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Abstract

This essay shows a two dimensional implementation of the finite element method for the Westervelt equa-
tion. To do this the finite element method is first applied to the linear wave equation, then to non-linear
diffusion and finally to the Westervelt equation. Both an element by element and a faster vectorized imple-
mentation are given for the finite element method. To verify the numerical solution two analytical solutions
are used. The first is a one dimensional wave and the second a circularly symmetric wave.

We found that the two-dimensional implementation was successful in computing the Westervelt equa-
tion. The error of the solution has this relation with the mesh element size € oc Ic'”. It was also found that
the time step used to compute the solution needs to be small enough for the implementation to converge.



Introduction

For most applications waves can be described by the general linear wave equation. Which can be solved
analytically on simple domains or numerically approximated by using the finite difference method, finite
element method or the integral equation method, when dealing with difficult domains. However, when deal-
ing with high pressure or high frequency waves these approaches are no longer sufficient. This is due to the
non-linear effects caused by the large and fast changes in pressure.

The non-linear effects are caused by both the distortion of the wave profile due to convection and the
difference in compression which results in different propagations speeds [1]. From these two sources the
second one is by far the most influential. There are various different equations that are used to describe
non-linear wave equations. In this thesis we will be focusing on the Westervelt equation [2].

2 1 0%u B 0% u?
C(Z) ar? poca1 012

(2.1)

With u the pressure field, ¢y the small signal sound speed, po the ambient density of mass and f the
coefficient of non-linearity. The coefficient of non-linearity f is a dimensionless quantity that is inherent to
the material that the wave is propagating through. This value is discussed in depth in both [1] and [2] though
it is most often found empirically.

This equation is equal to the linear wave equation when using § = 0. It can be seen that the non-linear
term depends on % which becomes more influential when the amplitude of u increases or the frequency
of change in u increases. Thus we see that the expected behaviour of this equation agrees with the theory of
non-linear waves.

There are no analytical solutions for the Westervelt equation, thus for solving non-linear wave problems
one must rely on using numerical methods. The finite element method is an incredibly powerful tool to solve
any partial differential equation on difficult domains. The finite element method can be used for a lot of
different applications like calculating the heat diffusion in a chip or the air flow around a building. In the
work of [3] and [4] it has been shown that the finite element method can be extended to solve the Westervelt
equation in one dimension. The goal of this thesis is to further expand on their work to solve the Westervelt
equation in two dimensions.

In Chapter 3 we will discuss two different analytical solutions to the linear wave equation that we will
use to verify the FEM implementation. Then in the next chapter we will first apply the regular finite element
method to solve the linear wave equation. To get familiar with non-linearities we will then use the finite
element method to solve the non-linear diffusion equation in chapter 5. After this we will solve the Westervelt
equation by using a finite element solution. The next chapter will discuss the implementation of the theory
discussed in the previous chapter. We will be using both an element by element implementation and a faster
vectorized implementation. Using these implementations we will show and discuss the results in chapter 8.
Here we will also look at the relation between the error and the time step and element size. In chapter 9 the
conclusion to this thesis can be found. Finally we will discuss the results in Chapter 10.



Linear Wave Behaviour

In this chapter we will discuss several analytical solutions to the wave equation that we can later use to verify
our FEM implementation. In classical mechanics when trying to describe a simple wave a very powerful
formula is the wave equation:

0’ u

ot?
This equation can be used to describe all kind of waves, like light, water and sound waves. the ¢y in this for-
mula is the speed of the wave and u is a function of time and space that shows the wave behaviour. This can
for example be a pressure field or the perturbation of a string in a direction.

=caViu 3.1

To verify our two dimensional FEM implementation from section 4 we will find two analytical solutions
to the linear wave equation. The first is a one dimensional analytical solution with the same boundary and
initial conditions as [4]. We can compare this solution to the FEM solution in a two dimensional channel with
Neumann zero boundaries. Secondly, we will also compute a circular symmetric two dimensional solution
for a Gaussian initial condition on the infinite domain.

3.1. 1D Wave solution

In 1D we will look at the semi-infinite domain with a time dependent boundary condition at zero as was done
in [4]. Our objective is to solve the following problem:

?u  ,0%u

ﬁ = COW (323)

ou(x,0)
u(x,0)=0 ar =0 0<x<oo (3.2b)
u(0,1) = h(r) (3.2¢)

Here h(t) is any time dependent function. To solve this problem we will extend it to the infinite domain and
use appropriate initial conditions to simulate the boundary at x = 0. The solution to our problem is then
equal to this solution for all values 0 < x < co. This is the definition of the new problem.

u  ,0%u

ﬁ = CO@ (33&)
u(x,0) = f(x) 6”((;;’ O _¢) -oco<x<oo (3.3b)

The functions f(x) and g(x) are the initial conditions. The solution to this problem can be found by using
characteristic coordinates. We now rewrite u as the sum of two new function, one that moves right with speed
¢o and one that moves left with the same speed.

ux,t)=F(x—cot) + G(x+cot) =F)+ G (3.4)



4 3. Linear Wave Behaviour

This sum can be entered into our initial conditions.

u(x,0)=F(x)+Gx) = f(x) (3.5a)
Jux,0) _ i Fx—cot) +G(x+ ¢ t)” =g(x) (3.5b)
ot ot 0 0B, T8 :

Using the chain rule we can rewrite 3.5b to the following. After applying the chain rule we evaluate the deriva-
tives at £ =0.

0(x—cot) OF (x —cpt) . 0(x+cot) 0G(x+ cot) ] ‘ o (3.6a)
ot 0(x—cot) ot O(x+cot) =0 ’

dF(x) o dG(x) _
dx dx

—Co g(x) (3.6b)

Now by rewriting 3.5a and combining that with 3.6b we can find an expression for F(x) and G(x).

(x)=- df+ dG+ dG (3.7a)
gl = Codx “ dx “ dx -a
dG df
20— =co—— 3.7b
“ dx “ dx T8 ( :
1 1 X
GxX)==-fx)+ —f g(X)dXx + const (3.7¢)
2 2¢co Jo
1 1 X
Fx)==-f(x)—- —f g(X)dx — const 3.7d)
2 2¢o Jo

By filling in this result in our initial proposition 3.4 we find our solution on an infinite domain, the constants
can be neglected by adding 3.7c and 3.7d with proper shifts. This is the d’Alembert’s Solution to the one
dimensional wave problem.

