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In this proposal, we would like to develop a robust and accurate
3D Navier-Stokes (NS) solver for simulating the incompressible
flow in a complex domain. For solving the NS equation, first,

both the implicit backward Euler scheme and the 2" order



Crank-Nicolson scheme will be employed on time domain. The
nonlinear convection term is linearized and treated by Picard
iterations or the Simo-Amero scheme. Next, the
streamline-diffusion finite element method (SDFEM) will be
used for discretization on the spatial domain, where the simple
P1/P1 element i1s used to discretize the velocity and pressure
variables, respectively. Due to the extra stabilization along
the streamline direction, the resulting bilinear form is

consistent. As a result, the discrete linear system is stable.

Then, we will focus on how to solve the linear system
efficiently. Two approaches will be considered. First, we
consider a heuristic approach where one step of block
Gauss-Seidel iteration 1s used as a preconditioner of the
system. The multigrid-preconditioned GMRES and MINRES are then
used in the block solvers to accelerate the overall computation
time. Next, our two preconditioners are applied to the linear
system, one on the left and one on the right. The resulting

system is again solved by GMRES. The advantages of the second



approach includes (i) only block solver which is similar to the
Poisson solver is needed, (ii) no reassembling of matrices is
needed for this block solver during the time evolution, as long
as the time step and the mesh are fixed, and (iii) algebraic
multigrid solver can be applied, 1.e. no coarse grids need to

be generated a priori.

Finally, in order to increase the solution accuracy, adaptive
mesh refinement and adaptive time-stepping strategies will be
considered. Many benchmark flow problems including driven

cavity flows, flows in a backward-facing step and flows around
a cylinder will be tested to demonstrate the robustness and

accuracy of the developed solver.
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Abstract

In this paper, we present an efficient multigrid (MG) algorithm for solving the three-dimensional variable coefficient diffusion
equation in cylindrical coordinates. The multigrid V-cycle combines a semi-coarsening in azimuthal direction with the red-black
Gauss—Seidel plane (radial-axial plane) relaxation. On each plane relaxation, we further semi-coarsen the axial direction with
red-black line relaxation in the radial direction. We also prove the convergence of two-level MG with plane Jacobi relaxation.
Numerical results show that the present multigrid method indeed is scalable with the mesh size.
© 2006 IMACS. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The variable coefficient elliptic equation in three-dimensional domain arises in many physical applications. The
heat transfer in heterogeneous material where the thermal conductivity depends on the position is one of the classical
examples. The fluid flows with non-constant viscosity is another application. Very often, the geometry we consider
is no longer Cartesian, say a circular cylinder instead. Thus, it is more convenient to write the equation in cylindrical
coordinates.

In this paper, we consider the following variable coefficient diffusion problem written in cylindrical coordinates on
a3Ddomain 2 ={(r,0,2) |0<r <1, 0<60 <2m, 0<z<1}as

_l[i( 3_“)+i<ﬁa_“)+ i( 3_””_ (r0.2) inQ )
Flar\"Par ) Tae\ae ) T \Pyp )T/ 0 ing2,
u(1,0,2)=¢g(@,2), u(r, 6,0)=p(,09), u(r,0,1)=q(r0). 2)

Here the diffusion coefficient B(r, 6, z) is inhomogeneous and satisfies 0 < u < B(r, 6, z) < 1. The upper bound is not
a restriction of the method discussed in this paper since we can re-scale both sides of Eq. (1) by the maximum of 8.
When we solve Eq. (1) numerically, the first issue called the coordinate singularity arises. This is because the
equation is not valid at » = 0 when it is written in cylindrical coordinates. In [8], Lai et. al. have developed a FFT-based
fast direct solver for the Poisson equation (a special case of B(r, 8, z) = 1 in Eq. (1)). The solver relies on the truncated
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Fourier series expansion, where the partial differential equations of Fourier coefficients are solved by the standard
centered difference scheme under a shifted grid in the radial direction. The method handles the coordinate singularity
without special treatment and the resultant matrix equations can be solved by the fast direct solver such as those
provided in public software package—FISHPACK [1]. However, when the diffusion coefficient is inhomogeneous,
solving the numerical solution for Eq. (1) is a different story. Since now the elliptic equation has a variable diffusion
coefficient, we are unable to write the solution as Fourier series expansion, which means the fast Fourier transform
(FFT) cannot be called directly. Furthermore, the equation is not a separable type, the resultant linear system after the
discretization cannot be solved by the fast direct solver as mentioned before.

