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Abstract

We present some improvements on the error estimates obtained by J.Blasco and
R.Codina [2, 3] for a viscosity-splitting in time scheme, with finite element approxi-
mation, applied to the 3D Navier-Stokes equations. The key is to obtain new error
estimates for the discrete in time derivative of velocity, which let us to reach, in par-
ticular, error of order one (in time and space) for the pressure approximation.

1 Introduction

We consider the unsteady, incompressible Navier-Stokes equations in a bounded domain
Qc IR

(P) N .
u=0 ondNx(0,T), up—g=1up inQ,

{ w+ (u-V)u —vAu+ Vp=f V-u=0 inQx(0,7),
where u(x,t) € IR? is the fluid velocity at position x € Q and time t € (0,7T), p(x,t) € IR
the pressure, v > 0 the viscosity (which is assumed constant) and f(x,t) € IR3 the external
force.
The main (numerical) difficulties of this problem are the coupling between the pressure
and the incompressibility condition and the nonlinearity of the convective terms.
Fractional step methods in time are widely used to approximate the problem (P).
They allow us to separate the effects of different operators appearing in the problem.
The origin of these methods is generally credited to the works of Chorin [4] and Teman
[10]. They developed the well known projection method, where the idea is to split the con-
vection and diffusion terms to the incompressibility constraint and its Lagrange multiplier
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the pressure, avoiding the computation of the Stokes problem. It is a two step scheme:
first step is a Dirichlet-elliptic problem for an intermediate velocity and the second one is a
free divergence projection step equivalent to a Neumann-elliptic problem for the pressure.

The main drawback of projection methods are that the end-of-step velocity does not
satisfy the exact boundary conditions and the pressure of the scheme verifies “artificial”
boundary conditions. The convergence of this projection method, was proved in [11] for
the semidiscrete scheme and in [5] for a fully discrete scheme (when periodic boundary
conditions are considered).

Error estimates for projection methods can be seen in [8], [9] for time discrete schemes
and in [6] for a fully discrete scheme, with finite elements.

In this paper, we will study a viscosity-splitting scheme, introduced and studied by
J.Blasco and R.Codina [1, 2, 3]. It is a two-step scheme, where the main numerical
difficulties of (P) (namely, the treatment of nonlinear term (u - V)u and the relation
between incompressibility V - u = 0 and pressure), are split into two different steps,
considering the diffusive terms in both steps.

Notice that both type of schemes, projection and viscosity-splitting schemes, can be
jointly used, because the second step of the viscosity-splitting scheme could be computed
with a projection method.

Considering a (regular) partition of [0, T] of diameter k = T/M: {t,, = mk}M_,, for a
given vector u = (u™)} with u™ € X (a Banach space), let us to introduce the following
notation for discrete in time norms:

M 1/2
ullizx) = (k > ||um||§<> and  |[uljee(x) = maxm—o,...m|[u" || x
m=0

For simplicity, we will denote H' = H(Q) etc., L2(H') = L?(0,T; H') etc., and H! =
H'(Q)? etc.

This paper is organized as follows. In Section 2, we present first the semi-discrete in
time scheme (which solution is denoted by u™*1/2 and (u™*!, p™*1)) and then the fully
discrete scheme (which solution is denoted by uZnH/ % and (Wt pitl)). We also hav
the choice for the finite element spaces and their approximation properties. Finally, some
known results and the main objectives of this paper are presented.

In Section 3, we introduce the problems verified by the semi-discrete in time errors
and we will obtain new O(k'/2) error estimates for €™+ = u(t;,,1) —u”*! and e”*+1/2 =
U(ty1) — w2 in (°(HY) N 12(H?) and for eyt = p(tm) — p™ in I2(HY). Previous
error estimates will be used to obtain O(k/?) in 1°°(L?) N I2(H') for the discrete in time
derivative of €™t1/2 and €™*!, which are applied to get O(k) for the discrete in time
derivative of e™*!, in [?(L?) and in [°°(L?) N [?(H'), where a constraint on the first
step of the scheme is imposed in the last case (in fact, these two estimates are obtained
independently). As a consequence, the improvement of the pressure error estimates to
order O(k) in [?(L?) and in [°°(L?) hold.

