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Chapter 5

A predictor—multicorrector
algorithm

In this Chapter we study a form of a predictor-multicorrector algorithm
customized to the unsteady, incompressible Navier-Stokes equations. This
algorithm, developed originally for general evolution equations in a discrete
setting, was applied succesfully to several unsteady incompressible flow prob-
lems in the eighties, such as fluid-structure interaction problems. Here, and
in the light of the viscositty splitting methods developed in the previous
Chapter, we redevelop the algorithm in a semidiscrete formulation, thus pro-
viding an interpretation of it within the context of fractional step methods.
This gives a theoretical explanation for some properties of the algorithm
such the need for the spatial interpolation used to satisfy the discrete LBB
condition, the order of accuracy of the discrete solutions with respect to the
time step or the reason behind the imposition of boundary conditions in each
phase of the algorithm. We will see, in particular, that our viscosity splitting
method can in some cases be understood as a predictor-corrector form of
this algorithm. Most of these ideas can be found in [26].

The predictor-multicorrector algorithm is usually implemented together
with a bilinear velocity, constant pressure (@, F,) finite element interpolation;
we implemented also the biquadratic velocity, linear pressure (Q,F;) element,
which satisfies the LBB condition, to compare the properties of the two
discretizations.

The outline of the Chapter is the following: in Section 5.1 we present
our semidiscrete formulation of the scheme, proving that it corresponds to
the predictor-multicorrector algorithm and showing in what sense it can be
understood as a fractional step method. In 5.2 we introduce the two finite
element interpolations considered, the resulting fully discrete equations and
some considerations relative to the actual implementation of the scheme.
Finally, in 5.3 we present some numerical results obtained with the algorithm
on several test problems.
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CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM

5.1 Semidiscrete form of the algorithm

Let us consider the predictor-multicorrector algorithm developed by T.J.R.
Hughes and coworkers, which was applied to the incompressible Navier—
Stokes equations in [20]; it can also be found in [75] in a similar context.
We give here an alternative derivation of the algorithm, within the context
of fractional step methods.

Given a time step 6t > 0 and a parameter v such that 0 < vy <1, and
assuming that the velocity u™ and pressure p™ are known at time ¢, = nét,
an implicit method of the form:

n+l __ ..n
E_Eii—“/a““—(1—7)31" =0
V-u*t) =0 (5.1)
un-{-llr — 0

is considered for the solution of 1.7-1.5 with homogeneous Dirichlet boundary
conditions 1.10, where we define:

a™ = f(tm) — Vp™ — (u™-V)u™ + vAu™ (5.2)

An iterative scheme is introduced for the solution of the nonlinear, cou-
pled problem 5.1. It starts with some predictions uj** and pgt' for u™*?
and p™t!, respectively, which will be specified next. Then, each iteration is
split into two steps. The first one accounts for viscous and convective effects,
but not for the incompressibility condition; this is dealt with in the second
step, in a similar way to the fractional step methods of Chapter 4. Pressure
correction is used, and the convective term is approximated explicitly for
simplicity. Given the i~th iteration approximations u®*! and p**! to u™*!
and p"t!, the first step of the (i + 1)-th iteration then consists of finding an

intermediate iteration velocity u?::/z such that:

n+1
i+1/2

ot

u _u" n+l n
= WAy, = () + (1-9)a

— A(uftt  Viutt — AVt (5.3)

1

n+1
ui+1/zh" =0

The notation u?fll/z has been chosen deliverately to emphasise that the
solution of 5.3 is an intermediate iteration aproximation of the velocity at
time £,41. In the second step of each iteration, a pressure increment is used
to enforce incompressibility, in a similar way to the method of Section 4.5.
Thus, one looks for an end-of-iteration velocity uf;; and pressure pJ}' such

that:
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CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM

ur'irll - u"ljll/z

T ] n n+1 n

s 7VA(ui-;-*-11“uiL/2) + 7V(p,-;"11—p?+1) =0
Veulll =0 (5.4)
“?f11|P = 0

The multicorrector scheme 5.3-5.4 is performed, in principle, to conver-

gence in 1, that is, until u}y' = ul** and pZ} = pI*?, at which time one
sets u™t? = ult! and pt? = pl! and goes back to the predictor phase.

We can show that this method is another version, independent of any
particular spatial discretization, of the predictor-multicorrector algorithm
of [20], which was given in a discrete setting after a Q1P finite element
interpolation of the Navier—Stokes equations, which results in the following
constrained system of ODEs:

MU + KU + AU)U + GoP = F
GiU = 0

In terms of accelerations (A) and time derivatives of elemental pressures

(P), the algorithm then reads:

Predictor phase:

Urtl = U™ + (1—n) 6t A

Agtt 0 _
Pt = P* 4+ (1—q)68tP"

il

Bt =0
Solution phase:
B A = R (5.5)
7t (8 (GSB7'Go) (8P) = Gi (Ur™ +8(54)  (5.6)
B6A, = —v6tG, (6P) (5.7)

where all the matrices have been defined before and the residual vector R,
is given by:

Rl = Fn+1 _ MA?-H. _ KU?+1 _ A(U'in-[-l)U;'n-f-l _ Gojjin-f-l
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CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM

Corrector phase:

o= AT 4+ 64 + A,
Uit = U + (1-q) 8t A™ + 8t ARH
PR = B4 gP

Piit = P + (1—q)8tP™ + 46t PY

141

The value of 7 is then incremented in 1 and the scheme goes back to the
solution phase again. We now have:

Lemma 5.1: the scheme 5.3-5.4 is equivalent to the predictor-multicorrector
algorithm of [20]. '

PROOF: assume the velocity u”, acceleration a®, pressure p™ and pressure

temporal variation p” are known at time ¢, = nét, satisfying 5.2 and the

incompressibility condition 1.5. The iterative predictor-multicorrector pro-
cedure starts with the following predictions:

upt’ = u" + (1-4q)sta® (5.8)
agt' = 0 (5.9)
="+ (1-q)étp" (5.10)
pgtt = 0 (5.11)

Assume, further that after each correction phase the approximation of
velocity and pressure may be written as:

't = ut 4+ (1—-7q)éta + qstalt! (5.12)
T o=t 4+ (L-q) 6t + oy et (6.13)

where aPt! and p?*? are the corrected values at the end of the i-th iteration.
Note that equations 5.12-5.13 are also valid for the initial prediction (¢ = 0).

The objective of each iteration is to compute new approximations u:-‘:"ll
and pf; by computing corrected values of aZ}! and p7t!. Since each itera.tic;n
n+1 n

is split into two steps, an intermediate velocity u /2 and acceleration aj} /2
are first calculated. If the intermediate velocity is expressed as:

u?:‘ll/z = u* + (1=9)6ta™ + 76t a?jll/z (5.14)

and the intermediate acceleration is defined as:

n+1 — n+l
iz T O + bay

then the following relation is deduced from 5.12:
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utl, = w4+ 6ty

The intermediate velocity and acceleration are computed from the first
split step, namely equations 5.3, which can thus be rewritten as:

§a; — ywbt(Ada;) = £ —alt!t — Vprt! L yAult! — (uft - V)ult!
Saglr = 0 (5.15)

The end-of-step velocity u?fll 1s expressed, using 5.12, as:

ulfi = u* + (1-9)éta™ + yéstail (5.16)

and can be further simplified in terms of the intermediate velocity, using
equation 5.14, and the end—of-step acceleration, which is defined as:

af, = a?:11/2 + bay
Thus:
u?:ll = u?_:'ll/z + 6t bay (5.17)

Likewise, from 5.13, the end—of-step pressure p?fll is expressed as:

P?:ll = p" + (1—7)6tp" + 76tﬁ?:11 (5.18)

where the new pressure variation is determined by:

B = BT+ 6
and consequently one gets:
i = ottt + ytép (5.19)

With the previous expressions of the end—of-step velocity and pressure,
equations 5.17 and 5.19 respectively, the second split step defined by the
equation system 5.4 can be written as:

ba, — qyvbt(Abda,) + 76tV(ép) = 0
V. (fag) = :%V-(u}‘“-}-'yb"t&al) (5.20)

v

632'[‘ =0

Given the time-discretization scheme defined by 5.12-5.13, equations 5.15
and 5.20 are another version of the two split-step equations 5.3 and 5.4 de-
fined previously. After they have been solved, the corresponding corrections
are performed, namely equations 5.16 and 5.18. The weak for of the split
equations 5.3-5.4 is the following:
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First step: find uy), € Hy(Q) such ‘that:

1 n n n 4 n
E(“iﬁ/z —utv) + 7”((“;f11/z,v)) = 1(f(ts41),v) + (1 —7)(@" V)
= ye(uft uft v) — b(v, p*h), Vv € Hy() (5.21)

Second step: find ulj} € Hi(Q) and s3j} =468t plfy € LE(Q) such that:

a,(uftl,v) + b(v,s") = a,,(u;‘_lflllz,v), Vv € H}(Q)
b(uit,q) = 0, Vg e L3(Q) (5.22)

where the bilinear form a., was defined in 4.14. Existence and uniqueness of
solutions to these problems are established the same way as for the fractional
step methods of Chapter 4. In terms of accelerations and pressure time
derivatives, the corresponding weak forms of equations 5.15 and 5.20 are:

First step: find §a; € H}(Q2) such that:

a7(6alyv) = (fn+11v) - (a"‘-H)v) - b(V,p?-H)

1

V(U7 V) = c(u,urt,v), Vv e HA(Q) (5.23)

3 b

Second step: find §a, € H}(2) and §p € L(f) such that:

a,(baz,v) + 7y6tb(v,8p) = 0, Vv € Hy()

1
b(6az,q) = ’mb(u?’"1 + 76t 8ay, q), Vg € LI(0)(5.24)
A finite element discretization of this scheme is the same algorithm as the
one considered in [20]. O

There is a clear formal relationship between the structure of the split
equations 5.3-5.4 and the viscosity-splitting pressure-correction method of
Section 4.3. In fact, the latter method with parameters § = ¢ = 1 is equiv-
alent to a single correction of the former with 4 = 1, since in that case
ugt! = u™ and pjt! = p" (see 5.8 and 5.10); the only difference, though, is
the treatment of the nonlinear term, which is then explicit in the predictor—

multicorrector algorithm. One then has that u'l‘}"zl = u™t/2 gt = g

and pft! = p™*t'. The paralelism between these two methods implies that
discrete interpolations of the predictor-multicorrector algorithm are subject
to the satisfaction of the LBB condition, so that in confined flow problems
the @1 Py element will develop checkboard pressure modes; that, at least for
¥ = 1, one correction is enough to achieve first order accuracy in the time
step, and that when a steady state is reached with this algorithm, it will be
independent of the time step.
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5.2 Finite element discretization

We now introduce a finite element space discretization into the multicorrector
scheme 5.23-5.24. If V;, C HL(Q) and Qr C L%(Q) denote finite dimensional
subspaces defined through a finite element discretization of (2, the discrete
version of 5.23 consists of finding éa; 5 € Vi such that:

a"y(sal,havh) = (fn+11vh) - (azzlavh) - b(Vh»Pzzl)
— v((uffh, ve)) — c(uifl, uit, va), Yvi € Vi (5.25)

%

whereas in the discrete version of 5.24 we look for §a,r € V; and épr € Qn
such that:

a,(&az,,,,vh) + 75t b(V},,tS]i}J = 0, Vv, € Vy (5.26)
1
b(8azn, qn) = ,7_5"56(“2:1 + 76t day p, qr), Yan € Qn

Calling again A and P the vectors of nodal accelerations and pressure
time derivatives representing the functions ap and py, respectively, the weak
form of equations 5.25-5.26 can be written in matrix form, with the notation
introduced up to now, as:

