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Abstract

In fusion plasmas diffusion tensors are extremely anisotropic due to the high temperature and large
magnetic field strength. This causes diffusion, heat conduction, and viscous momentum loss, to effec-
tively be aligned with the magnetic field lines. This alignment leads to different values for the respective
diffusive coefficients in the magnetic field direction and in the perpendicular direction, to the extent that
heat diffusion coefficients can be up to 10'2 times larger in the parallel direction than in the perpendicular
direction. This anisotropy puts stringent requirements on the numerical methods used to approximate
the MHD-equations since any misalignment of the grid may cause the perpendicular diffusion to be pol-
luted by the numerical error in approximating the parallel diffusion. Currently the common approach
is to apply magnetic field-aligned coordinates, an approach that automatically takes care of the direc-
tionality of the diffusive coefficients. This approach runs into problems at x-points and at points where
there is magnetic re-connection, since this causes local non-alignment. It is therefore useful to consider
numerical schemes that are tolerant to the misalignment of the grid with the magnetic field lines, both
to improve existing methods and to help open the possibility of applying regular non-aligned grids. To
investigate this, in this paper several discretisation schemes are developed and applied to the anisotropic
heat diffusion equation on a non-aligned grid.
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1 Introduction

Anisotropic diffusion is a common physical phenomenon and describes processes where the diffusion of some
scalar quantity is direction dependent. Anisotropic diffusive processes are for instance transport in porous
media, large-scale turbulence where turbulence scales are anisotropic in size, and of interest to us: heat
conduction and momentum dissipation in fusion plasmas.

In tokamak fusion plasmas the viscosity and heat conduction coefficient parallel to the magnetic field may
be in the order of 10® and 10'? times larger, respectively, than perpendicular conduction coefficients. This
is caused by the fact that the heat conductivity parallel and perpendicular to the magnetic field lines are
determined by different physical processes; along the field lines particles can travel relatively large distances
without collision whereas perpendicular to the field lines the mean free path is in the order of the gyroradius,
see e.g. Holzl [37].

Numerically, high anisotropy may lead to the situation that errors in the direction of the largest diffusion
coeflicient may significantly influence the diffusion in the perpendicular direction. This necessitates a high-
order approximation in the direction of the largest coefficient value (see e.g. Sovinec et al. [65], Meier et
al. [564]). Given the high level of anisotropy in tokamak plasmas, a numerical approximation may introduce
large perpendicular errors if the magnetic field direction is strongly misaligned with the grid. Problems that
may arise with highly anisotropic diffusion problems on non-aligned meshes are in general:
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e significant numerical diffusion perpendicular to the magnetic field lines due to grid misalignment, see
e.g. Umansky et al. [66],

e non-positivity near high gradients, see e.g. Sharma et al. [63],
e mesh locking, stagnation of convergence dependent on anisotropy, see e.g. Babuska and Suri [9],
e convergence loss in case of variable diffusion tensor, see e.g. Giinter et al. [31].

It is possible to use a field-aligned coordinate system. However this cannot be maintained throughout the
plasma; problems arise at x-points and in regions of highly fluctuating magnetic field directions (for instance
in case of edge turbulence). To confidently perform simulations of phenomena that rely heavily on the reso-
lution of the perpendicular temperature gradient we must apply a scheme that maintains sufficient accuracy
in case of varying anisotropy and misalignment.

The bulk of the present methods are designed with discontinuous diffusion tensors in mind, and often
on general and distorted non-uniform grids. We give an (inexhaustive) overview of methods used today, for
details the reader is referred to the specific papers.

We start with the Multi-Point Flux Approximation (MPFA), a cell-centered finite volume method com-
monly used for approximating anisotropic diffusion with discontinuous tensors on distorted meshes, see e.g.
Aavatsmarket et al. [3H6], and Edwards and Rogers [25]. The MPFA uses cell-centered unknowns and con-
nects the volumes using shared subcells with a local low-order interpolation of the primary unknowns. The
method is robust in terms of diffusion tensor discontinuity as it is locally conservative, but the resulting
diffusion operator is often non-symmetric and formal accuracy can not be maintained for higher levels of
anisotropy. The MPFA method comes in various flavors, depending on how the fluxes are approximated,
for instance the original MPFA-O and MPFA-U methods by Aavatsmark et al [3,[4] and more recent by
Aavatsmark et al. [2] and Agelas et al. [7] respectively, the symmetric MPFA-L and MPFA-G methods.
Potier [43] devised a cell-centered finite-volume method where the gradients are solved on each vertex by im-
posing flux continuity conditions, similar to the MPFA approach. Eymard et al. [26] devised a cell-centered
finite-volume scheme using a special discrete gradient operator. Downside is the use of a parameter de-
pendent on the lowest eigenvalue of the diffusion tensor, a parameter which is not anisotropy-independent.
Maire and Breil [12/[62] apply a MPFA-like finite-volume method with cell-centered unknowns and a local
variational formulation to obtain the fluxes in their Cell-Centered Lagrangian Diffusion (CCLAD) approach,
with the requirement that temperature and sub-face normal fluxes are continuous. Maire and Breil [53]
also constructed a CCLAD method where the fluxes are constructed using finite differences. Jacq et al. [40]
expanded the method to three dimensions.

Le Potier and Ong [45] and Ong [59] devised a cell-centered method which makes use of a dual grid. The
dual grid unknowns are chosen to be linear combinations of cell unknowns. This so-called Finite Element
Cell-Centered (FECC) method uses less unknowns per cell compared to other dual grid methods which apply
both cell-centered unknowns and cell-face or vertex unknowns. Another difference is the use of a third grid
which is a sub-grid of the dual grid. The formal convergence of the FECC method seems to be maintained
for discontinuous diffusion tensors with large values for the anisotropy [45].

Shashkov and Steinberg [64] constructed the Support Operator Method (SOM), also known as Mimetic
Finite Difference (MFD) methods. Hyman et al. [38[39] and Brezzi et al. [I3|[14] apply and categorize the
MFD methods. The MFD methods are mimetic to the extent that they preserve the self-adjointness of the
divergence and the flux operator. Key to the MFD methods is the use of a dual grid, where flux values and
temperature values are placed on separate grid points, and the application of a variational formulation to
find the flux values, such that the self-adjointness between the discrete divergence operator and the discrete
gradient operator is guaranteed. Downside of the original MFD schemes is the use of non-local operators.
Formal convergence is robust for high levels of anisotropy, grid non-uniformity and discontinous diffusion



tensors. Further, the diffusion operator is symmetric positive definite. Giinter et al. [3I] apply the MFD
method to fusion plasma relevant test cases and maintain the order of accuracy for non-aligned (regular,
rectangular) meshes. Giinter et al. [30] apply the support-operator approach from Hyman et al. [39] to a
finite-element method. The method is adapted to have a local flux description by Morel et al. [56], which
requires both cell-centered and face-centered unknowns. The MFD method is finally made local and cell-
centered by Lipnikov et al. [50] and Lipnikov and Shashkov [4§].

Hermeline [33,84] uses a dual grid, solving the diffusion equation on each grid where the temperature
and the diffusion tensor values are defined in the same nodes. This is termed the Discrete Duality Finite-
Volume (DDFV) method. The DDFV method requires the solution of the diffusion equation on two meshes
and as such requires more unknowns. The resulting matrices are positive definite. Formal convergence for
highly anisotropic problems (with the ratio between parallel and perpendicular diffusion coefficient 10'?) is
close to second order for higher resolutions but not anisotropy-independent for coarser grids, see Potier and
Ong [45]. The FECC method bares resemblance to the DDFV method where the former uses a third subgrid
and cell-centered unknowns.

