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Abstract. Monte Carlo methods have been used in a number of applications, including heat transfer, electromagnetics
and neutron diffusion. This paper describes the application of the exodus method, a Monte Carlo method variation, to
solve the Laplace equation. Probability matrices are generated by the exodus method, stored and then used to
determine the full solutions inside squares and circles. Then, the Schwarz-Christoffel conformal mapping on the unit
circle is applied to determine the temperature fields within m-pointed star shaped polygons with different boundary
conditions.
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1. INTRODUCTION

Emery and Carson (1968) developed initially the exodus method as a variation of the fixed random walk Monte
Carlo method. Both methods are based on the displacement of particles throughout the grid formed by finite difference
discretization of partial differential equations, such as the Laplace and Poisson equations. However, the exodus method,
contrarily to the fixed random walk Monte Carlo method, does not require the generation of random numbers to
determine the dispatch of particles within the computacional grid and, therefore, presents better computational
efficiency.

Monte Carlo methods have been successfully used to solve electromagnetism, neutron diffusion and conduction heat
transfer problems, considering different coordinate systems. Haji-Sheikh and Sparrow (1967) developed a floating
random walk method to solve heat conduction problems. Fraley et al. (1980) used a new approach of the Monte Carlo
method to solve heat conduction problems adopting a transport equation approximation. A variety of problems was
analyzed with this method and their solutions were compared to those obtained with analytical techniques. Naraghi and
Tsai (1993) presented a boundary-dispatch Monte Carlo method, in which the particles were dispatched from the
boundaries of a conductive medium or source of heat. Particles of 2 or multiple species were dispatched from a
boundary node and made random walks within the medium. Momoh et al. (2010) used the exodus method to solve the
axisymmetric potential problem in spherical coordinates and computed the potential distribution in a conducting
spherical shell.

In these applications, the Monte Carlo approach was limited to simple geometries and to the calculation of
properties in a few points using course grids, mainly due to limitations in computational speed and data storage.
Therefore, this paper applies the standard exodus method (EM) to generate probability matrices which are stored and
used to solve heat conduction problems in a solid body with various boundary conditions. The full temperature
distribution in the unit circle is determined and the Schwarz-Christoffel conformal mapping (Driscoll and Trefethen,
2002) is applied to obtain the contour probabilities for star shaped polygons. Several examples are shown with different
boundary conditions. The present method does not present statistical fluctuations and is much faster than conventional
iterative methods, like finite differences and finite volumes, once the probability matrix is calculated for a given
geometry.

2. EXODUS METHOD

To demonstrate the application of the exodus method, the potential equation in Cartesian 2D coordinates is
considered:
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Making a discretization by centered finite differences with AX=Ay =A, it yields:

T, =%(T(i+1,j)+T(i—1,j)+T(i,j+1)+T(i,j—l)) 2)


http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Naraghi%2C+M+H+N)
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In the classical random walk Monte Carlo method a particle is initially located in an arbitrary mesh point. For a
uniform Cartesian mesh and constant properties, based on Eq. (2), the particle moves randomly to north, south, east and
west directions with probability 1/4 for each direction, until reaching a boundary point where the particle accumulates
the boundary value. In the standard exodus method, a modification of the classical random walk Monte Carlo method, a
very large number of particles is released from a given point in the mesh. In the bidimensional Cartesian case 4 parcels
are generated, each one with 1/4 of the particles moving in each direction (north, south, east, west), then the parcels
reach the body boundary and accumulate the value attributed by the boundary condition.

2.1  Application of the Exodus Method to a Square Plate

An example for displacement of particles using the exodus method is shown in Figure 1 for a square plate.
Rectangular plates of sides L; and L, can be easily calculated considering non-dimensional variables, X'= x/L; e y'=
y/L,.