B&Al = R1 (5.27)
B6A; + 76t Go(6P) = 0 (5.28)
G A, = “?,%SEG:’ (U + y6t64,)  (5.29)

By isolating 6.A; from 5.28 and substituting it into 5.29, one gets equa-
tion 5.6, that is, the pressure update equation of the solution phase of the

predictor multicorrector algorithm. This equation, however, is not afford-

able in practice, since it involves the inversion of a full matrix B to form the
system matrix G5 B~1Gy, which is prohibitive in general. Some approxima-
tions are introduced in [20] in this scheme, which make it computationally
feasible. The matrix B is approximated by M in all its appearances (the
difference between the two, §tv L, is dropped). This approximation is first
order accurate in the time step, so that the errors it introduces are of the
same order of magnitude as those of the method itself. Moreover, the matrix
M is then lumped, which allows the pressure system 5.6 to be a possible way
to compute the pressure variation in each iteration. Thus, the final scheme

reads:

] ML 6A1 = R1
7' (8¢) (Go(M™)7'Go) (8P) = G§ (Ur*' +76¢(641))
MY §A, = —76t G, (6P)
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Inversion of the diagonal matrix M7 is now trivial. This is the algorithm
actually implemented in practice. It has to be said that the introduction of
these simplifications (which are due to T.J.R. Hughes and coworkers) has a
double theoretical implication: on the one hand, the approximation of B by
M in 5.5 leads to an explicit treatment of diffusion in each iteration (although
not in each time step, if the algorithm is iterated at least twice per step); on
the other hand, the approximation of B by M in 5.6 and 5.7 implies that
the algorithm actually used admits an interpretation within the context of
fractional step methods relative to the standard projection method, that is,
without a viscous term in the incompressibility phase. A single iteration
of this simplified predictor-multicorrector algorithm is actually equivalent to
the standard projection method. Ifit is understood this way, a question arises
about which boundary conditions are to be imposed in the incompressibility
phase, whether the full Dirichlet condition or only the normal component of
it.

If two or more iterations of this scheme are performed, all terms in the
Navier-Stokes equations are treated implicitly. Thus, no §t limitations are
expected for the stability of the algorithm over a wide range of Reynolds
numbers. However, the iterative nature of the scheme and the simplifica-
tions introduced in it (such as the explicit treatment of the convective term)
impose restrictions on 6t for the stability of the iterative process, specially
for quadratic elements, as will be seen in the next Section.

5.3 Numerical results

We now present some results obtained with the predictor-multicorrector al-
gorithm just considered, both with a @, P, and a @), P, finite element interpo-
lation, on five test problems. First, van Kan’s problem is used again to study
numerically the order of accuracy in the time step of this algorithm with dif-
ferent values of the parameter 4 and different numbers of iterations per time
step; then, we consider again the Kovasznay flow problem, this time to prove
numerically the independence of the steady state reached with a pressure
correction algorithm from the time step used, and to study the dependence
of the error with respect to the analytical solution on the mesh size for each
of the two elements; we then solve the standard cavity flow problem with
both interpolations, and the so called 'no flow test’, and finally, we consider
a plane jet simulation as another example of a purely unsteady problem.

5.3.1 Numerical accuracy study

We considered again the test problem introduced by van Kan in [62], this
time to study numerically the order of accuracy with respect to the time
step of the predictor-multicorrector algorithm with different values of the
parameter v and different number of iterations in each time step. The same
mesh, boundary conditions and Reynolds number as in Subsection 4.5.1 were
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8t |l k1(8t) | 52(8E) | Kp(62)

1/16 || 2.04 | 2.02 | 2.03
1/32 | 202 | 201 | 2.02
1/64 || 2.01 | 2,01 | 2.01
1/128 || 1.99 | 1.99 | 2.00

Table 5.1: Q1P element, v = 1, 1 iteration per step.

considered, and also the same definitions of the quotients x;(t) (z = 1,2)
and «,(6t).

In Tables 5.1 to 5.10, we present the results obtained with 4 = 1 both for
1 and 2 iterations of the multicorrector scheme per time step and iterating
it to convergence in each time step, and for 7 = 1/2 with 2 iterations and
iterating to convergence, both for the Q1 P, and the @, P elements (the latter
was unstable for large values of the time step).

The backward Euler scheme 4 = 1 is clearly first order accurate, both for
the @, Py and the Q,P; elements and both for 1 and 2 iterations per step and
iterating to convergence in each time step. In this last case, it took an average
of 10 iterations per time-step to reduce the initial residuals by 7 orders of
magnitude. For this value of 4, anyway, it is unnecessary to converge in each
time step in order to obtain first order accuracy, since either 1 or 2 iterations
are sufficient for that purpose. In all these cases, the pressure solution was
also first order accurate.

For the Crank-Nicholson case 7 = 1/2, however, iterating to convergence
is compulsory to achieve second order accuracy in the velocity solution. If a
fixed number of 2 iterations per time step is chosen, second order accuracy
is lost, but the quotients obtained are still larger than 2 (indicating a higher
order than 1).

5.3.2 Kovasznay flow

We then solved the Kovasznay flow problem considered in Section 3.5, this
time with the predictor-multicorrector algorithm of the previous Section,
with 7 = 1 and 1 iteration per step, until a steady state was reached. Our
main interest here was proving numerically that the steady state obtained
with this pressure—correction method is independent of the time step used,
in agreement with the theoretical results of Section 4.6, as well as performing
a numerical study of the order of accuracy of the solution with respect to the
mesh size, for each of the two finite elements employed.
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§t || k1(6t) | ka(82) | K,o(6¢)
1/16 2.55 3.73 2.11
1/32 1.99 | 2.23 | 2.03
1/64 1.98 2.06 2.01
1/128 | 1.98 1.99 2.00

Table 5.2: 1P, element, 4 = 1, 2 iterations per step.

8t |l 51(68) | k2(82) | 5,(58)
1/16 || 2.00 | 1.99 | 2.02
1/32 || 1.97 | 2.02 | 2.00
1/64 || 1.97 | 1.95 | 2.00
1/128 || 2.01 | 1.83 | 2.01

Table 5.3: Q1P element, v = 1, iterating to convergence.

51(5t) Iiz(&t)
1/7 441 | 5.90
1/8 || 2.47 | 4.08
1/10 | 169 | 2.1
1/12 || 1.66 | 2.51
1/14 || 1.70 | 2.33

Table 5.4: @1 P, element, v = 1/2, 2 iterations per step.
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8t | s1(8t) | a(62)
1/7 || 4.06 | 4.08
1/8 || 4.04 | 4.04
1/10 || 4.03 | 4.01
1/12 || 3.75 | 3.9
1/14 || 4.00 | 3.79

Table 5.5: Q1P element, vy = 1/2, iterating to convergence.

8t |l k1(6t) | K2(6) | Kp(62)
1/16 2.24 2.27 2.04
1/32 || 2.01 1.99 2.02
1/64 2.00 1.99 2.01
1/128 || 1.97 1.99 2.01

Table 5.6: @, P; element, v = 1, 1 iteration per step.

8t || k1(8t) | K2(68) | Kkp(62)
1/32 || 3.87 | 5.62 | 2.57
1/64 2.20 2.60 2.09
1/128 | 2.05 | 2.15 | 2.03
1/256 || 2.01 2.05 2.02

Table 5.7: Q,P; element, v = 1, 2 iterations per step.
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8t || k2(8t) | K2(62) | Kp(8E)

1/32
1/64
1/128

1.98 1.98 2.01
1.99 2.00 2.01
2.00 1.95 1.99

Table 5.8: @2 P, element, 4 = 1, iterating to convergence.

8t || k1(8t) | x2(88)
1/16 || 5.80 | 6.07
1/20 || 3.38 | 4.05
1/24 || 2.57 | 3.30

Table 5.9: Q2 P; element, 7 = 1/2, 2 iterations per step.

6t nl(6t) Nz(&t)
1/16 || 3.83 | 4.15
1/20 || 3.96 | 4.04
1/24 || 3.86 | 3.92

Table 5.10: @Q,P; element, v = 1/2, iterating to convergence.
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11 .
We took again Q = [—— 1] x [~-=, =] and a uniform mesh consisting of

31 x 21 nodes, which is used to define the elements for both the @1 P, and
Q2P cases. The Reynold’s number was 10 this time. Since the flow is
confined, i.e., the velocity is prescribed on all the boundary (and equal to
the analytical solution 3.32), a linear restriction should be imposed on the
pressure to remove the hydrostatic (constant) pressure mode. In our code
we set the value of the pressure in the last element in the element numbering
strategy equal to zero (this corresponds to the degree of freedom number
(3 x n. — 2) for the @, P, element, where n. is the number of elements).

In order to compare the steady state obtained with two different time
steps 6t; and 6t;, starting from the fluid at rest in the interior of Q and the
analytical solution on the boundary, we define the difference between these
two solutions as the Euclidean norm of the difference of the nodal velocity
vectors, namely:

Diff(6t;, 8t;) = |U(6t;) — U(6¢;)|2

where |.|; is again the Euclidean norm of a vector and U(ét) is the nodal
velocity vector obtained at steady state with time step é¢. In this problem
we can also compare the numerical solutions with the analytical solution 3.32;
for that purpose we considered the relative maximum difference between the
exact and computed nodal velocity vector:

i,y {1026(60) = USE, 1069 = U}
maXj=1,. n,,{|Uex Uexl}

Errr(6t) = (5.30)

where the subindex 7 refers to node a; (i = 1, ...,n,, n, being the number of
nodal points), the subindeces z and y refer to the two components of velocity
and U** is the vector of exact nodal velocities.

For the @, P, element and the present mesh, we tried with time steps
8ty = 0.01, 8t; = 0.005 and 6t; = 0.001. In each case, a steady state was
reached when |U"(6t) — Un*t1(6t)|, was less than 1072, The three differences
Dift(6t;, 6t;) computed were smaller than 107!°, thus confirming indepen-
dence of the steady state with respect to the time step.

For the @, P, element we took §t; = 0.0025, 6t = 0.001 and é6¢3 = 0.0005,
and a steady state was reached again at a tolerance of 10~!2. The differences
were also smaller than 10719 this time.

The velocity solutions obtained can be seen in Figures 5.1 and 5.2, where
we show the streamlines for the two elements. As for the pressures, the
Q1P developed an obvious checkboard mode, as could be anticipated by the
structure of the second step of the method 5.22. The elemental pressures for
this element can be seen in Figure 5.3; we also show, in Figure 5.4, the nodal
pressure contours obtained with the @2 P, element after a least-squares nodal
interpolation process.
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Figure 5.1: Kovasznay flow, ; Py element, streamlines.
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Figure 5.2: Kovasznay flow, @, P, element, streamlines.
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Figure 5.3: Kovasznay flow, Q1 Py element, element pressure values.
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Figure 5.4: Kovasznay flow, Q; P, element, nodal pressure contours.
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Figure 5.5: Kovasznay flow, 1P element with checkboard mode filtered,
element pressure values.

Since in this problem we know the exact pressure solution, we can de-
termine the actual value of the spurious pressure mode present in the 1 P
element solution. We can then filter this mode by subtracting it from the
elements that it affects, given that on a uniform mesh the value of the check-
board mode is the same on all the ’red’ cells of the mesh, assuming that the
last element is ’black’ (the value of the spurious mode on ’black’ cells is thus
- 0). We did so, and recovered the exact analytical solution, which we show
in Figures 5.5, in the form of elemental pressures, and 5.6, as nodal pressure
contours.