Other methods involving the use of dual grids are the Hybrid Finite Volume method (HFV) and the Mixed
Finite Volume (MFV) method, see Eymard et al [27] and Droniou and Eymard [23] respectively. Droniou et
al. [24] formally proved the similarity of the MFD scheme, the HFV scheme and the MFV scheme. The MFD,
MFV, HFV and the DDFV methods can be placed within the concept of Compatible Discrete Operators
(CDO) where the mathematical operators are treated exactly and the constitutive relations are approxi-
mated. Recent examples are the mimetic spectral element method developed by Kreeft et al. [42], applied
to approximate Darcy flow with arbitrary order by Rebelo et al. [62]. Another example of a CDO method
applied to anistropic diffusion, similar to the work by Kreeft et al. is given by Bonelle and Ern [IT]. Another
approach is developed by Hirani [35], Desbrun et al [I] and is called Discrete Exterior Calculus, it is applied
to scalar Darcy flow by Hirani et al [36].

Discontinuous Galerkin (DG) methods for elliptic problems have been developed that treat the diffusion
equation as a system of first order equations, see Cockburn and Shu [I5], Oden et al [58], and Peraire and
Persson [61]. Discontinuous Galerkin applied to the original diffusion equation is performed using an interior
penalty function by Douglas et al. [21] and through a mixed formulation of the diffusion terms by Bassi and
Rebay [10]. A recovery based DG method for diffusion was developed by Van Leer and Nomura [68] and
Van Leer et al [67]. Gassner et al. [29] approximate the numerical fluxes by solving the generalized Riemann
problem.

Pasdunkorale and Turner [60] devised a Control Volume Finite Element method (CVFEM), which maintains
the local flux continuity at the control volume faces for extreme anisotropy. Here the cross diffusion fluxes
are partly resolved implicitly using least squares. This is not demonstrated for a full diffusion tensor with
extreme anisotropy. The Vandermonde matrices for the least squares solution are based on the grid geome-
try, with no guarantee for well-posedness.

MPFA, MFD, CVFEM and other methods are somehow related, through flux-continuity requirement and
a weak continuity requirement of the temperature over the edges, see Klausen and Russell [41]. Reference
results for a variety of test cases can be found in Herbin and Hubert [32] and Eymard et al. [28]. For a more
detailed overview of finite-volume methods the reader is referred to the review paper by Droniou [22].

All the methods discussed above leave the analytic formulation untouched and focus on the numerical
procedure. In Degond et al. [I6HI8] and Mentrelli and Negulescu [53], the diffusion equation itself is split in
two parts, a limit problem for infinite anisotropy and the original singular perturbation problem. Degond et
al. [T7] also provide a means for continuous transition between the two problems. This splitting is done to
prevent ill-posedness which arises for Neumann boundary conditions and periodic boundary conditions. The



two formulations are obtained by discriminating between a mean part and a fluctuating part of the singular
perturbation problem. These Asymptotic Preserving (AP) schemes have difficulties preserving accuracy and
stability in case of closed field lines. Narski and Ottaviani [57] introduce a penalty stabilization term in the
weak formulation of the AP-scheme to conserve accuracy in case of closed field lines. The downsides of this
approach are that the penalty stabilization has a tuning parameter, it requires an L-stable time integration
scheme and it requires the solution of two systems instead of one. An important benefit of AP-schemes is
that the condition number does not scale with the anisotropy, without the use of a preconditioner.
Del-Castillo and Chacén [19}20] apply a Lagrangian Green’s function approach that does not require any
algorithmic inversion and thus prevents issues with ill-conditioning. However, this method is limited to a
constant value for the parallel diffusion coefficient. Also the field lines are assumed to be time-invariant and
it assumes a particular scaling for the variation of the magnetic field line strength.

None of the schemes is monotonous without special treatment of the linear operator or the mesh. Sharma et
al. [63] apply a flux limiter to enforce the monotonicity locally but this is only applicable to relatively small
levels of anisotropy not relevant for fusion plasma and it increases the perpendicular numerical diffusion and
lowers the global accuracy. Methods that rely on changing the mesh basically change the elements based on
the local values of the anisotropic diffusion to enforce that the local mass-matrices are M —matrices, see for
instance Li and Huang [46], Arico and Tucciarelli [§]. These methods are limited to low anisotropy. Mono-
tonicity preserving methods that maintain the accuracy have been devised. These methods put restraints
on the diffusion tensor and often require a nonlinear approach, see for instance Potier et al. [44], Lipnikov

et al. [47[49L[51].

In the present work the focus is on applying a co-located finite-difference discretisation in the direction
of the strongest diffusion by means of interpolation. This can be applied to the flux operator only or to
the entire operator. In this paper we try to live up to the accuracy properties of Giinter et al.’s symmetric
scheme by applying an interpolation scheme based on the direction of diffusion while still using a Cartesian
grid. Furthermore we introduce a test case with elliptic closed field lines and we interpret the large difference
in accuracy. We do not put any requirement on the diffusion tensor other than that it is symmetric. As we
treat the singularly perturbed diffusion problem the scheme is not asymptotic preserving. For comparison
we apply the asymmetric and symmetric finite-difference schemes given in Giinter et al. [31].

We look at the order of convergence and the perpendicular numerical diffusion for extremely high levels
of anisotropy.

2 Diffusion equation

Anisotropic thermal diffusion is described by the following model

oT
q=-D-VI, & =-V-q+/. (1)

where T represents temperature, b the unit vector of the magnetic field line, f some source term and D the
diffusion tensor. For a two-dimensional problem the diffusion tensor is given by

unit direction vector: b = (cosa, sin a)T ,
D= (D” — Dl)bbT + D7,
D - Dybi +D1b5 (D) —Di)bibe
(Dy —D1)biby  DybT+ Dyb3

where D) and D represent the parallel and the perpendicular diffusion coefficient respectively. We de-
fine z,y as the non-aligned coordinate system and s,n as the aligned coordinate system, see figure Il The



boundary conditions are of Dirichlet type unless mentioned otherwise, they are discussed per test case. The
diffusion equation is approximated on a uniform Cartesian grid, with Az = Ay = h.
We define the anisotropy as

Dy
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In tokamak fusion plasma simulations the diffusion coefficients are often taken temperature-dependent. The
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Figure 1: Explanation of symbols

parallel and perpendicular diffusion coefficient are assumed to be proportional to 7°/2 and T~/ respectively.
Le. the anisotropy varies strongly with temperature. Note that the perpendicular diffusion coefficients are
often assumed zero for fusion plasmas simulations, as the plasma is considered to be collisionless. For ¢ — oo,
the problem reduces to

oT
ot
This limit problem has infinitely many solutions if b - VT = 0 and no temperature boundary conditions are
prescribed for the field lines. So in the limit of the anisotropy going to infinity the diffusion equation may be

ill-posed. This may occur when there are closed magnetic field lines. This is noticeable in the discretisation
through a higher condition number of the linear operator for increasing anisotropy, see Degond et al. [T6L[17].

=V (Dy(b-VT)b) = 0.

3 Finite-difference schemes

We limit the discussion to finite-difference schemes. Given a uniform grid this can be directly translated
to a finite-volume approach. We consider several second-order accurate finite-difference schemes for the
approximation of model equation (). The first two schemes are described in Giinter et al. [3I]. The
difference between these schemes lies in the treatment of the flux, particularly the location of the flux. The
term co-located is used to indicate that the variables T, b are defined in coinciding points. The asymmetric
and symmetric schemes, discussed in the following sections, have the field direction b defined in the flux
points and may be referred to as staggered schemes. The new schemes, to be presented here, aim to improve
the accuracy of co-located schemes by applying a stencil that lies on an approximation of the field line. We
use sub-indices x,y, s,n to denote the respective derivatives.

3.1 Asymmetric finite differences

The first finite-difference scheme for heat diffusion we discuss is depicted in figure 2l For a spatially constant
diffusion tensor this scheme reduces to the standard second-order accurate scheme for diffusion. The label
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Figure 2: Asymmetric scheme, temperature T is defined on the full indices and the diffusion tensor D on

the half-indices

asymmetry is coined because of the different treatment of the x- and y-differential in each point. The different
treatment is a direct result of taking the flux values in ¢ 4+ %7 jandi,j+ %7
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Finally, the diffusion follows from

(Q1)z‘+%,j - (ql)i—%,j +

V-a Az

The scheme is denoted by asymmetric scheme, G. et al..