Multigrid (MG) methods are known to be very efficient for solving the elliptic problems. Its main idea consists
of applying simple relaxations on the fine grid to smooth the error and correcting the smooth error on the coarse
grid, on which the smooth error is relatively oscillatory and can be eliminated more effectively by relaxations. It has
been shown that the convergence rates of traditional MG methods are independent of the mesh size for many elliptic
problems [2,3]. However, for solving problems with strong anisotropic diffusion or solving problems on anisotropic
meshes, the convergence of the MG methods is seriously deteriorated [4,7,13]. The reasons contributing to the slow
multigrid convergence in such problems are, first, the traditional Jacobi and Gauss—Seidel relaxations fail to smooth
the errors in some directions of the domain and, second, the standard coarse grids cannot represent the errors that are
highly frequent in these directions. Many cures have been proposed to improve the convergence rate. For some two-
dimensional anisotropic problems on the Cartesian coordinates, Brandt, Hackbush and Mulder [4,7,11] have obtained
robust convergence of multigrid in which coarse grids from semi-coarsening are employed. For three-dimensional
anisotropic problems, Dendy [6], Llorente and Melson [10], and Washio and Oosterlee [12] obtained robust conver-
gence by using semi-coarsened grids and the alternating plane relaxations in their MG methods. Schaffer [14] also
developed an efficient semi-coarsening multigrid method for symmetric and nonsymmetric elliptic PDEs with highly
discontinuous and anisotropic coefficients in two- and three-dimensional Cartesian domains. In this paper, we extend
the discretization used in [9] to the 3D variable diffusion equation in cylindrical coordinates (1)—(2), and present an
efficient semi-coarsening MG algorithm to solve the resultant linear system.

The rest of this paper is as follows. In Section 2, we introduce the finite difference discretization to Eq. (1). In
Section 3, we first review some elements of the multigrid method and then provide a two-level convergence analysis
for the semi-coarsening MG with Jacobi plane relaxation. The numerical results including the accuracy check and the
detailed performance comparison for the present multigrid algorithm are shown in Section 4.

2. Finite difference discretization

We define the same grid points in the radial, azimuthal and axial directions as in [8] by

ri={—1/2)Ar, Fiv12=ri +Ar/2, ri—1pp =1ri — Ar/2, 3)
0;=jA0, Ojr12="0; + A0/2, Oj—12=0; —A0/2, “4)
Zx = kAz, Zkt1/2 =2k + Az/2, Zk—172 =2k — AzZ/2, )

where Ar =2/(2n, + 1), A8 =2 /ng and Az = 1/(n; 4+ 1). By the choice of the radial mesh width, the boundary
values are defined on the grid points. Let the discrete values be denoted by u;jx ~ u(r;, 0;, zk), fijk ~ f(ri, 0, zk),
gjk ~ g0, z1), pij ~ p(ri,0;) and g;; ~ q(r;, 0;). The values at the half-integered points are defined in a similar
fashion, such as B; 11,2, jx ~ B(rit+1/2,0;, zx). Using the centered difference method to discretize Eq. (1), we have

Wit],jk — Ui jk Wijk—UWi—1,jk
_|:<Vi+l/2ﬂi+l/2,j,k— —ric1pBi-1p,jk—————— | [ Ar

Ar Ar
" Bijr1/2.k Wi j+1k — Uik Bij—1/2.k Wijk — Ui j—1.k /A9
ri A i A
Wi jk+1— Ui jk Wi jk— Ui jk—1
+r (/31',1',1<+1/2A—Z - .Bi,j,k—l/2A—Z Az | =i fijk (6)

Among the above representation, the numerical boundary values are given by u,. i1 jx = &jk> Ui,j,0 = Di,j>
Wi jn,+1=4ij> and u; o x = Ui ng k> Uing+1,k = Ui 1,k sSince u is 27 periodic in the azimuthal direction. At i =1,
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we have immediately observed from Eq. (3) that r1,2 = 0, so the coefficient of ug_ ;s is zero. This implies that the
scheme does not need any extrapolation for the inner numerical boundary value ¢ ; x so that there is no pole condition
needed.