Finally, we solved this problem on three different uniform meshes with
each of the two elements, and computed the errors Errr (as defined in 5.30)
with respect to the exact solution; we plot them in Figure 5.7 as a function of
the mesh size. It can be seen that the steady states reached with this method
provide optimal order accuracy in the mesh size for the velocity solution in
the norm of L*(Q) for these two elements, that is, quadratic for the @, Py
and cubic for the @, P;. These steady states are the solutions of a standard
Galerkin mixed approximation of the steady, incompressible Navier-Stokes
equations.
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Figure 5.6: Kovasznay flow, (1P element with checkboard mode filtered,
nodal pressure contours.

Figure 5.7: I‘(t)vasznaly~ flow, maximum nodal error: ® P, element, o QP
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5.3.3 Cavity flow problerrgl

The third case we considered was again the lid-driven cavity flow problem,
this time solved with the predictor-multicorrector algorithm starting from
the fluid at rest (but for the velocity boundary condition) until a steady
state was reached. We took the leaky lid case (that is, with unit horizontal
velocity on the two top corners of the cavity) and a Reynolds number of 1000.
A regular, nonuniform mesh, which is finer near the boundaries, was used; it
is made up with 31 x 31 nodes. Two iterations of the multicorrector scheme
were performed per time step, and the value of v was set equal to 1 so as to
get a converged solution fastest.

Figure 5.8 shows the steady streamlines obtamed with both the @, P
and the @Q,P, elements. Secondary bottom left and right vortices can be
observed, but no top left vortex was found. Again, this is in good agreement
with benchmark solutions for this problem, ([42] or {88]) and other published
numerical solutions ([30], [65], [96] or [99])

The element pressures computed with the QP element are shown in
Figure 5.9. A checkerboarding phenomenon becomes apparent, which inval-
idates the pressure approximation without affecting the velocities. On the
other hand, the @, P, element gave satisfactory pressure results; the pressure
contours obtained can be seen in Figure 5.10, and compare well with those
of the above mentioned references.

Finally, Figures 5.11 and 5.12 show the velocity profiles through the cavity
centerlines z = 0.5 (horizontal velocity) and y = 0.5 (vertical velocity),
respectively. As can be seen, these results compare well with the reference
data of U. Ghia et al. ([42]), specially for biquadratic elements. .

5.3.4 Noflow problem

The fourth example we present is the noflow test, introduced by P. Gresho
et al. in [47] and studied in [39] and [40]. The geometry and mesh for
this problem can be seen in Figure 5.13. Homogeneous Dirichlet boundary
conditions are imposed on all the boundary, and an external gravitational
force f = (0, —1) is applied. The exact analytical solution of this problem is
u=20and p=—y+ po.

This simple case highlights another misbehaviour of the @; P, element
(and some other related constant pressure elements). Although it is a con-
fined flow problem, this time it is not the presence of checkboard pressure
modes, since the distorted character of the mesh filters them out, or the lack
of satisfaction of the LBB condition. The pressure space does not contain
the analytical solution, and a wrong pressure field induces the appearance of
a vortex of O(h).

In this problem, we started from the fluid at rest and zero pressure until
a steady state was reached, with a time step of 0.01, two iterations per step
and a value of 7 equal to 1. The same results as in [39] and [40] were obtained
for the Q; P, element after 300 steps, which can be seen in Figures 5.14 and
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Figure 5.8: Cavity ﬂow, streamlines: a) @, P element; b) Q. P, element.
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Figure 5.10: Cavity flow, Q2P element, nodal pressure contours.



CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM 189

10

0.9

07 0.8
R A S T

0.6
]

03

01

0.0

LU IS R A Y S S St S G S R S E S SR R B
1.0 03 2.6 D4 02 06 0.2 04 0.6 03 10

Ux

Figure 5.11: Cavity flow, horizontal velocity profile through ‘cavity centerline
z =0.5: — Q1PO0 element; - -- Q2P1 element; ¢ Reference [43].

0.5

v N
< T T T T T T T T T
0.0 0.1 01 03 04 05 0.6 07 08 09 10

Figure 5.12: Cavity flow, vertical velocity profile through cavity centerline
y = 0.5: — Q1P0 element; - -- Q2P1 element; ¢ Reference [43].
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Figure 5.13: Noflow problem, mesh.

5.16 in the form of nodal velocity vectors and pressure contours, respectively.
The Q2 P, element, on the contrary, yielded the exact analytical solution in
2 steps (see Figures 5.15 and 5.17).

5.3.5 Plane jet simulation

The fifth example considered is a purely unsteady case, consisting of a plane
jet simulation. The same conditions and mesh as in [73] were taken, which
are: a uniform 32 x 32 mesh of the 4 noded elements in the square [0, 1] x
[—0.5,0.5]; a viscosity of v = 5 x 10~*; unit horizontal velocity at the central
node of the left wall, with natural boundary conditions on the other walls
and the fluid at rest at ¢ = 0. A time step of 6t = 0.01 was taken. Once
again, 2 iterations per time step of the algorithm were performed, and «
was set equal to 1. The streamlines at different times are shown in Figures
5.18 and 5.19 for the @1 Fo and QP elements, respectively; the pressure
contours for the same times can be found in Figures 5.20 and 5.21. They
are all in good agreement with the results of [73]. The presence of outlet
boundary conditions on part of the boundary prevents the appearance of
spurious checkboard modes for the Q1 element. This example shows the
capability of the algorithm to reproduce purely unsteady situations.
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Figure 5.14: Noflow problem, @1 F elemeht, velocity vectors.

0.393E-16

Figure 5.15: Noflow problem, (), P, element, velocity vectors.
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Figure 5.19: Jet flow, Q. P, element, streamlines: a) ¢ = 1.2; b) ¢ = 2.5; ¢)

t=4.0.

(200 L 2R

e
[V |
UMM
ee
[EeE
e
(111}

Cam Jand A LLOT A
e bl

1 e
1 e
3 e
g
T
o

G Jand-A 24
bk
ML
e
e
Imax
32
Lt

)

194



CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM 195

o Bl 03203 1)
1%
[T,
1
1 umite
[ e
a)
G Tl LUNE]
1
U
1 umi
1A
4 et
b)
Lade St . 1818E 4
e bl
1AL
! unH
}oaene
b1 .
,3 < } @ CQ
| O
c)

Figure 5.20: Jet flow, Q1 F, element, nodal pressure contours: a) ¢ = 1.2; b)
t=2.5;c)t=4.0.



CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM 196

ok A UE Y {
e b 3

4K
Rl |
it
k1)

G Jad: LIDES
e e
[
1 untx
)M
i imi

b)
» 2
)
Q
c)

Figure 5.21: Jet flow, Q, P, element, nodal pressure contours: a) t = 1.2; b)
=2.5; c) t =4.0.



Conclusions and future work

In this work we have studied fractional step, finite element methods for the
numerical solution of incompressible Navier-Stokes equations in primitive
variables. Two main objectives have been achieved: on the one hand, the
reason why some projection methods (the most popular among fractional
step methods) are not restricted by the standard inf-sup condition, which is
present in most incompressible flow formulations, has been unveiled; space
discretizations of such methods are only restricted by a weaker condition,
which has been proved to be satisfied by most equal order finite element
interpolations of velocities and pressures. On the other hand, a fractional
step method has been developed which bypasses the problem of enforcing
unphysical boundary conditions encountered in projection methods; this is
achieved by introducing a viscous term in the incompressibility phase of the
method.

It can be concluded from the present work that projection methods which
employ a continuous Pressure Poisson Equation in their formulation are not
restricted by the discrete LBB condition; pressure segregation, however, has
to be effected before space discretization takes place. Otherwise, a mixed
type discrete problem results, and a compatibility condition between the ap-
proximating spaces of velocity and pressure still applies. The reason why the
LBB restriction is so circumvented in standard projection methods has been
traced back to the appearance of a matrix 4 = L — G*M~'G in the discrete
continuity equation; this matrix, which can be understood as the difference
between two discrete Laplacian operators, has been proved to be positive
semidefinite. This has led to the conclusion that space discretizations of
projection methods are only restricted by a certain inf-sup condition which
is weaker than the standard one; we have then applied the macroelement
technique to showing that it is satisfied by equal order simplicial finite ele-
ments of arbitrary order in 2 and 3 dimensions, and equal order quadrilateral
(d = 2) and hexahedral (d = 3) finite elements of first order.

During the course of this study, we have also developed a numerical
method for the solution of the Stokes problem which allows the use of equal
order finite element interpolations. The Stokes problem is employed here as
a linear, steady model to study projection methods. Optimal order conver-
gence in the mesh size has been proved for our method, both in the natural
norm of the problem and in the L?-norm, for ’sufficiently smooth’ domains
and meshes and under the weak compatibility condition just found. We have
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i

b
also studied different iterative schemes.for the numerical solution of the re-

sulting system of discrete linear equations. A comparison between the most
efficient scheme obtained and the well-known GLS method for the Stokes
problem has been given; our scheme seems to be a little more costly, but, in
some aspects, it 1s more accurate.

An extension of the previous method to the steady, incompressible Navier—
Stokes equation has also been provided. Optimal order convergence both in
natural and in L?-norm has been proved, in the case of a unique solution of
the original problem, under the same weak compatibility condition as in the
linear problem and again for ’sufficiently smooth’ domains and meshes. A
study of different iterative schemes for the numerical solution of the resulting
system of discrete nonlinear equations has also been given, as well as a com-
parison between the most efficient scheme found and the GLS method applied
to the incompressible Navier-Stokes equations; once again, our scheme is a
little more costly, but it proved to be more accurate in all the cases we solved.

In the second part of this work, we developed an implicit fractional step
method which, unlike standard projection methods, allows the imposition of
the original boundary conditions of the problem in all phases of the method.
Space discretizations of this method, however, are restricted by the standard
LBB condition. We first proved convergence of this method in the time
step to a continuous solution, following the classical ideas of R. Temam for
the standard projection method; the convergence results for the end-of-step
velocities are improved with our method, due to the fact that they satisfy the
correct boundary conditions. We then obtained some error estimates for both
the intermediate and end-of-step velocities and the pressure as a function
of the time step, under stronger regularity assumptions on the solution and
mesh, and following the recent ideas of J. Shen for the standard projection
method, among others. Furthermore, we developed a similar method to the
previous one, but this time with pressure correction; we also obtained some
error estimates for this alternative method. We then proved independence of
the steady solution reached with implicit fractional step methods in steady
flow problems, provided pressure correction is used. Finally, we developed an
iterative scheme for the numerical solution of the resulting system of linear
equations in each time step for our pressure correction method; this scheme
is explicit in each iteration. We validated this scheme on some benchmark
problems, such as the flows over a backward facing step and around a circular
cylinder, with two different finite element space discretizations; good results
were obtained in all cases.

Finally, we redeveloped a well-known predictor multicorrector algorithm,
in a semidiscrete setting within the context of fractional step methods, with
the help of the methods just introduced; this is an iterative algorithm in each
time step, in which each iteration is decomposed into two phases, in a similar
way to our pressure correction, fractional step method. This allowed us to
justify several properties of the algorithm, such as the possibility of imposing
the correct boundary conditions in all phases of the algorithm; the need for
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space interpolations of the algorithm to satisfy the discrete LBB condition;
the independence of the steady state reached with respect to the time step
in steady flow problems or the fact that a single iteration of the algorithm
is enough to achieve first order accuracy in the time step. We obtained
several numerical results with two different finite element discretizations of
the algorithm, the classical @, P, element and the (), P; element.

