™ ) = DU, (26)
1 ~
Mo (U™ = 3U™) + G(9P™) = 0. (27)

We will call this method BDF2-SE2.

3.2 Momentum-pressure Poisson equation methods

In this section we discuss a family of methods that allow us to segregate the pressure calcula-
tion recently proposedin[11]. Theideaisto start with aformulation of the continuous problem
equivalent to (1)-(2) obtained by replacing the continuity equation by a pressure Poisson equa-
tion. The system of equations to be solved isthus

ou+u-Vu—vViu+ Vp = f, (28)
Vp=V-(f+vVu—u-Vu). (29)

The pressure boundary condition is obtained by imposing that the norma component of the
pressure gradient be equal to the normal component of the term within parenthesis in the
right-hand-side of (29). The viscous term in this equation could be deleted by assuming that
the divergence and the Laplacian operator commute, but this would lead to a non-physical
pressure boundary condition.

The key point is the way the pressure appearing in (28) and (29) is treated in the time
discretization. In principle, to guarantee that the incompressibility condition holds, both pres-
sures should be the same. However, another possibility is to use an explicit treatment of the
pressure in (28). Thisimplies that the incompressibility constraint will be relaxed, but allows
to uncouple the velocity and pressure calculation. Using a BDF time integration method of
order k, k = 1, 2, the equations to be solved are

1
EDk:un-i-l + un+1 . Vun—f—l . VVQun-H + Vp’];,n-f—l _ j:n-f—l7 (30)
Vit = v (gt vt 4 vt (31)

where p;""" is an explicit approximation to p"*! of order k. The right-hand-side of (31) is

cumbersome to evaluate numerically. Making use of (30) in (31) we can aternatively solve

1
EDk:un-i-l + un+1 . Vun—f—l . VVQun-H + Vp’];,n-f—l _ j:nJrl7 (32)
StV (p"t — ) = V- (Dpu ). (33)



Let us compare now these momentum-pressure Poisson equation methods with the frac-
tional step methods of the previous subsection when the space discretization is carried out. For
k = 1, problem (32)-(33) leads to

M%(Dlun“) +KUTHUT 4GP = B (34)

StL(P™ — Py = D(D, U™, (35)

whereas the algebrai c equations of the BDF1-SE1 of the previous subsection can be rearranged
toyield

M%(Dll]"“) +KUHU 4+ GP = Fr (36)

StL(P™! — P") = D(D,U"*1). (37)

It is observed that problems (34)-(35) and (36)-(37) are identical, provided the intermediate
velocity of the fractional step method is identified with the velocity to be computed at each
time step and the following two conditions hold: an initial pressure (which is unnecessary in
fractional step methods) is obtained from the equation §tLP° = DU° and the explicit first
order approximation to the pressureistaken asP"*! = p~.

In the case k£ = 2, problem (32)-(33) leadsto

1
M (DU 4 K(UTHHU™ 4 G(Py™) = Bt (38)
L<Pn+1 - P;,nJrl) _ D(%DQU”JA), (39)

whereas the algebraic equations of the BDF2-SE2 of the previous subsection, with an appro-
priate choice for the initial conditions, can be written as

1 o a1 1
M= (DU 1) 4+ KU U+ G, - 5P =F o
L(P+ — (§;’“ _ %52pn)) — D(%DQO’”‘“). (41)

Problems (38)-(39) and (40)-(41) are again identical, also identifying the intermediate veloc-
ity of the fractional step method with the velocity to be computed at each time step and taking

Pyt = ﬁ;ﬂ — %52P” as explicit second order approximation to the pressure at t"+!. There-
fore, scheme BDF2-SE2 can be consideread a particular case of (38)-(39).

3.3 Predictor corrector schemes

Starting from the fractional step method (22)-(24), a predictor multicorrector scheme is pro-
posed in [7] whose godl is to converge to the monolithic time discretized problem. We will
omit the details of the motivation. Denoting by a superscript 7 the ith iteration of the scheme,
the resulting linearized systemis

M_(unJrl,erl . Un) + K(un+9,z)un+9,z+1 + GPnJrO,z — Fn+9’ (42)

ot
5t|_(pn+9,i+1 o Pn+9,i) _ DUTH—H’H—I, (43)

8



Apparently, this is a straightforward iteration procedure for solving the original monolithic
problem (12)-(13) freezing the pressure gradient in the momentum equation. However, there
is a term whose presence would be hardly motivated by looking only at this system, namely,
the term §tL (P91 — pn+8.4) The motivation to introduce it comes from the inspection of
what happensin the fractional step scheme.

