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1. Introduction

In this paper we describe a numerical algorithm for solution of the diffusion equation in two dimensions on quadrilateral
grids, which appears to provide an excellent compromise between simplicity of realization, efficiency (in terms of the re-
quired computer time) and accuracy. Efficiency becomes a key issue if the diffusion solver is to be incorporated into a
two-dimensional (2D) or three-dimensional (3D) hydrodynamics code.

From general considerations it is clear that major improvements in efficiency for multi-dimensional schemes can be
achieved if one chooses (i) a semi-implicit rather than fully implicit approach with respect to time differencing and (ii) a
linear spatial differencing scheme. As had been proven by Kershaw [1], a linear second-order scheme on an arbitrary 2D
mesh cannot be monotone. Monotonicity can be restored with non-linear algorithms [2,3], but such algorithms entail iter-
ative solution of a large system of non-linear equations and are rather costly. Aiming at high performance efficiency, we stay
by linear approach and compare our algorithm with the best earlier published schemes from this class [4-6]. Departures
from monotonicity do not appear to be a serious issue in practical applications.

Ideally, one would prefer to use a first-order fully implicit time discretization, which is robust, unconditionally stable and
sets no additional time-step limit. However, solution of the corresponding large system of linear equations becomes a real
challenge for certain versions of spatial discretization [5], and is usually rather costly in two and three dimensions. Here, a
major simplification can be achieved by employing a symmetric semi-implicit (SSI) method proposed by Livne and Glasner
[7], which is easy to implement and quite efficient in terms of megaflops per time step. But the decisive advantage of this
method emerges when one tries to incorporate even the simplest version of the radiation transport equation into a mul-
ti-dimensional hydrodynamics code with thermal conduction [8]. From the hydrodynamics point of view, radiation transport
in the quasi-steady approximation is just an additional mechanism of non-local heat transport. As a consequence, the matrix
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of the corresponding large linear (or non-linear) system for new temperatures under a fully implicit treatment of both the
thermal conduction and radiation transport is no longer sparse, which renders this approach almost impractical. This latter
consideration served as a principal motivation for basing our diffusion solver on the SSI method.

Strictly speaking, the algorithm described in this paper cannot be claimed as a new numerical method because it is com-
posed of known constituent parts. Also, it is not very general because it is restricted to structured quadrilateral (in two
dimensions) grids. However, to the best of our knowledge, the algorithm as a whole has neither been published nor properly
investigated before. Our results indicate that this algorithm has certain important advantages, which make it quite promis-
ing for application in multi-dimensional radiation hydrodynamics codes.

2. Basic equations

The present algorithm for solution of the diffusion equation is constructed with the primary aim to be implemented into a
2D hydrodynamical code based on a Godunov-type method, where the mass density p, the material velocity u and the mass-
specific total (internal plus kinetic) energy E = e + 1u? are the primary dependent variables. More specifically, our diffusion
solver is aimed at description of the thermal heat conduction. The general form of the hydrodynamic energy equation with
thermal diffusion is

UYL ((pE + pu] = V- (VT + @ (1

where p = p(p, e) is the pressure, T = T(p, e) is the temperature, e is the mass-specific internal energy, « is the heat conduc-
tion coefficient, and Q = Q(t,x) is the volume-specific heating rate due to external energy sources.

We assume that at each Lagrangian time step, where the total energy E is advanced to a new time level t + At, the con-
tributions to the energy increment from the p dV work and from thermal conduction are evaluated separately, by using the
same “old” values of the principal variables from the previous time step, and then summed up. Thus, the conduction phase of
the algorithm handles the energy redistribution among the Lagrangian cells according to the right-hand side of Eq. (1) (the

external heating Q is also treated at this phase). Because it is accomplished with fixed values of p and u, the conduction
phase must provide a solution to the diffusion equation

pcvg =V - (kVT)+Q (2)

on a motionless grid - which may be rather distorted due to prior hydrodynamic steps. In Eq. (2) we actually switch over to a
new primary dependent variable T = T(t,X). Because in the Godunov-type methods the primary variables p, u and E are nat-
urally assigned to cell centers, we need a numerical algorithm for Eq. (2) based on cell-centered values of the temperature T.
The mass-specific heat capacity cy at constant volume is assumed to be known and also cell-centered.

3. Grid notation

We solve Eq. (2) in two dimensions on a quadrilateral grid, which is logically rectangular. The grid is composed of a set of
nodes (vertices of quadrilaterals) x; = (x;,y;), i=1,2,...,n,, j=1,2,...,n,, in a global orthogonal coordinate system (x,y).
The numbering convention is such that the cell (i,j) is a quadrilateral defined by the nodes (i,j), (i+1,j), (i,j+ 1) and
(i+1,j+1); vertex (i,j) is always the lower-left corner of cell (i,j); see Fig. 1.

We reserve two possibilities for the metric of our two-dimensional (x,y) space, namely, (i) the Cartesian metric of
dV = dx dy dz, and (ii) the cylindrical (r,z) metric of dV = rdr dz d¢, where V is the three-dimensional (3D) volume. In the

aQ cell (i,j)
= £,ij2 x
3
£ 0,
i) (1)
face (i,j-1)

Fig. 1. Numbering of grid cells, cell vertices and faces.
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cylindrical case we can set either (x,y) = (r,z) or (x,y) = (z,r). The three possibilities can be combined by introducing a glo-
bal cylindrical radius
1, Cartesian metric,
R=R(x,y) = { x, cylindrical metric with (x,y) = (r,z), (3)
y, cylindrical metric with (x,y) = (z,1)

and using the expression
vy = / Rdxdy (4)
cell(ij)

for the cell volume V. Here, Vj; is the 3D cell volume either per unit length along the z-axis in the Cartesian case, or per
radian of the azimuth angle ¢ in the cylindrical case.