As for future developments, we would first like to finish some aspects of
the present work which have been left open, such as the proof of the satisfac-
tion of our weak inf-sup condition in the case of quadrilateral and hexahedral
finite elements of higher order (Qg for k > 2), which we tried but not quite
succeeded; also, the analysis of our local discrete, reformulated Stokes and
Navier-Stokes problems, with parameters ax defined elementwise, proving
optimal order convergence in a suitable mesh-dependent norm. But our main
next objectives will be the following: on the one hand, the theoretical anal-
ysis and implementation of a second order, viscosity splitting fractional step
method; we would like to obtain second order error estimates in the time
step size and numerical results which confirm them. This can be achieved
by fixing the parameters § and ¢ to 1/2 in our pressure correction method.
An iterative scheme would then be considered for the solution of the result-
ing system of linear (or, maybe, nonlinear) equations, which would again
be explicit in each iteration. On the other hand, the theoretical analysis of
fully discrete fractional step methods: we would like to give error estimates
both in the time step size and the mesh size for the fully discrete solution of
the standard projection method without assuming that the approximating
spaces satisfy the standard inf-sup condition, but only the weak compatibil-
ity condition of Chapters 2 and 3. Moreover, we would also like to give error
estimates in space and time for the fully discrete solution of our viscosity
splitting method, this time assuming the standard inf-sup condition.
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Appendix A

Improved error estimates

We give here some improved error estimates which we can prove for our vis-
cosity splitting method, both with and without pressure correction, assuming
that the semidiscrete velocities are uniformly bounded in H?(Q2). We also
prove some error estimates for the pressure which depend on the improved er- -
ror estimates for the velocity; these show that the pressure is at least weakly
order 1/2 accurate for the method with and without pressure correction.

A.1 Viscosity splitting method

We give here an improved error estimate for the end—of-step velocity of our
viscosity splitting method 4.8-4.10. We show that u™*! is actually a strongly
order 1 approximation of the solution in L*(Q) and weakly order 1 in H}(2),
assuming a uniform bound for u™**/? in H%(Q).

Theorem A.l: assume that A1l and A2 hold, and that the Stokes problem is
reqular; assume also that the intermediate velocities satisfy:

[ |, < C, VYn2>0 (A.1)

with C > 0 independent of k; then, for N = 0,...,[T/k}] — 1, and small
enough k:

N
[ 4+ kv S |le™? < CK (A.2)

n=0

PROOF: we recall equation 4.36 here:
1 g .
(e —en) =A™ + Vg (A3)
= (u*- V)u"? — (u(tass) - V)u(tana) + R
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‘g
Taking the inner product of A.3 With 2ke™*1 which is in Y, we get:

[P [P 4 [ e 4 2k fenP
= 2k c(u", u"+1/2, e”‘H) — 2k c(u(tn+1), U(tn+1), e"'H)
+ 2k <R e™ > (A.4)

The right-hand-side terms are bounded as follows. For the Taylor resid-
ual term we have:

2k Rl [le™]]

k

Tl + CRIR
kx/l
4

2k <R™ e >

IA

(A

i

€+ ORI [ )t

IA

kv ent1|2 ~1 2 2
Tl + ok [Tt [ e

kv on
< Ll P + ok [ [l d

ﬂ

For the nonlinear terms, we again use the splitting 4.27 to express them
as:

2k (c(u™, w2, e — c(u(tnsr), U(tnir), e*))
= 2k( c(u(tnsr), €2, e™) & c(u(t,) — utny), u™+/?, ety
— (e ,u“+1/2,e"+1))

which we call I, II and III, respectively. Then:

—2k c(u(tnyg), e™V/? emt?)
2k c(u(tpyr), €™, e 1/2)
Ck[[u(tass)llz [[e"F1]] [e"172]
CEk|le™]] [e+/?]

kv o "
et + okjep

et
l

IAIA I

IA

II = 2kc(u(ty) — u(tns),u™1/? emtl)
< Ck|lu(ta) — ults)|] [[u™/2]] |le™*]
< Ckllu(ts) — u(tas)ll lle™|

tngl
Rl [ uedt]] e

i
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tnt1 kv .
< ORIl [ ucatP + il

tnt1 kv
< CF [T Pt + Zlle

111

Il

-9k C(en’ un+l/2, en+1)

< CRle™ [y [le™|
< Chle|[le™]

k
< ChleP + Llle™|P?

where we have used 4.34 and A.1. Adding up A.4 for n = 0,..., N, taking
into account 4.31 for the term I, and the previous inequalities, we get:

N
IeN-H‘z + Z ’en+1 _ enlz

n=0
N N .
+ kv E “en+1“2 + Ckzy Z “en+1/2“2
n=0 n=0
2 T 2 2 T 2
< Ck / g2 dt + Ck j (e |? dé
0 0
N+1 N
+ Ck Y |e™® + Ck D |e™* — emt/22
n=0 n=0
N
+ Ck? Z(”en+1”2 + “en+l _ e"+1/2|]2)

n=0

For sufficiently small k, we can apply the discrete Gronwall lemma to the
last inequality; using the regularity properties of the solution (R2 and R4)
and the estimates of Lemma 4.7, we get: ’

N N
|eN+1’2 + Z'em}-l_enlz +kVZI|e"+1”2

n=0 ‘ n=0

< CK
and 4.35 is proved. U

We now show that the pressure approximation of our viscosity splitting
fractional step method is order 1/2 accurate in the time step, as it is for
the classical projection method, according to [90]. We first recall a technical
result, similar to that of Lemma Al in [92]. In Theorem A.1 we have proved
that, in particular:
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This implies that:

N ‘
> lle™ —er]lZ, < Ok (A.5)

n=0

since for all v € L*(Q), {Jv|l-1 £ C'|v|. This is what we actually use to
prove the following error estimate for the pressure:

Theorem A.2: assume that A1 and A2 hold, that the Stokes problem is
regular and that A.1 also holds; then, for N = 0,...,[T/k] — 1 and small

enough k:

y .
k31" —p(tnsa)lfamy < CF (A.6)

n=0
PROOF: we rewrite A.3 as:

1
- Vgt = E(e“ﬂ”l —e") — vA(e™™) — R" (A.7)
— (- V) 4 (u(tag) - V)u(tas)
Using the continuous LBB condition 1.25:
Vp,
plaw < ¢ sp TPV wpenie) (A
veria) (vl

for the pressure error p = ¢"*!, we need to bound the products of the RHS
of A.7 with v € Hy(2). We have:

1 1 .
(e —env) < Tllem = el [Iv]
<—vA@EH) v > = (e, V) < wle™ |Iv]

n n tnts 1/2
<-RYv> < (IRl < O a2y de) " Iivi

ad

IN

For the nonlinear terms, we use the following splitting, taken from [90]:

— (0" - V)u™? 4 (u(tns) - V)u(tasr) (A.9)
= ((ultasr) = u(ta)) - V)ultnss) + (" V)u(tns1)
+ (u*.V)emti/2
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so that:

=3
Il

c(u(tns1) —u(tn), u(tns1), v)
C lu(tns1) — u(tn)] |[u(tns)ll2 [1v]]
C lu(tnsr) — uta)] |Iv]]

tnt1
1 [ wetl|Ivl

tnt1
Ok [ wl? ) vl

IAIA

To = (e, ultns), )

Clle™|] [fu(tar)l IVl
Clle™ [vl|

IAIA

c(u™, e™t1/2 v)
C [[u™|| [le™/2]] ||vil
C|le™ 2| |v]|

IAIA I

where we have used 4.33. Thus, taking the product of A.7 with v and taking
into account A.8 and all these inequalities, we obtain:

C
— |le™*! — e[|

k

IA

|q”+1 ILg(n)

+ C{lle™™Ml + le™]] + [le™+/7|
g1 tnt1
([T el [Tl de) )
which yields:
n C n n
9" Zz) < g lle™ et

+ C{lle™1 + el + [l
+

tu+l tn+l
/: t||ueel|2, dt + k/t || dt}

”

and A.6 results from A.5, the regularity of u, and Lemma 4.7. O

We have proved, in summary, that the pressure solution is weakly order
1/2 accurate in L3(Q).
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|
A.2 Viscosity splitting, pressure correction
method ‘

We now give improved error estimates for the end-of-step velocities of our
pressure correction method, assuming again uniform bounds for the inter-
mediate velocities in H?(Q) and uniform bounds for the pressure gradient in

12(9).

Theorem A.3: assume that A1 and A2 hold, and that the Stokes problem is
regular; assume also that the intermediate velocities satisfy:
[[a**?), < C, VYn>0 (A.10)

with C > 0 independent of k and that 4.46 also holds; then, for N =
0,...,[T/k] — 1, and small enough k:

N
BV + kv Y JlE™PP < Ck- (A.11)

n=0

PROOF: the proof is similar to that of Theorem A.1. We recall equation 4.55
here:

L(E &)~ VAR — V(" — pltan)) (A.12)
= (@ - V)a™™? — (u(ten) - V)u(ten) + R”

where ™% = ¢! + (1 — ¢)p". Taking the inner product of A.12 with
2ke™*! which is in Y, we get:

lén-{—llZ _ lénl2 + lén-{-l _ én{2 + 2kl/ “én-f-IHZ
= 2 k C(ﬁn, ﬁ"+1/2, én+1) - 2 k C(ll(tn+1), ll(tn.H_), én+1)
+ 2k <R™M et > (A.13)

The right-hand-side terms are bounded as in Theorem A.1, using again
the splitting 4.27 for the nonlinear terms, yielding:

n =n+tl kv 12 2 [t 2
2k <R%&™ > < L@ + C’k/; (luee] 2 dt
2k (ultss), TG < e 4 oRjeip
~n+1/2 =n+l 2 [t 2 kv nt1gp2
2k c(u(ta) = ultnsn), G72,EH) < OR [T fudfde + Il

k
2ke(&, AAEH) < CR[ET + [l
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where A.10 has been used. Adding up A.13 for n = 0,..., N, taking into
account 4.31 for the nonlinear terms and the previous inequalities, we get:

N
’éN+1|2 + Z ,én+1 _ énIZ
n=0

N N
+ kv Z “én+1“2 + Ckzl/ Z ”én+1/2”2

n=0 n=0

T T
< 0k2/ el dt + Ck2/ e |? de
0 0
N+1 N
+ CE Y |& + Ck Y et —emt/7p
n=0 n=0
N
£ ORI+l — et )
n=0

For sufficiently small k, we can apply the discrete Gronwall lemma to
the last inequality; using the regularity properties of the solution and the
estimates of Lemma 4.8, we get:

N N
IéN+1|2 + Z ‘én-{-l _ éniz + kv Z “én+1“2

n=0 n=0

< Ck
and A.1ll is proved. U

We finally show that the pressure approximation of our viscosity split-
ting fractional step method with pressure correction is also weakly order 1/2
accurate in the time step in the space LI(2). We also need a technical re-
sult, which is a consequence of the the proof of Theorem A.3. We have, in
particular, that:

N
Z ]én-l-l _ én‘2 S Ckz

n=0

which implies that:

i |le™* — &2, < Ok (A.14)

n=0

We then have:

Theorem A.4: assume that Al and A2 hold, that the Stokes problem is
regular, and that 4.46 and A.10 also hold; then, for N = 0,...,[T/k] — 1,
and small enough k:
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i

H

E Y15 = p(tan) iz < Ck (A.15)

PROOF: the proof is similar to that of Theorem A.2. We call g"*! = p(tn41)—
"+, We rewrite 4.55 as:

Copn = Lo s -m a
— (@ V)E 4 (atar) - V)u(tan)

that is, an equality similar to A.7. Using again the LBB condition A.8, we
bound the products of the RHS of A.16 with v € H}(Q), to get:
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As for the nonlinear terms, we use again the splitting 4.27, to get:
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This way, we find:

. C it an
19"z < -k-”e e,
+ c{llE ] + [f&]| + [e
tnts 9 1/2 tnt1 2 1/2
£ ([ iz )+ ([ )"

that is:

C

S llem — &,
+ C{lIEPP + |8 + e

tntt 2 tng1 2
[ el Py de 4 k[ e e}

IA

197" [z

and A.15 follows from A.14, Theorems A.3 and 4.3 and the regularity R2
and R3 of u. O

In summary, we have obtained first order error estimates for the end-
of-step velocities of our viscosity splitting method with § = 1, both with
and without pressure correction, and order 1/2 estimates for the intermedi-
ate velocities, both of them strong in L?(Q) and weak in H}({2), under the
usual regularity assumptions A1 and A2 and the uniform bounds for the
intermediate velocities in H?(2); we have also obtained order 1/2 weak error
estimates for the pressure in L2(£).
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Chapter 5

A predictor—multicorrector
algorithm

In this Chapter we study a form of a predictor-multicorrector algorithm
customized to the unsteady, incompressible Navier-Stokes equations. This
algorithm, developed originally for general evolution equations in a discrete
setting, was applied succesfully to several unsteady incompressible flow prob-
lems in the eighties, such as fluid-structure interaction problems. Here, and
in the light of the viscositty splitting methods developed in the previous
Chapter, we redevelop the algorithm in a semidiscrete formulation, thus pro-
viding an interpretation of it within the context of fractional step methods.
This gives a theoretical explanation for some properties of the algorithm
such the need for the spatial interpolation used to satisfy the discrete LBB
condition, the order of accuracy of the discrete solutions with respect to the
time step or the reason behind the imposition of boundary conditions in each
phase of the algorithm. We will see, in particular, that our viscosity splitting
method can in some cases be understood as a predictor-corrector form of
this algorithm. Most of these ideas can be found in [26].

