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1 Introduction

This report will cover the 1D wusteady state advection equation and 1D usteady state advection-diffusion
equation, seen in (1) and (2) respectively. The first will be studied by solving the propagation of a steep
front problem which different time and space discretization methods, as requested. The second will be
studied by solving the Gaussian Hill problem with different time discretization methods.

Ut + AUy = S (1)

Ut + AUy — VUgy = S (2)

2 Unsteady Advection Equation

2.1 Changes in Matlab Routines

This subsection will briefly cover the changes in the MatLab routines in order to implement each time/space
discretization method.

2.1.1 Implementation of Crank-Nicholson 4+ Least Square

The least square WRM formulation of the Crank-Nicholson method in scalar reduced form, applied to
equation (1), can be written as:

(w + %’Wx, Au + (I;AtAux> = —alt <w + %wx, uﬁ) + At <w + %wx, 5n> (3)



Applying the Galerkin formulation (w; = N; and v = ), u;N;), we have:

<Ni+Ath7Nj+aAtd]Vj)Au:—aAt<Ni At dN, dN>un+At< Ny 4 AtaN; n) W

2 dx 2 dx 2 dr’ dx 2 dx

The code implementation of the matrices to of the equation AAu = Bu + f becomes:

% Matrices assembly

Liisp, 1-31:) = A(i p,_st} + w ig* (N+dt 2%a*Nx) '* (N+dt Z*a*Nx);
B(isp,isp) = Blisp,isp) —w_ig*{N+dt_2*a*Nx]T*(dt*a“Nx);
f{izp) = f{isp) + .»_1g (N+dt Z*a*Nx) "*dt*SourceTerm(x);

2.1.2 Implementation of TG2-2s + Galerkin

The two steps second order Lax-Wendroff method (Richtnger scheme) is defined by the following equations
for each step.

At
u"tr = " 7%‘ (5)
1
W =+ At (6)

Using the governing equation (1), those steps can be further written as:

At

Al = 5 —(s" —aul) (7)
1
Au = At(s”+% - auZJrQ) (8)
The application of the WRM followed by integration by parts in previous equations leads to:
At At
(w, Adl) = %(wx,u”) + 5 (w,s") (9)
(w, Au) = aAt(wx,u"Jr%) + At(w, s”+%) (10)
Applying the Galerkin formulation (w; = N; and v =), u;N;), we have:
. aAt [(dN; At
N
:c

The code implementation of the matrices of the equation AAu = Bu + f, for the first and second steps,
becomes:

ZFIRST .S'I:E

21 (isp,isp) A{isp,isp) + w i,:;"*“»I"*'N

Bl (isp,isp) B(isp,1isp) + w_ig*dt 2* (a*Nx) '*N;
fl(isp) = £(isp) + w_ig* (}J']*:lt 2*SourceTerm(x) ;

_:___:;—|-.z--\ D STEP

O D AN L

B (isp,isp) A(isp,isp) + w_ig*N'*N;
B'[l pr isp) B(isp,isp) + w_ig*dt* (a*Nx)'*N;
f(isp) = f(isp) + w_ig*(N')*dt*SourceTerm(x);




2.2 Results

The unsteady advection of a steep front is solved with the following setup: a = 1, Az = 2.0 x 1072
and At = 1.5 x 1072, which leads to a Courant number C' = 0.75. The results for the Crank-Nicholson
(CN), Crank-Nicholson with least square spatial discretization (CN-LS), Lax-Wendroff (LW) and two steps
Lax-Wendroff(LW-2s) at the last time step (¢t = 0.6s) and C = 0.75 are shown in Figure (1).
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Figure 1: Steep front propagation problem: t =0.6 s and C = 0.75.

From the previous results it can be seen that for C' = 0.75 the stability limit of LW and TG2-2s methods
are reached. Also, the least-square spatial integration combined with the CN time integration successfully
removes the spurious oscillations in the Galerkin formulation of the CN method.

The results for the Crank-Nicholson (CN), Crank-Nicholson with least square spatial discretization (CN-
LS), Lax-Wendroff (LW) and two steps Lax-Wendroff(LW-2s) at the last time step (¢ = 0.6s) and C = 0.75
are shown in Figure (2).