Particles are released at inner points of the mesh represented by matrix M(4x4) that indicates the number of particles
in the inner points and boundary points after each displacement. In Figure 1a, a large quantity of particles, for example,
1 million or more particles, or the highest number that can be stored by a computer, is placed at the point (2,2). In
Figure 1b, after the first displacement, 1/4 of these particles arrives and is stored in point (1,2), 1/4 arrives and is stored
in point (2,1), which are points of the plate boundary. There remains 1/4 of them in (2,3) and 1/4 of them in (3,2), that
continue to move equaly distributed in each of the 4 neighbor points, as depicted in figures 1c, 1d, 1le, 1f and 1g and so
on, until all particles are accumulated in the boundary points of the plate, what could take a very large computational
time. To avoid this, it can be specified a maximum number of displacements or it can be specified a fraction of particles
to reach the plate boundary, for example, 99 %, 99.9 % or 99.99 %. It should be noted that a particle never reaches the
plate corners.

However, in the case of the matrix M(4x4) considered, the fraction of particles reaching each boundary point can be
easily calculated with full precision. Let the plate boundary points be A=(1,2); B=(1,3); C=(2,4); D=(3,4); E=(4,3),
F=(4,2), G=(3,3), H=(1,2), as showed in Figure 2a. The quantities of particles reaching these points are given by:
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Figure 1. Displacements of a large group of particles (1 trillion) leaving point (2,2).
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Figure 2. Probabilities of particles released at inner point (i,j) to reach the square plate boundary.

The quantities Py-ap .1 Obtained observing the sequence of values in Figure 1 also represent the probabilities of
particles departing from point (2,2) to reach the boundary points. They were easily calculated because they represent the
sum of terms of geometric progressions with ratio 1/4. Figure 2b shows the probabilities obtained for particles
departing from point (2,2).

Due to the problem symmetry, the probabilities of particles departing from the other inner points to reach the plate
boundary are equal to the probabilities for the particles leaving point (2,2), making 90° rotations, as showed in Figures
2c,d,e for points (2,3), (3,3) e (3,2), respectively. Table 1 presents the probability matrices for 4x4 and 5x5 meshes.

Once calculated the probabilities of particles leaving inner points (i,j) to reach the boundary points, the plate
temperatures at each inner point can be determined by:

T(i,j)zkszk(i,jm (6)

where P, (i, ]) is the probability of particles leaving the mesh point (i,j) to reach the k point along the plate boundary,

with temperature Ty specified, in the case of a Dirichlet problem, and N, is the number of boundary points. In the given
model, N, =8and k=1, 2, ..., 8 corresponding to points A, B, C, ..., H, respectively.

Table 1 - Probability matrices.
Mesh 4x4

Origin | k=1 | k=2|k=3]k=4|k=5|k=6|k=7]k=8
(2,2) | 7/24 | 1712 | 112 | /24 | 1/24 | 1/12 | 1/12 | 7/24

Mesh 5x5

Origin k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k=10 | k=11 | k=12
(2,2) 67/224 11/112 1/32 1/32 3/112 3/224 3/224 3/112 1/32 1/32 11/112 | 67/224
(2,3) 11/112 37/112 | 11/112 | 11/112 1/16 3/112 3/112 5/112 3/112 3/112 1/16 11/112
(3,2 11/112 1/16 3/112 3/112 5/112 3/112 3/112 1/16 11/112 | 11/112 | 37/112 | 11/112
(3,3) 1/16 1/8 1/16 1/16 1/8 1/16 1/16 1/8 1/16 1/16 1/8 1/16
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2.2 Temperatures in a Square Plate
A square plate with known boundary temperatures is shown in Figure 3a. Considering a 4x4 mesh and the
probability values in Figure 2, or data listed on Table 1, since Tag=1and Tcpercn =0, it follows that:
T(22)=P,(22)T, +P;(22)T, =7/24%x10+1/12x10=3.75
T(23)=P,(23)T, +P;(23)T; =1/12x10+7/24%x10=3.75
T(32)=P,(32)T, +P;(32)T; =1/12x10+1/ 24x10=1.25
T(33)=P,(33)T, + P;(33)T; =1/24x10+1/12x10=1.25

Figure 3c shows the calculated temperature distribution in the plate for the 4x4 mesh.