Let us order the unknowns to a solution vector u, the resultant linear system of (6) can be written as Au = f. Here
the matrix A is given by

A:IO®Brz+C9®Irzv (7)

where ® is the regular Kronecker product, B, is the matrix with a five-point stencil obtained from discretization of
the operator % B g—‘r‘) + %(rﬁ g—‘;), Cy is the circulant matrix with a three-point stencil obtained from discretization
of the operator %(ég—g), and Iy and I,; are the identity matrix of size ng x ng and n, - n, x n, - n;, respectively.
Clearly, in the region close to the origin, the problem (1) is strongly anisotropic, namely, the diffusion in the azimuthal
direction is much greater than that in other directions. As a result, the matrix A becomes indefinite as the grid space

decreases. Therefore, a scalable and efficient solver for the linear system Au = f is desired.
3. Semi-coarsening multigrid method

In this paper, we would like to solve the aforementioned linear system by the semi-coarsening MG with plane
relaxations. In the following, firstly, the general multigrid V-cycle algorithm is introduced, and then the convergence
of a two-level V-cycle of the MG method is proved under the assumption that the solution of Eq. (1) is smooth enough
so that the discretization error of the scheme (6) is second-order accurate.

Given a sequence of meshes {Gz}, let V¢ be the vector space of the nodal variables on G!, A the matrix obtained
from the difference equation (6) on G¢, and w* the initial guess. Let MG represents the direct solver on the coarsest
grid G'. A typical multigrid V-cycle on £-level is shown recursively in Algorithm 1. Here, f* is the right-hand side
obtained from (6) on G¢, (M%)~! represents the smoothing operator and the operators [ ,f_l (restriction) and [ 156—1
(prolongation) represent the grid transfers between G*~! and G*. The elements of the multigrid V-cycle are described
as follows.

Algorithm 1. Multigrid V-cycle MG, (w*, f%)

(1) Setut=w?;

(2) (Pre-smoothing) ub =ul + MH1(fE = Atub), vy times;
(3) (Restriction) f¢=17"(f¢ — Atu®);

(4) (Coarser grid correction) g1 = MGy_1(0, f%);

(5) (Prolongation) g1 = Ifflql, and set u® = u® +qi;

(6) (Post-smoothing) u® = u® + (M1 (¢ — Atu®) vy, times;
(7) Set w®=MG(w®, ft) =ut.

For the MG considered here, (i) the coarse grids G*~! are obtained from semi-coarsening the fine grid G* along
the azimuthal direction, (ii) the prolongation operator / f_ | is the linear interpolation along the azimuthal direction and
the restriction operator [ f ~!is the transpose of the interpolation, (iii) the matrix A*~! is obtained from discretization
scheme (6) on (£ — 1)-level grid G ! and (iv) the smoothing operator M ¢ consists of the Jacobi, or Gauss—Seidel
plane relaxations. From now on, we use the notations MG (v, v2) and MGgs(v1, 12) to represent the different ver-
sions of the above multigrid method in which vy times of pre-smoothing and v, times of post-smoothing by plane
Jacobi and plane Gauss—Seidel smoothers, respectively, are applied.