— X+cot
u(x,t):f(x cot)+ fx+cot) +L[ 0 (%) di 3.3
2 2¢0 Jx—cot

We will now return to the original problem 3.2. Our goal is extend the original problem to the infinite
domain. Our previous derivation still holds for 0 < x < co. We can thus apply 3.7c and 3.7d with the initial
conditions 3.2b, in other words f(x) =0 and g(x) = 0.

Fx)=0 x>0 (3.9a)
Gx)=0 x>0 (3.9b)

We will now solve our problem for two different cases x > ct and x < ct. For the first case, when x > ct > 0 it
follows that x — ct > 0 and x + ct > 0. We can use this in equation 3.4 to find the solution for this case.

ulx,t)=F(x—cyt)+G(x+cyt) =0 for x>cot (3.10)

This result follows directly from 3.9a and 3.9b. We now move on to the second case where x < ct. We will now
use the boundary condition at x = 0.

u(0,8) = F(—cot) + G(cot) = h(t) for t>0 (3.11)

We can substitute z = —¢pt into this equation and rewrite it to F(z). Note that z < 0, since ¢ > 0, so this does
not disagree with 3.9a.

F(Z)=h(_c—z)—G(—z) for z<0 (3.12)
0

We now again use equation 3.4 to find our solution.

u(x,t):F(x—cot)+G(x+cot):h(r—cﬁ)—G(cot—x)+G(x+cot) for 0<x<cot (3.13)
0



3.2. 2D Wave Solution 5

We restrict our solution here to only x = 0, since that is the only interval we are interested in. From 0 < x < ¢o ¢
it follows that ¢yt —x > 0 and x + ¢cpt > 0 . Using this we can simplify our result and write down our final
solution to problem 3.2.

h(f-i) 0<x<cpt
ulx, ) = Co (3.14)
0 X>cot

This solution is the boundary condition moving to the right at speed cp, which is exactly what one would
expect for this problem.

3.2. 2D Wave Solution

In this section we will find an analytical solution to the 2D wave equation for a circularly symmetric case.
We can use this solution to verify the FEM solution we will find in section 4. We wish to solve the following
problem on the infinite domain:

Fu_ 50
3z =cgVu (3.15a)
—r2
— ou(r,0,0
u(r,0,0) = u(r,0) = Ae20? % =0 (3.15b)

This is the general linear wave equation with an initial displacement of a Gaussian peak.

3.2.1. Separation of Variables
To solve this problem we will use separation of variables. Also note that this problem is circularly symmetric,
so the solution does not depend on 6.

u(r,0,t) =u(r,t) = d(r)h(z) (3.16)

Filling this in into the partial differential equation and dividing by cg(p(r) h(t) gives us the separable solution.
As a separation constant we will use —A.
1 d*hn 1
B LR 3.17
cah di? ¢ ¢ G179

We can split this up into two ordinary differential equations. We can also fill in the Laplacian in polar co-
ordinates. Since ¢ does not depend on 8, we will also immediately drop the second term of the Laplacian.

d’h

=0 (3.182)
1d( dg
75(r5 FAp=0 (3.18b)

The solution to the first ode is often seen in separation of variables and is equal to:
h(t) = Acos(cVAt) + Bsin(cVAt) = Acos(coV/At) (3.19)

The fact that B = 0 follows from the initial condition

To solve the second ordinary differential equation we need two boundary conditions on ¢(r). Firstly, we
note that the solution should be finite, thus |¢(0)| < 0o. Secondly we will choose a sufficiently large R for
which we will set ¢(R) = 0. This means that our solution will be valid up to a maximum time f,,,x where
the initial displacement reaches the boundary. We will now rewrite the second ordinary differential equation
slightly and substitute in z = v/Ar.

ou(r,0,0) _
57 =0.

¢ d
rZ#ZPHd_‘f ARG =0= (3.20a)
d? d
299, 9, 2p=0 (3.20b)

dz2 dz
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The solution to this ordinary differential equation are the Bessel functions of order 0.

O = c1Jo(2) + 2 Yo(2) = c1 Jo(VAR) + ¢ Yo (VAT) (3.21)

Since Yo(\//_lr) is infinite for r = 0, it follows from the first boundary condition that ¢, = 0. From the second
boundary condition we can find the eigenvalues of this problem.

JWAR =0 = (3.22a)

An= (%")2 (3.22b)

where z, is the n? zero of J;. We have now found an infinite set of solutions. We can now use the principle of
superposition and fill in our two solutions to the ordinary differential equations to find the general solution
to our problem (we combine the two arbitrary constants into one constant c,).

u(r,0)="Y_ cndo(v/Anr)cos(coy/Anr) (3.23)
n=1

The last thing that is left is to compute the constants c¢,. To do this we need to use the initial solution 3.15b.
From now on it is more convenient to use z, instead of A,,.

_r2

— (o] Zn
Ae202 =Y ¢, (—r) (3.24)
n=1 R
We can isolate one specific ¢, by using the orthogonality of the Bessel functions with weight r. To do this, we
multiply both sides by r J (% r) and integrate from 0 to R.

_rz
fOR Aeﬁjo(%r) rdr

" fORJO(Z—I:r)Zrdr

(3.25)

The denominator of this fraction can be calculated analytically. In [5] the following result is given (note that
the Bessel functions are indeed orthogonal).

1 )
fo TG Tipem 08 = 2 1 (3.26)

where p, is equal to the n™ zero of J;. We can now find our integral by entering i = 0, substituting in r = Rx
and using that u;, = z, when i = 0.

fR] (2 i)ziﬂ—lj(z 2 = (3.27a)
0 0 nR R R —2 1\¥n .

R z 2 RZ
fo ]o(Enr) rdr:?]l(zn)z (3.27b)

Using this result we can write down our final solution for our problem.