If instead of starting from the generalized trapezoidal rule the second order BDF scheme
is employed, the iterative scheme we proposeis

1

M2—&(3Un+1,i+1 L AUP UL 4 KU UL | Gl — kL (44)

2 | | |
FOL(PTTHITE — P = DUTTLT - (45)
with

Pn—i—l,O — 9p" — F)n—l7 (46)
UnJrl,O =U" — Unfl' (47)

Both (42)-(43) and (44)-(45) are iterative schemes in which the pressure calculation is un-
coupled from the velocity. Thisis why we have included them in this section about pressure
segregation methods. Their numerical performance will be discussed in Section 5.

4 Stability of fractional step methods

The goal of this section is to present stability estimates for the fractional step methods in-
troduced previoudly. Let us first introduce some additional notation. If X, Y are arrays,
{X"},=0,1,...n iSasequence of arrays of N + 1 termsand A asymmetric positive semi-definite
matrix, we define

(X,Y), := X - AY,
IX[la = (X - AX)V2,

X . " _
|Y]|=a :=sup ——— (here A isassumed to be positive definite),
o [[X]la

X"} el*A) < X', <C<x Vn=0,1,...,N,

N
{X"} e P(A) <= Zét“xnll’j <C<oo, 1<p<oo.

n=0

Here and in the following, C' denotes a positive constant, not necessarily the same at different
appearances.

A remark is needed when A = K. Thismatrix is not symmetric, but it has the contribution
from the convective term, which is skew-symmetric, and the contribution from the viscous
term, K,is., Which is symmetric and positive definite. We will simply write U - K(U)U =
U- KU = |JU|12.

Wewill makeusealsoof L™ := —L, which isthe positive semi-definite matrix correspond-
ing to the discretization of — V2.



These definitions will allow us to express our stability results in a compact manner. The
basic assumptionin all the cases will be that

N
> St|F? < C < oo, (48)

n=0

which is the matrix version of the classical condition required for the problem to be well
posed. Apart from this, no other regularity assumptions will be required. Thus, the following
estimates hold for the minimum vel ocity-pressure regul arity.

The first stability result we present was proved aready in [4]. For method BDF1-SE1, we
have:

Sability of BDF1-SE1:
{Ur} € £>(M), {U"} e (=(M)N2(K), {V5tP"} e (L")

The stability estimate for the pressure shows that the pressure gradient multiplied by 6t is
2 bounded. When 6t is of order O(h?) thisisoptimal [8, 2, 15]. For the velocity, the stability
estimates are optimal.

Method BDF1-SE1 isfirst order because of the order of both the time integration and the
splitting error. However, if we consider method BDF1-SE2, with a second order splitting error,
we obtain the same estimates for the velocity but much weaker estimates for the pressure. The
resultis:

Sability of BDF1-SE2:
{U"} € r=(M), {U"} e (=(M) N 2(K), {6tP"} € (=(L")

The stability estimate for the pressure is now multiplied by ¢ instead of /6t asin the
previous case, which makes it weaker (even though the temporal norm is stronger). The way
to improve it is by making use of the inf-sup condition, if it holds for the velocity-pressure
interpolation employed, or by using stabilization techniques.

Let us prove thisresult. First, let us write the scheme as

1 - - -
ME(UTLJA _ Un) 4 K(un+1)un+l 4 Gpn — FnJrl’ (49)
StL(OP™+Y) = DU, (50)

1 -
ME(U”“ — U™ + G(sP™) =0, (51)

Taking the inner product of (49) with 26tU™+! and usi ng the identity
(2a,a — b) := a* — b* + (a — b)?,
we get
UG = U+ (U = U5+ 26U [ + 2600 - GP™
= 26tUnTL L FHL < Gt | P2 4 ot U2, (52)