In Section 4, we will obtain new error estimates for the fully discrete scheme. We
describe the problems verified by the discrete errors (comparing semi-discrete in time
scheme and fully discrete scheme). Firstly, we will consider the O(h) error estimates for
el = umtl—u"t! and e;n+1/2 = umH/Z—uZLH/Q in [°°(L2)NI2(H'), which implying an
improve for the estimates of the discrete velocities in the W16(Q)-norm whether h2/k < C.
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Afterwards, the O(h) error estimates for the discrete in time derivative of egﬁl in 12(L?)
and in [°°(L?) N {?(H!) are obtained independently, where again a constraint on the first
step of the scheme must be imposed in the last case. Moreover, O(k + h?) error estimates
for "1 in (%(L?) is deduced. Finally, the pressure error estimates of order O(h) in 2(L?)
and in {°°(L?) hold.

2 Description of the scheme and known results

2.1 Temporal Discretization

For simplicity, we consider the uniform partition of the time interval [0,7] with time
step k = T/M, {tm = mk}M_,. Given (f")M_, an approximation of f(¢,,) we define

(u™, p™)M_, an approximation of the solution (u,p) of (P) in t = t,, by means of the

following first order splitting in time scheme:
Initialization: u =uy
Time step m + 1 :

Substep 1: Given u™, to find u”™ /2 solution of:

amtl/2 _ ym

m m+1/2 m+1/2
(Sp)m 1 3 + (™ - V)u vAu f(tms1),

um+1/2|39 = 0.

Substep 2: Given u”*1/2 to find u™*! and p™*! solution of:

a1 _ gmt1/2

; o l/A(um_H _ um+1/2) + vpm—H = 0,
(Gp)m V-umtl = 0,
u™t | =

Adding (S1)™*! and (S2)™*!, one has the following relation, which can be interpreted
as a consistency relation:

um+1_um
—— + (W V)u Ty ATV = (),
(S3)™ V-umtt = 0,
u"tpg =

2.2 Spatial discretization

We use a first order finite element approximation. Let € be a 3D polyhedron (or a 2D
polygon) such that Stokes problem in 2 has H? x H' regularity for velocity and pressure
respectively.

We consider a family of finite dimensional spaces Vj, € H}(Q) and Qj, C L3(£) defined
from finite element methods associated to a family of regular triangulations of the domain
Q with mesh size h. Vj and @);, are thus required to satisfy:
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e the Brezzi-Babuska stability condition: inf ( su M

p > p>0.
0,€Qn\0} \vev,\qoy IVl gnl )

e the approximating properties:

1
— inf |Ju—vwvp|+ inf |lu—wvpy|+ inf — < Chl|(u,
VhIGVh’ h| vhlgvh H hH thth |p ph‘ = H( p)HH2><H1

We use the notation |- | and (-, -) as the norm and the inner product in L? and || - | as the
norm in H.

The fully discrete scheme is described as follows:
Initialization: Let ug € 'V}, be an approximation of ug

Step of time m + 1:

/2 e V), such that, for each vy, € Vy:

Subtep 1: Given uj® € Vj, to compute u?

m+1/2 oy
(5’1)2”Jrl {(uhuh,vh) + c(u}, u?+1/2,vh) +(V u;n+1/2, Vvy) =" vy),

where ¢(w,u,v) = {(w-Vu,v) — (w-Vv,u)}/2.

Substep 2: Given u}?H/z, to compute (uZHl,pZLH) € Vj x Qp such that, for each
(Vhyan) € Vi X Qg
(Sz)zwll
S = ) (Ve = ), V) LV va) =0,
(v ’ uzl+1v Qh) = 0.

With respect to the effective computation of this scheme, in each time step, we have:
1. (Sl)Z‘H as three discrete linear convection-diffusion equations.

2. (S2)"*! as a discrete Stokes problem.

2.3 Known Results and Objectives
Assuming the following regularity for the exact solution (u,p) of problem (P):
(R1) uel®H?>NV), pe L®(H'Y), u, € L®(L*) N L*HY), uy € LX(V')

where V={veH} : V.-v=0inQ, v=00ndQ }), and the constraints on discrete
parameters:

h? < Ck,
the following error estimates hold ([1, 3]):
[utm) = i lise )iy < C (k+ 1) and ||p(tm) — p™ 22y < CVE

Moreover, the estimate ||p™ —pj'[|;2(z2) < C h/ Vk can be obtained with similar arguments.

The objectives of this work are:
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1. To improve the order of error estimate in pressure, from O(vVk+h/vV'k) to O(k+h).

