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Abstract

We explore the application of the finite volume method (FVM) in a method of lines approach
to solving a linear reaction-diffusion equation. The goals are to bring out the key steps in the
derivation of the FVM from the conservation form of the partial differential equation to the
system of ordinary differential equations of a semi-discrete formulation that need to be solved.
In order to illustrate the different techniques needed for control volumes in the interior or
touching the boundary of the domain, we use a square domain in two dimensions discretized
by a uniform Cartesian mesh. Using the implicit Euler method as concrete example, we also
bring out the system of linear equations that needs to be solved at every time step to show its
properties. The numerical sample problem is an application model of the spread of pollution
with a point source modeled by a Dirac delta distribution that highlights the two key advantages
of the FVM to conserve mass in the discretized problem and to handle non-smooth source terms
rigorously.

1 Introduction

In this report, we consider a problem that models diffusion of aerosols emitted from a pollution
source into a stable environment (no wind), with the emission modeled as a point source in the
center of a two-dimensional region on the scale of a city or county. This is sketched in Figure 1.1
as a square domain of size 100 km by 100 km, with a factory with a polluting smokestack indi-
cated at the center. We model the scenario where the source pollutes with a given amount of
material, k kg per hour for the duration of a typical work day of 8 hours and then shuts off. We
will simulate the model for 24 hours, beginning when the pollution starts. The simulation starts
with no pollution present in the region. The environment is modeled initially as a closed system.
That is, we enforce no-flow boundary conditions along the domain boundary; we have showed
in [4] how to approximate the effect of an open system by increasing the size of the numerical
domain such that the pollution does not reach the edge of the calculation domain and that sub
domains can be considered as open systems. That report from the UMBC CyberTraining program
(cybertraining.umbc.edu) considered the problem as combining directly Atmospheric Physics
in the modeled material flow and High Performance Computing to enable fast calculations of
the problem with increasing domain size by parallelizing a C code with MPI. The area of Big
Data could be applied to ouput if, for instance, the value of the parameter x is not assumed to be
known. Section 2 provides the mathematical formulation of the model and specifies a test problem
used to validate the implementation.

Section 3 provides an introduction to the finite volume method (FVM) as a numerical method
that is particularly appropriate to the type of partial differential equation in this report. Here,
note that a point source is modeled mathematically by the Dirac delta distribution, which is zero
everywhere except the location of the source and attains an infinite value at this location in such a
way that the total integral over it has the value 1. Numerical methods such as the finite difference
method cannot be set up for this model, since the value of the source term is necessarily infinite
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Figure 1.1: Pollution source at center of two-dimensional square region.

at the critical point. The finite element method is another alternative for discretizing a measure-
valued right-hand side [2], but it does not provide conservation of mass discretely; moreover, finite
elements require special approximations to handle advection and would not conserve mass in them,
either. By contrast, the finite volume method combines the advantages of mass conservation of the
discrete approximations with providing a rigorous way to handle the point source; the FVM also
handles advection very naturally and with mass conservation.

Section 4 presents the results of simulations. Section 4.1 uses a test problem with smooth source
term and a known true solution in closed form. This problem tests the implementation of the FVM
and confirms that it converges in agreement with applicable theory. Then, Section 4.2 solves the
pollution problem from Section 2.1 with its point source. We show how the mass conservation of
the FVM confirms that also this problem is solved correctly, even though the solution is not known
in closed form. Section 5 summarizes our conclusions and outlines possible future applications of
this model and method.



2 Mathematical Model

The problems considered are described by the partial differential equation (PDE), the boundary
condition (BC), and the initial condition (IC), respectively, for the concentration u (z,y,t) of pol-
lution, whose units are kg/km?,

ug — V- (DVu) =q(z,y,t) for (z,y) € Q and t > 0, (2.1)
n-(DVu)=0 for (z,y) € 02 and t > 0,
U = Ui (x,y) for (z,y) € Qat t =0,

with right-hand side function in the PDE

Q(xay7t) :f(x,y,t)—l—s(x,y,t) (2'4)

composed of a smooth source term f(z,y,t) and a point source term s(z,y,t); these terms differ-
entiate the problems being solved and are specified in the subsections below. We use kilometers
km for units on the spatial domain region Q = (—50,50) x (—50,50) C R? and hours h for the
time domain where the time ranges 0 < ¢t < 24. In the PDE (2.1), the diffusivity coefficient D is
a positive constant scalar in km?/h. In the BC (2.2), the vector n = n (z,y) € R? denotes the
unit outward normal vector at (z,y) € 9. In IC (2.3), setting u;,; = 0 models the situation of
no pollution present at the initial time ¢ = 0. The variables and parameters and their units are
collected in Table 2.1.

