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Abstract

Mimetic discretizations based on the support-operators methodology are derived for non-orthogonal locally refined
quadrilateral meshes. The second-order convergence rate on non-smooth meshes is verified with numerical examples.
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1. Introduction

The support-operators (SO) method has been used to generate both 2-D and 3-D cell-centered diffusion
discretizations on non-orthogonal meshes [6,7]. The SO method can be applied to many forms of the
diffusion equation, but it suffices to consider the following first-order form of the diffusion equation:

divF = Q,

(L.1)
F = —-Dgrad¢ = G,

where ¢ denotes a scalar function that we refer to as the intensity, F denotes a vector function that we refer
to as the flux, D denotes a symmetric positive definite diffusion tensor, G denotes a flux operator, and Q
denotes a source function. We use the term ““cell centered” to indicate a discretization that expresses the
following conservation integral over each cell volume:
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jéFmdA:/VQdV, (1.2)

where 4. is the cell area and 7, is the cell volume. It does not necessarily imply that there are only cell-center
intensity unknowns. For instance, there are actually two versions of the SO method: one that has intensity
unknowns located only at cell centers, and one that has them located at both cell centers and face centers
[5]- These methods are equivalent in the sense that they yield identical cell-center intensity solutions, but the
former method has a dense diffusion matrix, while the latter method has a sparse diffusion matrix. The
latter method is referred to as the local SO method.

The purpose of this paper is to use the local SO method to generate diffusion discretizations in both x—y
and r—z geometries on non-orthogonal quadrilateral meshes having hanging nodes. Such nodes occur when
two cells share a face with one cell. Hanging-node meshes are generally used in adaptive mesh refinement
(AMR) algorithms [3,8,9,12]. We do not allow any cell to share a face with more than two cells, or
equivalently, there is never more than one hanging node associated with a mesh edge. This is a restriction
motivated by considerations of both simplicity and accuracy that is usually seen in quadtree-based adap-
tive-mesh algorithms [12]. While the vast majority of existing AMR schemes use orthogonal meshes, it is
clear that non-orthogonal mesh schemes are more versatile. Non-orthogonal AMR meshes have been used
in adaptive arbitrary Lagrangian—Eulerian hydrodynamics algorithms [1]. Our scheme would be suitable
for coupled radiation diffusion/hydrodynamics calculations on such meshes.

Our purpose here is not to develop such an AMR diffusion algorithm per se, but rather to develop an SO
method suitable for use in such an algorithm. The development of any AMR algorithm requires a posteriori
error estimation technique [11]. The development of an SO-compatible posteriori error estimation tech-
nique is beyond the scope of this paper. Thus, rather than refine to optimally decrease the error in our
convergence studies, we simply start with a multi-level hanging-node mesh and carry out a refinement step
by increasing the refinement level in each cell by one. This is later demonstrated in detail.

The treatment of hanging nodes with cell-centered diffusion discretizations is not as straightforward as it
might seem, particularly if the diffusion coefficient is discontinuous across an interface. For instance,
consider the cells e;, e;, and ¢; shown in Fig. 1, and assume intensity unknowns, ¢;, ¢;, and ¢, at each cell
center. Even if the mesh is orthogonal and the diffusion coefficient is continuous, one cannot accurately
compute the flux across the interface between cells i and j in terms of a difference between the intensities, ¢,
and ¢;. The intensity, ¢;, must be included in the difference expression to obtain a convergent diffusion
discretization. If the diffusion coefficient is discontinuous, the situation becomes significantly more complex
because the gradient of the intensity is discontinuous as well. One of the first convergent diffusion dis-
cretization schemes for orthogonal hanging-node meshes was given by Ewing et al. [3]. They developed a
symmetric cell-centered finite-difference scheme in x—y geometry for meshes having an even number of

Fig. 1. Inner edge with a hanging node.
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hanging nodes per interface. Although they defined their scheme to accommodate discontinuous diffusion
coefficients, all of their convergence proofs assumed a continuous diffusion coefficient. Edwards [2] de-
veloped a symmetric cell-centered discretization scheme for the diffusion equation associated with the
pressure in reservoir simulation. He considered orthogonal hanging-node meshes in x—y geometry having an
odd number of hanging nodes per interface. To deal with discontinuous diffusion coefficients and the as-
sociated discontinuities in the intensity gradient, Edwards initially defined one-sided differences for the
interface fluxes on each side of the interface that involved additional interface intensities. Equations for
these additional interface intensities were obtained by requiring continuity of the flux across the interface.
Because Edwards considered only orthogonal meshes, he was able to locally eliminate these additional
interface intensities to obtain interface flux expressions containing only cell-center intensities.