2. To improve the norm of error estimates in velocity and pressure, concretely from
1°°(L?) to I°°(H") in velocity and from 12(L?) to (°°(L?) in pressure.

3. To improve the order of error estimate in velocity in norm L?(L2), from O(k + h) to
O(k + h?)

The main result of this paper can be written as follows. Assuming the following
additional regularity hypotheses:

{ p € LA(HY), w € L®(H') N L2(H?), uy € L3(L2) N L°(H)

2
(R ) Uyt € L2(V/), \/futtt € L2(H_l)

then,
Ip(tm) = Phllizzy < C (k+h),  [[u(tm) — ui'llzws < C (k+ 2.

Moreover, assuming the following hypothesis for initial step:
[(u(ts) —u') = (u(to) —u’)| < CK*, J(u' —w) — (' —up)| < Ckh

then
[u(tm) — up' ey < C(k+h), |p(tm) — pi'llicc(z2) < C (K + h).

Therefore, we have that this scheme has the same analytical results than Euler’s type
schemes, improving their numerical treatment (since the main difficulties are split). In
the following two sections, we will present an outline of the proof (see [7] for a complete
explanation of the results).

Unfortunately, in order to assure the additional regularity hypotheses (R2), it is nec-
essary to assume that us(0) € H', which implies a non local compatibility condition for
the data ug and f ([12]). In this sense, we could relax it approximating the first step with
several auxiliary initial steps with a sufficiently small time step. Then, the approximate
solutions obtained from these preliminary steps could serve as initial data for our fractional
step algorithm at subsequent time steps.

3 Error estimates for the time discrete scheme

We decompose the total error in their temporal and spatial parts, introducing the corre-
sponding time discrete scheme.
The following notations will used for the time discrete errors in ¢ = t,,41:

em+1/2 m+1 emtl m+1

um+1/2’ el — u(tpme1) —u , Y =p(tms+1) — P ,

- u(tm—i-l) -

and for the discrete in time derivatives of errors

m-+1 e™ em+1/2 . em—1/2
5, emtl — e 5 m+1/2 _
t€ & ) te A
These discrete in time errors verify the following problems:
1
(Ey)m™H! E(emﬂm —e") = A" =~V p(ty1) + M+ NLTH

e /250 =0,
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where
1 tm41 tm41
gmtl — _k/ (t —tm) un(t) dt — </ ug - V) u(tm+1)
tm tm

is the consistency error, and
NL™H — _<em . V)u(th) _ (um . v)em+l/2 _ _(em . v)um—i—l/Q _ (u(tm) . v)em+1/2

are residual terms depending of the quadratic terms. On the other hand,

1 .
(B! %(em—H - em+1/2) - A(emH - em+1/2) —Vp™tl=0 inQ
V-e™tl =0 inQ, et pn = 0.

Adding (E;)™*! and ()™, we arrive at:

sem Tt — Aemt! 4 Vet = £m Tl L NL™H! in Q,
V-e™tl =0 inQ, e™tpq = 0.

(ES)m+1 {

Theorem 3.1 The following error estimate holds (for k small enough):
||6;n+1”l2(L2) < Ck.
Outline of the proof: It is based on the following three steps:

1. H? error estimates. Using the H? x H'-regularity of Stokes problem verified by
(€™l em*1) (passing in (E3)™"! the term §,e™ ! at the left hand side) and the H?2-

P
regularity of the Poisson-Dirichlet problem verified by e™*1/2

1
the term %(emﬂ/2 —e"™) at the left hand side), one can prove that

(passing in (E3)™*!

e /2 e™*1 are bounded in [°°(H?)

2. Making (8;(E1)™, 6;,€™F1/2) 4 (6,(Eq)™ 1!, 6, F1), using a discrete Gronwall’s
lemma jointly with the proof for the initial step ||0;e!||r2 < C' k2, one can prove:

18t | (r2y iz ety + [16:€™ 2 [joe ()i ey < C K2

3. Duality argument. Making (&;(E3)™"!, A= §,e™T1), A being the Stokes operator,
one can prove
1606 |0e (vryruzrzy < C'k,

for k small enough (which becomes from to apply the generalized discrete Gronwall’s
lemma jointly with the proof for the initial step [|0;e!||v: < C'k)

Theorem 3.2 Assuming |§,e'| < Ck, the following error estimates hold
" ey < Ck  and  [le) oo 2y < Ck.