10



Multiplying (51) by 26tU™** we obtain
HUnJrIH%A _ HOnJrIH%A + HUnJrl _ OnJrlH’\ZA + 25tU™ ! . GsP™ ! = 0. (53)
Adding up (52) and (53) it is found that

U = U7+ U = WP U — U ot U
+ 201U GOP™MH!  26tU™ L . GP™ < §t||FHY2, (54)
Since (51) implies )
U™t — Ut = —6tMTIG(6P" ),

and G' = —D with the boundary conditions considered, we have that

U™t — U2 = 6°M TG (5P ) - G(6P™ )
= —3t*(6P"™) - DM™'G(SP™ ) = 6¢%||oP™ |2, (55)

being L}; := —DM™'G positive semi-definite.
From (50) we now obtain
261U . GP™ = —20tP™ - DU ! = 26¢°P™ . LT oP" !
= St (|P™HIE — 1P — [P 2. (56)

On the other hand, using again (51) and (50) we get

26tU™HL . G(OP™HY) = —26t(0P™ ) - D(U™! — tM ™' GoP™ )
= 26t*(SP™H) - LT (6P ) 4 202 (6P L) . DM G(6P"HY)
= 0t*||6P™ 124 + 68 (|oP T — at*||oP 12 (57)

beingB := DM~'G — L = L™ — L}, positive semi-definite (see [4]).
Using (55), (56) and (57) in (54), we find that

U5 = U5+ SO R + S8 IP™HIZ, — St [[PTIE. < ot F 12,

and summing fromn = 1ton = N, an arbitrary time level, we obtain

N
UM + > otz + 6 P2 < ¢, (58)

n=1

where C' includes the norm of the force vector and the initia condition. This inequality (58)
proves the desired stability estimate for method BDF1-SE2, except for the £>°(M) estimate for
{U"}, which is easily obtained from (51), the ¢>°(M) estimate for {U"} and noting that the
right-hand-side of (57) is non-negative.

For the CN-SE2 the stahility estimate was already obtained in [4]. The result is the follow-
ing:

11



Sability of CN-SE2:
{Ur} € £2(M), {U"} € (M), {Um1/2} e 2(K),
{6tP™} € (=(LY), {V6toP"} € 2(LT)

The same remarks as those made concerning the stability of method BDF1-SE2 apply now.
We therefore conclude that the pressure stability depends on how the splitting is done rather
than on the time integration scheme. Thisis also ratified by the stability estimate for method
BDF2-SE2, which we present now:

Sability of BDF2-SE2:
{Ur} € (M), {U"} € *(K),
{6tP"} € (=(LY), {V6toP"} € £2(LT)

We conclude this section by proving thisresult. Let us start by the method obtained without
using approximation (21). This method reads

1 - - -
Mﬁ(?,u“1 —4U" + UM+ K(UTTHUH - GP = P (59)
DU"t! =0, (60)
1 ~
Mﬁ(SU”“ —3U™™) 4+ G(oP™!) = 0. (61)

In this case, the velocity at the end of the step is divergence free (in the discrete weak sense).
Alternatively, (60) could be replaced by

2 ~
~5tDM'G(6P™ 1) = DU, (62)
3
in contrast with the pressure Poisson equation
2 ~
g575L(6P”+1) = DU™, (63)

that would be obtained making use of approximation (21). .
To obtain the stability of problem (59)-(61), let us start by multiplying (59) by 46tU"*!,
getting
(20, 30U — 4Um 4+ U, + 46t U2 + 4500 - GP”
— 451U FrE < 26t |FRHY12 + 268|012 (64)

Expanding the first term of (64) we get

(2071 3Unt —4Uu” + U™,
= (U 4+ 20T — Ut 3UMT! —4Un 4+ UM 43U - 3UMH),
= (2UmH 3UTT —4U” + U, (UM — 22U 3UMT — AUt 4+ UM,
+ (207 3Untt — 3untY,,. (65)
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Using the identity
(2a,3a — 4b+ c) == a®> — b* + (2a — b)* — (2b — ¢)* + (a — 2b + ¢)?,
we can manipulate the first term in the right-hand-side of (65) as follows:
(2Un+ 3Untt —4un + UMY,
= (U = ORI + 1207 = U — (20" — U+ (|8 U (66)
From (61) it follows that

