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Abstract The indefinite nature of the mixed finite element formulation of the Navier-Stokes
equations is treated by segregation of the variables. The segregation algorithm assembles the
coefficients which correspond to the velocity variables in the upper part of the equation matrix and
the coefficients which corresponds to the pressure variables in the lower part of the equation
matrix. During the incomplete; elimination of the velocity matrix, fill-in will occur in the pressure
matrix, hence, divisions with zero are avoided. The fill-in rule applied here is related to the location
of the node in the finite element mesh, rather than the magnitude of the fill-in or the magnitude of
the coefficient at the location of the fill-in. Different orders of fillin are explorved for ILU
preconditioning of the mixed finite element formulation of the Navier-Stokes equations in two
dimensions.

1. Introduction

The use of direct equation solvers for large scale finite element simulation has

been limited owing to the requirement of large memory storage capacity.

Consequently, the efforts have been directed towards the development of fast

iterative equation solvers requiring less memory storage and CPU time

(Meijerink and van der Vorst, 1977; Sonneveld, 1987). In some algorithms, juemational jounal of Numerical
Methods for Heat & Fluid Flow
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equation matrix need not be stored at all as in element-by-element formulations
(Wille, 1986, 1987). However, iterative schemes may not be robust, and good
preconditioners may be needed.

Hence, the preconditioning of iterative solvers has been the subject of
extensive investigation in recent times (Carey ef al.,, 1989; Dahl and Wille, 1992;
van der Vorst, 1992; Young and Yea, 1980). The most popular preconditioner
has been incomplete Gaussian factorization (ILU). As demonstrated in our
numerical experiments, the efficiency of ILU preconditioning for a finite
element equation is strongly related to the node numbering of the finite
element mesh. There are several efficient ways of node numbering. The
nodes may be numbered from the boundary of the element mesh towards
the center of the mesh, from one side of the mesh to the opposite one or from the
center of the mesh towards the boundary, to minimize bandwidth or
frontwidth, in accordance with nested dissection criteria. In the present
context, the influence of ordering on fill-in for ILU preconditioning is of
particular interest.

In the solution of algebraic equations, the amount of fill-in is governed by a
predefined limiting value for the coefficients of the magnitude of the fill-in. The
greater the magnitude of this limit is set, the higher order of fill-in is accepted.
This fill-in rule is not very suitable in practice, especially when the system of
finite element equations is indefinite as, for example, the Navier-Stokes system.

In the present work, a fill-in rule based on the location of the nodes in the
element mesh is developed. First-order fill-in is defined as follows: if nodes
belong to the same element, fill-in is confined to the corresponding locations in
the equation matrix. If nodes belong to an element or adjacent elements,
second-order fill-in is accomplished.

The finite element equations for incompressible flow with mixed
interpolation are indefinite in nature. Therefore, care has to be taken when
assembling the equation matrix to avoid division by zero during the
factorization of the equation matrix. In the present algorithm, the segregation
of variable method is applied to the Navier-Stokes system. The pressure
equations are assembled in the last diagonal block of the matrix. During the
elimination process, fill-in will occur on the diagonal and in other locations,
which were initially zero due to indefiniteness.

In the present work the fill-in algorithm is implemented and numerical
experiments are performed for an ILU preconditioned conjugate gradient
algorithm for solving the global system of equations. The experiments are
performed for increasing the order of fillin and various Reynolds numbers
with meshes are adapted to the solution (Greaves and Borthwick, 1998, 1999;
Kallinderis, 1992; Wille, 1992, 1996).

Dahl and Wille (1992) compared the present fill-in rule with the first-order
fill-in described in the work by Carey et al. (1989), where a small number was



added to the zero diagonal entries. This comparison was favorable with respect The influence of

to the present fill-in algorithm. the order of fill-in
The effect of adapted meshes for the the first-order fill-in algorithm in

solving the Navier-Stokes equations has been studied by Wille (1992). The

adapted mesh algorithm has also been applied to other problems, such as

surface flow in the North-Sea (Wille, 1998). 397

2. The equations
As a model problem, we consider the stationary Navier-Stokes system in two
dimensions

pu-Vu— puVu+Vp=£f in QCR? 1)

—V:u=0 in Q 2)
with homogeneous Dirichlet boundary conditions
u=0 on I'=050Q 3)

where u is the velocity vector, p the pressure, p the density and u the viscosity
coefficient.
For small |ul this can be approximated by