Table 2.1: Variables of the model and their units.

Variable Definition Units

T spatial position variable km

Y spatial position variable km

t time variable h

u(z,y,t) concentration of pollutant kg/km?
diffusivity coefficient km?/h

q(z,y,t) right-hand side source term kg km—2 h™!

f(z,y,t) smooth source term kg km~2 h~!

T time scale of steady state approach h

s(z,y,t) point source term kg km=2 h™!

K injection rate kg km=2 h™!

2.1 The Pollution Problem

To model the injection of pollution at center point (0,0) € €, we set the smooth source term f =0
and model the point source by

s(x,y,t) = K (0,0) (T, y)x[0,8 (1) (2.5)

with output rate x in kg km=2 h™!. Here, 6 ) (z,y) := 0(x—0)(y—0) defines the Dirac delta
distribution in 2-D as product of delta distributions in 1-D! to model the injection of pollution at

!The Dirac delta distribution (in one dimension) §(z) for = € (a,b) is defined by the properties §(z—c) = 0
for x # ¢ and f: p(z) d(x—c)dz = ¢p(c) for any continuous function ¢(z) and point ¢ € (a,b).
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center point (0,0) € €, and x denotes the indicator function g (t) = 1 for times 0 < ¢ < 8 and
0 otherwise to control the switching of the pollution source.

2.2 Test Problem with Smooth Source Term

We will also, and in fact first, use a test problem that has the form of (2.1)-(2.3), but admits a
chosen, known true solution u(x,y,t) in closed form. Concretely, we choose

w(z,y,t) = (1 — e~ WD) cos?(ra/100) cos?(ry,/100) (2.6)
with 7 = 8, which is the solution of the model problem with a smooth source term by setting

flz,y,t)= (2t/7’2)6_(t/7—)2 cos?(mx/100) cos?(my/100) (2.7)
+(1- e_(t/T)Q) ((—272/100?) cos(272/100) cos?(wy/100) +
(—272/1002) cos? (ma/100) cos(27y/100))

and without point source by setting s = 0.



3 Numerical Method

3.1 Spatial Discretization

We use the finite volume method (FVM) for the spatial discretization, because it conserves mass of
the discrete concentration approximations and because the FVM can directly and rigorously handle
a point source modeled by a Dirac delta distribution.

The problem (2.1)—(2.3) is stated on a two-dimensional domain

Q= (xmin)xmax) X (ymin7yma:c) C RQ (31)

that is assumed to be square and symmetric about (0, 0) in both z- and y-direction. The symmetric
property of 2 requires that Tm;in = —Zmae a0d Yinin = —Ymaz- For the domain to be square requires
furthermore that ;i = Ymin and Tz = Ymaz- 10 derive the finite volume method, we define the
primal mesh points as (2;,y;) € Q with z; = Zpin+(i—1)h, i =1,..., No, and y; = Ymin+ (G —1) h,
j=1,..., Ng, with uniform mesh spacing h = L/(Ny — 1), where L = Zyq0 — Tinin. We restrict
Ny to an odd integer, so that center point (0,0) of the domain €2 in (3.1) is guaranteed to be
a mesh point (x;,,y;.) = (0,0) for some (i.,j.). Then we define the dual mesh on triangulation
Ty = {Qij}(i,j) of cells around each mesh point (x;,y;), 4,5 = 1,..., Ng of the primary mesh, such
that Q;, 5, N Q4yj, = 0 for all (i1, j1) # (i2, j2) and Q= U(i,j) ﬁij. For the concrete value Ny = 5,
Figure 3.1 shows an example of the primary mesh with coordinates x;, @ = 1,..., Ny, and y;,
j=1,..., Ng, of the primary mesh points and cells {249, {214, and 17 of the dual mesh as sample
interior, boundary, and corner cells, respectively, whose interior cell boundaries lie halfway between
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Figure 3.1: For Ny = 5, primal mesh with uniform mesh spacing h in solid lines and sample cells
Qy49, Q14, Q11 of the dual mesh in dashed lines.