- 2
untt —yntt = g5t|\/r1c3(5P”+1),
which can be used to express the second term in the right-hand-side of (65) as
~ 4
(Ut —2untt 3uUTtt —4uUr U, = —gét(éP”“)-D(:%U”“—4U”+U”‘1) =0, (67)

which is zero because of (60).
For the last term in (65) we have

3(20m T UM — U, = 3| UTTHE = 3Un TR 43U — U R (68)
Using (66), (67) and (68) in (65), and applying the result in (64) we obtain
BI|UMHH I = BU™HE 4 30T — U - U — U
+ 22U — U = 20" = UM 4 ([6PU T 4 268U
+46tU" T GP™ < 20t||F™ |2, (69)
On the other hand, (61) can be reordered to get
3

3 ~
_Un+1 M—IGPn+1 — _Un+1 M_IGPn.
%~ %i°

Squaring both terms of this equation with the inner product (-, -),, we obtain
3 n+1 -1 n+1 3 n+1 n+1
— M™IGP™ 1) . (M=— P
(2 &U + G ) - ( 5 &U +G )

3 - 3 -
= (— U™ £+ MIGPY) - (M—U"t! + GP").
GV + )+ (Mg U™ + GPY)

After expanding the terms of this equality and using the fact that the velocity at the end of step
isdivergencefree, it isfound

9 n+112 n+1112 __ 9 Tin+1112 6 Tin+1 n ni|2
WHU I+ [P HLE—WHU HM+2_5tU -GP" +||P HLE' (70)

Recall that L}, := —DM™'G is positive semi-definite. Multiplying this equation by 45t> and
adding it to (69) we obtain

U™ = UG + 3[IU™ = UG 4 20 — Ul — (|20 — Um G

4 4 N
82U 4+ S0P, — SORIPTI + 26|07 24 < 26 |FR, (7L)
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Using (61) we can express ||U+! — U™t||,, as
U — U2 = §5t2M—1G(P”+1 —P")-MM™'G(P"* — P)
4 4
— —SO(P" = P") - DMTIG(P"H = P) = 4t VaH(P ! — P2,
D

Using thisin (71), adding the result up from n = 1 to an arbitrary time level V and neglecting
some positive terms we get

N
Ul + ZétllféP”!|L++—H5tPNHfg+2Z<5t|IU”H§SC, (72)

n=1
where C' involvesthe norm of the force vector and theinitial condition. Therefore, the stability
results obtained are:
{U"} € £=(M), {U"} € 3(K), {VitoP"} € (3(L}), {otP"} € 1>(L}).

Let us consider now scheme BDF2-SE2 using approximation DM ™'G = L. In this case,
the velocity at the end of the step is not divergence free. Making use of (27) in (26) the scheme
can be written asfollows:

1 - - -
M25t (3Un+1 —4U™ + Unfl) + K(un+1)Un+1 + GP" = I:nJrl7 (73)
2
DU™ + gdtB(dP”“) =0, (74)
1 ~
Mﬁ(SU”“ —3U™™) 4+ G(oP™!) = 0. (75)

Recall that B := DM™'G — L is positive semi-definite.

The places of the previous stability analysiswhere there will be differences are those where
the divergence free property of the end-of-step velocity has been used. This assumption has
just been made in equations (67) and (70). Using (74), expression (67) inthiscaseis:

4
— g(St((SP”H) DU —4U" U = 5t2(25P"+1) (3BSP™H! — 4BJP™ + BSP" 1)

4
= 508 (ISP™ 13 = |9P" 13 + 120P™+ — 5P™ 2 — [[20P" — 6P™"[}3 + [|°P" o).

(76)
On the other hand, the following term has to be added to the |eft-hand-side of (70):
6 Un+1 GPn+1 . 6 Pn+1 Dun+1
26 26t2
= 2P BIP™ ! = [P 2 — P2 + P2, (77)
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With the change (76) in (67) and (77) in (70), inequality (71) hasto be replaced by

T T e Y R e A L

T i L §5t\’m5pn+1”§

20072 4 207 - U [Ur — U U

S0t (P2 6P + [120P — 5P — 26P" — 5P" 2 4 %P
< 20t[|F* |,

Adding up fromn = 1 toan arbitrary timelevel N and neglecting some positivetermswe find
that

IUN% + Z5tll\/_5P”H2+ + —H5tPNH2+ +225tIIU”HK
— N S5t|[VotoP™ |2 + = ||6tPN |12 < C. 78
+3n§:: VP2 + 6PV < (78
which, noting that B + L}; = L™, yields the stability result we wished to prove.