2

-r
u(r, t) = niszo}? Aeﬁjo(z—l:r) r dr]o(z—}:r) cos (coz—l;r) (3.28)

We will use a numerical approximation to compute this integral and choose a large enough N to approximate
the sum.
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3.2.2. Green’s Function
As an alternative to separation of variables we can use the Green’s function to solve the partial differential
equation. The pro of this solution is that it is valid on the infinite domain.For a 2D wave the solution using
Green’s function is given by:

t
u(x, 1) Zj; f G(X, Z';fo,to)Q(fg,[o) dzf[) dty

ou - - oG _ 2
+ ff _(XO» O)G(x) t; Xo, 0) - u(x()yo)_(xy L )C(),O) d X0 (329)
0t Jn

5 t
_Cof
0

f (u(Xo, 1)V 5, G(X, £; Xo, to) — G(X, t; X, 10) Vg, u(Xo, 9)) - A dl| dig

This equation can be simplified for our problem. Using Q(%, f) =0, % = 0 and the fact that we are using
the infinite domain we can reduce the equation to just:
- L . 0G . 2
u(x, 1) = —ff Lt(xo,O)a—t(x, £; Xp,0) d“xo (3.30)
0

From [6] we know that the Green’s function for a 2D wave is given by (with r = |x — xg|):

0 r > co(t—fp)
G, 1;%0,10) = G(r, 1;19) ={ L ! r < colt—to) (3.31)

2meo \/cg(t— t0)2—r?

Using properties of the Green’s function we can show that g—g =- %—f from which we find:

. 1 R o 1 2
i 1) = U, 0) 5~ d* 5y .
2mey Jiz-3l<cot ot C§t2—|x_f0

Now using X = Xp — X we can rewrite this into an integral over x7:

. 1 L 0 1 2
ulx, 1 = ff ux +%,0) ——=d"x; (8.33)
21 JJ |7 |<cot ot C§t2—|f1|

We can now simplify this equation by integrating using polar coordinates.

1 2w pceot a 1
,0,1) = 2471242 01-0),0)— | ——=|r1drdo 3.34
u(r,0,1) ch()fo fo u(\/r1+r +2r1rcos(0; -6) )Ot \/m rndrydo, (3.34)

Now lets see if we can simplify the time derivative:

1 1 1
G(r, 1 = = Q) (3.35)
271 ey 2p2_p2 2meory
0 1
Ccot
where ¢ = — and where:
n
Q@) = (3.36)
-1
Using Q we find the following result using the chain rule:
0Q dQao tdQ d 7o
_Qz_Q_(f:_CL_Qj_Q:__l_Q (3.37)
or,  d¢& an r2dé o d¢ cot 01y
From this we can rewrite the integral from a time derivative to a derivative in r;.
0G 1 0 1 dQoa 1 d 1 0
- _Q - Qo¢ - _Q = _Q (3.38)

Ot  2mcory 0t 2mcory dé Of 2nr? d§ T 2meoton



8 3. Linear Wave Behaviour

We can now enter this result in our integral to find the following equation.

am 0 1
f f u( ry 24712421 rcos0,—6),0)r; — —2dr1 do, (3.39)

u(r,0,1=-
2mcot Jo

Integration by parts gives us:

Ou(y/ré+r2+2ryrcos(61-6),0)

21 oot u(\/r12+r2+2r1rcos(91—6) 0)+r; 3
u(r,6,1) = f f dr, do, (3.40)
2mcot Jo cot
r1

Now filling in the original equation gives:

—r2—r?=2rircos(6, - 0)

d91 di’l (3.42)

2
r —
( e M) . 257
2n g
u(r,0,1) = f f drdo, (3.41)
2mcyt 2
Cot
V) -
rn
We can rewrite this into:
2 nr nr
i ——zcos(Hl—Q) nr > —cos(0,1-6)
) ot | pon |1 52 e O ——2608(91—9)8 o
u(r,0,1) = f f
0

2mcgt Jo r1+r
Ct
e 202 ‘/ hithd

From [5] we know that the following holds for the modified Bessel function:

1 T 7 (e 0)
In(x) = —f e*O cos(af) do - sinar) f e xcoshlt=at) gy (3.43)
T Jo Y 0

Using this we can find the following two results:

1 17
Io(x) = ;f excos(@) de (3.44a)
0

1 T
hw=— f cos()e*%9 qp (3.44b)
0

By substituting in 6 = 6’ + & and using cos(0 + ) = —cos(0) we can find the following result. We also use that
Iy(x) is an even function and I (x) is odd.

2n b4 2n
f excos(B) do :f excos(G) d9+f excos(ﬂ) do
0 0 . 7 (3.45a)
=mly(x) + f e=*¢056) g0’ = 11y (x) + Iy (- x) = 27 I (x)
0

2n T o
f cos(@)e***? af = f cos(0)e* @ do + f cos(0)e***® gg
' ’ 7 § (3.45b)
=l (x) +f _COS(HI)e—xcos(Bf) 4o’ = ali(x) -7l (—x) =2x1;(x)

0
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Now we substitute in 8’ = 8; — 8 and use the fact that 0 < 0 < 27.

2n , 27m+6
2 ly(x) :f excos(e)dgl :f excos(el-e) do,
0 0

2n+6 2m
=/ excos(el—e) d61+f excos((h—@) d@l
2

” 0 (3.46a)
0 21
:f excos(el—e) d01+f excos(91—9) d91
0 0
2n
:f excos(elfe) dgl
0
2m , 27m+6
211 (x) :f cos(@’)ex”‘”(e)de’:f cos(@; —0)e*cs01=0 g9,
0 0
2m+60 21
=f cos(6, — 0)e*cos01-9) d01+f cos(6; —0)e*cos01=9 gg,
2 Zn" (3.46b)
=f cos@; — 0)e*<s01-0 g9, +f cos(@; — 0)e*c>501-9 g9,
0 0
2n
:f cos(@; —0)e*cs 0= g9,
0
We can fill in the result of equation [3.46a] and [3.46b] into equation [3.42].
S PRULSI LS
1 [cot 02| g2’ g2 g2
u(r,0,1 = —f > dry (3.47)
cot Jo r+r 5
e 202 (Cit) -1
n
This can be rewritten to:
nr
1 wt g rily — 1
ur,6,n=—|[ — 2( < 2) dn (3.48)
cotJo 0r ry+T cor)\2
e 202 r_l -

The equation 3.47 can be approximated numerically similar to the solution found by separation of vari-
ables. However there are two downsides to using this solution. Firstly the integral goes to infinity on the two
integration boundaries, which makes it harder to approximate. Secondly, to use this solution you need to
solve the integral for each value of r and t. For the separation of variables solution however you just need
to numerically approximate the integral once to calculate the constants. After which you can compute the
solution for any r or t values by computing a simple sum. This saves a lot of computation time. The pro of
working on the infinite domain does not outweigh these downsides and that is why we will use the separation
of variables solution in the rest of this thesis.
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1D Wave Plot

t=5.56e-05

0001 02 0.3 04 05 06 0.7
x (m)

t=3.89e-04

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
x (m)

Figure 3.1: 2D plot of the finite element solution to the 1-dimensional problem. For more information on the parameters of the plot see

table 8.1.
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2D Wave Plot
t=0.00e+00 t=1.58e-04

t=3.68e-04 t=7.89e-04

% (m) x (m)

Figure 3.2: 2D plot of the finite element solution to the 2-dimensional circularly symmetric problem. For more information on the
parameters of the plot see table 8.2.