Each grid cell has four edges, which are called faces. Faces are numbered after vertices, i.e. we associate two faces
(i,j,m), m = 1,2, with each vertex (i,j): face (i,j,1) connects vertex (i,j) with vertex (i + 1,j), face (i,j,2) connects vertex
(i,j) with vertex (i,j + 1). Each face (i,j,m) has a unit normal vector ny ,, which is perpendicular to face (i,j,m) and points
inside the cell (i,j); see Fig. 1. The position of the geometric cell center is defined as

1
Xej =4 (Xij + Xi1j + Xije1 + Xip1j41)- (5)

4. Numerical algorithm
4.1. Conservative SSI scheme

Let T;; be the cell-centered values of temperature on the above defined grid at time t, which we want to advance according
to Eq. (2) to new values T; at time t + At. The key quantity that we use to discretize Eq. (2) is the integrated (i.e. in [erg s~'])
energy flux Hy, across the face (i,j, m), defined as

Him = — / (KVT - 1y )R, (6)
face(ij,m)

where dl is the length element along face (i,j,m). We assume that the old temperatures T; and the old values x; (cell-cen-
tered) of the conduction coefficient are used to discretize Eq. (6) (spatial discretization; see the next paragraph). In this way
we obtain the old (not advanced) fluxes Hj, that are linear functions of old temperatures T;. Then, an obvious (see Fig. 2)
fully conservative explicit discretization of Eq. (2) will be

cviMyTy = At(Hipn + Hip — Hijer1 — Hizajo + qMy), (7)
where
=Ty — Ty, (8)
X Ti,j+1
== D
E -1 ij2 xTij Hi+l,j,2 Wk
ij1
. . /
@r (+1)
X Ti,j-l

Fig. 2. Explicit (old) heat fluxes Hj, across the faces of cell (i,j).
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is the temperature increment in cell (i,j),

M;; = pRdxdy = p;Vi; 9)

cell(ij)
is the mass of this cell, and
0 = Qii/ p;; (10)

is the mass-specific external heating rate.

As is well known, the fully explicit scheme (7) is unpractical because of severe stability constraints on the time step At [9].
An alternative fully implicit scheme, where the new fluxes Hi,, expressed in terms of the unknown advanced temperatures
T,;, are used on the right-hand side of Eq. (7), and which is unconditionally stable for any At, becomes rather complex and
computationally expensive in multiple dimensions because of necessity to solve a large system of coupled linear equations
for Tj.

As a practical compromise, a symmetric semi-implicit (SSI) method was proposed in Ref. [7]. In this scheme the new
fluxes ﬁ,jm, Itlmm , I~1i+1‘j;, that are to be used on the right-hand side of Eq. (7), are calculated by using only one new temper-
ature Tl-j in the central cell (i,j), and old temperatures in all the neighboring cells. However, one immediately realizes that in
this approach one has to deal with two different fluxes associated with each face: one ﬁafm calculated from above the face
(i,j,m), and the other H;,, calculated from below the same face (i,j, m). More specifically, we have to introduce the fluxes

Hy,, = Him — Gjim T, (11)

A )
where

o =~ (13)

by =572 b = (14)

The coefficient a;, is the minus derivative of the explicit flux Hy, with respect to the forward (in the direction of ng ;) cell
temperature, while by, is the derivative of the same explicit flux with respect to the corresponding backward cell temper-
ature. By their physical meaning, both a;» and by, must be non-negative. The authors of Ref. [7] present a mathematical
proof that the SSI method is unconditionally stable.

Once we get two unequal fluxes across the same face, we loose energy conservation. Energy conservation can be restored
if we calculate the amount of energy o; (cell-associated) lost at a given time step, and redeposit it into the same cell at the
next time step. As a result, we arrive at the following conservative SSI discretization scheme of Eq. (2)

cv Mty = At(Hy + iy — Hijyyq — Hiygo + My ) + 03, (15)

where §; is the SSI energy correction from the previous time step. Eq. (15), combined with Eqs. (11) and (12), is easily solved
with respect to Ty,

 (Hyjt +Hip = Hiji11 — Hizajo + qMy) At + 0y
v cviiMij + (a1 + @iz + biji11 + bip1j2)At

, (16)

to yield the advanced temperatures T; = T;j + T.
Once 7; are known, we can calculate the energy corrections ¢; for the next time step. First, we find the energy J;, lost at
face (i,j,m),

- B Tijo1, m=1,

Oim = (HU'” B H;m)At - {avmrvm + b { Ty, m=2, H At (0
Then, we split this energy into two parts: a fraction 0 < y;,, < 1 goes into the forward-lying cell, and a fraction 1 — y;;,, goes
into the backward-lying cell. As a result, the energy correction that must be redeposited in cell (i,j) at the next time step is
given by

3 = Xij1 Sijt + Xij28ijz +(1- Xij+1,1)3i~j+1‘1 +(1- Xi+1j,2)3i+1~j~2‘ (18)
The split weights y;,, are assumed to be proportional to the bulk heat capacities Cj,}jm of the two triangles lying on face
(i,j,m) and having their top vertices at the geometric centers of the forward-lying and backward-lying adjacent cells - as
it is shown in Fig. 3. More specifically,
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b

cij-1

Fig. 3. Face-adjacent triangles used to calculate the weights for splitting the face-centered energy correction &y, and the weights for the face-centered
conduction coefficient Ky jm.

.
A.ijm
Yijm = m (19)
where
CX,ijl = % (Rj + Riz1j + Rey) AL‘n Cvij Py (20)
Cajt = % (Rj +Ris1j+Reij1) Axjr Cvij1 Pijors (21)
Caip = % (Rj + Rijs1 + Reyy) Avj Cvi Py (22)
Chaip = % (Rj +Riji1 +Reiaj) Axiip Cvictj Piiays (23)

Ajijm are the areas of the corresponding triangles adjacent to face (ijjm) (see Fig. 3), Ry and R.j; are, respectively, the global
cylindrical radii of the vertex (i,j) and of the geometric center of cell (i,j).

4.2. Face-centered fluxes

Now we turn to a finite-difference approximation of fluxes H;, defined by Eq. (6). First, we denote
g= VT, (24)

and introduce two relevant face-associated grid vectors

xi+1j_xi,i> m= 11
| P 25
o {Xm] —-Xij, m=2, (@)
Xcij — Xcjj-1, m=1,
L. :{ 26
cum Xeij — Xei1j, m=2. (26)

Vector 1, connects the two end vertices of face (i,j, m), whereas vector L. ;» connects the centers of the two cells adjacent to
face (i,j,m); see Fig. 4. Then, an obvious second-order discretization of Eq. (6) will be

Hijm = _Kf.ijm (gf,ijm : nf,ijm) |lv,ijm|Rf,ijm7 (27)
where
e A (28)
7 (R + Rijir), m=2,

and Ky m and g, are, respectively, the conduction coefficient and the temperature gradient evaluated at the midpoint of
face (i,j,m).