primary mesh points.
For each cell Q;; € Tj, of the dual mesh, we introduce now as the unknown approximation of
the FVM the spatial mean values or cell averages

1 .
u;5(t) = o] // u(z,y,t)drdy, i,j=1,...,No, (3.2)
i ij

where |Q;;| = [ fQ ldx dy denotes the area of the cell. The finite volume method starts by
integrating the PDE (2.1) over each cell ;; € Tj, to obtain the conservative integral form

// 9 dy — / V- Dvu)dxdy_//g__qudy. (3.3)

)

We apply the divergence theorem? to the diffusion term in (3.3) to explicitly track the flow through
the boundary 0€);; of each cell €;;. Taking flux J = D Vu and W = Q;;, we obtain

d// ud:z:dy—/ n- (D Vu) dS:// qdx dy (3.4)
dt JJa,, 89, Q;

for each cell €;; € Ty, ¢, = 1,..., Ny, of the dual mesh, where we also interchanged the order of
integration and differentiation in the first integral. Dividing now by [€2;;] yields

d 1 // 1 1
— | = u(z,y,t)dedy | — —— n-(DVu dS:// qdx dy 3.5
dt <\Qz‘j\ Q;; ( ) > 1925] Jaq,, ( ) 151 JJay, (3:5)

and finally with (3.2) in the first term

dﬂij(t) 1 1
- n-(DVu) dS = // qgdzdy (3.6)
dt |QZ] ’ a0, ’QU ‘ Q;;5
as semi-discretization for the FVM unknowns w;;(t), i,j = 1,...,Np. This system is not self-

contained, yet, since the diffusion and source terms still need to be cast in terms of the ;;(t).

3.1.1 Semi-Discretization of an Interior Cell

All interior cells of the dual mesh have the form €;; = (2; — %,zi + %) X (y; — Q,yj + 7), i,j =
2,...,Nog—1, that is, a square of size h? centered around each primal mesh point (z;, yj), with each
of the four boundary segments of 9€);; located halfway between primal mesh points. For Ny = 5,
Figure 3.1 shows an example of interior cell 49 around the mesh point (x4, y2).

The discretization of the right-hand side integral of ¢ = f+ s in (3.6) is considered in two parts,
the smooth source term f which yields

1 1 yi+h/2  rxith/2
T / fdmdy%w/ / Ldzdy f(xi,y;,t) = f(xi,y5,1). (3.7)
| 1]’ Qij | l]’ X

yj—h/2 i—h/2

and the point source term s(x,y,t) = k6,0 (7,¥y) Xjo,g) (t), Where we obtain

1 K K
] // sdrdy = o] /Q 50,0) (z,y) drdy Xjog) (1) = 72 diic 0350 X[0,8) (1) 5 (3.8)
] ij ] ij

2The divergence theorem states ffw V- -Jdxdy = faw n - JdS for a vector field J : W — R? and W C R
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which is 0 if (i,5) # (i, je) or t > 8 and is x/h? if (i,7) = (ic, jc) and 0 <t < 83
The surface integral over the diffusion term in (3.6)

1

m 20 n-(DVU) ds

() ij
o AR Ry L DY

= n- (DVu h y+/ n- (DVu n dy 3.9
121y -2 BT 194 Jy;-ns2 r=zity (3.9)
1 zi+h/2 1 2it+h)2
0 Loy ™ PV o s ] [y ™ PV

is calculated by considering each of the four linear segments of 9€);; individually. Consider the
left-hand segment, which is located at z = x; — % for y; —% <y<y+ %, with outward unit normal
vector n = (—1,0)7. Then the diffusion integral over this segment is

g 1 yj+h/2 ( | 1 yj+h/2( ) u
1= — n- (DVu R dy = — —1,0 D<z>
€251 Sy, —ns2 v=2i—3 1Q%j| Jy,—n2 Uy

h) dy. (3.10)