Finite Element Method for linear Wave

In this chapter we will use the Galerkin’s finite element method to solve the linear wave equation with the
following boundary and initial conditions in 2 dimensions.

»  10%u
\% u—c—gﬁ—fonﬂ (4.1a)
ou(x,y,0)
| u(x, y,0) = g(x,7) O—ty = h(x,) (4.1b)
a » rt -
ulx,y,t)=0vtonoQp % =Vu(x,y,1)-n1=0VtondQy (4.1c)

Furthermore it is given that 0Qp U0Qy = 0Q and 0Qp N0Q N = @. Furthermore f is an arbitrary source
function that can depend on x, y and ¢.

4.1. Weak Form

Before we can use the finite element method on the wave equation we first need to convert it to its weak form.
To do this we first multiply 4.1a by a test function v(x, y) and then integrate over the domain.

/f szudxdy—c ff 6t2 dxdy ff vfdxdy 4.2)
0

For 4.2 and 4.1a to be equivalent we need to have 2 conditions on our test functions v, namely that the test
functions need to be smooth and that v(x, y, ) =0 on 0Qp.

To simplify the equation 4.2 we will make use of Green’s first identity, which is based on the divergence
theorem and V (vVu) = vVZiu + Vovu.

ou
VPu+Vovu)dxdy=| v—d 43
ffg(v u+Vovu) dxdy Vo %S 4.3)

Because we know that g—z =00ndQy and v(x, y,z, ) = 0 on 0Qp, we find that the right hand side is equal
to zero.
Using equation 4.3 we can simplify the leftmost term of equation 4.2.

—ff VvVudxdy——ff 6t2 dxdy ff vfdxdy (4.4)

This is the weak form of the linear wave equation.

4.2. Space Discretization

The next step in our solution is to create a mesh of our domain consisting of a set of nodes x; = (x;, y;) and
a set of elements e;. Let n denote the number of nodes. For each of the nodes we create a basis function
¢i(x,y) with ¢p;(X=X;) =1 and ¢;(X = x;) =0for Vj #i.

12



4.3. Time Differentiation 13

Using these base functions we can approximate our solution u by u"(x,y,t) = Z?: 1 Ci(BD¢i(x, y) and let
our test functions equal the basis functions. By entering u ~ u” and v = ¢ ;j into equation 4.4 we find the

following equation:
Ui 1 azci .
—Z [[ VoiVopjdxdy|ci—— ff ¢ipjdxdy 5 :ff ¢jfdxdy Vj (4.5)
i1 1JJa o i=1 o ot Q

We can rewrite this system of ordinary differential equations using matrices.

2

1 0° -
M—ct)=f() (4.6)

-Sé) - —=
(@) c(z) ot?

This equation uses the following matrices and vectors:

Si,jsz VoiVopjdxdy Vi, j (4.7a)
Q

Mi,j=ffg¢i¢>jdxdy Vi, j (4.7b)
(0 =cj( Vj (4.7¢)
ﬁ(t):ffg¢j(x,y)f(x,y, Hdxdy vj @.7d)

¢ and f are 1) x 1 vectors, since j goes from 1 to 7. And S and M are 1 x ) matrices, since i also ranges from 1 to
7.

4.3. Time Differentiation

To solve this second order system of ordinary differential equations we first rewrite our problem to have the
differential equations on the left side.

92 .
SEtn=M" (~c3se - f) (4.8)

This equation can be solved using a multitude of solvers for second order system of ordinary differential
equations. Itis also possible to solve this system by using the following system of first order equations, created

using % c=o0:

o

Mo =ML (4.92)
ot

[ 20z 2%

5 =M (—co Sé- cof) (4.9b)

In this project we will directly solve the second order system by using Verlet integration.

4.4. Verlet Integration

The Verlet method can be used to solve second order systems of ordinary differential equations. This method
is typically used in physics for solving Newtonian problems. To use Verlet integration on a second order
system of ordinary differential equation like 4.10a one needs two initial conditions.

2%
— = p(E(), 4.1
572 pE(0),1) (4.10a)
X(ty) = Xo (4.10b)
0% \y-p (4.100)
ot 0 =Y0 .

One can now integrate over time by choosing a step size At. The smaller the step size chosen, the smaller the
error and the longer the computation time. We will use the following notation in the future:
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! =tg+0x At 4.11a)
# =3H (4.11b)

Using this notation we can write down the formula for Verlet integration.

=% (4.12a)
1

=X+ Atvg + EAIZﬁ(X'O, fo) (4.12b)

F=2x T -2 e A pECL Y (4.12¢)

Using Verlet integration we can calculate the value of X(¢) for any ¢ after .

4.4.1. Verlet for linear wave equation

For the linear wave equation we have rewritten our problem into a second order system of ordinary differ-
ential equations that we can solve using Verlet integration, since the two necessary initial conditions follow
from 4.1b.

Gi(0) = u(x;,i,0) =glxi,y;) Vi (4.13a)
0

—E-(O)—gu(x 1,0) = h(x;, ¥ Vi (4.13b)
EY = ar i»Yi V)= i Vi .

We now find the finite element solution to the linear wave equation (using ¢l = E(t[ )) by using these initial
conditions and using equation 4.8.