The local SO method is particularly amenable to hanging-node meshes because the discretization process
occurs in two steps. The first step is to consider each cell in the mesh as an independent domain and
generate an independent discretization for each cell. The second step is to obtain a global discretization by
imposing continuity of the intensity and continuity of the normal component of the flux across cell in-
terfaces. Since each cell in a hanging-node mesh is a quadrilateral, the first step in applying the SO method
is identical to that for standard quadrilateral meshes. However, imposing continuity of the intensity and
continuity of the normal component of the flux is not straightforward on hanging-node meshes because the
intensity and flux unknowns do not coincide as they do on standard meshes. Thus, the main task before us
is to determine how to impose continuity of the intensity and the normal component of the flux at three-cell
hanging-node interfaces. Our approach for imposing continuity at such interfaces is defined by two re-
quirements. The first requirement is to globally satisfy a certain integral identity that is the fundamental
basis of the SO method. The second requirement is to admit constant flux and linear intensity solutions.

Our hanging-node SO method can accommodate full symmetric positive definite tensor diffusion coef-
ficients in addition to scalar and diagonal diffusion coefficients. The tensor diffusion capability is demon-
strated in Section 3.

The remainder of this paper is organized as follows. In Section 2, we first briefly review the local SO
method, and then show how it is generalized for meshes with three-cell hanging-node interfaces. Com-
putational results are given in Section 3, followed by conclusions and recommendations for future work in
Section 4.

2. Support-operators method
2.1. Overview of the SO methodology

The basic steps of the SO method are as follows. First, we introduce vector spaces of discrete functions
together with inner products. Then, we derive a discrete approximation to the divergence operator which
we call the prime operator. Finally, the approximation to the flux operator (the derived operator) follows
naturally from a discrete analog of the Gauss—Green formula (see [5] for more details):

/F-D’](Dgradqb)dV—k/ ¢pdivFdV = [ ¢F-ndd. (2.1)
e; e Oe;
We consider a shape regular partition of computational domain into convex quadrilateral cells. Generally
speaking, the partition may be non-conforming. In this case we assume additionally that each mesh edge
has at most one hanging node.

Each mesh cell ¢; is assumed to be homogeneous, but material properties (diffusion tensor) may vary
between cells. The intensities (scalars) are defined at both cell centers, qSl.C, and the edge centers, (;SIR, (;SiT, ¢>iL,
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d)B For instance, qSR is located at the center of the right edge (see Fig. 1) The vectors are defined in terms of
edge-normal components located at the mldpomts of cell edges SR, fE, fE, fB. For instance, fR ~ F - nR.

Let f, = (R, L B and ¢, = (¢, o8, ¢T, L, %) be vectors of flux and intensity unknowns, re-
spectively, for mesh cell e;. The SO method [5] results in the following discretization:

DIV f; =0,
.fi = gi(zsia

where 2.47"; and ¥, denote the prime and derived operators, respectively, and Q; denotes a value of the
source function in the ith cell. Note that the discrete operators are adjoint to each other and satisfy a
discrete analog of the Green formula [5]. Moreover, Eqgs. (2.2) are exact for linear solutions. The system of
cell-based equations is closed by imposing boundary conditions on boundary mesh edges and continuity
conditions on interior edges.

(2.2)

2.2. Interface continuity conditions

In this section we describe continuity conditions for primary variables F and ¢ across cell interfaces. We
require that the discrete version of the (2.1) holds over the entire mesh. It is not difficult to see that this
requirement will be met if the sum over all cells of discrete Gauss—Green formulas leaves only outer
boundary contributions due to cancellation of the interior mesh contributions. For instance, let cell e; has a
common boundary with cells e; and e, as shown in Fig. 1. Then, the boundary terms associated with the
common interface will cancel if

ARSRS = —ALSE O — AL (23)

where 4R, AL and A} denote length of corresponding edges. The negative sign occurs because the edge
normals assoc1ated w1th SR and f; L (resp., /R and f) are opposite in direction. To match the number of
equations, we have to impose three continuity conditions such that (2.3) is satisfied and the resulting scheme
is locally conservative. In the local SO method, the discrete divergence and flux operators are adjoint to
each other. Then, condition (2.3) guarantees that the discrete divergence and flux operators over any mesh
subset will be adjoint to each other, which in turn implies that matrix S in (3.1) is symmetric and positive
definite.
The local conservation property requires that the approximate fluxes satisfy