Outline of the proof: It is based on the error estimate ||6:e” (|00 (2)n2m)y < Ck,
obtained by making (8;(S93)™*!, §;e™*1). Notice that in this case, the proof for the initial
step is not clear.
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4 Error estimates for the spatial discretization

We define the spatial discrete errors:

m+1 m+1 m+1 m+1/2 m+1/2 m+1/2 m+1 _  m+1 m-+1
€ =1u u, €4 =u uy v Cpa TP — Py

Then, the problems verified by these errors are:
1
(B! {k(e?H/Q — e vy) + (Ve Y2 V) = NL™ i (vy), Vi € Vi,

where NLZ‘H(Vh) = c(e}, u™t/2 vy) — c(up ,eZLH/Q,Vh), and

1 m m m
—(em ! — 2 vy 4 (V (et — el ) Vv

m+1
(B2)p —(€M Y v) =0, Vv, eV,

(v e?—i_lvq}l) 07 vqh € Qh
Adding (El)Z”l and (Eg)hm'H, one has for each (vp,qpn) € (Vi, Qnr):

Bt { (e Y S (G ) = NG )
"€y yqn) = Y.

Theorem 4.1 For k small enough, the following error estimate holds:
lef 2z < Clk + h?)
Outline of the proof: It is based on the following steps:
1. Making (6:(Ey)" ™, 6 em—H/Q) + (0¢(Bo) M, 5tem+1) one can arrives at
16 e 2yt + 10e€ 2 i r2yriz ey < C-
2. The following additional scheme estimate is obtained:
u’,;”'H is bounded in I°°(W? N L>). (1)

3. Duality argument. Making ((]53)2’”r1 A ehm'H) A}, being the discrete Stokes op-
erator.
Theorem 4.2 For k small enough, the following estimate holds
H€ Yeey < Ch.
Outline of the proof: It is based on the following estimate

||6,gedJr 22y < Ch,

which is obtained by making (6;(Es)7" ™, A, (5te;l”+ ), using again the additional scheme
estimate (1).

Theorem 4.3 Assuming |d;es| < Ch, then
"egl+1“lm(H1) <Ch and He Hloo(Lz < Ch.
Outline of the proof: It is based on the error estimate
+1/2
160y e (r2yiz ey + [186€) 2 e )iy < C

which is obtained as in step 1 of the proof of Theorem 4.1.



F. Guillén Gonzélez, M.V. Redondo Neble

Acknowledgements

The first author has been partially supported by project MTM2006-07932 and the second
one by the research group FQM-315 of la Junta de Andalucia.

References

[1] J. Blasco. Thesis. UPC, Barcelona, Spain (1996).

[2] J. Blasco, R Codina. Error estimates for a viscosity-splitting, finite element method for the incom-
pressible Navier-Stokes equations. Appl. Num. Math. 51 (2004) 1-17.

[3] J. Blasco, R Codina. Estimaciones de error para un método de paso fraccionado en elementos fini-
tos para la ecuacién de Navier-Stokes incompresible. Proocedings (in cd-rom) of congress XVII
C.E.D.Y.A. /VII C.M.A. (2001).

[4] A.J. Chorin. Numerical solution of the Navier-Stokes equations. Math. Comput., 22 (1968), 745-762.

[5] A.J. Chorin. On the convergence of discrete approximations of the Navier-Stokes equations. Math.
Comput.,23 (1969), 341-353.

[6] J.L. Guermond, L. Quartapelle On the approzimation of the unsteady Navier-Stokes equations by
finite elements projection methods. Numer.Math. 80 (1998), 207-238.

[7] F. Guillen-Gonzalez, M.V. Redondo-Neble. New error estimates for a viscosity-splitting scheme for
the 3D Navier-Stokes equations. Submitted.

[8] J. Shen. On error estimates of projection methods for Navier-Stokes equations: first-order schemes.
SIAM Journal Num. Anal. 29 (1992), 57-77.

[9] J. Shen. Remarks on the pressure error estimates for the projection methods. Numer. Math., 67 4
(1994), 513-520.

[10] R. Temam. Une méthode d’approximations de la solution des équations de Navier-Stokes. Bull. Soc.
Math. France, 98 (1968), 115-152.

[11] R. Teman. Sur la stabilité et la convergence de la méthode des pas fractionaires. Ann. Mat. Pura
Appl. LXXIV (1968), 191-380.

[12] R. Temam. Behaviour at time t = 0 of the solutions of semilinear evolution equations. J. Differential

Equations 43 (1982), no. 1, 73-92.