To derive a formula for g; ;;,,, we assume for a moment that « is continuous across the face (i,j, m), and that we know not
only the cell-centered temperatures Tj, but also the temperatures T, at cell vertices. Then, the two components of vector
g ym can be found from two rather obvious equations
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X

c.ij ij L+l T i+l
lc,ijl T V,ij2
V,ij v,ijl V,i+1,j
x_ face (ij.1) o X
1 i+1,

T

X . .
C,i,j-1 ij-1

Fig. 4. Vector scheme for temperature gradient evaluation.

gf,ijm . lv,ijm = ATv‘ijm (29)
gf.ijm 'lc,ijm = ATc,ijrm
where we have denoted
Tyj1j—Tpij, m=1,
AT, iim = ' = 30
o { Tyiji1 — Toij, m=2, (30)

Tij_Tij—h m:l,
AT jim = : 31
eum { T,] — Tj,u, m=2. ( )

By solving the linear system (29) with respect to the two components of g ;, and substituting the result into Eq. (27), we
obtain the final expression for Hjjm,

Hijm = LAm Ty [(lvum 'lc,ijm)ATv‘ijm - |lv,ijm| ATcum} (32)
‘lyym X lcijm‘
Now we can relax the assumption of a continuous conduction coefficient. With k being discontinuous across a face (i,j, m),
physics requires the normal component of the flux —xg to be continuous. As a result, the normal component of the gradient g
becomes discontinuous, and we have three unknown components of the vector g; ;. If we write
v,ijm

1
g):’t,ijm :gfnf,ijm +g”m, (33)

we obtain instead of Eq. (29) the following three equations
K g =K'g],
8| |lv,ijm| = ATv-,ijm» (34)
28 Apjim + 28 Anjim + & (Lojim - Leijm) = [o.gm| AT jim,

to calculate the three unknown components g7, g1, g, of the temperature gradient g; ;,, at face (i,j, m). Here, k* are the two
values of the conduction coefficient x on two sides of face (i,], m),Aj_’,»jm are the areas of the two adjacent triangles shown in
Fig. 3. Once we solve the system (34) and take into account that 2(A, ;,, + A, jm) = [lujm X lejm|, We obtain the same expres-
sion (32) for Hy,, with x;4m given by Eq. (43), i.e. by a weighted harmonic mean of the two cell-centered coefficients x; in
the two adjacent cells.

Note that in the particular case of a rectangular mesh, when we have 1, jm - Lcjjm = 0, [l jjm X Lejim| = [Lojm| - lejim|, EQ. (32)
becomes particularly simple, the values of the vertex temperatures T,; are not needed, and our algorithm reduces to the

standard second-order central five-point scheme.

4.3. Vertex temperatures

To close the finite-difference approximation of fluxes Hj», we need an interpolation scheme for the vertex temperatures
T,;. In the logical space of grid indices (i,j) each vertex (i,j) is surrounded by four cell centers with physical coordinates
Xciis Xci-1j, Xcij—1 and Xc;_1j-1, which have known values of temperatures Ty, T;_1;,Tij_ and T;_1;_1; see Fig. 5. We want a
linear interpolation formula of the form

Toii = My yTi + Mo Tioaj + MsTionja + PaTija, (35)
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cij-1

Fig. 5. Four-point stencil for evaluation of vertex temperatures T, ;. The c-quadrilateral is delineated with dashes.

which is symmetric with respect to cyclic permutations of the surrounding cell centers and second-order accurate. When
combined with the finite-difference expression (32) for the fluxes Hjn, it yields a nine-point stencil for the 2D spatial dis-
cretization of Eq. (2).

Assume for a moment that the conduction coefficient x is continuous across all the relevant cell faces and consider a
c-quadrilateral made of vertices X.j,Xci 1j,Xcij-1 and Xc; 11 (see Fig. 5). An effective way to construct the required
interpolation is to use a bilinear mapping of the c-quadrilateral onto a standard (¢,#) € [-1,+1] x [-1,+1] square in the
computational space [10, §11.4], which is given by

X= % Xej(1+E)(1+1) +Xeio1i(1 = (1 +1) +Xeijo1(1+ (1 —1) +Xejrj-1(1 = (1 —1)]. (36)

The required temperature interpolation can then be written as

= % Ti(1+ (1 +m) +Tiaj(1 = +1m) + Ty (1 + (1 = 1) + Tiajar (1= (1 = 1)) (37)
Clearly, this interpolation possesses the desired symmetry and is linear with respect to the physical coordinates x along all
the four edges of the c-quadrilateral. More generally, if the original temperature distribution is an arbitrary linear function
T(x) = a+b-x, the interpolation scheme (Eqs. (36) and (37)) reconstructs this function exactly. The latter fact actually
means that our algorithm should reproduce exactly steady-state linear solutions of the diffusion equation on all types of dis-
torted grids, and that it should be of second-order when converging to non-linear steady-state solutions.

Egs. (36) and (37) dictate the following algorithm for evaluating T, ;: (i) set X = X;; on the left-hand side of Eq. (36) and
calculate the corresponding natural coordinates (¢, ,1,;) of vertex (i,j) (here one has to solve a quadratic equation), then (ii)
substitute (&,,7,;) for (¢,1) in Eq. (37) and calculate T,;. Generalization to a discontinuous conduction coefficient x is
accomplished by referring to a corresponding 1D treatment (see, for example, [10, §3.3]) along each of the four edges of
the c-quadrilateral. First of all note that the mapping (Egs. (36) and (37)) becomes an exact 1D linear interpolation between
two neighbor cell-centered temperatures T; whenever vertex X; lies on any of the four edges of the c-quadrilateral. It is an
elementary exercise to show that in this 1D case the correct interface (i.e. vertex) temperature, consistent with the continu-
ity of the flux kVT, is obtained after the weight coefficients for T; in the corresponding linear interpolation are multiplied by
K;;. Hence, an obvious generalization to the 2D case will be to use in Eq. (35) the interpolation coefficients , ;, o = 1,2, 3,4,

defined as

4 -1
luay = ﬁal] <Z] ﬁocl]) ) (38)

Brij = Kii(1 + Coip) (1 + 1y 5),

Bajij = Kic1j(1 = &) (1 +1,4),
Baij = Kio1j-1(1 = &) (1 =1y 5),
Baj = Kij1 (1 + &) (1 =1, 5).

Since temperature is inherently non-negative, we would like all the coefficients 4, ; in Eq. (35) to be non-negative. However,
once our grid becomes strongly distorted - i.e. we calculate either |, ;| > 1 or |i,,;| > 1 from Eq. (36) - at least some of p, ;
become negative. Then we face a dilemma: (i) either impose an artificial constraint y,; > 0 and loose the second-order

T(x)

(39)
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convergence, or (ii) risk large numerical errors and negative temperatures with non-linear temperature profiles. Numerical
tests with non-steady non-linear problems (see Section 5.4 below) compel us to decide for option (i).

Finally, substituting Eq. (35) into Eq. (32) and differentiating with respect to the corresponding temperatures, we obtain
explicit expressions for the SSI coefficients a;, and bjjn,

Ujjm = f ijmIVf ijm |:lz/,ijm2 + (lv.ijm 'lc,z‘jm) ) { 'ul ij - MZ 1+1J) 2 7
1.0 4ij+1/) -

(

|lvum X lc,ijm‘ (

KrimRy (H3j1j = Mayj)y m=T,

b'“m = LIy im ll/i‘m 2 + lyi'm 'lci‘m : M H . 41
] |l1)l]m « lcum} |:| Ul | ( ] /] ) (,u3 i — Mz_u’), m— 27 ( )

It may be noted here that a possible alternative to the bilinear mapping (Eqgs. (36) and (37)) would be to use a least square
approximation to the linear interpolation T(X) = a + b - x. An obvious shortcoming of this approach is that we loose the exact
linear interpolation along the edges of the c-quadrilateral. We did not explore possible advantages of this option simply be-
cause good accuracy had already been achieved with the present method.