The predictor-multicorrector algorithm is usually implemented together
with a bilinear velocity, constant pressure (@, F,) finite element interpolation;
we implemented also the biquadratic velocity, linear pressure (Q,F;) element,
which satisfies the LBB condition, to compare the properties of the two
discretizations.

The outline of the Chapter is the following: in Section 5.1 we present
our semidiscrete formulation of the scheme, proving that it corresponds to
the predictor-multicorrector algorithm and showing in what sense it can be
understood as a fractional step method. In 5.2 we introduce the two finite
element interpolations considered, the resulting fully discrete equations and
some considerations relative to the actual implementation of the scheme.
Finally, in 5.3 we present some numerical results obtained with the algorithm
on several test problems.
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CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM

5.1 Semidiscrete form of the algorithm

Let us consider the predictor-multicorrector algorithm developed by T.J.R.
Hughes and coworkers, which was applied to the incompressible Navier—
Stokes equations in [20]; it can also be found in [75] in a similar context.
We give here an alternative derivation of the algorithm, within the context
of fractional step methods.

Given a time step 6t > 0 and a parameter v such that 0 < vy <1, and
assuming that the velocity u™ and pressure p™ are known at time ¢, = nét,
an implicit method of the form:

n+l __ ..n
E_Eii—“/a““—(1—7)31" =0
V-u*t) =0 (5.1)
un-{-llr — 0

is considered for the solution of 1.7-1.5 with homogeneous Dirichlet boundary
conditions 1.10, where we define:

a™ = f(tm) — Vp™ — (u™-V)u™ + vAu™ (5.2)

An iterative scheme is introduced for the solution of the nonlinear, cou-
pled problem 5.1. It starts with some predictions uj** and pgt' for u™*?
and p™t!, respectively, which will be specified next. Then, each iteration is
split into two steps. The first one accounts for viscous and convective effects,
but not for the incompressibility condition; this is dealt with in the second
step, in a similar way to the fractional step methods of Chapter 4. Pressure
correction is used, and the convective term is approximated explicitly for
simplicity. Given the i~th iteration approximations u®*! and p**! to u™*!
and p"t!, the first step of the (i + 1)-th iteration then consists of finding an

intermediate iteration velocity u?::/z such that:

n+1
i+1/2

ot

u _u" n+l n
= WAy, = () + (1-9)a

— A(uftt  Viutt — AVt (5.3)

1

n+1
ui+1/zh" =0

The notation u?fll/z has been chosen deliverately to emphasise that the
solution of 5.3 is an intermediate iteration aproximation of the velocity at
time £,41. In the second step of each iteration, a pressure increment is used
to enforce incompressibility, in a similar way to the method of Section 4.5.
Thus, one looks for an end-of-iteration velocity uf;; and pressure pJ}' such

that:
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ur'irll - u"ljll/z

T ] n n+1 n

s 7VA(ui-;-*-11“uiL/2) + 7V(p,-;"11—p?+1) =0
Veulll =0 (5.4)
“?f11|P = 0

The multicorrector scheme 5.3-5.4 is performed, in principle, to conver-

gence in 1, that is, until u}y' = ul** and pZ} = pI*?, at which time one
sets u™t? = ult! and pt? = pl! and goes back to the predictor phase.

We can show that this method is another version, independent of any
particular spatial discretization, of the predictor-multicorrector algorithm
of [20], which was given in a discrete setting after a Q1P finite element
interpolation of the Navier—Stokes equations, which results in the following
constrained system of ODEs:

MU + KU + AU)U + GoP = F
GiU = 0

In terms of accelerations (A) and time derivatives of elemental pressures

(P), the algorithm then reads:

Predictor phase:

Urtl = U™ + (1—n) 6t A

Agtt 0 _
Pt = P* 4+ (1—q)68tP"

il

Bt =0
Solution phase:
B A = R (5.5)
7t (8 (GSB7'Go) (8P) = Gi (Ur™ +8(54)  (5.6)
B6A, = —v6tG, (6P) (5.7)

where all the matrices have been defined before and the residual vector R,
is given by:

Rl = Fn+1 _ MA?-H. _ KU?+1 _ A(U'in-[-l)U;'n-f-l _ Gojjin-f-l
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Corrector phase:

o= AT 4+ 64 + A,
Uit = U + (1-q) 8t A™ + 8t ARH
PR = B4 gP

Piit = P + (1—q)8tP™ + 46t PY

141

The value of 7 is then incremented in 1 and the scheme goes back to the
solution phase again. We now have:

Lemma 5.1: the scheme 5.3-5.4 is equivalent to the predictor-multicorrector
algorithm of [20]. '

PROOF: assume the velocity u”, acceleration a®, pressure p™ and pressure

temporal variation p” are known at time ¢, = nét, satisfying 5.2 and the

incompressibility condition 1.5. The iterative predictor-multicorrector pro-
cedure starts with the following predictions:

upt’ = u" + (1-4q)sta® (5.8)
agt' = 0 (5.9)
="+ (1-q)étp" (5.10)
pgtt = 0 (5.11)

Assume, further that after each correction phase the approximation of
velocity and pressure may be written as:

't = ut 4+ (1—-7q)éta + qstalt! (5.12)
T o=t 4+ (L-q) 6t + oy et (6.13)

where aPt! and p?*? are the corrected values at the end of the i-th iteration.
Note that equations 5.12-5.13 are also valid for the initial prediction (¢ = 0).

The objective of each iteration is to compute new approximations u:-‘:"ll
and pf; by computing corrected values of aZ}! and p7t!. Since each itera.tic;n
n+1 n

is split into two steps, an intermediate velocity u /2 and acceleration aj} /2
are first calculated. If the intermediate velocity is expressed as:

u?:‘ll/z = u* + (1=9)6ta™ + 76t a?jll/z (5.14)

and the intermediate acceleration is defined as:

n+1 — n+l
iz T O + bay

then the following relation is deduced from 5.12:
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utl, = w4+ 6ty

The intermediate velocity and acceleration are computed from the first
split step, namely equations 5.3, which can thus be rewritten as:

§a; — ywbt(Ada;) = £ —alt!t — Vprt! L yAult! — (uft - V)ult!
Saglr = 0 (5.15)

The end-of-step velocity u?fll 1s expressed, using 5.12, as:

ulfi = u* + (1-9)éta™ + yéstail (5.16)

and can be further simplified in terms of the intermediate velocity, using
equation 5.14, and the end—of-step acceleration, which is defined as:

af, = a?:11/2 + bay
Thus:
u?:ll = u?_:'ll/z + 6t bay (5.17)

Likewise, from 5.13, the end—of-step pressure p?fll is expressed as:

P?:ll = p" + (1—7)6tp" + 76tﬁ?:11 (5.18)

where the new pressure variation is determined by:

B = BT+ 6
and consequently one gets:
i = ottt + ytép (5.19)

With the previous expressions of the end—of-step velocity and pressure,
equations 5.17 and 5.19 respectively, the second split step defined by the
equation system 5.4 can be written as:

ba, — qyvbt(Abda,) + 76tV(ép) = 0
V. (fag) = :%V-(u}‘“-}-'yb"t&al) (5.20)

v

632'[‘ =0

Given the time-discretization scheme defined by 5.12-5.13, equations 5.15
and 5.20 are another version of the two split-step equations 5.3 and 5.4 de-
fined previously. After they have been solved, the corresponding corrections
are performed, namely equations 5.16 and 5.18. The weak for of the split
equations 5.3-5.4 is the following:
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First step: find uy), € Hy(Q) such ‘that:

1 n n n 4 n
E(“iﬁ/z —utv) + 7”((“;f11/z,v)) = 1(f(ts41),v) + (1 —7)(@" V)
= ye(uft uft v) — b(v, p*h), Vv € Hy() (5.21)

Second step: find ulj} € Hi(Q) and s3j} =468t plfy € LE(Q) such that:

a,(uftl,v) + b(v,s") = a,,(u;‘_lflllz,v), Vv € H}(Q)
b(uit,q) = 0, Vg e L3(Q) (5.22)

where the bilinear form a., was defined in 4.14. Existence and uniqueness of
solutions to these problems are established the same way as for the fractional
step methods of Chapter 4. In terms of accelerations and pressure time
derivatives, the corresponding weak forms of equations 5.15 and 5.20 are:

First step: find §a; € H}(Q2) such that:

a7(6alyv) = (fn+11v) - (a"‘-H)v) - b(V,p?-H)

1

V(U7 V) = c(u,urt,v), Vv e HA(Q) (5.23)

3 b

Second step: find §a, € H}(2) and §p € L(f) such that:

a,(baz,v) + 7y6tb(v,8p) = 0, Vv € Hy()

1
b(6az,q) = ’mb(u?’"1 + 76t 8ay, q), Vg € LI(0)(5.24)
A finite element discretization of this scheme is the same algorithm as the
one considered in [20]. O

There is a clear formal relationship between the structure of the split
equations 5.3-5.4 and the viscosity-splitting pressure-correction method of
Section 4.3. In fact, the latter method with parameters § = ¢ = 1 is equiv-
alent to a single correction of the former with 4 = 1, since in that case
ugt! = u™ and pjt! = p" (see 5.8 and 5.10); the only difference, though, is
the treatment of the nonlinear term, which is then explicit in the predictor—

multicorrector algorithm. One then has that u'l‘}"zl = u™t/2 gt = g

and pft! = p™*t'. The paralelism between these two methods implies that
discrete interpolations of the predictor-multicorrector algorithm are subject
to the satisfaction of the LBB condition, so that in confined flow problems
the @1 Py element will develop checkboard pressure modes; that, at least for
¥ = 1, one correction is enough to achieve first order accuracy in the time
step, and that when a steady state is reached with this algorithm, it will be
independent of the time step.
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5.2 Finite element discretization

We now introduce a finite element space discretization into the multicorrector
scheme 5.23-5.24. If V;, C HL(Q) and Qr C L%(Q) denote finite dimensional
subspaces defined through a finite element discretization of (2, the discrete
version of 5.23 consists of finding éa; 5 € Vi such that:

a"y(sal,havh) = (fn+11vh) - (azzlavh) - b(Vh»Pzzl)
— v((uffh, ve)) — c(uifl, uit, va), Yvi € Vi (5.25)