3.1. The convergence of two-level MG

In the following, we present the convergence analysis for the two-level V-cycle MG method with Jacobi plane
relaxations. To simplify our convergence proof, we assume the number of grid points used in r, 8 and z directions are
n, =ng/2=n; =n. Let || - ||» denote the standard vector 2-norm or matrix 2-norm depending on which quantities
are considered. Let ||lw| o = +/(Qw, w) denote the Q-weighted Euclidean norm for w € V¢, where Q is a symmetric

To cite this article: Ming-Chih Lai, et al., An efficient semi-coarsening multigrid method for variable diffusion problems in cylindrical
coordinates, Applied Numerical Mathematics (2006), doi:10.1016/j.apnum.2006.07.019
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positive definite matrix and (-, -) is the inner product on V¢, For any linear transformation 7 from Vv to V¢, the matrix
Q-norm, denoted by ||T|| o, is the matrix 2-norm associated with the Q-weighted Euclidean norm.

First, let us show that the Jacobi plane relaxation is convergent. Recall that the Jacobi plane relaxation is obtained
from the matrix splitting

Al =Mt — N, ®)
where

M‘=1p®Br:+Dg®I;; and N'=(Dy—Co)® 1., ©)
and the matrix Dy is the diagonal part of Cy. The matrices M* and N* can also be written in the following block form

M, 0 ro0 N O 0 Nop 7]

0 M, 0 Nt 0 M 0 0
Mt — . oN=| 0 N . ] (10)
0 My O 0 0 . 0 Ny
0 M»y, LNy 0 0 Ny 0

where M are the block tridiagonal matrices with the stencils

[_ri—l/zﬂi—l/Z,j,k ri—1/2Bi—1/2,j.kHri+172Bi+1/2,) .k +rilgi,j.k—l/2+”i/3i,j.k+l/2+ﬂi.j—l/2.k+13i.j+l/2,k

Ar? ’ Ar? AZ? i AO2 ’
- w] in the main diagonal blocks,
Ar ik (an
[— %]l r in the upper off-diagonal blocks,
[— %]z X in the lower off-diagonal blocks,
Bij+1/2.k

and the matrices N;, j = 1...2n, are the block diagonal matrices with stencils [ li.k, respectively. Let St =

ri A2
(M%)~ N* be the error reduction operator of the Jacobi plane relaxation. It is clear that, due to the given Dirichlet
boundary conditions, M* and AY are irreducible M-matrices [15]. Therefore, (M%)~! and (A%)~! are positive. Since
N is non-negative, the splitting (8) is a regular splitting. As a result, the Jacobi plane relaxation S is convergent
since [|S4 |2 < 1 ([15] Theorem 3.29).

Throughout this section, we define the matrix R as
RI=I,®R,, =1y ® (I, ®R}), (12)

where Rf = diag(r;). Obviously, one also has ||S§ llge < 1.

Lemma 3.1. Suppose M;, j =1, ...,2n and N;,l =1, ..., 2n are the block matrices defined in (10). The inequality
-1 K
7 Mg, < 5 13

holds, where k < 1 is a constant depending on B(r, 0, z) and p is the lower bound of B(r, 0, z).
Proof. The matrix M; can be rewritten as

1 —1=
Mj=— (R7,) BjU~+0),
where Ej is a diagonal matrix whose diagonal entries [B,i]i,k are defined by Bj = Bi,j—1/2.k + Bi,j+1/2.k, and the
matrix C = A92§J._1szMj — I,;. Clearly, one has

[ 80 < [+ (RE) P (RE) ™ T a2 14
172 —1/29-1| Bii+1/2.k
=l (2 Pe(ary oy [ Bz 13

To cite this article: Ming-Chih Lai, et al., An efficient semi-coarsening multigrid method for variable diffusion problems in cylindrical
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From stencils (11) and the given Dirichlet boundary conditions in (2), one can conclude that C is an irreducibly di-
agonal dominant matrix. Therefore, the matrix C is positive definitive. Moreover, (sz)l/ 2c (sz)_l/ 2 is also positive
definite. Let Apmin(C) denote the smallest eigenvalue of the matrix C= (sz)l/ 2C(sz)_l/ 2, Obviously, the assump-
tion that u < 8 < 1 and (14) imply

_ Bi, l+1/2k]
M7'N < 16
[M7 Nl < 1+Amm<C> H[ ikl (10
<2L. a7
n

Hence, the inequality (13) holds. O

Corollary 3.2. For the constant diffusion case, suppose the mesh width satisfies the relation as Ar = n1 Az =ny A0 K 1,

where 11 = iz ﬁ and ny = are the grid aspect ratios of Az and A6 with respect to Ar, and n; ~ ny ~ 1.