(40)

4.4. Face-centered conduction coefficients

Since our principal goal is to obtain a fast and economical numerical scheme, we want to avoid iterative solution of a large
non-linear system of equations for the new temperatures T;; required in the fully non-linear approach. Consequently, we are
forced to use the old (i.e. from the previous time step) values of the conduction coefficient x;;. Within this approach we con-
sider two options for interpolation between the cell-centered x; to obtain face-centered values ;. The first is a weighted
arithmetic mean,

Agum AX,I'jm Kij-1, M= 1,

Kfa-ifm = A A+ Kij +A7 A+ ’ -2 ’ (42)

Aijm + Adjm Ajijm + Aijm Ki1j, M=2,

where the weights are proportional to the areas Ajijm

linear interpolation along the normal direction ny .
The second option is derived from the self-consistent treatment of discontinuous x and leads to the weighted harmonic

mean

of the two triangles adjacent to face (i,j, m); see Fig. 3. It is a simple

e - +
KijKij—1 (AA.ijl +AA.ij1> Kijkij 1

Kmitl = - =
fhjj KA g1 +Rij- 1A 1 Kajj1 (43)
e . - +
. Kijhi 1 (AA.ijZ +"‘A,iﬂ) KiKia,
2= A AT T K
-fh,ij KijAn jjo TKi-1 A% i Kpaj2

which is usually considered to be the preferred version of ky ;, [10, Chapter 3]. However, it is quite clear that, because we use
the old values of kj, the harmonic mean cannot be taken literally for simulating non-linear heat waves, which propagate into
a cold medium with initially zero (or close to zero) temperature and conduction coefficient. Here, again we face a dilemma of
either (i) to use the arithmetic mean (Eq. (42)) and loose the possibility to reproduce exactly piecewise linear solutions with
K jumps, or (ii) to impose an ad hoc limit on possible cell-to-face variations of the conduction coefficient, such as

Kf jjm = Max{ Ko jim, Kjjm }, (44)
where

max{Kj, Kij_1}, m=1,

45
max{Kj, Ki1j}, m=2, (45)

Kfo,ijm = Oxfo - {
and d,50 < 1 is a user-defined small parameter. And again, tests with non-linear heat waves in Sections 5.4 and 5.5 compel us
to opt for (i).

4.5. Boundary conditions

We consider only the Dirichlet (specified temperature) and the Neumann (specified flux) boundary conditions that are
relevant for material (electron or molecular) thermal conduction. Probably the easiest way to set up a Dirichlet boundary
condition is to add an extra layer of virtual (“ghost”) grid cells and assign the boundary temperature values T to their cen-
ters. Also, cell-centered boundary values of the conduction coefficient k. ; should be specified in this case.

For a Neumann boundary condition, corresponding boundary fluxes can be assigned directly, Hjjm = Hpcjm, at cell faces
(i,j,m) along the boundary. Note that in this case we still need the cell-centered boundary temperatures T} in the ghost
cells to calculate the vertex temperatures T,; along the boundary; the latter are needed to calculate the fluxes across the
neighboring non-boundary faces (i,j,3 — m) on non-orthogonal grids; see Eq. (32). The ghost-cell temperatures T are
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simply taken from the neighboring physical cells. In this way also the symmetry (reflective) boundaries are automatically
accounted for.

In addition, for all types of boundaries, we have to set b;i, = 0, %;;,, = 1 at boundary faces (i, j, m) where the unit normal
1y, points inside the computational domain, and @, = 0, ), = O at boundary faces (i,j, m) where ny ;, points outside the
computational domain. Along the Neumann-type boundaries, where the fluxes Hj;, are fixed by the boundary condition, we
set both ajj, = bjjm = 0.

4.6. Time step control

The SSI algorithm requires a separate control of the time step At to ensure convergence and accuracy of solution [7]. Be-
cause the energy correction ¢; in Eq. (16) is taken from the previous step and cannot be reduced in the current cycle, we need
two separate constraints on At with two independent control parameters &, and &;. Similar to Ref. [7], these conditions can
be written as

Hin +Hio —Hiiiq1 — Hion s M AL
( ij1 + Hijp2 ij+1,1 i+1j2 T qjj u) < (60— &1)(Ty +Ts), (46)
cv,iMij + (a1 + Gijp + bijr11 + bisaj2) At
5
< Ti +Ts), 47
cv My &1(Tyj +Ts), (47)

where T > 0 is a problem-specific “sensitivity” threshold for temperature variations. Clearly, we must always choose &; < &.
Condition (47) guarantees that in the next cycle the relative temperature variation due to the SSI energy correction J; will
not exceed &; for any new value of At > 0. When applied together at each time step, the two conditions (46) and (47) guar-
antee that the total relative temperature variation |t;|/(T; + Ts) [where 7;; is given by Eq. (16)] never exceeds &,. Note that, by
reducing the current time step At, both conditions (46) and (47) can always be satisfied for any ¢; > 0 and &, > ¢;.

5. Numerical tests

We explore the properties of our algorithm by running two groups of tests. The first group is a selection of standard tests
against simple steady-state analytical solutions, used in many previous publications [1,4-6]. These tests reveal the basic
properties of our algorithm with respect to spatial discretization. The second group includes three time-dependent problems,
which demonstrate the basic features of the SSI method.

All the test problems are simulated on a standard set of four different grids in a unit square (x,y) € [0, 1] x [0, 1] that are
successively refined by decreasing the parameter

h= (neny,) ", (48)

where n, and n, are, respectively, the numbers of cells along the x and y-axes. Usually we have n, = ny, so that h = 1/n,. The
four standard grids that we use below are shown in Fig. 6. The smooth “wavy” grid in Fig. 6(c) is constructed by applying a
diagonal shift [5]

X} = Xij + Ao Sin(x;) cos(y;),
Yij = Yij + Go sin(x;) cos(yy),
to a square grid of Fig. 6(a) with gy = 0.1. The random grid in Fig. 6(d) is obtained by shifting each inner vertex of the square
grid to a random position on a circle of radius 0.2h around the original vertex location [4]. Note that of these four grids only
the Kershaw grid is strongly distorted in the sense that some of the interpolation weights (1 +¢&,;)(1 £1,;) in Eq. (37) be-

come negative.
As usual, we introduce two norms for truncation errors

172
, OTh = {Z (Tij - TE-)sz‘j} ; (50)
9]

to investigate the convergence of the numerical scheme; here Tj is the value of the exact solution T(x,y) at the midpoint
(X,¥) = (Xcj,Yc4) of cell (i,j), and Vj; is the volume (area) of this cell. Correspondingly, we have two values

log (5T,’;; /(srﬁg) log (5T’Lg /5T’g§)
In = ogh /hy) 92~ Togh/hy)

for the spatial convergence order of the scheme.