%

whereas in the discrete version of 5.24 we look for §a,r € V; and épr € Qn
such that:

a,(&az,,,,vh) + 75t b(V},,tS]i}J = 0, Vv, € Vy (5.26)
1
b(8azn, qn) = ,7_5"56(“2:1 + 76t day p, qr), Yan € Qn

Calling again A and P the vectors of nodal accelerations and pressure
time derivatives representing the functions ap and py, respectively, the weak
form of equations 5.25-5.26 can be written in matrix form, with the notation
introduced up to now, as:

B&Al = R1 (5.27)
B6A; + 76t Go(6P) = 0 (5.28)
G A, = “?,%SEG:’ (U + y6t64,)  (5.29)

By isolating 6.A; from 5.28 and substituting it into 5.29, one gets equa-
tion 5.6, that is, the pressure update equation of the solution phase of the

predictor multicorrector algorithm. This equation, however, is not afford-

able in practice, since it involves the inversion of a full matrix B to form the
system matrix G5 B~1Gy, which is prohibitive in general. Some approxima-
tions are introduced in [20] in this scheme, which make it computationally
feasible. The matrix B is approximated by M in all its appearances (the
difference between the two, §tv L, is dropped). This approximation is first
order accurate in the time step, so that the errors it introduces are of the
same order of magnitude as those of the method itself. Moreover, the matrix
M is then lumped, which allows the pressure system 5.6 to be a possible way
to compute the pressure variation in each iteration. Thus, the final scheme

reads:

] ML 6A1 = R1
7' (8¢) (Go(M™)7'Go) (8P) = G§ (Ur*' +76¢(641))
MY §A, = —76t G, (6P)
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Inversion of the diagonal matrix M7 is now trivial. This is the algorithm
actually implemented in practice. It has to be said that the introduction of
these simplifications (which are due to T.J.R. Hughes and coworkers) has a
double theoretical implication: on the one hand, the approximation of B by
M in 5.5 leads to an explicit treatment of diffusion in each iteration (although
not in each time step, if the algorithm is iterated at least twice per step); on
the other hand, the approximation of B by M in 5.6 and 5.7 implies that
the algorithm actually used admits an interpretation within the context of
fractional step methods relative to the standard projection method, that is,
without a viscous term in the incompressibility phase. A single iteration
of this simplified predictor-multicorrector algorithm is actually equivalent to
the standard projection method. Ifit is understood this way, a question arises
about which boundary conditions are to be imposed in the incompressibility
phase, whether the full Dirichlet condition or only the normal component of
it.

If two or more iterations of this scheme are performed, all terms in the
Navier-Stokes equations are treated implicitly. Thus, no §t limitations are
expected for the stability of the algorithm over a wide range of Reynolds
numbers. However, the iterative nature of the scheme and the simplifica-
tions introduced in it (such as the explicit treatment of the convective term)
impose restrictions on 6t for the stability of the iterative process, specially
for quadratic elements, as will be seen in the next Section.

5.3 Numerical results

We now present some results obtained with the predictor-multicorrector al-
gorithm just considered, both with a @, P, and a @), P, finite element interpo-
lation, on five test problems. First, van Kan’s problem is used again to study
numerically the order of accuracy in the time step of this algorithm with dif-
ferent values of the parameter 4 and different numbers of iterations per time
step; then, we consider again the Kovasznay flow problem, this time to prove
numerically the independence of the steady state reached with a pressure
correction algorithm from the time step used, and to study the dependence
of the error with respect to the analytical solution on the mesh size for each
of the two elements; we then solve the standard cavity flow problem with
both interpolations, and the so called 'no flow test’, and finally, we consider
a plane jet simulation as another example of a purely unsteady problem.

5.3.1 Numerical accuracy study

We considered again the test problem introduced by van Kan in [62], this
time to study numerically the order of accuracy with respect to the time
step of the predictor-multicorrector algorithm with different values of the
parameter v and different number of iterations in each time step. The same
mesh, boundary conditions and Reynolds number as in Subsection 4.5.1 were
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8t |l k1(8t) | 52(8E) | Kp(62)

1/16 || 2.04 | 2.02 | 2.03
1/32 | 202 | 201 | 2.02
1/64 || 2.01 | 2,01 | 2.01
1/128 || 1.99 | 1.99 | 2.00

Table 5.1: Q1P element, v = 1, 1 iteration per step.

considered, and also the same definitions of the quotients x;(t) (z = 1,2)
and «,(6t).

In Tables 5.1 to 5.10, we present the results obtained with 4 = 1 both for
1 and 2 iterations of the multicorrector scheme per time step and iterating
it to convergence in each time step, and for 7 = 1/2 with 2 iterations and
iterating to convergence, both for the Q1 P, and the @, P elements (the latter
was unstable for large values of the time step).

The backward Euler scheme 4 = 1 is clearly first order accurate, both for
the @, Py and the Q,P; elements and both for 1 and 2 iterations per step and
iterating to convergence in each time step. In this last case, it took an average
of 10 iterations per time-step to reduce the initial residuals by 7 orders of
magnitude. For this value of 4, anyway, it is unnecessary to converge in each
time step in order to obtain first order accuracy, since either 1 or 2 iterations
are sufficient for that purpose. In all these cases, the pressure solution was
also first order accurate.

For the Crank-Nicholson case 7 = 1/2, however, iterating to convergence
is compulsory to achieve second order accuracy in the velocity solution. If a
fixed number of 2 iterations per time step is chosen, second order accuracy
is lost, but the quotients obtained are still larger than 2 (indicating a higher
order than 1).

5.3.2 Kovasznay flow

We then solved the Kovasznay flow problem considered in Section 3.5, this
time with the predictor-multicorrector algorithm of the previous Section,
with 7 = 1 and 1 iteration per step, until a steady state was reached. Our
main interest here was proving numerically that the steady state obtained
with this pressure—correction method is independent of the time step used,
in agreement with the theoretical results of Section 4.6, as well as performing
a numerical study of the order of accuracy of the solution with respect to the
mesh size, for each of the two finite elements employed.
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§t || k1(6t) | ka(82) | K,o(6¢)
1/16 2.55 3.73 2.11
1/32 1.99 | 2.23 | 2.03
1/64 1.98 2.06 2.01
1/128 | 1.98 1.99 2.00

Table 5.2: 1P, element, 4 = 1, 2 iterations per step.

8t |l 51(68) | k2(82) | 5,(58)
1/16 || 2.00 | 1.99 | 2.02
1/32 || 1.97 | 2.02 | 2.00
1/64 || 1.97 | 1.95 | 2.00
1/128 || 2.01 | 1.83 | 2.01

Table 5.3: Q1P element, v = 1, iterating to convergence.

51(5t) Iiz(&t)
1/7 441 | 5.90
1/8 || 2.47 | 4.08
1/10 | 169 | 2.1
1/12 || 1.66 | 2.51
1/14 || 1.70 | 2.33

Table 5.4: @1 P, element, v = 1/2, 2 iterations per step.
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8t | s1(8t) | a(62)
1/7 || 4.06 | 4.08
1/8 || 4.04 | 4.04
1/10 || 4.03 | 4.01
1/12 || 3.75 | 3.9
1/14 || 4.00 | 3.79

Table 5.5: Q1P element, vy = 1/2, iterating to convergence.

8t |l k1(6t) | K2(6) | Kp(62)
1/16 2.24 2.27 2.04
1/32 || 2.01 1.99 2.02
1/64 2.00 1.99 2.01
1/128 || 1.97 1.99 2.01

Table 5.6: @, P; element, v = 1, 1 iteration per step.

8t || k1(8t) | K2(68) | Kkp(62)
1/32 || 3.87 | 5.62 | 2.57
1/64 2.20 2.60 2.09
1/128 | 2.05 | 2.15 | 2.03
1/256 || 2.01 2.05 2.02

Table 5.7: Q,P; element, v = 1, 2 iterations per step.
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8t || k2(8t) | K2(62) | Kp(8E)

1/32
1/64
1/128

1.98 1.98 2.01
1.99 2.00 2.01
2.00 1.95 1.99

Table 5.8: @2 P, element, 4 = 1, iterating to convergence.

8t || k1(8t) | x2(88)
1/16 || 5.80 | 6.07
1/20 || 3.38 | 4.05
1/24 || 2.57 | 3.30

Table 5.9: Q2 P; element, 7 = 1/2, 2 iterations per step.

6t nl(6t) Nz(&t)
1/16 || 3.83 | 4.15
1/20 || 3.96 | 4.04
1/24 || 3.86 | 3.92

Table 5.10: @Q,P; element, v = 1/2, iterating to convergence.
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11 .
We took again Q = [—— 1] x [~-=, =] and a uniform mesh consisting of

31 x 21 nodes, which is used to define the elements for both the @1 P, and
Q2P cases. The Reynold’s number was 10 this time. Since the flow is
confined, i.e., the velocity is prescribed on all the boundary (and equal to
the analytical solution 3.32), a linear restriction should be imposed on the
pressure to remove the hydrostatic (constant) pressure mode. In our code
we set the value of the pressure in the last element in the element numbering
strategy equal to zero (this corresponds to the degree of freedom number
(3 x n. — 2) for the @, P, element, where n. is the number of elements).

In order to compare the steady state obtained with two different time
steps 6t; and 6t;, starting from the fluid at rest in the interior of Q and the
analytical solution on the boundary, we define the difference between these
two solutions as the Euclidean norm of the difference of the nodal velocity
vectors, namely:

Diff(6t;, 8t;) = |U(6t;) — U(6¢;)|2

where |.|; is again the Euclidean norm of a vector and U(ét) is the nodal
velocity vector obtained at steady state with time step é¢. In this problem
we can also compare the numerical solutions with the analytical solution 3.32;
for that purpose we considered the relative maximum difference between the
exact and computed nodal velocity vector:

i,y {1026(60) = USE, 1069 = U}
maXj=1,. n,,{|Uex Uexl}

Errr(6t) = (5.30)

where the subindex 7 refers to node a; (i = 1, ...,n,, n, being the number of
nodal points), the subindeces z and y refer to the two components of velocity
and U** is the vector of exact nodal velocities.

For the @, P, element and the present mesh, we tried with time steps
8ty = 0.01, 8t; = 0.005 and 6t; = 0.001. In each case, a steady state was
reached when |U"(6t) — Un*t1(6t)|, was less than 1072, The three differences
Dift(6t;, 6t;) computed were smaller than 107!°, thus confirming indepen-
dence of the steady state with respect to the time step.

For the @, P, element we took §t; = 0.0025, 6t = 0.001 and é6¢3 = 0.0005,
and a steady state was reached again at a tolerance of 10~!2. The differences
were also smaller than 10719 this time.

The velocity solutions obtained can be seen in Figures 5.1 and 5.2, where
we show the streamlines for the two elements. As for the pressures, the
Q1P developed an obvious checkboard mode, as could be anticipated by the
structure of the second step of the method 5.22. The elemental pressures for
this element can be seen in Figure 5.3; we also show, in Figure 5.4, the nodal
pressure contours obtained with the @2 P, element after a least-squares nodal
interpolation process.

181



CHAPTER 5. A PREDICTOR-MULTICORRECTOR ALGORITHM 182

i,

1

lem]:l.!lﬂhll[
b b
1IN
1IBIEM
13U
L]

- ke . e

11

|

Figure 5.1: Kovasznay flow, ; Py element, streamlines.
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Figure 5.2: Kovasznay flow, @, P, element, streamlines.
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Figure 5.4: Kovasznay flow, Q; P, element, nodal pressure contours.
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Figure 5.5: Kovasznay flow, 1P element with checkboard mode filtered,
element pressure values.