5 Numerical tests

In this section we present some numerical resultsto test the timeintegration schemes described
in this paper. Even though all the exposition has been based on the Galerkin method for the
spatial discretization, in the following examples we have used equal velocity-pressure inter-
polation and the pressure stabilization technique presented in [5]. In particular, we have taken
kq = k, = 1, with the notation of Section 2.

5.1 Convergencetest

Thefirst example we consider is asimple convergence test whose goal isto check numerically
the rate of convergence in time for some of the numerical methods described.

The computational domain is the unit square, discretized using a uniform triangular mesh
of 11x 11 nodal points (200 triangles). The boundary and initial conditions and the force term
are prescribed so that the analytic solution is w = (y, —x)sin(nt/10) exp(t/25), p = 0.
Note that the exact solution belongs to the finite element space, and thus the only source of
numerical error is the time approximation. The nonlinear term of the Navier-Stokes equations
isneglected (it iszero for the exact solution), that is, we consider the transient Stokes problem.

Results are shown in Figure 1. The error £ is measured in the ¢? norm of the sequence
{u™ — u(t")}. It is seen that all the methods show the expected rate of convergence. Thisis
particularly relevant for the predictor-corrector schemes, whose error is affected by the con-
vergence tolerance adopted in the iterative loop of each time step.
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Figure 1: Convergence test

5.2 Flowin acavity

In this second example we solve the classical cavity flow problem at a Reynolds number Re =
100. The computational domain is the unit square, discretized using a mesh of 21x21 nodal
points (400 triangles). The velocity is fixed to zero everywhere except on the top boundary,
where it is prescribed to (1,0).

Even though the solution in this simple example is stationary, we obtain it by stepping in
time. The goal of thistest is precisely to check the properties of the schemes proposed for the
long-term time integration of stationary solutions (very often difficult to obtain in a stationary
calculation) and, particularly, their numerical dissipation. The time step employed isdt = 1.

Figure 2 shows the evolution towards the steady state obtained. It is observed that the
monolithic scheme is more dissipative than the fractional step method, particularly for the
second order scheme (BDF2-SE2). In this particular example, BDF2 seemsto be dightly more
dissipative than BDF1 for the monolithic case.

When the predictor-corrector scheme is employed, the evolution towards the steady-state
depends on thefinal error of theiterative scheme within each time step. For |oose convergence
requirements, it is expected that the predictor-corrector method will behavein away similar to
the fractional step method, whereas the behavior will approach that of the monolithic scheme
astheiterative error per time step decreases. Thisiswhat isobserved in Figure 3. With asmall
tolerance (10~°) the error is directly given by the number of iterations allowed per time step. It
isobserved that for 20 iteration the behavior intimeissimilar to that of the monolithic scheme,
whereas for 5 iterationsit is much less dissipative.
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Figure 2: Evolution towards the steady-state for the cavity flow problem using different
schemes
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Figure 3: Time dissipation of the predictor-corrector schemein termsof the time step iterations
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Figure 4: Contours of velocity norm for the flow over a cylinder

5.3 Flow over acylinder

The last example is aso a classical benchmark, namely, the flow over a cylinder. The compu-
tational domainis 2 = [0, 16] x [0, 8] \ D, with the cylinder D of diameter 1 and centered at
(4,4). Thevelocity at x = 0 isprescribed to (1,0), whereasat y = 0 and y = 8 the y-velocity
component is prescribed to 0 and the z-component is | eft free. The outflow (where both the z-
and y-components are free) isx = 16. The Reynolds number is 100, based on the cylinder di-
ameter and the prescribed inflow velocity. The finite element mesh employed consists of 3604
linear triangles, with 1902 nodal points. A snapshot of the contours of the velocity norm and
pressure isolinesis shown in Figures 4 and 5. The purpose of this example is not to compare
the quality of these results with those presented in the literature, but rather to discuss the time
behavior of the schemes proposed in this paper.