—uViu+Vp =1 4)

—V-u=0 6))

as a particular case of the stationary Navier-Stokes system without convection.
A variational formulation of the Navier-Stokes system: find the velocity
ue U= H(l)(Q) X H(l)(Q) and the pressure p € @ = L%(Q2)/R such that

aa,u,v)+b(p,v)y=f(v) VveU (6)
blgw)=0 Vge@Q ()
with
a(u,u,v)=/[u-Vu-v—{—,u,Vu-Vv—pV-v]dQ €)
Q

b(g,u) = —/QV'uqu )
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Figure 1.

Node ordering given by a
standard generator, for
example, oct tree mesh
generators and Delauney
triangulation (left). The
node ordering after
sorting the nodes with
respect to distance to a
point far away in the
y-direction (right)

f(v) = / f-vdQ (10)
Q

Let us consider the standard mixed finite element formulation with both
velocities and pressure approximated using C° Lagrangian interpolations with
quadratic basis functions for velocities and linear basis functions for pressure
on triangles (Taylor and Hood, 1973). Denoting U;, C U and @), C @, as the
corresponding C° Lagragian finite element spaces for velocity and pressure
fields, the Galerkin approximation for the Navier-Stokes equation system
becomes

a(uy, uy, vy) + by, vy) = f(vy) Vv, € Uy, 11)

b(gp,up) =0 Vg, € Q, (12)

The Stokes approximation is recovered by omitting the convective term in
equation (11), yielding

a(uay, vy) +b(p,vy) = f(vy) Vv, € U, (13)
b(gp,up) =0 Vg, € Q) (14)
with
a(u,v) = /[/.LVU‘VV — pV-v]dQ (15)
Q

3. Pivoting of nodes
A typical mesh and node ordering as delivered by a standard mesh generator is
shown in Figure 1 (left). This mesh does not have an optimal node ordering and

39 52 32 43 22 46 30 49 38 9 7 5 3 1 2 4 6 8

13 /m/ 1 14
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45 48 17

84 90 81 89 65 62 64 67




results in a less efficient ILU preconditioner (Dahl and Wille, 1992). The node

The influence of

ordering using the numbering strategy used in the work of Wille and Loula the order of fill-in

(2002), is shown in Figure 1 (right). The nodes in this mesh are sorted with
respect to the distance to a point far away in the y-direction. Although not
proved theoretically, numerous experiments have shown that this is one of the
best node ordering schemes to obtain an efficient preconditioner (Wille and
Loula, 2002). The ILU factorization in this order ensures that contributions of
fill-in are propagated progressively from one end of the mesh to the other.

4. Segregation of variables
The segregation of variables method has been described earlier by Dahl and
Willie (1992) and Willie and Loula (2002). Applying this method to the
indefinite systems of finite element equations, the variables associated with the
zero diagonal entries are assembled as the last unknowns in the equation
system. Thus, when using a direct Gaussian solver or an incomplete Gaussian
factorization, the elimination of the variables prior to the indefinite variables
will cause fill-in at the pivot locations in the matrix which were initially zero
due to indefiniteness. In the viscous flow problem, the absence of pressure in
the continuity equation implies zero diagonal block in the assembled system.
The block structure of the assembled finite element matrix under this
ordering of degrees of freedom is shown in Figure 2. The coefficients for the
velocities are assembled in matrix A. The coupling between the velocities and
pressures appear in matrix B and the continuity equation is assembled in B™.
The matrix for the pressure degrees of freedom P is initially zero. However,
during the factorization of the velocity matrix, A, fill-in will appear in the
pressure matrix P. When the factorization reaches P, the fill-in evolving from
the factorization of A, will prevent division by zero in the factorization of P.

BT P rp bp

Note: The matrix corresponding to the velocity degrees of freedom is contained in A. The
coupling between velocities and pressure is via the B matrix. The continuity equation is
assembled in BT. The pressure diagonal block sub matrix P is initially zero
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Figure 2.