3.2 Symmetric finite differences

o For the heat conduction term we have
)= 3

Still another approach is taken by Giinter et al. [31]. They use a symmetric scheme (with a symmetric linear
operator) that is mimetic by maintaining the self-adjointness of the differential operator. The approach goes



as follows. First, the divergence terms are determined at the center points, see figure

or _ Tiv1,j+1+Tiv1; — Tij1 — Ti
0% |iy1 i1 2Az ’
oT T+ Tigrgjin —Tia g — Ty
ay it5.0+% N 24y '

Next, the diffusion tensor is applied to obtain the heat flux

q=-D VT V.q
Figure 3: Symmetric scheme, temperature T is defined on the full indices and the diffusion tensor D on the
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Finally, the divergence is taken over the heat flux

The scheme is denoted by symmetric scheme, G. et al..

3.3 Treatment of fluxes

For the values of the diffusion coefficients D), D, in the flux points we have to apply averaging since they
are dependent on the temperature which is known only in the surrounding points.

We use either arithmetic averaging or harmonic averaging. Harmonic averaging is relevant for plasma

physics simulations if the density varies strongly. This may be the case if we consider turbulence at the edge

for instance, see Sharma and Hammett [63]. For the asymmetric scheme by Giinter et al we have, for flux
cs 1

pont ¢ + 3, 7:

Tiy1;+ T, 2 1 1

St + T ,  Harmonic: = +

Arithmetic: T.,1 ., = .
i+5,J 2 i+1.j Tt T; ;




Analogous to the asymmetric scheme by Giinter et al, for the symmetric scheme the diffusion tensor is
either taken as the arithmetic mean or as the harmonic mean of the four surrounding points, e.g. for point
i+ 3,0+ 3%

2 2

Tis1j41 + Tiprj + Tijer + T
Arithmetic: T,y 1 ;1 = 141 F 1+1Z+ i+ i

" . 4 LS SRS B
armonic: = _—_—.
ittty T Ty Tigr Ty

3.4 Aligned finite differences

The idea is that differencing along the field line yields an approximation less prone to large false perpendicular
diffusion. To do this we have to use interpolation to find the values of T and D on the field line. The field
line trajectory itself is approximated by tracing. In the current implementation, 7, b and D are assumed to
be coinciding. Using the definition for the diffusion tensor we can write the diffusion operator as

V- (D-VT)=V-[(Dj=D.)b-VTb| +V-D,VT.
By now applying the product rule and some vector identities we can write the diffusion operator in parts:
V(D VT) = A + Ay + As + Ay, (2)
where the parts are given by
field line curvature: Ay = (D —Dy) (b-Vb)- VT,
field strength gradient: Ay = (Dj—D1) (V-b)(b-VT),
standard diffusion: Az = (D) — D) bb" : VVT + D, V°T,
diffusion gradient: A4 =b-V (D” — DL) (b . VT) + vT - VDL.

The field line curvature term results from field line curvature in the presence of a temperature gradient and
does not require a variation in the strength of the magnetic field. The field strength variation comes from
the fact that we impose the constraint V - B = 0 on the MHD-equations so that

B|[V-b=-b-V|B|

and thus V- b # 0 if VIB| # 0. The standard diffusion is caused by the second-order derivative of the
temperature and is the only diffusion in case the field lines are non-curved, the magnetic field is constant
and the diffusion coefficients are constant. The diffusion variation term corresponds to the diffusion resulting
from a gradient of the diffusion coefficients in the presence of a temperature gradient.

Rewriting the above formulation in s,n coordinates yields

A1 =— (D) — D) AT,
Az =(D — D) FoTs,
Az =D Tss + D Thy,
Ay :DHSTS + Dy, Ty,

where
Fi = —blbgs + bgbls, Fo = —bgbln + blbgn.
So we can write

V- (D-VT) = —(Dj — D1)Fi Ty + (D) — D1 )FoTs + D Tss+ D1 T + D). Ts + D1, T



Note that F; = —a and F2 = «,, where « is defined in figure [0l

When applying the equations of magnetohydrodynamics to nuclear fusion plasmas, an assumption often
made is that the temperature is diffused instantaneously along the field line, i.e. D) = 0. This means that
the variation of the temperature in the direction of the field line is zero, i.e., b- VT =0, Ty = 0. The terms
F1,F2 in parts A;p, A2 can be approximated in three different ways: I) use an aligned stencil to approximate
b1.,b1,,b2,,ba,, IT) estimation of s, Tnn, Yss, Ynn Dy following the field line track, III) apply interpolation
of by, ba to obtain by_, by, ,ba,, b, directly. We will describe these approaches in sections B4.2] B4 and
respectively.

3.4.1 Interpolation scheme

We continue by applying an aligned stencil to approximate equation (3)) using field-aligned stencil points. The
stencil points r, [, u, d, ¢ are given in figure[d We consider x, y as local coordinates, where the origin is located
in the stencil point 4, j. The values at the locations r, [, u, d are determined by bi-quadratic interpolation:

1,] +1 1+1,7+1
®

1+ 1,7

CZ—’l?Dl Tdde
@ @ ®

Figure 4: Locally transformed grid, 5-point stencil

v(z,y) = 01x2y2 + 02x2y + 03y2:17 + g2 + 05y2 + cexy + crx + csy + ¢,  x,y € [—h,hl, (4)

where v can represent 7', b1, b2, D or D . For convenience we assume that we have a uniform Cartesian grid
with Ax = Ay = h. Then, for T, the coefficients ¢y, ... cg follow from

c1 Rt B3 —h® K2 B2 —h® —h h 1 Ti-1,j+1
co Rt B*  R* B2 RZ K2 h  h 1 Tit1,5+1
3 h* —h3 —R3 B2 K2 K2 —h —h 1 Tio1,-1
4 ht —n3> B3 B2 K2 —h* h —h 1 Tit1,5-1
s |=VIT, V=| o 0 0 K2 0 0 —h 1|, T=| Tiy,
ce 0 0 0 A2 0 0 h 1 Tit1
cr 0 0 0 h? 0 0 1 T;js1
cs 0 0 0 h? 0 0 —h 1 Tij1
Co 0 0 0 0 0 0 0 1 T ;



The identical relations hold for the coefficients ¢y, ... cq for by, bs, D\ and D, . The matrix V contains the

polynomial terms for each node, see figure @ The coefficients c1, - - , cg are now given by

1 Toii Tioiy Ty Tijer Tiijo1 Tiijor Tirger . Ty

\74 7,7—1 1—1,7 i+1,5 7,7+1 1—1,7—1 i+1,7—1 i+1,74+1 1—1,7+1

== |Tij - - - - ;

Clh4<J2222+4+4+4+4>
1

cy = 3 (2T -1 — 2T jo1 + Tic1 jpr + Tigrj+1 — Tic1j—1 — Tigr,j—-1)
1

c5 = g3 (2Tic1y = 2T + Tt + Tipngin = Ty = Timai)
1 1

of = 5353 (Ti1; = 2T + Tipry) s o5 = 555 (Thigo1 = 2005+ Tijia),
1

g = 12 Limri-1 + Tivvgn = Tivng-1 = Tic1g41)

o Tit1; —Tica, o Tij+1—Tij—1

7 2h CoE 2h ’

CS‘)/ = Ti,ja

where the superscript V' denotes Vandermonde. Note that the coefficients ¢y, ... cg are all approximations
of differential terms in point ¢, 7,

1= iTwwyy +0(h?), = %Tmy +0O(h?), c3= %Tyyw + O(h?),
c1=23T0 + O(h?), 5= 3Ty + O(h?), co=Tuy + O(h?), (5)
cr =T, + O(h?), cs = Ty + O(h?).