¢ =20 (4.14a)
& =20 + At%E(O) + %AtzM_l (~c3se0) - 3 F10) (4.14b)

¢f=2e" -2 e A M~ s - b futh) (4.14¢)



Finite Element Method for Non-linear
Diffusion

Before solving the Westervelt equation we will solve the Non-linear Diffusion equation as an intermediate
step. In this chapter we will use an iteration procedure combined with the finite element method to solve the
non-linear diffusion equation in 2 dimensions:

V2u+au2=fonQ (5.1a)
u(x,y) =00noQp (5.1b)

a y -
U, y) =Vu(x,y)-n=00n0QyN (5.1¢c)

on

Here a is the constant of non-linearity. It is given that 60Qp UdQ N = 0Q and 0Qp N QN = @. Furthermore f
is an arbitrary source function that can depend on both x and y.

5.1. Weak Form

As in the previous section we first need to convert this equation to the weak form. For this we multiply by the
by a test function v(x, y) and then integrate over the domain.

ff szudxdy+ff vauzdxdy:ff vfdxdy (5.2)
Q Q Q

For the weak form to be equivalent to equation 5.1a we need the same conditions on the test functions as
the previous section. To find the final weak form we again use the Green’s first identity 4.3.

—ff VvVudxdy+ff vauzdxdy:ff vfdxdy (5.3)
Q Q Q

5.2. Space Discretization

For the space discretization our solution we will create a mesh with basis functions as in section 4.2. Using
these base functions and approximating our solution with uh (x,y)= Z?:l ¢i¢;(x, y) we rewrite the weak form
into the following non-linear problem:

n
—Z fLV(PiV(deXdY ci+afj;)gbj[uh(x,y)]2dxdy:fL¢jfdxdy vj (5.4)
i=1

This problem can be rewritten using vectors and matrices.

~S¢+ab@=f (5.5)

The vectors ¢ and f and matrix S are identical to equation 4.7. We define the 1 x 1 vector b as (n denotes the
number of nodes):

B(Z;’)J-:ffﬂd)j[uh(x,y)]zdxdy vj (5.6)

15
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5.3. Iteration
We now want to solve this non-linear problem by iterating to a better and better solution. We will use the

index n to denote the current iteration. Filling in ¢” and u"* = Z?:l ¢!'¢i(x, y) into equation 5.5 gives us this:
—-S¢"+ab@=f (5.7)
with
b, =ff ;" dxdy (5.8)
Q

By using the approximation [¢"]? ~ u" u"~! we can rewrite the vector b(&") to the following matrix vector
product:

b ~ N@ He" (5.9)
with
N(E")i‘jszg(pi(pju”dxdy (5.10)

With N of size 1 x 7. We can do this since

N n n
b(E")jszg%u"u”*ldxdy:ffgwZf?qb;-u"*ldxdy:Zl ffﬂqwju"*dxdy &V (511
1= 1=

In section 7.3 we will find an implementation to compute this N matrix.
Finally, we write down our complete iteration process. For our initial ¢° we will use the solution to the
linear problem (a = 0). To make sure that our solution converges we multiply by a damping constant w.

O=-5"'f (5.12a)
Clomp=(=S+aN@" N7 f (5.12b)
& ="+ 0y - (5.12¢)

The iteration will continue until either a maximum number of iterations is reached or the difference between
¢" and "1 is below a certain minimum difference.



Finite Element Method for Westervelt

In this chapter we will use the finite element method, the iteration from the previous section and Verlet inte-
gration to solve the Westervelt equation in 2 dimensions.

2 2,2
2u—cigg—t;t+pﬁc4 aatz =fonQ (6.1a)
u(x,y,)=00n0Qp, vVt (6.1b)

1 %:Vu(x,y,n-ﬁ:mnagm vt (6.1¢c)
u(x,y,0) = g(x,y) onQ (6.1d)

w =h(x,y)onQ (6.1e)

Here f is the constant of non-linearity and pg is the material ambient density. It is again given that 6Qp U
0Qpy =0Q and 0Qp NAQ N = 0. Furthermore f is again an arbitrary source function that can depend on x, y
and ¢.

6.1. Weak Form

As in the previous two sections, before we can use the finite element method we first need to convert the
equation to its weak form. The first step in this is to multiply by a test function v(x, y) and then integrate over

the domain.
1 62 62 2
ff szudxdy ff dxdy+ff ﬁ4 L; dxdysz vfdxdy (6.2)
Q Q pocy Of Q

Again this is only equivalent to equation 5.1a when the test functions v(x, y) are sufficiently smooth and
v(x,y) = 00n 0Qp. Now we can use Green’s Identity and our boundary conditions on u and v to write down

the weak form.
VvVudxdy+ ——u
ff Y ff Yor [POCO ¢

6.2. Space Discretization

By now using the same mesh and test functions as in section 4.2 and approximation u by u"(x, y, t) = Z?:l ci(DPi(x,y),
we rewrite the weak form into this equation.

_é[va¢iv¢jdXdy ffﬂdﬁ(%uz—éu) dxdy

0 0
We can rewrite this again into an equation with matrices and vectors. Matrix S and vectors ¢ and f are iden-
tical to equation 4.7.

dxdy= ff vfdxdy (6.3)

=ffﬂgbjfdxdy v j (6.4)

62
ci(1) +ﬁ

% . .
—55(t)+ﬁq(6(l‘))|t:f(t) (6.5)

17
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The vector ¢ can be calculated using this formula and is of size 77 x 1.

@), =ff9¢j(

6.3. Verlet Integration

To solve this problem we will first numerically approximate the time integration by using the Verlet method.
As in section 4.4 we will use ¢ as an index to denote the time step. Thus ¢’ again follows 4.11a for a chosen
time step Az. From now on we will use & = &(¢¢) and ¢ = §(¢%). We now write down an expression for G*
with this new notation.

1 .
(" (x,y, D)% - ?uh(x, y0|dxdy Vj (6.6)

4
0 0

B
PoC

i | ¢j(i4[uh(x,y, r"nz—%uh(x,y,t")) dxdy vj (67
Q Pocy (o
B <& v 1y ¢ .
:ff il —5 | cidi | — =) cidilx,y) | dxdy vj (6.8)
Q PoCy |i=1 Co i=1

This §¢ can be computed more easily from &’ using the following matrix vector product. The matrix M is

identical to equation 4.7b and matrix N equal to 5.10.

1
q' = LLIN(E[ )& - 5 Mt 6.9)
Po C() C()
Using equation 6.5 we can write down the Verlet integration step by filling in equation 4.12c.
G’ =2"""-g" 2+ APSE T + AP F(CTY (6.10)

We now wish to rewrite this into an equation for ¢/, since those are the function values we are looking for. To
be able to do this we need to approximate G°. We will do this using a very similar approximation to section
5.3, but instead of the solution of the previous iteration step we will use the solution of the previous time step.