The evolution of the y-velocity component at the control point located at (6,4) is shown
in Figure 6. The time step size used in all the casesis 6t = 0.05. The tolerance of the itera-
tive procedure of each time step has been set to 0.0001 (0.01%), although a maximum of only
5 iterations has been permitted. It is observed that the least dissipative scheme (with higher
frequency and amplitude) is the second order monolithic method (using BDF2 for the timein-
tegration), and the most dissipative one (with the smaller frequency and smaller amplitude) is
BDF1-SE1. This example serves to show that even though fractional step schemes are attrac-
tive for their low computational cost, they are usualy less accurate for a given time step size
than monolithic methods. Likewise, for this particular example predictor-corrector methods
lie in between fractional-step and monolithic schemes (recall that only 5 iterations have been

18



Figure 5: Contours of pressure for the flow over a cylinder

allowed per time step). The improvement with respect to fractional step methodsis particularly
significant for the first order method.

Finally, concerning the number of iterations performed (for atolerance of 0.01%) itisinter-
esting to study the effect of theinitial guess. Independently of the time integration employed, it
is always possible to use a second order extrapolation for the unknowns as given by (46)-(47)
to start theiterative procedure. The following table showsthe influence of how theinitial guess
istaken. The numbers listed are the total number of iterationsfrom¢ = 0 tot = 10 using two
time steps sizes, predictor-corrector and monolithic schemes of second order and first or sec-
ond order extrapolations to take the initial guess (X refers here to both velocity and pressure
degrees of freedom). It is observed that the monolithic schemes need fewer iterations, which
can be easily explained since the iterations for the predictor-corrector scheme need to deal not
only with the nonlinearity of the problem but aso with the vel ocity-pressure coupling to con-
verge to the monolithic solution. Nevertheless, what is interesting is that an important gain in
the total number of iterations is obtained using the second order extrapolation. For first order
schemes, it implies that the unknowns at two previous time steps need to be stored (which is
unnecessary) but it certainly pays off in view of the significant reduction in the calculation
time.

19



TT ]
Monolithic Order 1 —+— {
3 Monolithic Order 2 —>— |
08 Q1F Fractional Step Order 1 —x—
' L Fractional Step Order 2 —&—

Predictor Corrector Order 1 —=— |
Predictor Corrector Order 2 —e— |

o

o

s
T

loy@esiigual)

20 20 2525 3@0 335 40
tiniene

Figure 6: Temporal evolution of the y-velocity component at the control point
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6 Conclusions

In this paper we have discussed several ways to implement first and second order time integra-
tion schemes for the incompressible Navier-Stokes equations whose objective is to uncouple
the calculation of the velocity and the pressure.

Taking as a reference the monoalithic approach, the advantage of all these methods is that
they are more effective from the computational point of view, athough other aspects need to
be taken into account.

Fractional steps methods based on a pressure Poisson equation offer some pressure stabil-
ity independent of the space approximation. We have presented here stability results for four
of these methods that show this. However, numerical evidence also shows that they are less
dissipative in the evolution towards a steady solution, and thus | ess effective when a transient
calculation is used to reach a steady state. Only one example showing this effect has been pre-
sented here, but we have observed thisin many cases. Likewise, for agiven time step they tend
to be less accurate than fractional step methods, in spite of the fact that the rate of convergence
be optimal. Again, an example of this behavior has been presented in this paper.

Another family of methods discussed is what we have called momentum-pressure Poisson
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equation with an explicit treatment of the pressure gradient in the momentum equation. Even
though the derivation of these methods is different, we have shown that the bottom line is a
method that can be considered a fractional step one.

Finally, predictor-corrector schemes can be considered as away to avoid the shortcomings
of fractional step methods while allowing to uncouple the velocity and pressure calculations.
Asit has been shown in the last numerical example presented, the price is a higher number of
iterations to be done per time step. We believe that in some cases this can be worthy (see aso
[6]). Alsointhislast example and as a by-product, we have observed that using asinitial guess
for the iterations within each time step a second order extrapolation of the unknowns leads to
significantly fewer iterations. Thisalso can be worthy in many cases and for different methods.
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