For a spatially constant diffusion tensor the Vandermonde coeflicients are similar to the approximation of
the respective differential terms for the asymmetric scheme by Gilinter et al. For comparison purposes we
change the coefficients so that they have similar approximation as the symmetric scheme by Giinter et al in
case of constant diffusion coefficients. Effectively we change the approximations for 75,7y, T, and Ty, to
involve more nodes to approximate the respective differentials,

1
cj = (Ticijur + Ticajo1 — 2T -1 +2T51 5 — AT 5 + 2T541 5 — 2T i1 + Tiga 41 + Tig1,5-1)

8h2
g = 8—;2 (Tim1j41 + Ticrj—1 — 2Ti1,5 + 2T j—1 — 4T 5 + 2T j1 — 2T541 5 + Tigr a1 + Tig1,5-1)
7 = % (2Ti4 1,5 + Tivr 1 + Tivrj—1 — 2Ti-1 5 — Tic1 j+1 — Tic1,j-1)
g = 5 2T 11+ Ticrjr1 + Tigrje1 — 20551 — Ticvio1 — Tigr5-1) -

These are second-order accurate approximations of T,, Ty, Ty, T, respectively. This is equivalent to

cf:c}f—i—c}/lh?, s =c§ +¢f h2 g =cf +cy h2 g =cy +eg h2
2 2 2 2
where the superscript S denotes symmetric. However, when using these coefficients in the bi-quadratic
interpolation they do not exactly yield all nodal values for the given locations.
The locations of r, [, u,d are based on the field line, a first estimate is to apply a single step in the direction
of the field line. With s the coordinate in field line direction, n the coordinate normal to it and with As and
An the steps in both directions, and defining b = (b1, b2)”, by = (—ba,b1)T the locations are given by

(2r,yr) = bTAs,  (z,y) = —bTAs,  (vu,yu) =biAn, (24,y4) = —bi An. (6)

Now we apply these coordinates (@) to construct discrete schemes in s, n-coordinates for the individual parts

Al,AQ,Ag and .A4.
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3.4.2 Accuracy analysis

In the previous section we established two sets of coefficients for a bi-quadratic interpolation scheme. The
following analysis holds for a general set of these coefficients, provided the coefficients are second-order
accurate approximations of the differential terms given by (B). The superscripts of the coefficients denote
the respective variables that are interpolated. We remark that although the accuracy requirement holds for
the sum A; + As + A3z + A4, we choose to impose it on A;,A45,43 and A, individually because we wish to
identify the specific terms that cause numerical issues.

For the approximation of A4 we have the following expression:

P =D T =T Dy, = DiyTu—Ta -
2As 2As 2An 2An
To verify that this scheme approximates part Ay second-order accurately we substitute the interpolation

functions in equation (7)) and we collect the coefficients for zeroth and first-order terms of h. Noting that
T u,ds Yi,rou,d, S, 1 are of order h we get

Ay

1 D D
0th-order: 1A (07 xp —a1) + cg " (yr — yl)) (CP%F(UCT —a) +cf (yr — yl)) ,

1
o (= 2) + e (v =) (F (o = 2) + ¢ (= )
1 /o» 5
1*t-order: (07 (@ —21) + cg " (yr — yl)) et (22 —af) + ek (y2 — i) + & (@ryr — i),
1
1o (7 = w0+ e — ) (6 (o =) + 5 (ol = ) + & (uya = 2p)

Now the zeroth-order expression must be equal to A4 and the first-order expression must be zero. The
requirements that can be distilled from this are

(v, —x)? = 4b3As%,  (yr —y)? = 4b3AS%,  (zp — 21)(yr — y1) = 4b1baAs?,

(Tu — 2a)® = 403402, (yu —ya)? = 401AN%,  (2u — 2a)(Yu — ya) = —4b1b2An?,

al, — g =0, Yrw = Yia =0, TrwYrau — T1,aY1,a = 0.
This holds for the locations given by equation (Bl). From this it appears that the term .44 can be approximated

with second-order accuracy.
For the terms Az, Ao, A1 we apply the following finite-difference formulae

T —2T.+1T, T, —2T.+1Ty

As =D As2 +D. An2 ’ (8)
b1 — bl b2 - b2 Tr - Tl
~ D _ D —b u d u d
Az~ (D 1) ( *"2An +th 2An ) 2As ©)

(10)

by, — b by, — by, \ Tu — T,
A1~ — (D) = Dy) <—b1 S = 1l> a

2As +02 2As 2An

Following a similar logic as for Ay, substituting the interpolation values in equations (&), (@), (I0) and
collecting terms of equal order in h gives second-order accuracy for all terms. We call this method aligned
Vandermonde or aligned symmetric depending on the coefficients. In practice we decrease As and An with
increasing anisotropy, and we may simply and safely take As = An. The construction of the linear operator
is described in appendix Bl

3.4.3 Curvature terms

The aligned schemes presented before assume that the direction does not change from the interpolation point
[ up to the interpolation r, and likewise from interpolation point u to point d. Now we consider a numerical
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treatment of the terms b1,,01, ,b2,, b2, based on field line curvature, so we explicitly allow for curvature to
approximate these terms. First we write the terms as
bi, = Tss, b1, =Ynn, b2, =Yss, b2, = —Tnn.
This leads to the following equations for Fi, Fa:
F1 = —b1Yss + baxss, Fa = —baynn — b1Znn.
The curvature terms can be approximated by

Ty + 21 _Yrtu Xy + g ~ Yu T Yd

Az 0 Us = TRp 0 Tm= 3 Y=o (11)
where the positions r, [, u, d are not to be confused with the positions we used for the aligned stencil depicted
in figure @ Given an interpolation function for b; and be within the stencil area we can apply tracing to
find subsequent points. We go from the center point to the interpolation points r,l,u,d by applying the
(second-order accurate) modified Euler scheme (Heun):

Tss =

tangential direction:

X;; = Xk—1 + AS*.b(«fckflaykfl)7
1
Xp =Xp_1 £ §As* (b(zk-1,yx-1) + bz, yz), k=1,--K,

normal direction:

Xy = Xp—1 £ An*by (Tp—1,Yr-1),
1o
Xk = Xp—1 £ §An (bi(r—1,Yr—1) +br(z,yr)), k=1,---K,

where K is the number of sub-steps As*, An*, and where o = yo = 0 (see figure B). The values As =
K As* and An = K An* are used in equation (II). Repeatedly stepping in s, n-direction and applying the

. o9
,/D \\ T
S
NG
/ S
o Ny
o
@ @ ®

Figure 5: Approximate track of field line and perpendicular curve

interpolation of b increases the computational cost. The benefit is that we can easily control the accuracy
with which we follow the field line, simply by changing the number of tracing steps.

The current tracing method is expected to be more accurate in determining the curvature terms than the
aligned stencil since it follows the actual field line more closely.

3.4.4 Bi-linear interpolation per quadrant

For the aligned method we use a bi-quadratic interpolation scheme where we apply all nine stencil points for
the determination of the values in aligned stencil points. Here we shortly consider a quadrant-wise bi-linear
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interpolation with the location of the central node set to the center point (i, 7). This gives

T’l,r,u,d = all,ru,dYl,ru,d + bxl,r,u,d + CYL,ru,d + d7

T, d=Ti, c— Tijy1 — Ti,j’ p— Lit1i — Ti,j’ g~ L+t —bdr —cdy —d 7
Yij+1 — Yij Tit1,j — Tij (Tit1j — i) (Yijr1 — Yij)

n : d:T%_’j, .= T%_’J'—T'iyjfl7 b: Ti,j_Tifl,j, o — Ti,Ljfl —de—Cdy—d ,
Yij — Yij—1 Tij — Ti-1,j (Tij — ®iz1,5)Wij — Yij—1)

Tu: d=Ty,, c= it =T 3 Tij=Timny ( Timagn “bdv—edy—d
Yij+1 = Yij Tij — Ti1, (ij — 2io13)Yij+1 — Yirg)

Ty: d=T,, c— T — Ti,jflv p— Lty — Ti,j7 go — Tirrj-1—bdz—cdy—d
Yij — Yij—1 Tit1,j — Tijj (Tit1,5 — i) (Yij — Yij—1)

Just considering the differentiation of the second-order terms in parallel direction we get

—2u; (b1 +ba — bib2) + wit1,;(b1 — biba) + ui—1 (b1 — biba) + u; jy1(ba — bib2)

Ugs N 72 [
+u; j—1(ba — biba) + (Wi j41 + Uim1,j—1)b1ba] .