T=10 10 10 10 10 10 10
0 0 0 —375-375 —{ 0
T=0 T=0
0 0 0 — 125 — 125 0
T=0 0 0 0 0 0 0
a) B.C. b) B.C. with 4x4 mesh ) Temperature distribution

Figure 3 — Boundary conditions (B.C.) for a square plate and temperature distribution for a 4x4 mesh.

A computer code was written to generate probability matrices for an arbitrary NxN mesh. Figure 4a shows the
results obtained using a 64x64 mesh with the top side temperature 10 and the other sides with zero temperature. The

calculated temperature distributions can be compared to the Fourier series solution:

_ 40 & sin((2k —1)zx)sinh((2k —1)zy)
T ) = T sinn((2k — 1)) )

Table 2 shows the mean squared error, ey, Of solutions obtained by the exodus method and the Fourier series
solution, using 100 terms, on the grid points, for different percentages of particles reaching the boundary. The solution
obtained by Fourier series is showed in Figure 4b. In the cases listed on Table 2, the mean squared error decreases
approximately linearly with N? and does not vary significantly with the fraction of particles reaching the mesh

boundary.

b) Fourier series solution (100 terms)

a) exodus solution for a 64x64 mesh

Figure 4 — Temperature distribution in square plate heated on the top side.
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Table 2 — Mean squared error of solutions by the exodus method.

Mesh Fraction of particles reaching the boundary
99 % 99.9 % 99.99 %

8x8 0.650387 0.650385 0.650385
16x16 0.312559 0.312563 0.312563
32x32 0.151546 0.151554 0.151554

2.3 Convective boundary condition
A convective boundary condition, i.e., Neumann condition, in a square plate of side L, is given by:

- kﬂ =h(T-T,) 9)

x=L/2
where h is the convection coefficient and T, is the ambient temperature. After discretization, it yields:

1 ha/k N-1 hi/k

T(i,N)= T(i,N-1)+ L= TAN-1)+—— T,
(LN) 1+ha/k ( ) 1+hA/k N—1+hL/k ( ) N—1+hL/k

(10)

Therefore, a new column (N+1) is added to the mesh with boundary condition T,. Then, a particle in point (i,N) has
the probability (hA/k)/[1+(hA/k)] to move to (i,N+1) and probability 1/[1+(hA/k)] to go back to (i,N-1). If a
particle reaches point (i,N+1) it remains there and “gets” the temperature T,, corresponding to a Dirichlet condition. For
h = 0 a particle goes back from (i,N) to (i,N-1) and the particle is reflected by the boundary, corresponding to a thermal

insulation. If hL/k is large, the boundary temperature becomes equal to the ambient temperature, indicating a very
intense heat convection exchange with the environment.

2.4 Heat conduction in a disc

The probability matrix of a square plate can have large dimensions when the standard exodus method is applied. On
the other hand, the exodus solution inside a disc requires only the calculation and the storage of a probability vector
along a fixed radius in a given angle. The solution for any other angle is obtained by rotation of the calculated
probability vector. Therefore, this section presents the exodus method solution for a disc. The Laplace equation in polar
coordinates is given by

2
a(ra_Tj 10T _,

— +=— 11
orlor) roe® ()
A finite difference discretization with variable spacing is given by
T = PisaiTing + PigiTiaj + Pijualijur + Prijualijos i=1,...NR, j=1,...,NA (12)
. 1(fr 1 1( 1 1l c 1 ¢ Al + A,
With Py =—l—=+=| Py =—|——=5 | Piju=_""0 Pija=_ , C= L. and
ylar 2 y\Ar, 2 y A6, y A6, r(a, +46,,)
r r
y = —_— ¢ + ¢ . (13)
Ar Ary  AG; AG

where Ar,=r,, -1, Ar, =1 —r, , NR is the number of radii, NA is the number of angles, and pn, represents the
probability of a particle in the (i, j) location move to a neighbor point (m, n) in the polar grid. In the origin it can be

shown that T, = LA DT,

J=LNR
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Figure 5 shows a polar grid with uniform spacing having (NR, NA) = (6, 8). Figure 6 shows 3D plots of the
probability matrices for (NR, NA) = (20, 24) and (40, 120). A strong decay is observed from adjacent boundary points
towards inner points.