T=xi— g

The surface integral is now approximated by a midpoint quadrature rule centered at y = y; to yield

the approximation for the diffusive flux at x = z; — % on the boundary betweens cells €2;_1; and
Qj
S ! whe d DV ! h D h
~ 1 -1,0 =—— i — 5,Y;,1). 3.11
! €25 /yjh/g v ( ) u)‘(ﬂc,y)=(wr%,yj) h2 U (%5 = 5> 1) (3.11)

The derivative uy(z; — %, yj,t) is approximated by the second-order accurate centered finite differ-
ence approximation to obtain

1 u(:cz Yj t) —u(:rz-_l Y t) D ﬂz(t) —ﬂi_l'(ﬂ
Si~——D 220 I Y J 3.12
1 h h h h ) ( )

where the final approximation holds, since for each interior cell holds

1 1
Uij(t) = 15— // u(z,y,t) drdy ~ ~~— // Ldz dy u(zi,yj,t) = u(x;, yj;,t) (3.13)
|25 Qij |25 Qi

to second-order accuracy, provided (x;,y;) is the center of 2;;. The above derivation justifies how
an integral approximation and a centered finite difference of the pointwise value u, (a;Z - %, Yjs t)
can be leveraged to yield a flux in terms of a finite difference of the cell averages u;_1; and u;;.
Using (3.12) and with analogous derivations of the other segments Sy, S3, Sy of 0€;;, we obtain
in total for the diffusion term in (3.9), while also implementing a change in ordering of the segments,

1
7’(2’ Il(DVU)dS:Sl+S2—|—S3—|—S4:S3+Sl_|_52+54
ijl Joa,;
o D (@i ;) D (@imy =) D (Ui — W) D (W1 =) (314
h h h h h h h h
D

=32 <Hij71 + Ui—15 — 4Uij + Uit +ﬂij+1)'

0 fori#/¢

1 foriet for integers 1, £.

3Note we also use the notation of the Kronecker delta function d;; = {
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Inserting all approximations (3.7), (3.8), and (3.14) into the integral equation (3.6), we get the
semi-discretization

du;;(t D _ _ _ _ _ K
30 4 (51 (0) g0+ 555 (0) T30 Ty (1) = F e 0) g i 55 X 1)
(3.15)
for all interior cells ;;, 1 =2,...,No—1,7=2,...,Ng — L.
Remark: We can define the diffusive flux functions from cell €;_1; to €2;; as
;i () —wi—14(
];Id722 (ﬂiflj(t),ﬂij(t),l‘i — %) =D ]( ) 3 U( ) (3.16)
and from cell €;;_1 to ;; as
_ _ ﬂl(t) *ﬂi‘,l(t)
Hay (T (1), i (1), 4 — ) = D =~ (3.17)
to write formally from (3.12) for S; and its analogues for Sy, S3, and Sy to obtain
1
o n-(DVU)dS:S1+SQ+53+S4
Q%] Jaq,;
~ 1H T a. g b 1H PR, N (3.18)
~ = E d,:v(uz—lpuzyaxz - §) + E d,:t(uljuul-i-l]yxl + 5)
1

= 5 Hay (Wi, Wig, s — 3+ 5 Hay (g Wigr, yj + %),

which is a more abstract presentation of (3.14). Furthermore, we can use this abstraction in (3.15)

du; i (t 1 1

2;15() E (Uz 1]7uljaxl_ ) thx(UZJauz+1]a$z+%)
Ly Ly h (3.19)
=y Hay (W1, 05,95 — b+ 3 Hay (Wi W1, 95+ 5) :

f(xza Yj, ) h2 5uc 6]jc X[0,8] (t)

to describe the semi-discretization for the interior cells.

3.1.2 Semi-Discretization of a Boundary Cell

The following derivation not documented in detail, yet, but should result in

ldu;(t) D/ 1_ _ 1_ _ 1
S 4 (= ST ) + 205(0) - ST () — Ty (D) = 5 Sy t)  (3:20)

for all boundary mesh points (x;,y;), ¢ = 2,...,No — 1, j = 1. This derivation applies to a cell at
the bottom boundary of 2. Analogous derivations are applied to the top, left, and right boundaries.