To reach numerical steady states in steady-state tests, we applied appropriate boundary conditions, a certain initial con-
dition (which typically was T(x,y) = 0), and ran the code until the errors ceased to change in time. It was explicitly checked
that the final results did not depend on the initial conditions, and only the number of required time steps changed.

(49)

h
0T}, = max
(i)

Ty — TS

y

(51)
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Fig. 6. Four standard grids on a unit square: (a) orthogonal square grid with n, = n, = 10; (b) Kershaw grid with n, = n, = 12; (c) smooth “wavy” grid,
obtained by transformation (49), with n, = n, = 10 and (d) random grid with n, = n, = 10.

5.1. Steady-state linear solution

First of all, we test our algorithm against the linear steady-state solution
T(x,y)=x (32)

in the unit square 0 < x, ¥ < 1, obtained with the boundary conditions T(0,y) = 0, T(1,y) = 1 and 8T /dy = 0 alongy = 0 and
y = 1; here the values pcy =1, k =1, Q = 0 are assumed. Once the steady-state is reached, our numerical solution repro-
duces the analytical one exactly on all four grids shown in Fig. 6. In this respect, our scheme is on a par with those proposed
in Refs. [4,5], and superior to the one proposed in Ref. [6]. Note that, in order to recover the exact linear solution on the
strongly distorted Kershaw mesh, we have to allow negative values of the interpolation weights (1 + &)(1 £ #) in Eq. (37).
When, however, these weights are constrained to be non-negative, we get finite truncation errors with the first-order con-
vergence rate.

Because we use a semi-implicit rather than fully implicit method for time discretization, the linear solution provides a
good opportunity to study the temporal convergence of our scheme. In general, the efficiency of temporal convergence de-
pends on the type of grid and the initial condition. Fig. 7 illustrates the convergence for a difficult case of the random grid
with 100 x 100 cells and the initial condition T(x,y) = 0 at t = 0. If we use a fixed value of the time step At (solid curves in
Fig. 7), then a rapid convergence (on a physical relaxation timescale t,, ~ 0.1) to the steady-state solution is achieved with
At < 0.001, but no convergence is observed for At > 0.002. Although absence of convergence for large At looks more like
zero stability than instability (the errors saturate at a finite level), this example indicates that the original claim by Livne
and Glasner [7] of the SSI method being unconditionally stable might in fact be too strong and somewhat misleading for
practical applications. The conclusion is that, in the SSI method, a special care should be taken of the time step control. Note
that the convergence threshold At ~ 2 x 1072 in the above example is still significantly larger than the stability threshold
At < h?*/(2K) = 5 x 107° of the explicit scheme.

At the same time, as it is illustrated with the dotted curve in Fig. 7, the “dynamic” time-step constraints (46) and (47),
based on accuracy considerations, prove to be quite sufficient for practical needs even with moderate values of
& = 0.2,&; < & /4. Although these conditions do not ensure full convergence to the steady-state solution, they suppress
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Fig. 7. The L, numerical error 6T;, as a function of the number of time steps N, for the linear problem (52) on the random grid with n, = n, = 100. The
three solid curves have been computed with three different fixed values of the time step At. The dotted curve has been obtained by applying the “dynamic”
criterion (46) with the values of &g = 0.2, ¢ =0.04, T, = 1073,

the numerical errors to a low enough level of 6T, 5T < 1-2 x 1073 that should be satisfactory for most practical applica-
tions. The criterion based on Egs. (46) and (47) does not lead to full convergence because, as the temperature variations be-
come smaller and smaller, it allows larger and larger time steps, which finally surpass the convergence threshold.

5.2. Steady-state non-linear solution

Following Refs. [4-6], we take a 1D steady-state non-linear solution
T(x,y) = a+ bx 4 cx*, (33)

where g, b and c are constants, to verify the convergence of our scheme with respect to spatial discretization. This solution is
obtained with the source term

Q=Q(xy) =%, (54)
and the boundary conditions of a zero normal flux, 0T/dy = 0, at y = 0 and 1, and of fixed temperatures,
T0,y)=a, T(l,y)=a+b+c, (55)

atx=0and x=1.
Table 1 compares the convergence results for our scheme with those from Ref. [5], obtained with the values of

148k 1+8k 1 1

61 +4r) | T2x(d+4r) ©T 12 *T30 (56)

Table 1
Steady-state non-linear solution on a random grid: comparison with the algorithm of Shashkov and Steinberg [5].

Algorithm

ny = ny 0T 0T dm q2
Ref. [5] 10 434 %1072 1.87 x 1072 2.04 2.20
20 1.05 x 1072 4.06x 1073 1.72 1.79
40 3.18x 1073 117 x 1073 = =
This work 10 4.01 x 1072 1.86 x 1072 1.67 1.96
20 1.26 x 1072 479 x 1073 1.92 1.97
40 332x10°3 122 x1073 1.97 2.02
80 8.48 x 1074 3.01 x 1074 = =
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Table 2

Steady-state non-linear solution on a random grid: comparison with the algorithm of Breil and Maire [6].

Grid/algorithm Ny =1y 6Tm T i (e[

Kershaw/Ref. [6] 6 429 x 1072 1.86 x 1072 15 1.84
18 8.17 x 1073 244 x 1073 1.66 1.93
36 2.60x 1073 6.43 x 1074 = =

Kershaw/this work 6 484 %1073 223 %1073 1.0 1.18
18 1.62 x 1073 6.07 x 1074 1.23 1.42
36 6.90 x 1074 227 x 1074 1.58 1.75
72 230x 1074 6.75 x 107> = =

Wavy/Ref. [6] 10 6.17 x 1073 249 x 1073 1.31 1.84
20 1.90 x 1073 6.93 x 104 1.87 1.96
40 519 x 104 1.78 x 1074 = =

Wavy/this work 10 233 x 1073 8.06 x 1074 1.75 1.95
20 6.92 x 1074 2.09 x 1074 1.86 1.99
40 1.90 x 10°* 5.26 x 107> 1.93 1.99
80 497 x 107 132 x107° = -

Random)/Ref. [6] 10 192 x 1073 6.21 x 1074 0.37 0.69
20 1.48 x 1073 3.84x107* 0.18 0.15
40 131x1073 3.46 x 1074 = =

Random/this work 10 134 x1073 6.20 x 1074 1.67 1.95
20 420x 1074 1.60 x 107* 1.92 1.98
40 111 x107* 4.06 x 107> 1.97 2.02
80 2.83x107° 1.00 x 107° = =

on a random grid of Fig. 6(d). Similar to the support-operators method of Ref. [5], our scheme demonstrates a second-order
convergence rate in both norms, and nearly the same absolute values of the truncation errors.