Since in this problem we know the exact pressure solution, we can de-
termine the actual value of the spurious pressure mode present in the 1 P
element solution. We can then filter this mode by subtracting it from the
elements that it affects, given that on a uniform mesh the value of the check-
board mode is the same on all the ’red’ cells of the mesh, assuming that the
last element is ’black’ (the value of the spurious mode on ’black’ cells is thus
- 0). We did so, and recovered the exact analytical solution, which we show
in Figures 5.5, in the form of elemental pressures, and 5.6, as nodal pressure
contours.

Finally, we solved this problem on three different uniform meshes with
each of the two elements, and computed the errors Errr (as defined in 5.30)
with respect to the exact solution; we plot them in Figure 5.7 as a function of
the mesh size. It can be seen that the steady states reached with this method
provide optimal order accuracy in the mesh size for the velocity solution in
the norm of L*(Q) for these two elements, that is, quadratic for the @, Py
and cubic for the @, P;. These steady states are the solutions of a standard
Galerkin mixed approximation of the steady, incompressible Navier-Stokes
equations.
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5.3.3 Cavity flow problerrgl

The third case we considered was again the lid-driven cavity flow problem,
this time solved with the predictor-multicorrector algorithm starting from
the fluid at rest (but for the velocity boundary condition) until a steady
state was reached. We took the leaky lid case (that is, with unit horizontal
velocity on the two top corners of the cavity) and a Reynolds number of 1000.
A regular, nonuniform mesh, which is finer near the boundaries, was used; it
is made up with 31 x 31 nodes. Two iterations of the multicorrector scheme
were performed per time step, and the value of v was set equal to 1 so as to
get a converged solution fastest.

Figure 5.8 shows the steady streamlines obtamed with both the @, P
and the @Q,P, elements. Secondary bottom left and right vortices can be
observed, but no top left vortex was found. Again, this is in good agreement
with benchmark solutions for this problem, ([42] or {88]) and other published
numerical solutions ([30], [65], [96] or [99])

The element pressures computed with the QP element are shown in
Figure 5.9. A checkerboarding phenomenon becomes apparent, which inval-
idates the pressure approximation without affecting the velocities. On the
other hand, the @, P, element gave satisfactory pressure results; the pressure
contours obtained can be seen in Figure 5.10, and compare well with those
of the above mentioned references.

Finally, Figures 5.11 and 5.12 show the velocity profiles through the cavity
centerlines z = 0.5 (horizontal velocity) and y = 0.5 (vertical velocity),
respectively. As can be seen, these results compare well with the reference
data of U. Ghia et al. ([42]), specially for biquadratic elements. .

5.3.4 Noflow problem

The fourth example we present is the noflow test, introduced by P. Gresho
et al. in [47] and studied in [39] and [40]. The geometry and mesh for
this problem can be seen in Figure 5.13. Homogeneous Dirichlet boundary
conditions are imposed on all the boundary, and an external gravitational
force f = (0, —1) is applied. The exact analytical solution of this problem is
u=20and p=—y+ po.

This simple case highlights another misbehaviour of the @; P, element
(and some other related constant pressure elements). Although it is a con-
fined flow problem, this time it is not the presence of checkboard pressure
modes, since the distorted character of the mesh filters them out, or the lack
of satisfaction of the LBB condition. The pressure space does not contain
the analytical solution, and a wrong pressure field induces the appearance of
a vortex of O(h).

In this problem, we started from the fluid at rest and zero pressure until
a steady state was reached, with a time step of 0.01, two iterations per step
and a value of 7 equal to 1. The same results as in [39] and [40] were obtained
for the Q; P, element after 300 steps, which can be seen in Figures 5.14 and
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Figure 5.10: Cavity flow, Q2P element, nodal pressure contours.
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Figure 5.12: Cavity flow, vertical velocity profile through cavity centerline
y = 0.5: — Q1P0 element; - -- Q2P1 element; ¢ Reference [43].
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Figure 5.13: Noflow problem, mesh.

5.16 in the form of nodal velocity vectors and pressure contours, respectively.
The Q2 P, element, on the contrary, yielded the exact analytical solution in
2 steps (see Figures 5.15 and 5.17).

5.3.5 Plane jet simulation

The fifth example considered is a purely unsteady case, consisting of a plane
jet simulation. The same conditions and mesh as in [73] were taken, which
are: a uniform 32 x 32 mesh of the 4 noded elements in the square [0, 1] x
[—0.5,0.5]; a viscosity of v = 5 x 10~*; unit horizontal velocity at the central
node of the left wall, with natural boundary conditions on the other walls
and the fluid at rest at ¢ = 0. A time step of 6t = 0.01 was taken. Once
again, 2 iterations per time step of the algorithm were performed, and «
was set equal to 1. The streamlines at different times are shown in Figures
5.18 and 5.19 for the @1 Fo and QP elements, respectively; the pressure
contours for the same times can be found in Figures 5.20 and 5.21. They
are all in good agreement with the results of [73]. The presence of outlet
boundary conditions on part of the boundary prevents the appearance of
spurious checkboard modes for the Q1 element. This example shows the
capability of the algorithm to reproduce purely unsteady situations.
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Figure 5.14: Noflow problem, @1 F elemeht, velocity vectors.
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Figure 5.15: Noflow problem, (), P, element, velocity vectors.
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Figure 5.19: Jet flow, Q. P, element, streamlines: a) ¢ = 1.2; b) ¢ = 2.5; ¢)

t=4.0.
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Conclusions and future work

In this work we have studied fractional step, finite element methods for the
numerical solution of incompressible Navier-Stokes equations in primitive
variables. Two main objectives have been achieved: on the one hand, the
reason why some projection methods (the most popular among fractional
step methods) are not restricted by the standard inf-sup condition, which is
present in most incompressible flow formulations, has been unveiled; space
discretizations of such methods are only restricted by a weaker condition,
which has been proved to be satisfied by most equal order finite element
interpolations of velocities and pressures. On the other hand, a fractional
step method has been developed which bypasses the problem of enforcing
unphysical boundary conditions encountered in projection methods; this is
achieved by introducing a viscous term in the incompressibility phase of the
method.

It can be concluded from the present work that projection methods which
employ a continuous Pressure Poisson Equation in their formulation are not
restricted by the discrete LBB condition; pressure segregation, however, has
to be effected before space discretization takes place. Otherwise, a mixed
type discrete problem results, and a compatibility condition between the ap-
proximating spaces of velocity and pressure still applies. The reason why the
LBB restriction is so circumvented in standard projection methods has been
traced back to the appearance of a matrix 4 = L — G*M~'G in the discrete
continuity equation; this matrix, which can be understood as the difference
between two discrete Laplacian operators, has been proved to be positive
semidefinite. This has led to the conclusion that space discretizations of
projection methods are only restricted by a certain inf-sup condition which
is weaker than the standard one; we have then applied the macroelement
technique to showing that it is satisfied by equal order simplicial finite ele-
ments of arbitrary order in 2 and 3 dimensions, and equal order quadrilateral
(d = 2) and hexahedral (d = 3) finite elements of first order.

During the course of this study, we have also developed a numerical
method for the solution of the Stokes problem which allows the use of equal
order finite element interpolations. The Stokes problem is employed here as
a linear, steady model to study projection methods. Optimal order conver-
gence in the mesh size has been proved for our method, both in the natural
norm of the problem and in the L?-norm, for ’sufficiently smooth’ domains
and meshes and under the weak compatibility condition just found. We have
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b
also studied different iterative schemes.for the numerical solution of the re-

sulting system of discrete linear equations. A comparison between the most
efficient scheme obtained and the well-known GLS method for the Stokes
problem has been given; our scheme seems to be a little more costly, but, in
some aspects, it 1s more accurate.

An extension of the previous method to the steady, incompressible Navier—
Stokes equation has also been provided. Optimal order convergence both in
natural and in L?-norm has been proved, in the case of a unique solution of
the original problem, under the same weak compatibility condition as in the
linear problem and again for ’sufficiently smooth’ domains and meshes. A
study of different iterative schemes for the numerical solution of the resulting
system of discrete nonlinear equations has also been given, as well as a com-
parison between the most efficient scheme found and the GLS method applied
to the incompressible Navier-Stokes equations; once again, our scheme is a
little more costly, but it proved to be more accurate in all the cases we solved.

In the second part of this work, we developed an implicit fractional step
method which, unlike standard projection methods, allows the imposition of
the original boundary conditions of the problem in all phases of the method.
Space discretizations of this method, however, are restricted by the standard
LBB condition. We first proved convergence of this method in the time
step to a continuous solution, following the classical ideas of R. Temam for
the standard projection method; the convergence results for the end-of-step
velocities are improved with our method, due to the fact that they satisfy the
correct boundary conditions. We then obtained some error estimates for both
the intermediate and end-of-step velocities and the pressure as a function
of the time step, under stronger regularity assumptions on the solution and
mesh, and following the recent ideas of J. Shen for the standard projection
method, among others. Furthermore, we developed a similar method to the
previous one, but this time with pressure correction; we also obtained some
error estimates for this alternative method. We then proved independence of
the steady solution reached with implicit fractional step methods in steady
flow problems, provided pressure correction is used. Finally, we developed an
iterative scheme for the numerical solution of the resulting system of linear
equations in each time step for our pressure correction method; this scheme
is explicit in each iteration. We validated this scheme on some benchmark
problems, such as the flows over a backward facing step and around a circular
cylinder, with two different finite element space discretizations; good results
were obtained in all cases.

Finally, we redeveloped a well-known predictor multicorrector algorithm,
in a semidiscrete setting within the context of fractional step methods, with
the help of the methods just introduced; this is an iterative algorithm in each
time step, in which each iteration is decomposed into two phases, in a similar
way to our pressure correction, fractional step method. This allowed us to
justify several properties of the algorithm, such as the possibility of imposing
the correct boundary conditions in all phases of the algorithm; the need for
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space interpolations of the algorithm to satisfy the discrete LBB condition;
the independence of the steady state reached with respect to the time step
in steady flow problems or the fact that a single iteration of the algorithm
is enough to achieve first order accuracy in the time step. We obtained
several numerical results with two different finite element discretizations of
the algorithm, the classical @, P, element and the (), P; element.

As for future developments, we would first like to finish some aspects of
the present work which have been left open, such as the proof of the satisfac-
tion of our weak inf-sup condition in the case of quadrilateral and hexahedral
finite elements of higher order (Qg for k > 2), which we tried but not quite
succeeded; also, the analysis of our local discrete, reformulated Stokes and
Navier-Stokes problems, with parameters ax defined elementwise, proving
optimal order convergence in a suitable mesh-dependent norm. But our main
next objectives will be the following: on the one hand, the theoretical anal-
ysis and implementation of a second order, viscosity splitting fractional step
method; we would like to obtain second order error estimates in the time
step size and numerical results which confirm them. This can be achieved
by fixing the parameters § and ¢ to 1/2 in our pressure correction method.
An iterative scheme would then be considered for the solution of the result-
ing system of linear (or, maybe, nonlinear) equations, which would again
be explicit in each iteration. On the other hand, the theoretical analysis of
fully discrete fractional step methods: we would like to give error estimates
both in the time step size and the mesh size for the fully discrete solution of
the standard projection method without assuming that the approximating
spaces satisfy the standard inf-sup condition, but only the weak compatibil-
ity condition of Chapters 2 and 3. Moreover, we would also like to give error
estimates in space and time for the fully discrete solution of our viscosity
splitting method, this time assuming the standard inf-sup condition.
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Appendix A

Improved error estimates

We give here some improved error estimates which we can prove for our vis-
cosity splitting method, both with and without pressure correction, assuming
that the semidiscrete velocities are uniformly bounded in H?(Q2). We also
prove some error estimates for the pressure which depend on the improved er- -
ror estimates for the velocity; these show that the pressure is at least weakly
order 1/2 accurate for the method with and without pressure correction.