Writing out the fourth-order Taylor expansion of the parallel diffusion wuss, assuming constant diffusion
coefficients, gives

Ugs = blum + bQUyy + 2b1b2uzy + O (h,2) .

This is not consistent with the analytic form; we have b; and by instead of b? and b3 respectively. This
inconsistency is due to the fact that bi-linear interpolation is used and so the directions are only inserted
with first-order accuracy. The downside of quadrant-wise bi-linear interpolation is that one has to track in
which quadrant the stencil point is to apply the appropriate interpolation.

3.5 Exact differentiation after interpolation

We can also find a direct approximation of the various spatial derivatives involved in the anisotropic diffusion
operator, by writing the interpolation function () in terms of s,n and by taking the appropriate derivatives
of this rewritten function. Then, the interpolation functions for b1 and by need to be applied to find the final
form of the approximation. We use the non-conservative form
D
T, = D”vz; + DLUZn + vs ”vST + v,?i-vf + (DH — DL) (S’UST — Nvg) ,

where the terms with v represent the derivatives of the bi-quadratic interpolation functions for the quanti-
ties denoted by the superscript, i.e., v7 is the interpolation function for the temperature. The first-order
differentials are written as
D D D

vs "0l 4 Pl = (Tby + cIba) (7 "oy + cg "ba) 4 (—cE by 4 ¢k by) (—cP by 4 by).
The diffusive terms are given by

D”UZ; + DJ_U;J;R = 2DH (045% + C5b% + Cﬁble) +2D (0455 + 055% — Cﬁblbg) ,
and the curvature-dependent terms by

1 1 1 1
(D” — DJ_) (S’UE — N’US) = 2DH [07 (blcgl + 5[)1022 + 5b2c§1) +cg (bgcg2 + 51)2021 + 51)10?2)] +

1 1 1 1
2DJ_ |:C7 (bgclf — 51)1022 — §b2cgl) + cg (blcgl — ibgcgl — 5()16?)] .
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The geometric term is recursive since b1, b2 depend on x,y which in turn depend on by,bs. The aligned
finite-difference scheme is identical to the interpolation scheme for As, An — 0, see appendix [Al

We call these methods interp. Vandermonde or interp. symmetric, depending on the coefficients that
are used. Summarizing, we apply the following methods

e asymmelric scheme, G. et al.,
e symmetric scheme, G. et al.,
e aligned Vandermonde/symmetric scheme,

e interp. Vandermonde/symmetric scheme.

4 Numerical results

In this section we show the results for several steady test cases. For all the test cases, we have %—f =0 and

the source function f is such that it produces the exact solution which is given for each test case. We use
Dirichlet boundary conditions with the boundary value determined by the assumed solution. As we assume

that the time derivative is zero we can assume that in all the test cases b - VT = 0.

4.1 Constant angle of misalignment

As an initial test we consider a simple steady diffusion problem. The imposed exact solution reads:
T(z,y) = xy[sin (wz) sin (wy)]", 2,y €[0,1],

where 7 is large and where the angle of misalignment « is set to a constant value. The solution simulates a
temperature peak. Computational results for this test case are given in figure[6l The error norm is defined

symmetric, G. et al, interp. symmetric, aligned symmetric

symmetric, G. et al, interp. symmetric, aligned symmetric
—O— asymmetric, G. et al, interp. de, aligned de —O— asymmetric, G. et al, interp. de, aligned de

(a) (b)

Figure 6: Error ey, for test cases with constant angles of misalignment, v = 10, ¢ = 10, at varying mesh
width, (a) @ = 5°, (b) @ = 30°. In the plots all symmetric schemes overlap and likewise do all asymmetric
schemes
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where T is the approximate temperature. It is clear from the figure that the symmetric schemes conserve
the order of accuracy independent of the anisotropy and angle of misalignment. The co-located schemes are
only slightly less accurate than the staggered schemes. For larger values, the asymmetric schemes are less
than second-order convergent on coarse grids, but they regain second-order convergence on finer grids.

4.2 Varying angle of misalignment

Again the problem is considered on a square domain, this time described by —0.5 < x,y < 0.5. The following
steady-state solution is assumed on the domain

T(xa y) =1- [(l‘ - ‘TC)2 + (y - yc)Q} Y2 )

with z. = y. = 0 for the closed field line case and . = y. = 0.5 for the open field line case. The direction
of the parallel diffusion is given by

— 1 _(y_yc)
b_\/(w—wc)2+(y—yc)2< T — e ) (12)

Note that both V-b and b- VT are zero, this means that the term A comes into play only due to numerical
errors, term Ay is zero exactly since VD), VD are zero. So test case 2 stresses terms A; and Ajg, with
added contribution due to numerical errors in term As.

100

10°F

107

10

—A— interp. Vandermonde
interp. symmetric

1 aligned Vandermonde | 107

=B aligned symmetric

—©— asymmetric, G. etal.

symmetric, G. et al.
10” - 10° -

interp. symmetric
aligned Vandermonde
—HB— aligned symmetric

—©— asymmetric, G. etal.

symmetric, G. et al

10 10" 10 10" 10” 10°
h h
(a) (b)

Figure 7: Error e, for test cases with varying misalignment, (a) ¢ = 103, (b) ¢ = 10°

We study the accuracy of the various schemes for two anisotropic cases, one being extremely anisotropic,
¢ = 10?, both with z, = y. = 0. We observe from figure[7l that for the extremely anisotropic case our aligned
symmetric scheme and our interpolated symmetric scheme preserve their second-order of accuracy. All other
schemes fail completely; they are all inconsistent for the ¢ = 10” test case.

A detalil to be observed from figure [ is that for extremely high levels of anisotropy the symmetric scheme
of Giinter et al and the current symmetric schemes show a wiggle in the error convergence. This is partly
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caused by the fact that the linear operator becomes ill-conditioned for h — 0 with a condition number of
order 103 and partly by the fact that in the origin b is undefined for this particular test problem, shifting
the origin by a small value € of order 10716 removes the wiggle. Giinter et al. [30] had problems with
number representation for a fourth-order mimetic finite-difference scheme. They resolved this by increasing
the number representation accuracy. Further, it can be shown that the analytic problem becomes ill-posed
for ¢ = oo (see Degond et al. [I6]). The asymmetric scheme is not suffering from number representation
errors here. However this is probably due to the solution not being close enough to the limit solution.

Finally, in figure [§ we make a more extensive study of the behavior of the different schemes at varying
anisotropy. Here the interpolated symmetric scheme and aligned symmetric scheme perform slightly better
than the symmetric scheme by Gilinter et al.; their errors do not increase with increasing anisotropy.

T T

— symmetric, G. et al.
i asymmetric, G. et al.

o interp. Vandermonde

10 ¢ interp. symmetric
aligned Vandermonde
aligned symmetric

Figure 8: eoo-error norm versus the anisotropy ¢ for a 100 x 100 grid

The aligned scheme and the interpolation scheme perform equally well as the symmetric scheme by

Gilinter et al in terms of anisotropy independence of the error, see figure Starting from an anisotropy
ratio of ¢ = 10° the symmetric scheme by Giinter et al begins to deteriorate. This is most likely due to
ill-conditioning of the linear operator. The fact that the symmetric scheme by Giinter et al suffers from ill-
conditioning for extreme values of the level of anisotropy is an indication that the parallel and perpendicular
components are numerically strictly separated. For ¢ — oo equation ({]) in combination with Dirichlet and
Neumann boundary conditions becomes ill-posed due to the fact that V - (Dyb - VTb) = 0 has infinitely
many solutions. Vice versa, the fact that the asymmetric scheme by Gilinter et al does not suffer from
ill-conditioning of the linear operator is an indication that for ¢ — oo the approximation does not approach
the limit solution of (IJ).
Setting D) to zero enforces that q = 0 in the ¢ — oo limit, this restores the accuracy of the aligned meth-
ods. The aligned Vandermonde and the interpolated Vandermonde method are now close to second-order
accuracy. The order of accuracy for the aligned symmetric method and the interpolated symmetric method
are slightly decreased below second order.