A more detailed comparison with the recently published work of Breil and Maire [6] on three types of distorted grids is
presented in Table 2. In this case the values of

1 1
a=0, b71+m7 €= 13,

are chosen. Fig. 8 shows how the L, error 6T}, decreases with the decreasing mesh size h on the four grids of Fig. 6. No con-
straints to ensure positiveness of p, ; in Eq. (35) have been imposed here. Clearly, for all the four grids the second-order
asymptotical convergence is observed. In this respect our scheme proves to be more efficient than that of Ref. [6], where slow
(if any) convergence was observed on the random mesh. In addition, as it is seen from Table 2, in all cases considered our
errors 6T, 6T, are significantly lower than those in Ref. [6]. Note that in our case the random grid errors are practically
equal to those on the square grid (see Fig. 8).

k=1 (57)

1E—3—:
o 1E-4-
w ]
A —o— square grid
] —a— Kershaw grid
wavy grid
1E-54 - random grid
: 0.064 h?
0.01 | Y |

Fig. 8. The L, numerical error 6T}, as a function of mesh size h for the non-linear problems (53)-(55), (57) on the four grids of Fig. 6.
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5.3. Steady-state solutions with discontinuous conduction coefficient

Here, we perform convergence analysis for a steady-state solution of the form [5]

. a+ bx + cy, 0< x<05 5g
(X7 ) a+bK2 K1+bK1X+Cy7 Osgx ( )
where the conduction coefficient
K1, 0<x<0.5,
= 59
{ Ky, 05<x<1, (59)

has a jump at x = 0.5. For c#0 we obtain a solution with a discontinuous tangential flux, proposed in Ref. [5] as a special test
case. To numerically simulate the above solution, we applied the Dirichlet boundary condition (specified T) as dictated by Eq.
(58) along the entire perimeter of the computational domain 0 < x,y < 1.

As might be expected, our algorithm reproduces the present solution exactly only when a harmonic-mean formula (43) is
used for the face-centered conduction coefficient xy, and only on rectangular grids, where the natural ¢, # coordinates in the
bilinear interpolation (37) are proportional to the physical x, y coordinates. On distorted grids it is of the first-order conver-
gence rate. In this respect our scheme is clearly inferior to those from Refs. [4,5].

Table 3 presents the results, obtained with a = ¢ = 0,b = 2k, /(K1 + K2), K1 = 1, K, = 9 for a solution with continuous tan-
gential flux, whereas Table 4 shows a comparison with Ref. [6] for a solution with discontinuous tangential flux, obtained
witha=b=c=1,k; =1,k = 4. Two types of non-orthogonal grids have been tested, namely, the wavy grid (Fig. 6(c))
and the random grid (Fig. 6(d)). As proposed in Ref. [5], the coordinate line x = 0.5 has been made straight on the random
grid.

Tables 3 and 4 demonstrate that, despite only a first-order convergence rate, our scheme generates rather low absolute
errors on moderately distorted grids, which makes it quite satisfactory for practical applications. The results are particularly
good for the random grid - in contrast to the algorithm of Ref. [6], for which the random grid appears to be the most difficult
case. However, our scheme becomes inferior to that from Ref. [6] on a fine wavy grid, where the algorithm of Ref. [6] dem-
onstrates an almost second-order convergence rate.

Table 3

Steady-state piecewise-linear solution with discontinuous conduction coefficient.
Ny =1y T 0Ty Am a2

Wavy grid 10 5.35x 1073 155 % 1073 0.48 0.70
20 3.83x 1073 9.55 x 104 0.71 0.87
40 234 %1073 522 x 1074 0.86 0.94
80 129 x 1073 272 x 1074 = =

Random grid 10 127 x 1073 2.19x 104 0.67 1.17
20 7.96 x 1074 9.75 x 107> 1.49 1.81
40 2.84x 1074 2.79 x 1072 0.36 0.94
80 221 %1074 145 x 107° = =

Table 4

Steady-state piecewise-linear solution with discontinuous tangential flux: comparison with the algorithm of Breil and Maire [6].

Grid/algorithm Ny =ny M 6Ty I qn

Wavy/Ref. [6] 10 132 x 1072 4.06 x 1073 1.83 1.83
20 3.72 x 1073 1.14 x 1073 1.94 1.95
40 9.69 x 104 2.96 x 1074 = =

Wavy/this work 10 7.73 x 1073 1.41 x 1073 0.64 0.79
20 497 x 1073 8.16 x 1074 0.85 0.90
40 2.76 x 1073 436x107* 0.95 0.94
80 143 x 1073 227 x 1074 = =

Random)/Ref. [6] 10 6.71 x 1073 2.03 x 1073 0.67 0.87
20 421x1073 1.11x 1073 0.5 0.77
40 297 x 1073 6.49 x 1074 = =

Random/this work 10 3.85x 1074 7.83 x 107> 1.10 1.91
20 1.79 x 1074 2.08 x 107> 0.95 1.08
40 9.28 x 10> 9.82x10°° 0.87 1.62

80 5.06 x 107> 3.20x 1076 = =
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5.4. Planar non-linear heat wave in warm medium

For practical applications, it is important to know how the numerical algorithm converges in time and space when strong
heat waves are simulated. Here, we use a solution proposed in the original publication [7] on the SSI method, which de-
scribes a 1D non-linear heat wave

T(t,x) =1+ (), E=15'(t—X), (60)

propagating with a fixed (unit) velocity in a uniform medium with the initial temperature T(—oo,x) = 1. For pcy = 1 and a
conduction coefficient of the form

K = KoT?, (61)

the function ¢(¢) is defined implicitly by the equation
4 1
E=Ing+4¢+3¢" +5¢° + 74" (62)

As in the previous tests, we simulate this solution in the unit square 0 < x, y < 1 by applying the boundary conditions of a
zero normal flux, 3T /dy = 0, along the y = 0 and y = 1 edges, and the exact values of T(t,0) and T(t, 1) from Eq. (60) along the
x =0 and x = 1 edges. For time step control we use the “dynamic” criterion (46) and (47), which contains three control
parameters &g, &; and T;. Once significantly below 1, the value of T does not affect the results; in all the runs it was fixed
at T, = 107>, Of the remaining two, it is always & which limits the time step in the present problem - provided that a suf-
ficiently large value of &, > 2¢; is chosen. The cause is a relatively high initial temperature T = 1, for which the relative tem-
perature increments, that are to be constrained by &y, become automatically low once the constraint by &; has been imposed.
Therefore, we fixed the value of ¢, = 0.2 and explored the range of & < 0.1.