ARR = —abfl — ALfE (2:4)

Requiring the scheme to be exact for a uniform flow, i.e., for a constant flux vector, results in the fol-
lowing continuity condition for intensities:

ARGR = ALQh + AL gt (2.5)

We may consider either (2.5) or (2.4) as the first interface condition. Let us begin with (2.5). Substituting it
into (2.3), we get

ALy (FF + f1) + A b (fF + £5) =0
It is easy to check that sufficient conditions satisfying both (2.4) and the last equation are

fR==1 == (2.6)
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Thus, we end up with a weak interface condition (2.5) for intensities and a strong interface condition
(2.6) for fluxes.

Although it may seem appealing to choose (2.4) as the first interface condition, doing so results in the
following condition for intensities:

¢ = ¢ = oy,

which is obviously not valid for linear solutions. Thus, we cannot interchange the role of fluxes and in-
tensities in interface conditions, i.e. we cannot impose a weak interface condition (2.4) for fluxes and a
strong interface condition for intensities. The result will be a significant lose of accuracy.

In the case of only two neighboring cells with a common edge (e.g., cells e; and ¢;), we need two con-
tinuity conditions. Following the above strategy, we get

ff=-f% and ¢! =4¢;. (2.7)

The system of equations (2.2) is closed by imposing continuity conditions (2.5)—(2.7) and the boundary
conditions. The Dirichlet boundary conditions specify the intensities associated with the boundary edges.
The Neumann boundary conditions prescribe values to the normal components of fluxes.

In the case of orthogonal AMR meshes, the system of discrete equations can be reduced to a system for
only cell-centered intensities. The orthogonal AMR meshes has been considered by many authors (see e.g.
[2,3]). The major advantage of our scheme is ability to treat non-orthogonal AMR meshes and full diffusion
tensors.

3. Computational results

In this section we present computational results which demonstrate the accuracy of our method and the
efficiency of our solution techniques. We begin by noting that the system (2.2), (2.5)—(2.7) can be easily
reduced to a system of linear algebraic equations for interface intensities with a symmetric positive definite
matrix:

S$ =5, (3.1)
where J) denotes the global vector of interface intensities and b is the source vector. The proof of this result
follows the proofs of similar results in the theory of hybrid-mixed finite elements (see, e.g. [4]). In addition
to the properties mentioned above, the matrix S is sparse. A few examples of its stencils are shown in Fig. 2.

We note that if the mesh is orthogonal, all the edge-based unknowns can be locally eliminated leaving an
algebraic system of type (3.1) for cell-center intensities [2].

® ) ® ®

Fig. 2. Stencils of matrix S for edges marked by big circle.
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The problem (3.1) can be solved by the preconditioned conjugate gradient method. In the numerical
experiments we use the algebraic multigrid preconditioner [10]. It was chosen as an example of a pre-
conditioner applicable to arbitrary matrix stencils.

In x—y geometry the SO method is exact on linear solutions for all meshes considered in this section. To
the best of our knowledge, there are no other comparable low-order symmetric mixed finite difference
schemes on general AMR meshes which are exact on linear solutions.

The first set of calculations addresses the accuracy of the method on highly distorted locally refined
meshes in the Cartesian coordinate system. We consider diffusion problem (1.1) on the unit square subject
to the Dirichlet boundary conditions. Let

o= (L o)

and

¢(x,y) = 1 — tanh ((X - 0-5)2();1(y — 0.5)2>

be the exact solution. The function has a sharp peak in the middle of the domain and close to zero near the
domain boundary. Calculations were performed on a sequence of randomly distorted locally refined and
uniformly refined grids. Both sequences of grids are built in two steps. First, we refine grids in logical
spaces. After that, we randomly distort positions on mesh points.

Both sequences begin with a 16 x 16 grid. We use a simple geometric approach to create a few first
locally refined meshes. In a logical space, each mesh cell of the initial grid is uniquely identified by two
indices iy and jj, 1<ip,jo<16. On the first refinement level (/ = 1), we split mesh cells with indices
4 <iy, jo< 13 into four cells. The new mesh cells are uniquely identified by two indices i; and j,
1 <1y, /1 <£20. On the second refinement level, we split mesh cells with indices 5 <i;,j; < 16 into four cells.
On the subsequent levels (/ > 2) we uniformly refine all mesh cells.