3.1.3 Semi-Discretization of a Corner Cell

The following derivation not documented in detail, yet, but should result in

(is(1) = 3T15(8) = ST1(0)) = 1 Fwiv. )

1duii(t) D
4 dt h?2

(3.21)

for the corner mesh point (z;,y;), i = 1, j = 1. This derivation applies to a cell at the left bottom
corner of d€). Analogous derivations are applied to the right bottom, left top, and right top corners
of the boundary.

3.1.4 System of All Semi-Discretizations

Define the column-vector u(t) = (ux(t)) € RV, k = 1,..., N with N := NZ, with components
uy(t) = w;;(t), ordered by k = i + No(j — 1) for 4,5 = 1,..., Np. Also analogously define the
shorthand notation q(t) = (qx(t)) € RY with qi(t) = f(xi,y;,t) + 7504, 0j;. X[o,8] (t), using the
same ordering of the components. Assembling all types of semi-discretizations (3.15), (3.20), (3.21)
yields then in vector form

~ du(t N
M ‘(;i) + Ku(t) = Mq(t),
with the constant matrices M, K € RN*N. Here, the stiffness matrix K = %(S®T+T®S) € RVXN
can be computed using the sum of Kronecker products between the diagonal matrix S € RNoxNo

and the tri-diagonal matrix 7' € RNoXNo given by

(3.22)

: 1-1
-1 2-1
-1 2-1
S— T = e (3.23)
-1 2-1
1 -1 2-1
! ol ! -1 1]

The diagonal mass matrix M = S ® S € RV*N collects the pre-factors in front of the du;(t)/dt
terms in (3.15), (3.20), (3.21) and can be computed as one Kronecker product using the same S.



5, the matrix K would read concretely

For instance for Ny

A~
_ _ |
— [T K\ BT
_ 1 _
=1 I
I I |
\\\\\\\ L e 1L T
I I | | I |
[ [ ] R -
I I | I | |1 |
I I — I — < — 7 —
! ! I ! | | ! I
[ o < o
! ! I I I ! |
, Lis ,21_ Lo
| : | ,_
\\\\\\\ L e T
[ [l | [ |l
[ [ [ [
| T T T
[ , [ | _, ! [
[ | [ _ , [ | [
[ ! ,, | [ ! [
,1,2 ,21 ,1,2 |
, _ ,
\\\\\\\ .
ey 1,‘2, =iy |
y [ y [
! [ _ _, ! [ [
— A — [ [
! [ _ ! [ ! [ [
i A S P | |
! ! ! [ ! [ [
—| ,21 71,2 | |
|
o L __ o I _ _ J_
e | —loy | |
Lo ' | |
IO e — [ [
_ I Loy | ,
Al = — | | |
| , [ I [ [ |
N | I — | | |
| | I | I I I
e R | |
L _ ,7 1 1 1 |
(o]
Qlz

(3.25)

~

To see in what sense the FVM conserves mass at the discrete level, recall what it means at the
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continuous level: If u(z,y,t) denotes the concentration of a quantity throughout domain €2, then
the total mass in the domain [ fQ u dx dy is conserved if the time derivative of the total is zero for all
t > 0. We see that the PDE (2.1) without a source by ¢ = 0 satisfies this condition by integrating
and applying the divergence theorem in

//udxdy—// d:ndy—/ V- DVu)dmdy—/aQn~(DVu)dS:0, (3.26)

which is 0 by BC (2.2). The analogue condition on the discrete level starts by noting that €2 is the
union of all cells €2;;, that is, 2 = U €;;, and thus by linearity of the integral
dt -

d d d 1
dt//ﬂudmdy— dtZ//Quda:dy—Zm,]] pn <|Qw| //Q“udxdy> —Z|Q
(4.4) K (4,9) E (4.9)
(3.27)