A.1 Viscosity splitting method

We give here an improved error estimate for the end—of-step velocity of our
viscosity splitting method 4.8-4.10. We show that u™*! is actually a strongly
order 1 approximation of the solution in L*(Q) and weakly order 1 in H}(2),
assuming a uniform bound for u™**/? in H%(Q).

Theorem A.l: assume that A1l and A2 hold, and that the Stokes problem is
reqular; assume also that the intermediate velocities satisfy:

[ |, < C, VYn2>0 (A.1)

with C > 0 independent of k; then, for N = 0,...,[T/k}] — 1, and small
enough k:

N
[ 4+ kv S |le™? < CK (A.2)

n=0

PROOF: we recall equation 4.36 here:
1 g .
(e —en) =A™ + Vg (A3)
= (u*- V)u"? — (u(tass) - V)u(tana) + R
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‘g
Taking the inner product of A.3 With 2ke™*1 which is in Y, we get:

[P [P 4 [ e 4 2k fenP
= 2k c(u", u"+1/2, e”‘H) — 2k c(u(tn+1), U(tn+1), e"'H)
+ 2k <R e™ > (A.4)

The right-hand-side terms are bounded as follows. For the Taylor resid-
ual term we have:

2k Rl [le™]]

k

Tl + CRIR
kx/l
4

2k <R™ e >

IA

(A

i

€+ ORI [ )t

IA

kv ent1|2 ~1 2 2
Tl + ok [Tt [ e

kv on
< Ll P + ok [ [l d

ﬂ

For the nonlinear terms, we again use the splitting 4.27 to express them
as:

2k (c(u™, w2, e — c(u(tnsr), U(tnir), e*))
= 2k( c(u(tnsr), €2, e™) & c(u(t,) — utny), u™+/?, ety
— (e ,u“+1/2,e"+1))

which we call I, II and III, respectively. Then:

—2k c(u(tnyg), e™V/? emt?)
2k c(u(tpyr), €™, e 1/2)
Ck[[u(tass)llz [[e"F1]] [e"172]
CEk|le™]] [e+/?]

kv o "
et + okjep

et
l

IAIA I

IA

II = 2kc(u(ty) — u(tns),u™1/? emtl)
< Ck|lu(ta) — ults)|] [[u™/2]] |le™*]
< Ckllu(ts) — u(tas)ll lle™|

tngl
Rl [ uedt]] e

i
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tnt1 kv .
< ORIl [ ucatP + il

tnt1 kv
< CF [T Pt + Zlle

111

Il

-9k C(en’ un+l/2, en+1)

< CRle™ [y [le™|
< Chle|[le™]

k
< ChleP + Llle™|P?

where we have used 4.34 and A.1. Adding up A.4 for n = 0,..., N, taking
into account 4.31 for the term I, and the previous inequalities, we get:

N
IeN-H‘z + Z ’en+1 _ enlz

n=0
N N .
+ kv E “en+1“2 + Ckzy Z “en+1/2“2
n=0 n=0
2 T 2 2 T 2
< Ck / g2 dt + Ck j (e |? dé
0 0
N+1 N
+ Ck Y |e™® + Ck D |e™* — emt/22
n=0 n=0
N
+ Ck? Z(”en+1”2 + “en+l _ e"+1/2|]2)

n=0

For sufficiently small k, we can apply the discrete Gronwall lemma to the
last inequality; using the regularity properties of the solution (R2 and R4)
and the estimates of Lemma 4.7, we get: ’

N N
|eN+1’2 + Z'em}-l_enlz +kVZI|e"+1”2

n=0 ‘ n=0

< CK
and 4.35 is proved. U

We now show that the pressure approximation of our viscosity splitting
fractional step method is order 1/2 accurate in the time step, as it is for
the classical projection method, according to [90]. We first recall a technical
result, similar to that of Lemma Al in [92]. In Theorem A.1 we have proved
that, in particular:
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This implies that:

N ‘
> lle™ —er]lZ, < Ok (A.5)

n=0

since for all v € L*(Q), {Jv|l-1 £ C'|v|. This is what we actually use to
prove the following error estimate for the pressure:

Theorem A.2: assume that A1 and A2 hold, that the Stokes problem is
regular and that A.1 also holds; then, for N = 0,...,[T/k] — 1 and small

enough k:

y .
k31" —p(tnsa)lfamy < CF (A.6)

n=0
PROOF: we rewrite A.3 as:

1
- Vgt = E(e“ﬂ”l —e") — vA(e™™) — R" (A.7)
— (- V) 4 (u(tag) - V)u(tas)
Using the continuous LBB condition 1.25:
Vp,
plaw < ¢ sp TPV wpenie) (A
veria) (vl

for the pressure error p = ¢"*!, we need to bound the products of the RHS
of A.7 with v € Hy(2). We have:

1 1 .
(e —env) < Tllem = el [Iv]
<—vA@EH) v > = (e, V) < wle™ |Iv]

n n tnts 1/2
<-RYv> < (IRl < O a2y de) " Iivi

ad

IN

For the nonlinear terms, we use the following splitting, taken from [90]:

— (0" - V)u™? 4 (u(tns) - V)u(tasr) (A.9)
= ((ultasr) = u(ta)) - V)ultnss) + (" V)u(tns1)
+ (u*.V)emti/2
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so that:

=3
Il

c(u(tns1) —u(tn), u(tns1), v)
C lu(tns1) — u(tn)] |[u(tns)ll2 [1v]]
C lu(tnsr) — uta)] |Iv]]

tnt1
1 [ wetl|Ivl

tnt1
Ok [ wl? ) vl

IAIA

To = (e, ultns), )

Clle™|] [fu(tar)l IVl
Clle™ [vl|

IAIA

c(u™, e™t1/2 v)
C [[u™|| [le™/2]] ||vil
C|le™ 2| |v]|

IAIA I

where we have used 4.33. Thus, taking the product of A.7 with v and taking
into account A.8 and all these inequalities, we obtain:

C
— |le™*! — e[|

k

IA

|q”+1 ILg(n)

+ C{lle™™Ml + le™]] + [le™+/7|
g1 tnt1
([T el [Tl de) )
which yields:
n C n n
9" Zz) < g lle™ et

+ C{lle™1 + el + [l
+

tu+l tn+l
/: t||ueel|2, dt + k/t || dt}

”

and A.6 results from A.5, the regularity of u, and Lemma 4.7. O

We have proved, in summary, that the pressure solution is weakly order
1/2 accurate in L3(Q).
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|
A.2 Viscosity splitting, pressure correction
method ‘

We now give improved error estimates for the end-of-step velocities of our
pressure correction method, assuming again uniform bounds for the inter-
mediate velocities in H?(Q) and uniform bounds for the pressure gradient in

12(9).

Theorem A.3: assume that A1 and A2 hold, and that the Stokes problem is
regular; assume also that the intermediate velocities satisfy:
[[a**?), < C, VYn>0 (A.10)

with C > 0 independent of k and that 4.46 also holds; then, for N =
0,...,[T/k] — 1, and small enough k:

N
BV + kv Y JlE™PP < Ck- (A.11)

n=0

PROOF: the proof is similar to that of Theorem A.1. We recall equation 4.55
here:

L(E &)~ VAR — V(" — pltan)) (A.12)
= (@ - V)a™™? — (u(ten) - V)u(ten) + R”

where ™% = ¢! + (1 — ¢)p". Taking the inner product of A.12 with
2ke™*! which is in Y, we get:

lén-{—llZ _ lénl2 + lén-{-l _ én{2 + 2kl/ “én-f-IHZ
= 2 k C(ﬁn, ﬁ"+1/2, én+1) - 2 k C(ll(tn+1), ll(tn.H_), én+1)
+ 2k <R™M et > (A.13)

The right-hand-side terms are bounded as in Theorem A.1, using again
the splitting 4.27 for the nonlinear terms, yielding:

n =n+tl kv 12 2 [t 2
2k <R%&™ > < L@ + C’k/; (luee] 2 dt
2k (ultss), TG < e 4 oRjeip
~n+1/2 =n+l 2 [t 2 kv nt1gp2
2k c(u(ta) = ultnsn), G72,EH) < OR [T fudfde + Il

k
2ke(&, AAEH) < CR[ET + [l
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where A.10 has been used. Adding up A.13 for n = 0,..., N, taking into
account 4.31 for the nonlinear terms and the previous inequalities, we get:

N
’éN+1|2 + Z ,én+1 _ énIZ
n=0

N N
+ kv Z “én+1“2 + Ckzl/ Z ”én+1/2”2

n=0 n=0

T T
< 0k2/ el dt + Ck2/ e |? de
0 0
N+1 N
+ CE Y |& + Ck Y et —emt/7p
n=0 n=0
N
£ ORI+l — et )
n=0

For sufficiently small k, we can apply the discrete Gronwall lemma to
the last inequality; using the regularity properties of the solution and the
estimates of Lemma 4.8, we get:

N N
IéN+1|2 + Z ‘én-{-l _ éniz + kv Z “én+1“2

n=0 n=0

< Ck
and A.1ll is proved. U

We finally show that the pressure approximation of our viscosity split-
ting fractional step method with pressure correction is also weakly order 1/2
accurate in the time step in the space LI(2). We also need a technical re-
sult, which is a consequence of the the proof of Theorem A.3. We have, in
particular, that:

N
Z ]én-l-l _ én‘2 S Ckz

n=0

which implies that:

i |le™* — &2, < Ok (A.14)

n=0

We then have:

Theorem A.4: assume that Al and A2 hold, that the Stokes problem is
regular, and that 4.46 and A.10 also hold; then, for N = 0,...,[T/k] — 1,
and small enough k:
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i

H

E Y15 = p(tan) iz < Ck (A.15)

PROOF: the proof is similar to that of Theorem A.2. We call g"*! = p(tn41)—
"+, We rewrite 4.55 as:

Copn = Lo s -m a
— (@ V)E 4 (atar) - V)u(tan)

that is, an equality similar to A.7. Using again the LBB condition A.8, we
bound the products of the RHS of A.16 with v € H}(Q), to get:

1 =n =n
Zlem — @i ivil

1
E(én+1 _ én,V) S
<—vA@E™),v> = (@&, v)) < v T]|Iv]|
<-R%v> < [[RY- [iv|
tnt1 1/2
< o[ thualiz )" v

As for the nonlinear terms, we use again the splitting 4.27, to get:
C(én, ﬁn+1/2’ V)
Cllenl la*+/2|| [lv|
e[ 1v]

T

IAIA I

—c(u(ty) — u(tny), @2, v)
C [[u(tn) = ultns)ll [@™+/2]] ||v]]
Cllu(tn) — u(tasa)| IVl

tnt1
Cll ™ ueatll Iivi

tnt1
Gk [ lul? dt)? v

T>

IAN A

IA

c(u(tnt1), 8412, v)
—c(u(tns1), v, &%)

C lJu(tasr)llz ||v]| [E™+72]
Cllv|[ [&"+72]

T3

il

IAIA
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This way, we find:

. C it an
19"z < -k-”e e,
+ c{llE ] + [f&]| + [e
tnts 9 1/2 tnt1 2 1/2
£ ([ iz )+ ([ )"

that is:

C

S llem — &,
+ C{lIEPP + |8 + e

tntt 2 tng1 2
[ el Py de 4 k[ e e}

IA

197" [z

and A.15 follows from A.14, Theorems A.3 and 4.3 and the regularity R2
and R3 of u. O

In summary, we have obtained first order error estimates for the end-
of-step velocities of our viscosity splitting method with § = 1, both with
and without pressure correction, and order 1/2 estimates for the intermedi-
ate velocities, both of them strong in L?(Q) and weak in H}({2), under the
usual regularity assumptions A1 and A2 and the uniform bounds for the
intermediate velocities in H?(2); we have also obtained order 1/2 weak error
estimates for the pressure in L2(£).
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