When C is reduced, all four methos behave in a stable way. Same concluions can be drawn for CN and
CN-LS formulatins. When comparing LW with its two steps counterpart (TG2-2s), its superior accuracy
for this Courant number value is noticeable. As Courant is reduced the two-step formulation is expected to
improved its amplification response
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Figure 2: Steep front propagation problem: t =0.6 s and C = 0.50.

3 Unsteady Advection-Diffusion Equation

3.1 Implementation of Adam-Bashforth Method

The Adam-Bashforth is not an auto starting method, thus the first order Euler method is used in first step.
Its WRM formulation, applied in the governing equation (2), has the following form:

(w, Au) = —At[(w, aul) + (wg, vul)] + At(w, s™) (13)

After the first time-step, the Adam-Bashforth method starts. ts WRM formulation, applied in the governing
equation (2), has the following form:

(w, Au) = —%At [(w, aul) + (wy, vul)] + % [(w, aug_l) + (wg, Vug’_l)] + At(w, s™) (14)

Applying the Galerkin formulation (w; = N; and u = ), u;N;) in both equations we have:

- AN, dN; dN; ] i
(Ni, Nj)Au = —At |:CL(N“ - )+ v( T )] u™ + At(N;, s™) (15)
3At dN; dN; dN;
Ni NIAy = —— Nz J ¢ J n
(i ;) = =25 Lo, ) o T [ »
At AN, dN; dN;] ., .
‘f‘? |:CL(NZ %) +I/( dr 7d:E):| u +At(N7,,S )



The code implementation of the matrices of the equation AAu = Bu+ f using Lagrange multipliers becomes:

if d temp = 3
Kt a*c + nu*g;

e(kccdl, 1),
Acecdl'; Accdl zerosinccd)]:
ation of matrix Atot

Fh

dt* (| -Et*c + Mf);
aux;bccdl*0] ;

UM (LAF) -

+ dc(l:npoin);
[50l c]»

[ TS e (T SR
(9]
Il
o o=l

)
o

Sol(:,1i-1);

dt* (- (3/2)*Kt*c + (1/2)*Kt*cl + Mf);
aux;bccdl*0] ;

(VAN (L\,_T] ;

+ dc(l:npoin);

[Sol c]:
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3.2 Time Discontinuous Galerkin Formulation

The WR formulation of the homogeneous linear advection-diffusion equation can be written as:

// wh(ul + a - Vu — vVEM)dQdt + / wh () (W (#L) — u(t"))dQ = 0 (17)
n Q

The integration by parts of the second order derivative term leads to:

// wh(ul + a - Vu)dQdt + // vV - VuldQdt+

(18)
—// I/thuh-nedth—l—/wh(t’l)(uh(ti)—uh(t’l))dQZO
tJr Q

Assuming an space-time interpolation such that: u”(z,t) = "5 Np(2)[01(t)a@}+02(t)u’s™] and wh =
""" Na[O1(t) + ©2(t)]. With linear time interpolation such that ©1 = (t"*! —)/At and Oy = (t —t")/At.
We can write equation (18) for each time slab as:

Nnp

;//Qnmel

+ / / VVNAO1(011% + Oous™ )V NpdQdt + / / vNpO1(01i} + Oaus™ )V N - nedl'dt) = 0
n tJT

ust — an
NBBTtB + (010 + 020 ) (a - VNB) | dQdt+

(19)



3.3 Results

The unsteady advection-diffusion of a Gaussian hill is solved with the following setup: a =1, Az = 1/150.
[1/150 1/500], which leads to a Courant number C' =
20 x 1074

The time step At =

v=(1/3)-[10 x 1073
Bashforth method and Padé R22 at the last time-step (t = 6 s) are compared below.
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Figure 3: Gaussian Hill problem: t = 0.6 s
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As it can be seen, Adam-Bashforth method, being a second order explicit time integration scheme, is
unstable for all Pe numbers, while R22, which is a 4th order implicit scheme has an accurate and stable
behavior for all Pe numbers.

The results for both methods with C' = 1 and different Pe values is shown in Figure (4). As Courant
number is reduced, the 2nd order explicit scheme starts to behave stable for Pe higher than 5.The 4th
implicit scheme is even more accurate for lower Courant number.
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Figure 4: Gaussian Hill problem: t = 0.6 s and C = 0.3.