Since the area of each cell ;] is h? for interior cell, h?/2 for boundary cell, and h?/4 for corner cell,

the terms \QU| i under the sums are, aside from common factor h?, exactly the time derivative

with pre-factor in (3.15), (3.20), (3.21), respectively. Replacing each [€2;;| = du” by the sum of the
approximations from the diffusion term (noting that ¢ = 0) yields a large sum of approximations
with common factor —D (since the h? cancel). To see that this sum is 0, notice for instance that each
interior approximation @;; has factor 4 in (3.15) and cancels against the —@;;—1, —Wi—1;, —Uit1;,
—;i;j+1 from the four neighboring cells; this remains true if the neighboring cell is a boundary cell
with (3.20). In turn, boundary approximations ;; have factor 2 in (3.20) and cancel against one
term from the neighboring interior cell with factor 1 and one term each from the two neighboring
boundary cells with factor 1/2; this remains true if one of the neighboring cells is a corner cell with
(3.21). In this way, the final sum in (3.27) is 0, which shows the mass conservation on the discrete
level.

3.2 Time Discretization

Since the semi-discretization of a parabolic PDE such as (2.1) is necessarily a stiff system of ODEs,
we need an appropriate ODE solver, namely an ODE solver that is appropriate for stiff ODEs.
There are sophisticated ODE solver choices available, such as the family of backward differentiation
formulas (BDFk) and numerical differentiation formulas (NDFk) methods with automatic selection
of time step size At and method order 1 < k < 5 implemented in Matlab’s ode15s function, whose
use we describe in the later Subsection 3.2.2. But first, we describe in Subsection 3.2.1 the time
discretization with the simplest stiff ODE solver, namely the implicit Euler method, in order to see
how a full discretization (i.e., both space and time variables discretized) looks like; moreover, for
this problem, this shows that the full discretization is actually a system of linear equations that
can be particularly easily coded, if code for a stationary Poisson equation is available.

3.2.1 The Implicit Euler Method

For an ODE method with constant time step size At, we introduce the discrete times ¢, := n At
for n =0,1,..., N, where At > 0 and integer N; > 0 are such that N; At = ty;, for the final time
trin; We assume an initial time ¢g = 0 for simplicity of the notation. The implicit Euler method is
based on using the backward finite difference approximation
du(tn1) ~ u(tni1) —u(tn)
dt At
11
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of the first-order time derivative evaluated at ¢,y1 = t, + At. The implicit Euler method is
then derived by first evaluating the semi-discretization (3.22) at time ¢ = t,41 and inserting the
derivative approximation (3.28) to yield

A u(tpi1) —u(ty)

Y + Ku(tyi) ~ Mq(tnsr) (3.29)

and second using this as defining equation for the approximations u(™ ~ u(ty) as

~ut — gy .
T k™) = prgm) (3.30)
At
where we also use the shorthand notation q™ := q(t,). Multiplying (3.30) by the time step At
produces
MutD — ™)y 4 At K ™) = At Mq™HY.

At this point, this equation has unknowns and knowns on both sides. Organizing such that the
unknown vector u(®t1) ¢ RY appears only on the left-hand side and all terms with u(® e RN,
which is known at time t,, and with g1 € RN, which is computable at any time tn+1, on the
right-hand side yields

Mu"t) 4+ At K utY = pru®™ 4+ At Mg Y.

This can finally be arranged in the form of a system of linear equations that needs to be solved at
every time step t,, n =0,1,..., Ny — 1, to give the outline of the algorithm:
Initialize u(® = (uk(O)) = (ﬂl](O)) = (umi(ﬂsi,yj)) € RN, then

Solve (M + At K)u(”+1) = Mu"™ + At Mq(”H) form=0,1,...,N; — 1. (3.31)

3.2.2 The Numerical Differentiation Formulas

The numerical differentiation formulas (NDFk) implemented in Matlab’s ode15s function are a
generalization of the backward differentiation formulas (BDFk), as explained in detail in the paper
by Shampine and Reichelt [3]. The original BDFk with method order k are a generalization of the
idea in (3.28) by using a higher-order, one-sided approximation to the derivative du(t,41)/dt. The
idea of generalizing the BDFk to the NDFk methods is to introduce a term with a free parameter
that does not change the order of the local truncation error, but that allows the use of a larger time
step at the cost of a moderate degradation of method stability [3]. Both NDFk and BDFE allow
for a range of orders 1 < k < kjnq, with default k. = 5. Restricting ke = 1 and thus fixing
k =1 in the BDFk recovers the implicit FEuler method as BDF'1.