W (x,y, 12 = u(x, y, " Dl (3,8 = (6.11)
1

Gl ~ %N(E[_I)E[ - 5 Mé (6.12)
pOC() c(]

Using this result we can write down our Verlet integration by filling in our equations for g into equation 6.10
and rewriting to ¢. For the initial 2 and ¢' we will use the same equations 4.14a and 4.14b from the linear
wave equation.

-1

1

& = %N(E[_l)——zM
p()c() C()

2h p

l1y2l-1 2 - IVIPNIVID S S
4N(c[ gl 1__2Mc[1_ 4N(c[ 2y 2+—2Mc[2
C

AtZ(SEf‘l +f(t”‘1))+
PoCy %) PoCy

0
(6.13)

6.4. Iteration

To reduce the influence of the approximation 6.11 we will use an iteration similar to section 5.3. The second
index will be used to denote this iteration, so ¢ denotes the nth iteration of the solution ¢ at time . Using
this notation our new approximation for ¢ becomes:

- Al )
Gl ~ ﬁ4N(c”v" hetn — - meh" (6.14)
Po¢, o
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Using this result we can again solve equation 6.10 to ¢©”*. The initial ¢/ is calculated using 6.13. As in section
5.3 we again apply a damping constant w.

-1
1 . 2 2 1
0= (LN -] |ar (SE"1+f(tf‘1))+—ﬁ4N(5f‘1)6"1—7M3f‘1—i4N(Ef‘2)Ef‘2+—ZMEH
PoCy (& PoCy Co PoC, Co
(6.15a)
-1
1 " 2 2 1
e = ﬁ4N(a’“—1)——2M A (saf‘l+f(t‘7‘1))+—ﬁ4N(E"1)6"1——ZMEH——ﬁ4N(6€‘2)6€‘2+—2ME"2
PoCy o5 PoC, cg PoC, cg
(6.15b)
gn=etm v o, - (6.15¢)

This iteration will continue until either a maximum number of iterations is reached or the difference between
¢®" and ¢! is below a certain minimum difference. When iteration is stopped we set ¢’ = ¢/ and can
move to the next time step.

Thus our time Differentiation to the Westervelt equation consists of using equation 6.13 to compute the
next time step. Then iterating using equation 6.15 to refine the solution for this time step. Then we move to
the next time step and again iterate to refine the solution. This process is repeated until we have reached our
end time.

|



Implementation

This chapter will cover all information regarding the implementation of the previously discussed theory into
Python. We will first discuss how the mesh and its base functions were calculated and then go over and
element-wise approach to compute all the necessary matrices and vectors. This is then further improved into
a vectorized implementation. In the last section the implementation of the different boundary conditions is
discussed.

7.1. Mesh Generation

To create a two dimensional mesh we will be relying on GMSH. GMSH has an API package available that
allows you to generate a mesh directly in python. To generate the mesh the following input parameters are
used in my implementation.

» Alist of ordered vertices that are defined by their x and y coordinate.

¢ A boolean list of equal size to the number of vertices. A "1" in the list on position i indicates that there
is a Neumann boundary condition between vertex i and i + 1. A "0" in the list indicates a Dirichlet
boundary condition.

¢ Afloat Ic value that defines the target element size for the mesh.

The mesh is created by drawing a line from vertex through vertex in the order of the first list. Finally the path
is closed by going from the last vertex in the list to the first vertex. The space inside this line path is then used
to create the two dimensional mesh. The mesh is defined by these output variables.

¢ A coor matrix of size n_nodes x 2 with on each row the coordinates of the nodes.

¢ An elems matrix of size n_elems x 3 with on each row the indexes of the three corner nodes of the
element.

* An i_bnd_dir list filled with the indices of the nodes on the Dirichlet boundary.
¢ An i_bnd_neu list filled with the indices of the nodes on the Neumann boundary.

By using these output variables we can compute all the necessary matrices and vectors for the FEM imple-
mentation.

7.2. Base Functions

To compute the matrices and vectors we need to compute the base functions on our mesh. In this project we
will use only first order base functions. For each node we define a two dimensional base function following
these two conditions:

¢ The base functions should be linear on each element.

¢ Each base functions should equal 1 in its corresponding node and should equal 0 in all other nodes.

20



7.3. Element-wise Computation 21

Since we want our base functions to be linear on each element we can describe our base function j on a
specific element as:

¢j=ajx+bjy+c; (7.1)

Say we have an element e;, with its three corresponding nodes X} = (x1, 1), X2 = (x2, y2) and i3 = (x3, y3). We

—_—

X1

—

X3

Figure 7.1: The element e; in the mesh.

can then find the value of the three non-zero base functions on this element by solving this matrix product.

x1 y1 1]l [a1 a2 a3 1 0 O
X2 )2 1 bl bz bg =10 1 O (7.2)
x3 y3 1] [laa ¢ ¢ 0 0 1

From this we find that the base functions on the element e; equal:

2~ Y3 X3 — X2 X2Y3 — X3)2
:J/ J’x+ v+ N4 Y.

7.3

$1="3 A A (7.3a)
bo = yS;J’l 4+ X1 ;x3y+ X3)1 ;le/S (7.3b)
b3 = Y1 ;J’2x+ XZ;xl v+ le’Z;szﬁ (7.30)

with A = X1Y2 +X2Y3+X3)Y1—X1Y3— X2)1 — X3)2 (7.3d)

1, ¢2 and ¢p3 are the base functions corresponding to the nodes i}, X2 and i3 respectively. All other base
functions are equal to zero on this element.

7.3. Element-wise Computation

The easiest way to compute the matrices S, M and N and the vector f is to use an element by element ap-
proach using the base function calculated in the previous section. By calculating them element by element
we can make use of the fact that there are only three non-zero base functions on each element. Thus the ele-
ment matrix is only a 3 x 3 matrix and the element is only 3 x 1. By looping over the element matrices for each
element and adding them at the correct indices we can construct the full S, M and N matrices. The same can
be done for the element vectors to construct the f vector. Since all of the matrices are sparse, we will be using
a sparse implementation for all the matrices in our computation.