Solutions for the Laplace problem in a disc using a uniform grid with (NR, NA) = (20,90) are depicted in Figure 7,
for boundary conditions sin(36) and H(x-0.1) -H(x-0.2) + H(x-0.6) — H(x-0.7), where H is the Heaviside step function,
x=[0, 1] and 6 =[O0, 2x].

The probability matrices generated for solution of the disc problem can now be directly applied to determine the full
solutions in any polygonal domain using appropriate conformal mappings in the complex plane.
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Figure 5 - Polar grid for solving Laplace equation.
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Figure 6 — 3D Plots of probability matrices for different meshes.
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a) Tp= sin(30). b) Tp = H(x-0.1) ~H(x-0.2) + H(x-0.6) — H(x-0.7)

Figure 7 - Exodus solution for the Laplace problem in a disc with (NR, NA) = (20, 90).
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2.5 Schwarz-Christoffel Transformation

A conformal mapping of the unit circle D= {z : |z|<1} onto an arbitrary polygonal domain is obtained by the
Schwarz-Christoffel (SC) formula (Driscoll and Trefethen, 2002):

f(2)=C,] ! dw+C,, €D (14)

0 (W_ézl)/jl(w_é/z)ﬁ2 "(W_gN )'BN

where N is the number of vertices, S z(i=1,...N) is the exterior angle of the ith vertice of the polygon,
¢, (i=1,...N)are the pre-images of the vertices in the unit circle, and C; and C, are scaling and rotation constants.

In the case of a m-pointed star with external angles g,z and B,z , with B + 3, =2/m, the Schwarz-Christoffel
mapping is

_Z(]‘_meﬂ2 _ i m_+1 m _-m
f(z)—_([mdw_zﬁ(m,ﬁl,ﬁz, o 72"z ) (15)

where F; is the Appell F; function given by the series power

(@ B)n (02)y

Fl(a:bl,bz:c:x,y)=ii X"y

aomo min! (C)n+m
(16)

with a, by, b, and ¢ € C, and (x)k =X(X+1)...(x+k —=1) is the Pochhammer symbol. Alternatively, the Appell F;
function can be given by the integral representation

F(a;b b,;c;x,y)= %ju“(l— u) " (1-ux)™ (@ —uy) ™ du (17)

Figure 10 depicts the conformal mappings of a unit circle on m-pointed stars using Eq. (15) with a uniform grid
spacing. It is seen that near the stars’ vertices the resolution is low. Therefore radii close to unity need to be considered.

Figure 11 shows the distributions of temperatures inside different m-pointed stars with various boundary conditions.
The unit circle was divided in 360 uniformly spaced angles and 44 non-uniformly spaced radii: r = 0, 0.04, 0.08, ...
0.36, 0.40, 0.42, 0.44, ...0.96, 0.98, 0.99, 0.995, 0.999.

Figure 10 — SC conformal mappings of the unit circle on m-pointed stars.
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a) B.C.: sin(7nx) b) B.C.: BesselJ(1,sin(5nx)) c) B.C.: BesselJ(0,sin(mnx))
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d) B.C.: sin(10nx) e) B.C.: BesselJ(1,exp(sin(5nx))) f) B.C.: sin(10mx+n/10))

Figure 11. Temperature distributions in m-pointed stars using EM and SC formula for a 44 x 360 mesh and different
boundary conditions (B.C.’s) along the star circumference.

3. CONCLUSION

This paper described the application of the standard exodus method, a Monte Carlo method variation, to solve
rapidly heat conduction problems in star shaped objects. Initially, probability matrices were calculated and stored to
determine the temperature distributions in squares and circles. Then, the Schwarz-Christoffel transformation on the unit
circle was used to obtain the contour probabilities and to solve Dirichlet problems on m-pointed star polygons with
different boundary conditions. The present method does not present statistical fluctuations and can be easily applied to
any simply connected polygonal geometry using appropriate conformal mappings.
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