As implemented in Matlab’s ode15s function, these methods integrate systems of differential
equations of the form

dat) _ (ode
M= = FLde) (¢ u(t)). (3.32)

These methods require the Jacobian J(%) (¢, u) of the ODE function f(°%) (¢, u) with respect to u.
This Jacobian matrix can be generated numerically by default by the solver or can be analytically
supplied by the user. For our problem (3.22), we can identify in (3.32)

M =DM, fe%)(tu)=—Ku+ Mq(t). (3.33)
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Differentiating we see that the Jacobian
JOe)(t u) = Vo %) (tu) = —K (3.34)

is a constant matrix, owing to the linearity of the original PDE (2.1).

3.3 Linear Solver

We observe that the system (3.31) that has to be solved at every time step t, is linear in the
unknown vector u(™tt) € RN, Moreover, the system matrix A = M + At K € RV*Y is large and
sparse. Note that A is symmetric by construction. Therefore, the conjugate gradient (CG) method
is a suitable linear solver, which iteratively computes a solution to a linear system, starting from
a chosen initial guess, such that the Euclidean norm of the relative residual of the solution is less
than a selected tolerance.

3.4 Implementation in Matlab

The Matlab implementation of the method is based on the code supplied for the Poisson problem
—Au = f in [1]. The setupA function in that code can be readily modified to implement the
calculation of K, as it appears here, then K is multiplied by At and M added. We use here that
the system matrix M+At K € RVN*N js the same at all time steps. The main code is then extended
to enclose the call to the CG method in a for loop on the time step index n =0, 1,..., Ny — 1, where
the right-hand side of the system is computed each in time step as b = Mu™ + At M q"*Y). The
solution u(™ at the current time step t,, is used as initial guess for the CG iteration that computes
u™tD)_ For reasonably small time steps and for a smooth solution in time, this initial guess is
typically very good, and only few iterations per time step are required.
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4 Results

4.1 Test Problem with Smooth Source Term

With the finite volume method derived in Section 3, the next task is to implement it. To do so we
utilize Matlab as it has straight forward syntax and a number of useful built-in functions which we
can utilize. Namely, it has the conjugate gradient (CG) linear solver and the Kroneker product,
the first of which is important for solving the matrix equation derived as (3.31) and the second
which we use to create the matrix A in that same expression.

To show that our method is generally applicable and accurately solves a partial differential
equation of the form of (2.1)—(2.3), we utilize the test problem specified in Section 2.2. This test
problem satisfies both Neumann and Dirichlet boundary conditions, making it ideal for a general
examination of our method’s flexibility. Note that the test problem has a number of constants
in it whose value we can set. The most important of these is 7 = 8. This parameter controls
how quickly the test problem approaches a steady state, thereby defining the time evolution we
expect to see. We have already defined our primary problem statement as a mass injection such
that the function u is growing from ¢ = 0 to ¢t = 8 hours and diffusing afterward, hence why we
set our test problem now to grow in that same interval with 7 = 8. We choose D = 10, domain
2 = (—50,50) x (=50, 50), and initial condition u;y; = 0 as in the pollution problem.

There must also be defined a few numerical parameters, once we have written our method.
Namely, we must choose the size of our timesteps (At = 10~!) such that there is minimal build up
of error as we iterate over time, the tolerance of our CG method (tol = 10~?) such that the method
accurately converges to the right solution, and the computational size of our mesh (here 129 x 129
cells, to start with).

The output of our test problem, solved by finite volume method (FVM), is shown in Figure 4.1.
Note that our choice of 7 was consistent with significant growth until ¢t = 8 followed by an approach
to a steady state. Intuitively, this plot looks reasonable, but the value of using a test problem is that
it has a known solution, (2.6). Using this easily verified function, it is straightforward in Matlab
to subtract the known solution from the calculated solution everywhere and show the difference.