To compute the element stiffness matrix S,, we can make use of the fact that the base functions are linear
on each element. From this it follows that the gradient is constant on the element, thus we can compute
the integral by simply multiplying the constant gradients by the area of the element. The area of a triangular
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element is equal to %. The values of the gradient can trivially be found from equations 7.3.

We,Vr1Verdxdy  [[, VgrVpadxdy
We,VoVprdxdy  [[, VpoVepodxdy
W, VpsVrdxdy  [[, VpsVpadxdy

Se; =

If@i V(P1V(P3 dx dy
Mo, Vp2Vpsdxdy
[T, Vs Vs dxdy

(Yo —y3)(y1—y2) + (x3 — x2) (2 — x1)
(3 =y (1= y2) + (x1 — x3) (%2 — x1)
(1 - ¥2)? + (x2 — x1)?

(Y2 = ¥3)(¥3—y1) + (x3 — x2) (x1 — x3)
(r3 — y1)? + (x1 — x3)°
(Y3 —y1) (Y1 —y2) + (x1 — x3) (X2 — x1)

(V2 — y3)? + (x3 — x2)?
(Y2 = ¥3)(y3 = y1) + (x3 — x2) (x1 — x3)
(Y2 = y3) (1 — y2) + (x3 — x2) (X2 — X1)

2A

To calculate the element mass matrix and element N matrix we can use this approximation from [7] (page 16,
formula (39)).
n!m!p!

(n+m+p+2)! -

p ~
|| #royofaxay=ial
Where ¢;, ¢; and ¢y are non-zero first order base functions on the element e;. Using equation 7.4 we can
directly compute the element mass matrix by setting p = 0 and using the correct values for n and m.

[, ordrdxdy  [f, drgadxdy [, drgsdxdy
Me,- = [ffe,- P2th1 dxdy ffel- Pap2 dxdy ffe,— P23 dxdy
ffei ¢sprdxdy ffei P3p2dxdy ffei ¢Pspsdxdy

To compute the element N matrix we need to use equation 5.10. This equation gives us this element
matrix N, .

2 11

Al

=— 11 2 1 (7.5)
11 2

Mo, rrudxdy  [[, rou"dxdy [f, orpsu"dxdy
Ne; (€M) = [ffei Gopru"dxdy [[, popou”dxdy [[, Popsu” dxdy
e, psprudxdy  [[,, pspou”dxdy  [[, Pspsu” dxdy

To compute this element matrix we need to simplify u”. Since on element e; all base functions equal zero
except for the three base functions corresponding to the three nodes of that element, we can reduce u" to
! g1+ ¢l 2 +cy p3. Here cf', ¢ and cf are equal to the values of ¢" corresponding to the nodes 1, X2 and
X3 respectively. Using this we can compute the element matrix N,, by summing over the following matrices.

(7.6)

Ne, @ = Clan + CanZ + C?fl]\/':3 (7.7)
These three matrices can be computed using the quadrature approximation given in equation 7.4.
[, rrprdxdy  [f, prdrpadxdy  [f, prrgpsdxdy) IA| [6 2 2
N, = .[[e,- Or1p2p1dxdy ffei Or1ap2dxdy ffei G123 dxdy = 120 2 21 (7.8a)
[e,Or1¢3prdxdy [, drpapadxdy  [f, prpspsdxdy] 2 1 2
Mo, 2rprdxdy  [[, b2prpadxdy  [[, p2pr¢psdxdy) IA| [2 2 1
Ny = | [[o; p2p2prdxdy  [[,, popopodxdy  [[, p2p2psdxdy =02 6 2 (7.8b)
[, G203prdxdy  [[, pap3p2dxdy  [f, dapapsdxdy] 1 2 2
Mo, dsprprdxdy [, bsprp2dxdy [[, p3pr¢psdxdy) A [2 1 2
N3 = ffei P3popr dxdy ffe,- P3papodxdy ffe,« P3Papsdxdy =130 1 2 2 (7.8¢)
oy bspsprdxdy  [[, ¢spsdzdxdy  [J,, bspsdsdxdy] 22 6

Finally, we compute the element vector f by first applying a Newton-Cotes rule and then approximating the
integral again using equation 7.4.

Mo, o1 f Gy, dxdy)  [fGELD [, prdxdy [F@
fei () = | [Jo, o2 f (G2, O dxdy| = | (2, 0) [, p2dxdy| = — | f(R, ) (7.9)
Mo, b3 f (X3, ) dxdy [0 [f, psdxdy f(xs,0

7.4. Vectorized Implementation

Though solving the finite element method through an element-wise implementation is the easiest way to
do it, it is also computationally quite slow. There are two main reasons for this. Firstly, looping over all ele-
ments takes a long time especially as the element size decreases and thus the number of elements increases.
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Secondly, cumulatively building up a sparse matrix by going element matrix by element matrix is a computa-
tionally intensive operation.

In this section we will instead attempt to compute all the matrices and vector through a vectorized im-
plementation. In the vectorized implementation we can use the fast linear algebra in the python package
Numpy.This approach is based on [8]. The goal is to compute a list of data data and two list of indices i and
J in such a way that Sy jix) = datalk] for all k. Duplicate combinations of i and j are allowed and will be
added together in the python sparse matrix implementation. This allows us to create the full sparse matrices
on initialization.

S = sparse.csc_matrix((data, (i, j)), shape=(n_nodes, n_nodes))

Listing 7.1: Example of how the stiffness matrix is computed from the lists i, j and data.

In [8] it is shown how to compute the lists i, j and data to create the stiffness matrix. The list data
contains contains the values of the first element stiffness matrix from top left to bottom right followed by the
values of the second element stiffness matrix etc. This list is created in an efficient vectorized manner. The
lists i and j contain the correct indices corresponding to going over the element matrices one by one in this
manner. In these computations we will also use the list area that contains the value of A for each element.
The list area is computed by taking a cross product.

ind_i = []
ind_j = ]
for indl in range(3):
for ind2 in range(3):
ind_i.append(ind1)
ind_j.append(ind2)

elems[:, ind_i].ravel ("F")
elems[:, ind_j].ravel ("F")

i
j

Listing 7.2: Computation of the lists i and j in a similar manner to [8].

cl = coor[elems[:, 0], :]
d21 = coorfelems|[:, 1], :] - cl
d31 = coorfelems|[:, 2], :] - cl
area = np.cross(d21l, d31)

Listing 7.3: Computation of the list area.

a = np.sum((coorfelems([:, 1]] - coor[elems[:, 2]]) =+ 2, axis=1) / area / 2.

b = np.sum((coor[elems[:, 2]] - coor[elems[:, 0]]) #+ 2, axis=1) / area / 2.

c = np.sum((coor[elems([:, 1]] - coor[elems[:, 2]]) * (coor[elems[:, 2]] - coor[elems
— [:, 0]]), axis=1) / area / 2.

data = numpy.concatenate((a, c, —-a-¢, ¢, b, -b-c, —-a-c¢c, —-b-c, a+b+2

— x ¢), axis=None)

Listing 7.4: Computation of the list data for the stiffness matrix as was done in [8].