Block partitioning of the
matrix with the
segregation of variables
technique




HFF
14,3

330

5. Fill-in rules

The fill-in rule for ILU preconditioners is accepted at locations in the equation
matrix where the magnitude of the coefficients is above a predefined limit. The
order of fill-in is determined by the magnitude of this limit. However, this fill-in
rule is not well suited for indefinite finite element equations. Considering the
Navier-Stokes equations with mixed interpolation, this fill-in rule would never
allow fill-in at the location corresponding to the zeros due to the absence of
pressure in the continuity equation. A new fill-in rule for finite element
equations has to be considered. The fill-in rules for finite elements considered in
the present investigation are as follows.

« First-order fill-in. Fill-in is accepted only at locations in the global matrix
where the nodes belong to the same element.

« Second-order fill-in. Fill-in is accepted at locations for the first-order fill-in
and for locations in the global matrix corresponding to couplings to nodes
in adjacent elements which caused first-order fill-in.

« N-order fill-in. Fill-in is accepted at locations for the (N — 1) order fill-in
and for locations in the global matrix corresponding to couplings to nodes
in adjacent elements which caused (N — 1) order fill-in.

By applying the above-mentioned fill-in rules, the desired fill-in for the pressure
block diagonal submatrix will take place. Thus, if nodal numbering and
thereby also the Gaussian elimination order is chosen carefully, the zeros at the
pressure locations in the continuity equation will not introduce problems
during the incomplete elimination.

Figures 3-5 show the coupling between nodes for the node at the lower left
corner, the mid side node on the upper edge and the center node, respectively.
The fill-in will take place at the locations of the corresponding degrees of
freedom in the equation matrix. Full coupling with all nodes for the lower left
corner node appear for eighth-order fill-in (Figure 3). The mid side node at the
upper edge achieves full coupling for the sixth-order fill-in (Figure 4), while full
coupling for the center node occur for the fourth-order fill-in (Figure 5).

6. Numerical methods

To solve the non-linear Navier-Stokes finite element equation system (11) we

use Newton’s method, which is known to have a second-order convergence rate.
Defining,

/'t = u} + Au (16)
Pt =pl+ Ap (17)

yields the following linear incremental system to be solved at each Newton step



a(uj, Auy, vy) + a(Auy, uf,vy) +b(p),vi) =f(viy) Vv, €U, (18)

b(gn, Auy) = b(gn,u}) Vg, € @ 19)

The linear nonsymmetric set of equations is solved by the ILU preconditioned
Bi-CGStab algorithm (van der Vorst, 1992).

7. Numerical experiments

The influence of the fill-in order for the ILU preconditioner is explored for
driven cavity flow. We solved both Stokes and Navier-Stokes equations, to
investigate different fill-in orders for the symmetric and a nonsymmetric
system, respectively.

The storage of the equation matrix and the preconditioning matrix is
increasing with the order of fill-in. The limitation of the order of fill-in to be
explored is therefore related to the computer memory. The highest order of
fill-in explored with the available computer memory is the third-order fill-in.

The influence of
the order of fill-in
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Figure 3.

Coupling of the node at
the lower left corner for
different orders of fill-in.
The first figure to the
upper left has zero-order
fill-in. The last one has
eight-order fill-in
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Figure 4.

Coupling of the middle
node at the upper edge
for different orders of
fill-in. The first figure to
the upper left has
zero-order fill-in. The last
one has sixth-order fill-in

Figure 5.

Coupling of the center of
the mesh for different
orders of fill-in. The first
picture on the upper left
has zero-order fill-in. The
last one has four-order
fill-in




The finite element meshes used in solving the Stokes equations are shown in  The influence of
Figure 6 and the adapted meshes in solving the Navier-Stokes equations are the order of fill-in
shown in Figure 7. The meshes are adapted to the solution by using the ratio of
convection to diffusion as refinement — recoarsening indicator (Wille, 1996).

The solutions of the Stokes equations are shown to the left and the solutions
of the Navier-Stokes equations are shown to the right in Figure 8. 333
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Meshes for the
simulations of the
Navier-Stokes equations
for the Reynolds number
200, 400, 600, 800, 1,000
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Figure 8.

Solutions of the Stokes
equations, velocity
vectors and isobars, to
the left and the solutions
of the Navier-Stokes
equations for Reynolds
number 500 to the right

Figure 9 shows the amount of memory storage required by the first three
orders of fill-in in terms of megabytes in ILU preconditioning of the Stokes
equations. The first order fill-in needs much less memory storage than the
second- or third-order fill-in. The time for initialization of the different orders of
fill-in (Figure 10) is the factorization time for the equation matrix, which is
much less for first-order fill-in than the fill-in second- or third-order.