Running the test case with z. = y. = 0.5 gives second-order convergence for all schemes. The qualita-
tive difference between . = y. = 0 and z. = y. = 0.5 is the presence of a singular point in the latter case,
a point where the direction vector b is undefined and over which the vector changes discontinuously.

We suspect that the accuracy of the symmetric scheme by Giinter et al. has some dependency on the
symmetry of the problem, this is investigated in section

For the following four test cases we dismiss the asymmetric scheme by Giinter et al and the aligned and inter-
polated schemes with Vandermonde coefficients, since for this particular test case they show near zeroth-order
convergence for high values of anisotropy.
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4.3 Tilted elliptic temperature distributions

So far we have used forcing functions that are spatially symmetric. Now we apply a forcing function that
gives the solution for a tilted elliptic temperature distribution. This distribution has no symmetry axes
aligned with the coordinate axes. The first tilted elliptic distribution has no closed field lines. Basically, the
field lines go in the same general direction, see figure

o
st
7
4%
Zz
A
A
77
77
2
7
s

i
i e S

(a) (b)

Figure 9: Tilted test cases, field line direction with (a) non-rotating field lines, a = 25,b = —75, (b) closed
field lines, a = 0.15,b = 0.85

The exact solution is given by

1 =T,

Jrzam \ T )

T(z,y) =1+ (az + by)(z® +y?)*/2, b= z,y € [0.5,0.5].
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107 ; 107

symmetric, G. et al
:2: asymmetric, G. et al A
interp. Vandermonde
interp. symmetric
10 aligned Vandermonde 0 ' 4
aligned symmetric
Wt 107°F o
10°F symmetric, G. et al
i interp. symmetric
aligned symmetric
1076 -3 ‘*Z -1 1075 0 ‘ 3 ‘ 6 ‘ 9 ‘12 15
10 10 10 10 10 10 10 10 10
h <
(a) (b)
Figure 10: a = 25,b = —75, (a) €5 convergence for ¢ = 10, (b) e-error norm versus the anisotropy < for a

100 x 100 grid

In figure [0 we present numerical results. We see that all three schemes considered are very similar in
performance, maintaining order of convergence and having similar accuracy. In the origin of the domain
both by and bs go to zero. So the unit direction vector is undefined there. However, the unit direction vector
is continuous in all directions through the origin.

The distribution for the second tilted test case is given by
T(z,y) =1 — (a®(z cos 0 4 ysin 0)% + b2 (xsin 6 — ycos0)%)*>2,  x,y € [-0.5,0.5], (13)

with b as before, Distribution ([[3]) is qualitatively similar to the distribution shown in figure [9bl

10° 10°
—_—=1 —_—=1
—m—c1e? - = =¢10°
-3 6 S TT ‘=108
10°F = =10 107 4 00
——c10°
107 107
mE wB
10°F 10°F
10°F 10°F
107 -3 ‘72 -1 107 -3 ‘—2 -1
10 10 10 10 10 10
h h
(a) (b)

Figure 11: Second tilted test case, convergence plots for several levels of anisotropy with a = 0.15, b =
0.85, 8 = /3, (a) aligned symmetric scheme, (b) symmetric scheme by Giinter et al
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symmetric, G. et al
asymmetric

—V— interp. symmetric

—B— aligned symmetric

L
0 2 4 6 8 10 12

10 10 10 10 10 10 10

(a) (b)

Figure 12: Second tilted test case, accuracy plot for several levels of anisotropy with a = 0.15, b = 0.85, § =
/3 with a grid size of 100 x 100, (a) aligned symmetric scheme, (b) symmetric scheme by Giinter et al

The tilted test case shows that none of the investigated second-order schemes is able to approximate
anisotropic diffusion whilst maintaining formal accuracy globally independent of the level of anisotropy. The
last test case has closed field lines.

4.4 Temperature-dependent diffusion coefficients

Until now we have not treated part A4 of the diffusion equation. To do this we describe the coefficients by
D” =C||T5/2, D, ZCJ_T_I/Q.

These expressions are representative of actual MHD-simulations for fusion plasmas except for the absence of
density. We apply temperature dependence of the diffusion coefficients to the test case described in section
From the results shown in figure [[3al we see that the aligned symmetric method and the interpolated
symmetric method maintain second-order convergence independent of the anisotropy whereas the symmetric
method by Giinter et al now has reduced convergence. There is no qualitative difference between using a
harmonic mean and an arithmetic mean. This is probably due to the smoothness of the solution.
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symmetric, G. et al symmetric, G. et al

=B aligned symmetric —B— aligned symmetric
. ‘ =/ interp. symmetric 10 - mtgrp. symmetnf
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h S

Figure 13: Test case 1 with temperature-dependent diffusion coefficients, e,.-error, (a) convergence for
¢ =107, (b) dependence on anisotropy for a 100 x 100 grid

The reason for the loss of performance for the symmetric scheme of Giinter et al. is that instead of hav-
ing diffusion tensor values exactly on the dual grid we now have to interpolate between the primal grid points.

An obvious way to prevent the need for interpolation is to define the temperature on both the primal and
the dual grid, i.e. favoring the DDFV and the FECC methods in case of temperature dependent diffusion
coefficients.

5 Conservation error

The schemes we present in the current work discretize the non-conservative form of the diffusion equation. To
quantify the effect of non-conservation we apply the current interp. symmetric scheme and the symmetric
scheme of Gilinter et al., to an unsteady test problem with zero source terms and Neumann boundary
conditions. For the time integration we use the Crank-Nicolson scheme with the time step chosen such
that the time integration error is negligible. In this problem we assume that q; = 0, so any perpendicular
diffusion is numerical. We define the global conservation error at time level n as

N N
ZTk,n - ZTk,O
& k

where k refers to the k-th component of the solution vector and where N is the number of unknowns. As a
test case we consider the diffusion of a Gaussian initial distribution

€T = 1/N

)

T(x,y,t =0) =exp (—r2/202), r? = (x — d)2 + (y— d)Q, x,y € [-0.5,0.5],

with ¢ = 0.05. The direction of diffusion b is given by

b= ! (—(y—yo)>_
Vim0 P w2 \ -

The Gaussian distribution is diffused along the circular field lines. We consider a closed field lines case, with
zo = yo = 0.
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Regarding the implementation of the boundary conditions: for the symmetric scheme by Giinter et al.
the flux points are placed exactly on the boundary. For the current co-located schemes the temperature and
the flux quantities are located in the same points. The implementation of the Neumann boundary conditions
for the current scheme is done by using ghost points.

10° 10°
—=
— -
-
5 Phd 5
10° - LS e 4 10
e e
- e
-
-
= Kd &
w Rd
Rd
Rd
Kd
-10 -10 | i

107 ——16x16 ] 10

- - =32x32

----- 64 x 64

—8— 128 x 128
e E_H_H_HM . |

107 10 10 10° 10 10

Figure 14: e error of the symmetric scheme for two-dimensional diffusion test case with a Gaussian initial
distribution, D; = 0,0 = 0.05,teng = 1,d = 0.25,2,y € [-2,2], (a) symmetric, G. et al, (b) interp.
symmetric

From the results shown in figures [[4a we see that both schemes are not conservative, the interpolation
scheme with symmetric coefficients being most non-conservative.