Then, we have

ne
Cn,+1m

[M; Ny <5 (1)

2 b
and k =~ (1 — cAr?) for some constant ¢ > 0 independent of mesh size. As a result of (18), the plane Jacobi relaxation
converges with

IS5] e < 1—car? (19)

Proof. First, the stencil of the matrix C in the proof of Lemma 3.1 can be rewritten as

—  [AO\?~
C = (E) C, (20)

where C is a block tridiagonal matrix with [—r; /riTi 172, 2+ Zn%)r?, —n%ri /TiTi+1,2 ] in the diagonal blocks, and
[—rl.z] and [—n%rl.z] in the lower and upper off-diagonal blocks, respectively. By the Gersgorin theorem, we obtain the
following estimates as

‘Amin(a) — @+ 20])r?| <ri((1+n})ri + Jririiz + 0t Jririgi)2)

< (2 + 2n1)r — cor; Ar, for some constant ¢g > 0

< (2+2n1)r~ —0.5¢cAr>. 21)
Clearly, from (20) and (21), there exists a constant ¢y ~ 0. SCO(ﬁH)2 0. 500( )2 > 0 such that Apin(C) > ¢1Ar2.
Next, let e; =[1,0,...,0]. Since

_ AB\? 2
||C€1||2=(E) (((2+2771)r1) +n172r2r3/2+r1)/

‘/1617% + 6011 +5
Ar?

2
=0 Ar
47]%

from the positive definiteness of q one can conclude that Apin(C) < ¢z Ar2, for some constant ¢, > 0. By using the
upper and lower bounds of A, (C), the inequality (16) can now be shown easily as

1 1 — —
MIN e S ———————— < (1 = Apin(C) + Amin(C)?
H j lHRréz 2(1 + Apin(©)) 2( min(C) min(C) )
1 1
éz(l—clAr2+c Ar) 2(l—cAr)
for some constant ¢ > 0. The last inequality arises easily from the assumption that the radial mesh Ar is much smaller
than one. The inequality (19) can now be derived directly from the Gersgorin theorem. 0O

To cite this article: Ming-Chih Lai, et al., An efficient semi-coarsening multigrid method for variable diffusion problems in cylindrical
coordinates, Applied Numerical Mathematics (2006), doi:10.1016/j.apnum.2006.07.019
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Now, we are ready to prove the convergence of the 2-level MG. First, the error reduction operator of the 2-level
MG for solving the linear system obtained from (6) can be written as

Enc = () =1, (A7) TR AN(S))

where v is the number of relaxations. To prove the convergence of MG is independent of mesh size, we need to show
that there is some number v > 0 such that

Il EmGlige < 1. (22)

In the following, we let e* be an arbitrary error vector in V¢ satisfying |e‘||ge = 1, and (f¢)* = A* (Sﬁ)"e’Z be the
corresponding residual of the relaxed error. Clearly, one has

(R ™ = 1 A R AL Gs)) el )
= (R A ™ g (R ) T ()
<R A ™ = 1 (R A T Y e

Since (RY)"1Af and (R¢~1)~1A¢! represent the discrete difference operators in (6) on grids G%and G, respec-
tively, the truncation errors are O(Arz) (the meshes A6 and Az are the same order as Ar) if the solution is smooth.
Thus, there is a constant ¢3 > 0 such that

| Enicllge < c3Arsup(REAL(S5) et AL(s5)" et)'/?
el

<A AY(S)) | e <es| AP A e[ (5)" | oo (23)

Next, since A*S§ = N¢(I — S%) and

Bii+1/2.k 2
O
clearly, the inequality (23) implies
2 - 4 _
1wl < 2 1= S5 ge(55) ™ e < 223" 9

Therefore, from the fact || S f |l e < 1, the inequality (22) holds when the number of Jacobi plane relaxations is large
enough. We conclude our result of the multigrid convergence in the following theorem.