Figure 11 shows the number of iterations of the linear solver required to
achieve convergence as a function of the number of degrees of freedom for the
different orders of fill-in. The first-order fill-in requires more linear iterations
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for convergence than the second- or third-order fill-in. However, as shown in
Figure 12, the first-order fill-in is much faster in terms of CPU time than the
second- or third-order fill-in.

The results of similar experiments with the Navier-Stokes equations are
shown in Figures 13-16. In the Navier-Stokes simulations, the results are given
as a function of Reynolds number. Figure 13 shows that first-order fill-in

The influence of
the order of fill-in
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Figure 9.

The memory storage for
the preconditioning
matrix as a function of
the number of degrees of
freedom for the Stokes
equations

Figure 10.

The factorization time of
preconditioning matrix
as a function of the
number of degrees of
freedom for the Stokes
equations
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Figure 11.

The number of linear
iterations for the iterative
solver as a function of
the number of degrees of
freedom for the Stokes
equations

Figure 12.

The total CPU time of
linear iteration as a
function of the number of
degrees of freedom for
the Stokes equations
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requires less storage for the preconditioning matrix than the second- or
third-order fill-in. The factorization time (Figure 14) for the preconditioning
matrix is also much less for the first-order fill-in.

The number of degrees of freedom for the adapted meshes for solving the
Navier-Stokes equations, shown in Figure 7, are shown in Figure 17. Figures 15
and 16 show the number of linear iterations and the CPU time corresponding
to five Newton iterations of the linear solver. Figure 15 shows that the picture
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for the linear iterations is different for the nonlinear and nonsymmetric
Navier-Stokes equations compared to the linear and symmetric Stokes
equations. For the highest Reynolds numbers (Figure 15), the first-order fill-in
scheme requires fewer linear iterations than the higher order fill-in schemes.
Figure 16 also shows that the first-order fill-in is much faster than the second-
or third-order fill-in.

The influence of
the order of fill-in
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Figure 13.

The memory storage for
the preconditioning
matrix as a function of
the Reynolds number for
the Navier-Stokes
equations

Figure 14.

The factorization time
for the preconditioning
matrix as a function of
the Reynolds number for
the Navier-Stokes
equations
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Figure 15.

The number of linear
iterations for the iterative
solver as a function of
the Reynolds number for
the Navier-Stokes
equations

Figure 16.

Time for the solution as a
function of the number of
degrees of freedom for
the Navier-Stokes
equations
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8. Concluding remarks
A new fill-in rule for ILU preconditioning has been suggested for systems such
as those arising in primitive variable Navier-Stokes problems. This fill-in rule
is believed to be much more relevant to these equation systems than those
based on thresholding.

Different orders of fill-in have been compared for Stokes and Navier-Stokes
equations. The conclusion of this work is quite clear. The first-order fill-in
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algorithm requires less storage and is faster and more robust than higher order
fill-in algorithms.
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Navier-Stokes equations




HFF
14,3

340

Wille, S.0. (1987), “Local gaussian preconditioning of symmetric and nonsymmetric finite
element equation solvers”, Proceedings of the First International Conference on Industrial
and Applied Mathematics, ICIAM 87, Paris, France.

Wille, S.0. (1992), “A structured tri-tree search method for generation of optimal unstructured
finite element grids in two and three dimensions”, Int. J. Numer. Methods Fluids., Vol. 14,
pp. 861-81.

Wille, S.0. (1996), “An adaptive unstructured tri-tree iterative solver for mixed finite element
formulation of the stokes equations”, Int. J. Numer. Methods Fluids., Vol. 22, pp. 899-913.

Wille, S.O. (1998), “Adaptive finite element simulations of the surface currents in the North Sea”,
Computer Methods in Applied Mechanics and Engineering, Vol. 166, pp. 379-90.

Wille, S.0. and Loula, A.F.D. (2002), “A priori pivoting in solving the Navier-Stokes equations”,
Communications in Numererical Methods in Engineering, Vol. 18, pp. 691-8.

Young, D.M. and Yea, K.C. (1980), “Generalized conjugate-gradient acceleration of
non-symmetrizable iterative methods”, Lin. Alg. and its Applications, Vol. 34, pp. 159-94.