5.1 Aligned gradient operator

Starting from the symmetric scheme by Giinter et al we consider an aligned stencil for each gradient. We
leave the operator for the divergence untouched. Originally in each flux point DVT is approximated by

Tiv1 41 +Tig1,; — T jp1 — Ti D Tiv1 41 +Tig1,; — Tijp1 — 15 T
2h 12 2h

T
Tivijri + Tiny —Tign —Tij ) Tigajen + Tivry — Tijn — Tm}
22 )

DVT|i 1540172 % {Dll

D
* { 21 2h 2h

and likewise for the other flux points, this can be written as

D*(b-VT), D*= <

DH(bl + bg) — D by DL(bQ — bl) + D||b1
Dl(bQ — bl) + DHbQ D” (b1 + bg) — D b

Now we approximate b - VT" by applying an aligned stencil in combination with a bilinear interpolation of
the four swrrounding points. The bilinear interpolation T'(z,y) for a flux point (i +1/2,j + 1/2) is given by

T('rv YVit1/2.5+1/2 = TY(Tey)iv1/2. 54172 + 2(Te)ix1/2. 54172 + Y(Ty)iv1/2,541/2 + Ti+1/2,j+1/27
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and similarly for the other flux points. The coeflicients in these bilinear interpolations are given by

Tiv1,j+1 +Tij — Tivrj — Tijja

(Try)it1/2,54+1/2 = 3 ,
()it /2 i1/ ~ Tiv1j+1 +Tivry = Tij — Tijj+a
z)it1/2,541/2 ~ 5 ,
(T ) . ~ nJrl.,jJrl + Ti,jJrl - TZ,] — TZ‘J’,LJ‘
y)i+1/2,5+1/2 ~ 2 ,
T _ _ Tit1,j+1 + Tig1,5 + T j41 + Ti
i+1/2,541/2 i ,

and similarly for the other flux points. In each flux point we now step in the direction and counter-direction

u /T
o/

Figure 15: Conservative aligned difference

of b with some stepsize As and obtain a central difference approximation for the aligned gradient b - V7',
see figure The resulting approximation is

b- vT|i+1/2,j+1/2 =h (Tw)z‘+1/2,j+1/2 + bQ(Ty)i+1/2,j+1/Qa

which is the symmetric scheme by Gilinter et al. that we started with. So we conclude that the symmetric
scheme is aligned by construction.

5.2 Aligned divergence operator

If we use a nine point interpolation for the temperature we lose conservation. Instead we consider a weighted
average of the symmetric gradient approximations. We can obtain a suitable description of the local deriva-
tives by defining the approximations for 7, and T}, as

Tit1jr1+Tigr; —Tij1 —To ta Tij+Tijrn —Ticij1 —Ticay
lu

TI ~ ru
“ 2h 2h
Tig+Tij1 = Tiorg = Tim1y- Tisry + Tivng-1 = Tig = Tig
Toug gt dij—1 o 1,5 1,j—1 T g 14t +17J2;L 2J \J 17
Tivrgir + Togir = Tog = Tovng | Togrr 4 Ty = Tiong = T
Ty =y Lt J;L ) Ralih R g+ M;Z LJ -
Tig+Ti1y—Tiorg1— Ty Tisry + Tog = Tojr = T
Toug gt 1,5 o 1,5-1 j—1 T g +1,5 45 th 1 +1,j 17
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with a bilinear description for each «, and with the conditions

h h h h h h h h
OéTu(§7§)_17 aru(_§7§)_07 aru(iu_i)—ou O‘ru(_ia 5) 0,
h h h h h h h h
QZU(E, 5) Oa lu( 5; 5) - 15 o‘lu(iv _5) 07 alu(_§7 5) 07
h h h h h h h h
ard(§7 5) - O) a’r‘d( 57 5) - O) a’r‘d(i; _5) — 4 a’r‘d(_§7 5) 07
h h h h h h h h
OAZd(E,g)—O, O‘ld(_ivi)—ov ld(E, 5) 0, ald(_§7 5)—

We get the following bilinear descriptions
z 1 y 1 z 1 y 1
ru 1 S FIS FIS T A [}
“ +<h 2>+<h 2>+<h 2) (h 2)
z 1 y 1 z 1 y 1
o = 1 (h+2)+(h 2) (h+2) (h 2),
(14)
(T 1Y (v N (o 1y (v 1
rd = ho 2 ) no2)\n"2)
d = h 2 h 2 T 2)\n"2)

which also fulfills the consistency requirement that Y « = 1. Note that we also have the following properties
for the coefficients

h h h h
Oéru(iao)— 1/27 a’r‘u(07§) = 1/27 O‘ru(xa_§) =0, aru(_§uy)—07
h h h h
Oélu(§7y)—0, alu(07§) - 1/27 Oé[u(,ib,—§) _07 alu(_iao) - 1/27
h h h h
a’r‘d(iao) = 1/27 a’rd(xu 5) = 07 a’l‘d(ou _5) = 1/27 aTd(_§7y) = 07

h h h h
Oéld(§ay) =0, au(z, 5) =0, au(0, —5) =1/2, O‘ld(_iao) =1/2.

We call these coefficients local symmetric. When using these coefficients in the bi-quadratic interpolation
they do not exactly yield all nodal values for the given locations since it is not an approximation of the
temperature but rather a weighted summation of gradients. In this manner we approximate the diffusion
equation in conservative form with the divergence written in local coordinates

0 0 0 0
T, = (blg - b2%> (D111 + D1 T)) + (bzg + by %> (D1 Ty + Do Ty) + f =

T, ~ b, (DuTo + DnTy)r — (D1iTo + DorTy)1 by (D11 Ty + Do1Ty)u — (D11 T + Do1Ty)a
2As 2An
(D1 Ty + D2oT)r — (D1 Ty + DooTy), (DorTy + D2oTy)u — (D21 Ty + D22Ty)a
+b 2As +h 2An +

For the diffusion tensor values we use the same weighted averaging procedure as before. The diffusion tensor
values are taken both averaged and exact in the dual grid points. The products of the diffusion tensor
components and the gradients can be combined. For instance, for «,.,(D11T;), we have

(D11 T ) re = Oty (D11 )y —222 1 +12;L Jt1 g

Note that due to symmetry we will end up with the original symmetric scheme for any set of coordinates
(@ryyr), (1, Y1)y (T Yu), (xa, ya). To create a unique scheme, we introduce a weighting factor w € [0, 1] for
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the perpendicular part of the divergence approximation. This will increase the conservation errors a bit but

may improve the behavior near high gradients in n-direction. This weighted scheme is not consistent for
D) #0ifw# 1.

For the locations of the stencil we take a step As in the direction and counterdirection of the field line,
and a step An perpendicular to the field line and construct a stencil using the local weights. The unit
direction vector we use to align the stencil is obtained by normalized averaging of the unit direction vectors
in the surrounding points (i £1/2,5 +£1/2),(i £1/2,5 F1/2).

16 x 16
---32 %32

—8— 128 x 128

1075
10

Figure 16: ep error of the local symmetric scheme for a two-dimensional diffusion test case with a Gaussian
initial distribution, D} = 0,0 = 0.05,teng = 1,d = 0.25,2,y € [-2,2] (a) w = 0.25 (b) w = 0.5 (¢) w = 0.75
(d)w=1

In figurdI0l we see that indeed the conservation of the total temperature is not maintained to machine
accuracy, but it does converge with second order. Summarizing, the symmetric scheme by Giinter et al.
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has a gradient and divergence approximation that is aligned by construction. The local symmetric scheme
introduced here was obtained by adding a weighting term to the perpendicular part of the divergence ap-
proximation. If the level of anisotropy is moderate the weighting term should be set to one for consistency.

6 Conclusion

We have developed and applied a new differencing method on a co-located grid that implements the concept
of following the field line track within the stencil area to obtain the differencing points that are finally used
in the approximation. In terms of accuracy and convergence the aligned methods are similar to exactly
differentiating the interpolation schemes. The symmetric variants of our method are more accurate and less
anisotropy-dependent than the standard asymmetric scheme by Giinter et al. The symmetric scheme by
Gilinter et al works well in maintaining the order of convergence for a wide variety of cases and it exhibits
very low pollution of the perpendicular diffusion but it also seems to be more susceptible to number repre-
sentation problems. This is apparent because the linear operator becomes ill-conditioned for large anisotropy
ratios (noticeable above ¢ = 107).