The random grid is generated by moving each mesh point to a random position inside a square centered
at the point. The sides of the square are aligned with the coordinate axis and equal 80% of the size of the
smallest cell sharing the point. Note that the hanging mesh points are always located in the middle of the
associated edges.

The relative L, errors €4 and ¢ for cell-centered intensities and edge-based fluxes, respectively, are given
in Table 1. We observe the second order convergence rate for intensities and the first order convergence rate
for fluxes. Even with our naive geometric refinement strategy, we achieve the same accuracy of the solutions
but with 4 times less mesh elements. The better performance of our method can be obtained with a re-
finement strategy based on a posteriori error estimators (see, e.g. [11]) which is beyond the scope of this
paper. The locally refined grid at / = 2 is shown in Fig. 3.

Table 1 shows also the performance of the V-cycle of the algebraic multigrid method. The stopping
criterion for the preconditioned conjugate gradient method was the relative decrease in the norm of the
residual by factor 107'2. The number of iterations, # it, grows much slower than the number of mesh cells,
N. The computational time, denoted by CPU, includes the arithmetical costs for generation of the matrix S,
solving the problem (3.1) and recovering the discrete flux and cell-centered intensities. The arithmetical
costs per iteration grows linear in N except on coarse grids where cache memory effects play the important
role.

The second set of calculations addresses the accuracy of the method on polar meshes in »—z coordinate
system. We consider a two dimensional problem in the —z coordinate system which is equivalent to the
following one dimensional problem:
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Table 1
Convergence on a sequence of locally refined and uniform grids
N € € # it CPU
Locally refined grids
256 7.52e-2 8.36e-2 11 0.06 s
556 1.69¢-2 3.30e-2 15 0.15s
988 4.22¢-3 1.58e-2 15 0.34 s
3952 1.03e-3 7.40e-3 16 1.51s
15808 2.6le—4 3.72e-3 17 6.86s
Uniform grids
256 7.52e-2 8.36e-2 11 0.06 s
1024 1.63e-2 3.28¢-2 12 0.30 s
4096 4.19¢-3 1.56e-2 13 1.38s
16384 1.00e-3 7.33e-3 15 6.35s
65536 2.50e—4 3.66e-3 17 27.8 s
1 / 1
0.9 0.9
0.8 0.8
0.7 0.7
0.6 \qll T 0.6
05 %3 05
0.4 0.4
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Fig. 3. The AMR grids used in the experiments.
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—— — | RPD=—= ) =a+bR?
R? OR OR ’

where R denotes the spherical radius, R = vr? + 22, and 0 <R < 1. Symmetry preservation on a discrete
level is quite important for such problems. Let the diffusion coefficient be scalar and equal to D; in the
region defined by 0 < R < 0.5 and equal to D, in the rest of the domain. In the —z coordinate system, we
impose the Neumann boundary conditions along z =0 and » = 0, and the Dirichlet boundary condition
along R = 1. This problem admits the analytic solution given in [7].

The computational mesh shown in Fig. 3 is uniform in the r-direction and consists of a few polar blocks
with uniform meshes. The size of each of these blocks in the r-direction and the number of angular steps are
doubled as we move away from the origin. The discrete solution gives a second order approximation to the
exact solution (see, e.g. Fig. 4). However, the detailed analysis shows that the discrete solution exhibits
symmetry breaking. In order to study this effect, we plot the trace of the solution at R = 0.5 as the function

of the polar angle. Note that the amplitude of oscillations is decreased by the grid refinement.
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Fig. 4. Solution isolines and solution trace at R = 0.5 scaled by 107.

4. Conclusions and future work

Our SO method has been shown to be second-order accurate on non-smooth quadrilateral meshes with
hanging nodes in both Cartesian and »—z geometries. Although the scheme has both cell-center and face-
center intensity unknowns, the cell-center unknowns are locally eliminated, resulting in a reduced system
consisting only of the face-center unknowns. This reduced system has a symmetric positive-definite coef-
ficient matrix. It has also been shown that the algebraic multigrid method is quite effective for this system
with the time-to-solution scaling linearly with the number of unknowns. Thus our SO scheme represents a
viable basis for the development of adaptive diffusion solution algorithms for general non-orthogonal
quadrilateral meshes.

On r—z meshes, our hanging-node scheme does not preserve spherical symmetry. The preservation of
such symmetry is a topic for future research. Another topics for future research is the generalization of the
hexahedral-mesh SO scheme [6] to hanging-node meshes.
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