In general, to obtain convergence to a non-steady exact solution, one has to reduce both the time step and the mesh size.
In our case, time convergence cannot be faster than of the first-order. If we fix the mesh size and diminish the time step, the
truncation errors saturate at a certain level. Evidently, this asymptotic level is determined by the spatial properties of the
numerical algorithm and the grid. Of the three distorted grids in Fig. 6, our spatial algorithm is most accurate for the random
grid, which is the least distorted.

The results of test runs on random grids are presented in Table 5 and Fig. 9 for the time t = 0.8. First of all, these data
confirm the conclusion of Ref. [7] that for a good accuracy one has to use the values of ¢; < 0.02, whereas with ¢; > 0.1
the accuracy of the SSI method becomes rather poor. As it is seen from Table 5, error saturation occurs rather late, at time
step values below those typically used. Hence, to improve the accuracy of simulation on a weakly distorted grid, one should
in the first place try shorter time steps.

An important practical observation emerges after we compare the results obtained with different versions of the face-
centered conduction coefficient ; [cf. Egs. (42) and (43)]. On random grids, the accuracy of the numerical solution improves
considerably when the weighted arithmetic mean «; is used instead of the weighted harmonic mean (recall that the latter is
the text-book prescription for discontinuous conduction coefficients). As is clearly illustrated by the insert in Fig. 9, the front
of the non-linear heat wave, calculated with the harmonic-mean x;, lags significantly behind the exact solution. Such a
behavior manifests itself even more dramatically in the test problem of the next paragraph.

The relative degree of mesh distortion increases as we change from the random grid to the wavy grid, and from the wavy
grid to the Kershaw grid (the smoothness of the grid appears to be relatively unimportant for our scheme). On the Kershaw
grid we already have vertices which “stick out” of the c-quadrilateral in Fig. 5; for such vertices we get negative interpolation
weights i, ; in Eq. (35). As it turns out, without constraining these weights to be non-negative, we cannot simulate the pres-
ent test problem within a practically reasonable number of time steps of a few thousand. Thus, on strongly distorted grids we
are compelled to sacrifice the second-order of spatial convergence for the sake of practicality and introduce an additional
restriction u, ; > 0 for the interpolation coefficients in Eq. (35). The ensuing loss of accuracy turns out to be practically insig-
nificant. The results obtained in this manner are presented in Table 6 and Fig. 10.

One sees that numerical errors on the Kershaw grid are typically significantly higher than on the random grid. To reduce
numerical errors, one should in the first place increase the spatial resolution. And no advantage is gained by using the

Table 5
Numerical errors 6Ty, 8T, and the total number of time steps N at t = 0.8 for the constant-speed heat wave problem on random grids. Values in parentheses
have been obtained with the harmonic-mean option for ;.

Grid &1 0T 0T Ncyc
Random 40 x 40 0.10 1.92x10°! 3.07x10°1) 826 x 1072 (1.03 x 10°1) 284 (278)
0.02 463x1072 (1.64x107") 1.70 x 1072 (3.42 x 1072) 653 (625)
0.005 215x1072 (127 x1071) 5.55x 1073 (2.12 x 107%) 1304 (1263)
Random 80 x 80 0.10 2.04x 107" 7.07 x 1072 588
0.02 4.26 x 1072 1.69 x 1072 1292

0.005 1.01 x 1072 420x 1073 2661
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Fig. 9. Constant-speed heat wave in warm medium on a random grid with 40 x 40 cells at time t = 0.8. Diamonds and crosses: arithmetic-mean option for
Ky with, respectively, &; = 0.1 and 0.01; empty circles: harmonic-mean option for x; with & = 0.01.

Table 6
Same as Table 5 but for the Kershaw grid.
Grid &1 oTm 0T Ncyc
Kershaw 36 x 36 0.10 3.71x107" (351 x107") 6.50 x 1072 (6.03 x 1072) 462 (453)
0.02 499 x 107! (475 x107") 9.11 x 1072 (7.51 x 107%) 1064 (1040)
0.005 550 x 107! (5.29 x 1071) 1.12 x 107! (9.40 x 1072) 2215 (2177)
Kershaw 72 x 72 0.10 1.94 x 107! 4.96 x 1072 1041
0.02 2.52 x 107! 3.03 x 1072 2240
0.005 3.13x 107! 428 x 1072 4638

arithmetic mean xr instead of the harmonic mean: as it is seen in Fig. 10, both formulae give a relatively large and practically
the same scatter of numerical points in the vicinity of the wave front. The results for the wavy grid lie between those for the
random and the Kershaw grids. In all the test runs the SSI method allowed us to achieve acceptable error levels in about
1000-3000 time steps over the characteristic physical time scale.

5.5. Planar non-linear heat wave in a cold wall

As a show case for non-linear thermal waves, we consider a self-similar plane-parallel solution of Eq. (2) with
K =KoT", (63)

which describes a heat wave launched into an initially cold [T(0,x) = 0] half-space x > 0 by a fixed boundary temperature
T(t,0) = To. Once we introduce dimensionless variables

) T ) n+1 pcy 12 x
= =— =(—— — 64
T=1(¢) T ¢ < 3 KoT8> Nz (64)
Eq. (2) is reduced to an ordinary differential equation
d* vt dt
+E2=0, (65)

dé? dé



2190 M.M. Basko et al./Journal of Computational Physics 228 (2009) 2175-2193

Kershaw grid 36x36

e
1 — exact ;«
14 X e, = 0.05, arithmetic «, :
] g = 0.05, harmonic K,
O T T T T I T T T T I T T T T I T T T T I T T T T I
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 10. Same as Fig. 9 but for a Kershaw grid with 36 x 36 cells and &; = 0.05. Crosses: arithmetic mean «;; empty circles: harmonic mean x;.

which is to be solved with the boundary conditions T =1 at ¢ =0, and T = t"(dt/d¢) = 0 at an unknown front position
& = &p; the latter must be determined in the process of solution of the boundary value problem. One can prove that at
&=¢ our solution has a singularity of the form 7 o (& — ¢)"/". Here, we choose the value n =3, for which & =
1.23117297028.