We find that preserving continuity of the gradient is of key importance for maintaining the accuracy of
the perpendicular diffusion. We see that in all cases where the aligned symmetric scheme and the symmetric
interpolation scheme do not maintain order of convergence and/or the level of accuracy, the approximation
of the perpendicular flux T;, determines this behavior. For all test cases the temperature gradient tangential
to the field line is zero. For large gradients in magnetic field strength this term should also be considered.
Over almost all the test cases, the symmetric scheme by Giinter et al is better able to maintain the order
of accuracy. The symmetric scheme by Giinter et al does however show anisotropy-dependent accuracy for
closed elliptic magnetic field line distributions, most likely due to a lack of symmetry in the solution. This
anisotropy dependence is increased if we also make the diffusion-tensor components temperature dependent.
This is caused by the interpolation required to get the temperature values in the flux points. For the tilted
cases with temperature dependent diffusion coefficients our aligned and interpolated symmetric scheme show
comparable and even superior results depending on the test case.

The non-conservative nature of the current scheme has an effect on the approximation of initial value
problems with a non-aligned anisotropic diffusion tensor due to non-monotonous behavior in the direction
perpendicular to the field line. As an improvement we suggest a local symmetric scheme which is derived
from the symmetric scheme by Gilinter et al.
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A Taylor expansions

For the asymmetric scheme described in section B.1] the local truncation errors of the different terms
(D11T%) e, (D22T)y, (D21 Ty), and (D21Ty), are found by writing out the Taylor expansions

1 1 1 1
24 ] 6 24
1
(DT,)s : Ty Dy + Ty D + b2 [ﬂTy Deve Ty D + 8Tmme + LoD

1 1
+ETMWD + ZTMyDI] + (9(}14)7

and similarly for (DT,), and (DT,), respectively. Likewise for the symmetric scheme found in section
the approximations are given by

1

1 1

1 1

1 1 1
+ ZTwnyw + ZTyway +

1

1 1 1 1 1
(DTy)s : TyDy + TiyD + h? [Ty (ngyy - ﬂDm) + Ty <§Dyy + gDm) + 7Tv Dry

1 1

1
—Tywu Dy + 6Txyny + 6TymD] + O(hY),

1
16 L wvwDu + 16

1
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and similarly for (DTy), and (DT,), respectively. Similar to section B:42] the approximations for the
aligned finite-difference scheme are given by

Ay = (Dy = D) (csby — crbs) (b§c7 — B2l — byback + blbgcgz)
+ 2 (D) = D) [ (~esb3ba + cabib3) (b3l — b3l = bubach + biback?)
o+ (esby — erba) (0303 + b33k + bibac — babely )] + O(nd),
Ay = (Dy = D) (crby + csbs) (b%cl;l 4 b2ch — byboc? — blbgcgl)
+ 12 (D) = D) [ (cabiba + cbib) (V) + bRk — buback — bubacl )
+ (crby + csbs) (b%é&f 2628 — b3k — b:{’bgc?)} + O,
As = 2Dy (bica + b3cs + bibacg) + 2Dy (b3eq + bics — bibacg) + b2 (2D + 2D 1) bibsey + O(hY),
Ay = (crby + cgby) (c?” by + cé)” b2) + (—crby + cgby) (—c?L by + Pt bl)
+ hf {b%bg (0205” + 0702D”) + b%bl (0305” + 0805”) + b%b% (0205” + 0802D” + 0305” + 0705”)}

+ hi [—b?bg (0308 + 0803 ) — bgbl (0207 + 070 ) + b2b2 (0307 4 0703 4+ eacg Dy CgC )] + O(hft),
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where it should be noted that here h, = As = An represents the step size in the aligned stencil. If h, goes
to zero we get

Al = (D” — DL) (Cgbl — C7b2) (b%clf — bgcgl — bleCgl + blbgcgz) 5

AQ = (D” — DL) (C7b1 + Cng) (bgcgl + b%c? - bll)ch2 - blbgcgl) 5

Az = 2D|| (b%C4 + b%c;—, + bleCG) +2D (5304 + b%CS — bleCG) ,

A4 = (C7b1 =+ Cgbg) (C7DH bl =+ Cé)H b2) + (—C7b2 + Cgbl) (—C?L b2 + CgDL bl) 5

which is equal to the exact differentation scheme from section
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B Linear operator

For the determination of the linear operator it is convenient to collect the factors for each temperature value

T(z,y) = aijT; 5 + aivr,;Tit1,5 + aim1,Tio1,5 + @i T g + aij—1Th

+aip1 1 Tiv1 501+ aic1 1141 + a1 j-1 i1 j—1 a1 511151,

where for the Vandermonde coefficients we have

222 2 g2
G = T el
aii1,j—%<—x222¢y;—;+z—zi%>v

@i:i:l,jJrl—i(%"'%iy}j—fix_g)v

Qit1,5-1 = i (whg - % + y}j—f F %) )

and for the symmetric coefficients

7xy 1z?  1y?
A5 = ha 2h2_2h2+1
1 122 1y2 lz
a; | — = 512 9712 9299 )
15 7 5 h3 2h2 2h2 T 2h
1 xy 122 1y? 1y
il = 5 “awtamtan )
aj+1 2< h3 2h2+2h2 2h
1 yzx 12 1y*  zy 1z 1y
i . - z_ _— ——:l: =7 7 |
Ait1,j+1 = 4< h3 +2h2+2h2 h2 2h+2h
1 (2% a:2y vo 12 1y wy 1z 1y
il = = tost+ts 5t F st 57
Qit1,5—1 4<h4 13 h3+2h2+2h2:':h2 2h 2h

The terms in equation (B can be approximated by the following schemes:

T, — Ty
=—(Dy—D,)N
Ar = =Dy = DiN——=,
Tr - n
=(Dy—-D,)S
A2 = (D) 1) 2As
T, —2T.+ 1T, T, —2T.+ Ty
As I N + Dy An2 )
_ Dy =Dy T =T Dy, - Dy, Tu—Ta
.A4 = +
2As 2As 2An 2An
Using the previous expressions for a; j, a;+1,j, @i j+1,@i+1,;—1 and a;+1 ;41 the linear operator can be written
as
B 1 1
fii R Tigde+ Y > (it jin (@ Yr)dr + Qi jn (@0, y0)dy
n=—1m=-—1

+aitm J+n(xuv yu)d + Qitm,j+n (Idv yd)dd] i+m,j+ns
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where f; ; is the local source value, including boundary terms. The terms dj ., 4. are described by

S Dy Dy - Dy
Dy =Disas + Az ¥ —insr
S Dy Dy, =Dy
dj=—(Dy— D )—— 4 L _Zl- —
! ( I L)2As + As? 4As2
N D, D, —Dy,

dy

du=—(D) - DL)2An + An? + 4An2
N D, D, —D;

dg = (Dy—D — - d

a= (D L)2An + An? 4An2 7

de= =273 ~ 28

For the local symmetric coefficients we consider the derivatives

To(z,y) = aijTij + aipr,jTiv1, + aic1,jTio1, + @i Tijon + a1 15 51
+ i1, j41 L1 41 F i1 jo1 L1 j1 + @ip1 j—1 L1, j—1 + @i—1,j—1T5-1,5-1,
Ty(x,y) =bi ;T + biv1,jTiv1, + bicrjTim15 + bij+1 T jr + bij—1T5 i1
+biv1,j+1Ti41,541 + bic1 1 Ti-1 541 + big1j1Tip1,5—1 + i1, j—1Ti—1,5-1,

where
! ( + ag, + ), b ! ( + g + Qrg)
Ajj = =7 (T Qry Ay Qrd — Qpd) i, — =7 \ T pry — Oy « Qprd),
=5 1 1d d 9= 5 l 1d d
1 1
Ait1,j = o (pu + Qrd) s bit1,; = oh (—Qpy + Qra) s
1 1
di-1,j = 5 (—agy —auq), bi—i; = o (—oqu + aud)
Qi j+1 = o (—aru +014), biji1 = o (O, + Q1)
1 1
@ij—1 = 5 (g — ara), bij—1= o (—oud — ara)
Qiagipq = rw g o Srw A, Qi
1+1,7+1 2h 5 1+1,7+1 2h ) 1—1,7—1 2h; 1—1,7—1 2h
Ay b Ay a Qg b QArd
Aj—1,5 = T 57 i—1,7 = 57 i i—1 = 57 i i—1 = — 57 >
A 2h EEARDYA ThITLT 9p Fhimt 2h

where the a’s are defined in sectionb.2]
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