Theorem 3.3. For the variable diffusion problem (1) discretized by the finite difference scheme (6) on the cylindrical
uniform grids G*, let S§ and ExG be the error reduction operator of plane Jacobi relaxation and the present 2-level
MG, respectively. There exists a positive constant c4 independent of the grid size such that

I1Emclige < callSG || (25)

where v is the number of smoothing steps in the MG. If v is large enough, the 2-level MG is convergent independent
of the mesh size.

Remark 3.4. From the convergence rate of the plane Jacobi relaxation estimated by the inequality (19) of Corol-
lary 3.2, Theorem 3.3 suggests that for the constant diffusion case, the number of Jacobi plane relaxations should
increase four times when the mesh is refined to achieve grid-independent convergence of MG. On the other hand,
since the plane Jacobi matrix Sﬁ > 0 with zero diagonal blocks and (RHV/ 2S§ (RH~™12 is block-symmetric, irre-
ducible and convergent, by the Perron—Frobenius theorem, and Theorem 4.15 of the Varga’s book [15], the relation of
the asymptotic convergence rates between the plane Jacobi S‘} and plane Gauss—Seidel Sés can be derived as follows.

st 1 —cAr?
1551l ge o cAr

< ~1—2cAr2.
2—||85ge  1+cAr?

[ SGsl g <
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u = sin(nx)sin(my)sin(

nz)), B=1.

10° = ; : 10° r ; :
: ko n=16,MG(2,0) n =16, MG4(1.,0)
n =32, MG (8,0) ol % n =32, MG4(1,0) i
o n=64, MG (32,0) 7 o n=64,MGg(1,0)
107 F € Z)
-2
107 "
o
-]
= 1 30 ; ]
b=l b=l %
8 8
= = = g
4
g 2 ¥ ;
5 ] B g
= =
18]
5 G 107 * E
E E &
o o X
T T &
N o 107" *
i
*
" &
107k o E
| i}
107k o]
*x O
10_6 I 1 L A‘O_g 1 1 Il
0 10 20 30 40 0 5 10 15

Number of V-cycles. Number of V-cycles.

Fig. 1. The 2-norm of relative residuals with grid sizes n = 16(x), 32(A), 64(0) for MGy (left) and MGgg (right).

Moreover, the estimate of the error reduction rate of MG with Sés smoother in (24) becomes | Emcllge <

*/nl—g" ||Sés||‘;ezl. Hence, the grid-independent convergence of MG should be easier to achieve when plane Gauss—

Seidel relaxations are employed in the pre-smoothing and post-smoothing steps of the MG.

Fig. 1 shows the convergence behaviors of MG for the constant diffusion case § = 1. One can see that when
the plane Jacobi smoother is employed in MG, in order to have grid-independent convergence rate, the number of
smoothing steps must increase four times as the grid number n doubles. This is exactly what we expect from the
previous remark. In practice, only one step of the plane Gauss—Seidel relaxation is required for convergence and the
convergence rate is independent of the problem size as shown in Fig. 1.

4. Numerical results

In this section, we report several numerical tests for the multigrid method. On a given n, X n; X ng mesh size with
n, =n; =ng/2, the present multigrid algorithm is a complete log, ng-level V-cycle which employs semi-coarsening
in the azimuthal (@) direction, and one step of red-black plane (r—z plane) Gauss—Seidel relaxation for both the pre-
smoothing and the post-smoothing. It is important to note that the present MG method semi-coarsens the grid in the
6 direction instead of the r direction. This is because if the radial grid is coarsened, then the coarser grid would not
coincide with the fine grid based on our radial grid arrangement (3). The other reason is that Eq. (1) is on 1,6, z
rectangular domain, where the strongly anisotropic diffusion occurs along the 6 direction near the z-axis. It is well
known that the semi-coarsening direction is determined by which direction is strongly anisotropic [5].