To demonstrate the accuracy of our scheme for this problem, we performed 2D runs in the unit square 0 < x,y < 1 on an
orthogonal grid with 100 x 100 cells, and with the parameter values of xo =Ty = pcy = 1. The boundary conditions
T(t,0,y)=1,T(t,1,y) =0,and 8T /0y = 0 aty = 0 and y = 1 were applied. Simulations were stopped at t = 1, when the wave
front should arrive at x = Xy ¢, = 2712, = 0.870571. In this problem the time step At is primarily limited by the values of &,
and T in condition (46); the value of & is insignificant, provided that 0.1¢y < &; < 0.5¢&q. Excellent accuracy is achieved with
the values of & = 0.2 and T; = 107>; see Table 7.

The present problem has a difficulty of choosing an adequate definition for numerical error because of a singular behavior
of the exact solution. Here, we simply compare the computed position of the wave front x; at t = 1 with the exact value
Xfex = 2712¢&,. The numerical value Xy is reconstructed by performing a linear fit to the values of T? in the immediate vicinity
of the front. Typical error of such reconstruction is about 6x; ~ +0.0005.

The results presented in Fig. 11 and Table 7 demonstrate a dramatic difference between the arithmetic-mean and the har-
monic-mean options for the face-centered conduction coefficient xr. While excellent results are obtained with the arithmetic
mean, the harmonic mean actually fails to reproduce the vicinity of the wave front with the values d,5 < 1 of the jump lim-
iting factor d.y in Eq. (45). To approach the exact solution, we have to go to the values d,50 > 0.5, for which the use of the

Table 7
Simulation results for the non-linear planar thermal wave on a square 100 x 100 grid. The computed wave front position x; is to be compared with the exact
value X;.x = 0.870571.

& &1 T 5;{]’0 Xf Ncyc
Arithmetic mean Ky

0.5 0.05 1073 - 0.8676 1704
0.2 0.02 1073 - 0.8702 3053
0.05 0.005 1073 - 0.8715 11,821
0.2 0.02 1072 - 0.8683 1892
Harmonic mean Ky

0.2 0.02 1073 0.01 0.76 (+0.01) 4510
0.2 0.02 1073 0.1 0.845 (+0.005) 3424

0.2 0.02 1073 0.5 0.866 (+0.001) 3010
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Fig. 11. Non-linear planar thermal wave launched into a cold wall by a fixed boundary temperature: results of simulation on a 100 x 100 square grid.
Crosses: arithmetic mean ky; empty circles: harmonic mean ;.

harmonic mean formula, designed specially for strong discontinuities of x, does not make much sense anyway. The insert in
Fig. 11 shows that away from the wave front our numerical solution has typical relative errors of [T /T| ~ (2 — 3) x 107>,

5.6. Spherical non-linear heat wave from an instantaneous point energy source

Here, we simulate a spherically symmetric heat wave, propagating in a cold medium with a power-law conduction coef-
ficient (63) from an instantaneous point source. We assume that at time t = 0 a finite amount of energy E, is instantaneously
released at r = 0, where r is the spherical radius. In this case the solution to Eq. (2) is fully analytical [11, Chapter X] and has
the form

1/n

r2

T(r,t) =T, (1 - r2> , (66)
f

where the wave front radius is given by

rp=r1p(t) =& (K—OtQ>ﬁ (67)

pev ~°
and the central temperature is
1/n
)
né

Te=Tet) = |53, 135

3 _
o5 ()" (68)

Kot

The parameter Q, is defined as

Qo = % —4n /0 Tdr, (69)

and the dimensionless constant

n
3n+2

rg+)
(RSN

n

61:{311—%2}@ (70)

2" Inmn

is obtained after we substitute Egs. (66)-(68) into Eq. (69) and perform the integration.

For numerical simulations we select the case of n =2 with &, = 278 -1/2 = 1.03472826, and set the parameter values
pcy = Ko = Qg = 1. One half of the unit sphere is covered by a 40 x 40 square grid of Fig. 6(a), with the x-axis chosen to
be the cylindrical axis, and the y-coordinate identified with the cylindrical radius. Mirror symmetry is assumed along the
y-axis. All the input energy E, is initially deposited in one central grid cell at x = y = 0. Simulation is stopped at t = 0.3, when
the exactly calculated front radius and central temperature reach the values

re=&t'% =0.8901567, T, =2"%¢t3/% =0.5745937. (71)
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Fig. 12. Non-linear spherical heat wave in cold matter on a 40 x 40 square grid at t = 0.3.

The purpose of this test was twofold: (i) to verify how our scheme maintains the symmetry of solution (spherical) on a grid
which does not possess this symmetry, and (ii) to check for possible spurious numerical effects along the axes in cylindrical
(r,z) coordinates. Similar to the previous problem, the time step At is mainly controlled by the ¢, and T, parameters. In
Fig. 12 we display the results obtained with T = 102 and ¢, = 0.1, for which the numerical errors saturated on the
40 x 40 grid. Because of a very large (7 orders of magnitude) contrast between T, and the initial temperature in the central
cell, this run required a relatively large number Ny, = 5558 of time steps. In Fig. 12 all the 1600 cell-centered values of T; are
plotted versus spherical radii r; = (xf_ij + yf_’,,j)l/ 2 of the corresponding cell centers. One sees that all the points lie very dense
on the exact solution, which means that the spherical symmetry of the solution is very well reproduced on a square grid.
Also, no spurious effects are observed due to highly unequal cell volumes near and away from the rotational axes y = 0. Sim-
ilar to the planar-wave test, the position of the wave front is quite accurately reproduced when we use the arithmetic mean
Kr (see the insert in Fig. 12); away from the front typical relative errors of |dT/T| ~ (2 — 3) x 10 are observed.

6. Conclusion

We have demonstrated that a relatively simple and sufficiently accurate numerical algorithm for thermal diffusion in two
dimensions can be constructed on quadrilateral grids by using the semi-implicit (SSI) approach. The algorithm is based on
cell-centered temperatures and has important advantages of easy programming and computational efficiency. The proposed
scheme is fully conservative and symmetric on a nine-point local stencil. It reproduces exactly linear steady-state solutions
and is of the second-order spatial accuracy on not too strongly distorted quadrilateral grids (in the sense defined in Section
4.3). Smoothness of the grid turns out to be of little (if any) significance.

When tested against non-linear thermal waves, our algorithm manifests excellent accuracy on different types of not too
strongly distorted quadrilateral grids, provided that a weighted arithmetic mean is used for face-centered values of the con-
duction coefficient. Being not fully implicit, the algorithm requires additional time step control. Our tests confirm the con-
clusion of Ref. [7] that in practice it is sufficient to keep (i) the relative temperature increments below 10-20%, and (ii) the
relative SSI energy corrections below 1-2% in each grid cell - usual constraints dictated by the approximation accuracy con-
siderations. We conclude that our algorithm should be well suited for 2D hydrodynamic codes with cell-centered principal
variables on quadrilateral grids, and appears to be readily extendable to hexahedral grids in three dimensions.
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