In Figure 4.2 the results of such a comparison are shown. Here it is important to note the scale
of the result (above the vertical axis). Namely, the entirety of the structure shown is on the order
of about 1073, That is to say: the error is generally small. This is good, but it is worth noting the
structure as well. Namely, we see the largest error at the center, where the problem is changing
rapidly, and around the edges where our boundary approximations are made deriving the FVM.
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Figure 4.2: Numerical error of the test problem at ¢ = 4,8, ..., 24.
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It is also useful to see how our backend methods are working and what the exact error peaks
as. To do this we have Matlab output a number of useful data points shown in Table 4.1. Here,
the column “enorminf” references the maximum of the absolute (sign independent) error shown
in Figure 4.2. The values n are the number of steps through time (with ¢, then being the time
at that step), “it” is the number of iterations of the CG method at time step ¢,, and “cumit” is
the cumulative iteration count. As one might expect the values “min” and “max” are simply the

minimum and maximum of the numerical solution of u.

Table 4.1: Numerical data of the test problem at t =4,8,...,24.

n t, it cumit min(u) max(u) enorminf
39 4.0 7 273 1.131256e-05 2.256441e-01  4.444927¢-03
79 80 7 561  6.185924e-05 6.356576e-01  3.537069e-03

119 12.0 8 850 1.314239e-04 8.953037e-01  7.029653e-04
159 16.0 7 1140 1.866904e-04 9.810095e-01 6.748332¢-04
199 20.0 5 1420 2.164897e-04 9.972224e-01 8.470974e-04
239 24.0 5 1619 2.250605e-04 9.991729e-01 7.037356e-04

4.2 Pollution Problem on Original Numerical Domain

Confident now in the fact that our method can solve a PDE of the form of (2.1)-(2.3), it is
time to return to the pollution problem defined in Section 2.1. There, our source function f is
the point source (2.5) with amount x material injected per hour into the domain at the center
point (0,0). Recall that the FVM was pointedly chosen because of its ability to handle such a
source and here we will begin exploring the results of that choice. To begin, we choose the value
k = 10 kg km~™2 h™! and run the simulation on Q = (=50, 50) x (=50, 50) in units of km. The
snapshots of the concentration across the domain at six times are shown in Figure 4.3.

When examining the result, we first look to see that it makes intuitive sense. Namely, the point
source is present from ¢t = 0 to ¢t = 8 h, and afterward the mass it has injected begins to spread out.
Figure 4.3 shows this behavior, but to be truly sure of the result we need to examine quantitatively
the numerical output.

Again we use direct Matlab output and put the results in Table 4.2. This table is similar to
the output from the test problem shown in Table 4.1. Note though that we do not have a true
solution to compare to and therefore no error. So instead we check the mass conservation of the
system by integrating over the entire calculation space. The result is that the mass increases by
for each hour to reach 80 kg by t = 8 h, and then that value is constant afterward, corresponding
to when the source is turned off and the mass is just spreading out. This verifies not only that the
FVM can handle point sources, but that it is mass conservative as well, making it ideal for physical
modelling.
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Table 4.2: Numerical data of pollution problem with x = 10 kg km~=2 h~! at ¢t = 4,8, ..., 24 using

129 x 129 mesh, and on the numerical domain (—50,50) x (—50,50) km?.

n t, it cumit min(u) max(u) mass
39 4.0 12 755 -4.510617e-12 6.534136e-01 4.000000e+-01
79 8.0 11 1182 1.117690e-08 7.091521e-01 8.000000e+-01

119 12.0 11 1926 1.272000e-06 8.819662¢-02 8.000000e+-01
159 16.0 10 2357 1.767457e-05 5.544710e-02 8.000000e+-01
199 20.0 10 2753 9.312632e-05 4.080380e-02 8.000000e+01
239 240 8 3135 2.842079e-04 3.236277e-02 8.000000e+01
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5 Conclusions

In conclusion, we show that the finite volume method (FVM) is an ideal numerical scheme for com-
puting the solutions of mass conservative partial differential equations. The method also performs
well in handling the usage of delta distributions, and both these properties make it a good method
for the handling of physical situations like those of the pollution problem defined in Section 2.
While the application problem considered here was only a reaction-diffusion equation, the FVM
allows the addition of an advection term without losing any of the advantages.
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