In order to save the computation time, each plane relaxation step is further approximated by one step of log, n.-
level multigrid V-cycle iteration where coarse grids are obtained by semi-coarsening in the axial (z) direction on each
plane and employing a red-black line Gauss—Seidel relaxation in the radial (r) direction. The restriction (fine to coarse)
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Fig. 2. The 2-norm of relative residuals of MGrp (1, 1) and the maximum norm of errors for Example 1 (smooth diffusion coefficient) with grid
sizes n = 16(x), 32(A), 64(0), 128(0).

and prolongation (coarse to fine) operators are the conventional full weighting and linear interpolation, respectively.
Hereafter, we denote this version of the multigrid method as MGrg(1, 1).

In this paper, we have tested the convergence behavior and the numerical accuracy of the present MG algorithm
by the following examples. In those examples, we choose the analytical solution u(x, y, z) = sin(;rx) sin(mry) sin(r z)
and vary the diffusion coefficients based on different smoothing characteristics as

(1) B=1+sin’(7(x + y + 2)) (smooth case);
(2) B =1+4+sin*(100) (moderately oscillatory in @ direction);
(3) B=1+sin’*(100) sin?(207z) (moderately oscillatory in 6 and z directions).

The right-hand side functions are obtained by substituting the solutions into Eq. (1).

The stopping tolerance of the iterations is set to be 108 for all of our test cases. All numerical runs are carried out
on a PC with 1 GB RAM and 1.3 GHz CPU, and the program is written in MATLAB. All the following figures show
the 2-norm of the relative residuals and the maximum norm of the errors versus the number of V-cycles. From Fig. 2,
we can see that the residual norms decrease as the same rate for all mesh sizes and it takes about 8 V-cycles to reach the
stopping criterion. However, it takes only 5 V-cycles to reach the discretization error for all meshes. Furthermore, the
maximum norm of errors decrease by a factor of four as the resolution doubles which indicates that our finite difference
discretization for Eq. (1) is indeed second-order accurate. Fig. 3 shows the convergence and accuracy performance
for the case of moderately oscillatory diffusion in 6 direction. This example takes about 3—4 more V-cycles than the
smooth case to reach the residual stopping criterion and the discretization error. It leads to the same convergence
rate for all meshes as well. Note that, since the diffusion coefficient is moderately oscillatory, the mesh n = 16 is
under-resolving for this case. Fig. 4 shows the performance of our multigrid method for the case of moderately
oscillatory diffusion in 6 and z directions. Although the meshes n = 16,32 show under-resolution accuracy, the
residual convergence rates are still the same for all meshes. All three examples show our present multigrid V-cycle is
scalable with the mesh size perfectly.
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(a) Adaptive meshes for various benchmark problems:
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(b) Accuracy are achieved for the benchmark problem (flow

around cylinder)

C = lift coefficient= ———

pUL

Fy

pUZL

©

In the following, Cy=drag coefficient=

freq=L

1%

ST= Strouhal number=

(1) for Re=100 and Re=200 are obtained experimentally by Clift and Reshko
respectively.

(2) is computed on a 640x320 grid by Donna Calhoun, Courant Institute of
mathematics science, in 2002.

(3) is computed on a 267x147 grid by Saki and Biringen, Dept. of Areospace
Engineering, Univ. of Colorado, in 1996.

(4) is computed on a 256x256 grid by Liu, Zheng and Sung in 1998.

The numbers in blue color are obtained from our simulations.
Clearly, we have achieved the same accuracy as other
researchers. However, the mesh points generated in our
calculation are just about 7000 to 8000 points which is much

less than the mesh points used in all the other calculation.



(c) Efficiency is observed for the benchmark problem (flow

around cylinder)

AMG is efficient

Tables on the right show
the average number of
Iterations for various
flows.

200 time steps are

performed on each grid.
The initial time step

is 0.2 and step size is
halved when mesh is
refined.

For this benchmark problem, we also found that AMG (algebraic
multigrid) preconditioned GMRES (general minimal residual

method) is very robust.