To efficiently compute the mass matrix we will use the same list of indices i and j. To get the list with the
data we will take the Kronecker product of the flattened indices of M,, and the area list and divide the result
by 24. This directly gives us the correct data list to compute the mass matrix.

temp = np.abs(area) / 24.
m ek = np.array([[2.0, 1.0, 1.0], [1.0, 2.0, 1.0], [1.0, 1.0, 2.0]]).ravel()
data = np.kron(m_ek, temp)

Listing 7.5: Computation of the list data for the mass matrix.
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The largest bottleneck in the computation time is the computation of the sparse N matrix, since this needs to
be done for each iteration in each time step. Therefore the goal was to make this as efficient as possible. The
goal is to calculate the index lists i and j beforehand together with a matrix N;,, that contains all constant
values of N;, N> and N for each element. The final data list could then be computed by simply multiplying
¢" and Nggq-

data = c[elems] = N_data

Listing 7.6: Computation of the list data for the N matrix from the vector ¢ and N, ,.

For this to work the matrix N;,;, needs to be 3 dimensional. The first dimension denotes the position in
Ni from top left to bottom right. The second dimension denotes which element Ny is calculated. The last
dimension denotes which of the three Ni from 7.8 is used. In total N, is of size 9 x 10,5 % 3. This matrix
is computed by taking the matrix product of the indices of the three N and the area list.

temp = np.abs(area) / 120.
n_ek = np.array(

[(ree., 2., 2.1,

[2., 2., 1.],

(2., 1., 2.11,

(2., 2., 1.1,

[2., 6., 2.],

[1., 2., 2.11,

(2., 1., 2.1,

[1., 2., 2.],

[2., 2., 6.]]1]) .reshape((9, 3))

N_data = temp[:, np.newaxis] @ n_ek[:, np.newaxis, :]

Listing 7.7: Computation of the N;,;,. The np.newaxis makes sure that the dimensions match up with what was described.

The index lists i and j for the N matrix can be computed by concatenating the i and j that were computed in
Listing 7.2 three times.

For each of these vectorized calculations it has been verified that the result is equal to the matrix found
by using the element-wise approach. By implementing these vectorized ways of computing the matrices the
computation time was greatly decreased. Previously the calculation time of the sparse matrices was the main
bottleneck of the finite element method. Now this only takes up around three percent of the total compu-
tation time. The current bottleneck is the solving of the sparse linear system that needs to be done at every
iteration. This takes up around 95 percent of the computation time for a fine mesh.

7.5. Boundary Conditions

The boundary conditions are implemented in the same way for all three FEM implementations. By default
the finite element method applies Neumann zero boundary conditions on all boundaries. For the purposes of
this project we will only be using zero boundary conditions, so there is no implementation for non-zero Neu-
mann boundaries. To enforce Dirichlet boundaries we change all values for nodes on the Dirichlet boundary
to the prescribed values at that time step. This is done after each time and iteration step.




Results

In this chapter we will discuss the results of the finite element method compared to the one dimensional
analytical wave and the two dimensional circularly symmetric wave. It will then go over the results of the
non-linear diffusion finite element solution and also compare these to an analytical result. Finally we will
analyse the relation between the mesh size vs error and time step vs error.

8.1. One Dimensional Wave Example

To verify our two dimensional implementation we will first compare it to the the one dimensional result
from [4] and [3]. We will also use the analytical result found in 3.1 to verify our Finite Element result. The
analytical solution is for a semi-infinite domain, in our numerical implementation we will approximate this
by choosing a sufficiently large L. By doing this our solution will be valid until the displacement at x = 0

L
reaches the boundary at L. Thus our solution will be valid until around 7, ,;;4 = —. Our boundary condition
C

on the boundary at x = L does not influence the result for ¢ < T),4;;4. We will use a0 Neumann zero boundary,
since that does not require additional effort in the FEM implementation.

To simulate a one dimensional result in our two dimensional finite element method we will use a rectan-
gular domain. In the x-direction this domain will simulate the one dimensional result and in the y-direction
the solution should have the same value for all y. In the y-direction we will use Neumann zero boundaries
on both ends. To reduce the computation time we will not use a very wide rectangle in the y-direction. This
does not affect our results, since we expect all y-values to be identical. The mesh that was used can be seen
in figure 8.1.

As in [3] we will use the following time dependant boundary condition at x = 0.

t—Ty 2
(7
We will use the constants in table 8.1 in our calculation. They are similar to what was used in [3].
Using these values we can make a plot of the time dependent boundary condition. This function is a sinus
that oscillates with a frequency of f;. A Gaussian envelop is placed over the sinus to only have a pulse of
about six periods. This boundary condition is chosen because of the rapid oscillation from low pressure to

high pressure. The pulse that this creates is also very similar to ones used in practical ultrasound imaging for
medical applications.

h(#) = Pysin [27 fo(t — T4)] exp (8.1)

8.1.1. Linear Solution
For the linear wave equation we expect this boundary condition to induce a wave with the same shape that is
moving to the right with speed ¢y. Running the linear finite element method implementation with the given
values we get the following result. For visibility we just plot the x-dimension versus the pressure for all values.
The y-dimension is removed from the plot by plotting the x-location and pressure value of each node and
then drawing a line through all those points.

The finite element solution does what we expect. The boundary condition travels to the right with speed
¢o and does not change in amplitude. The solution does not vary in the y-direction. If this was the case we
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Channel Mesh (Ic=0.03 m)

0.0 01 02 03 0.4 05 0.6 0.7
x(m)

Figure 8.1: Plot of the mesh with a significantly larger element size (/¢ = 0.03m) and larger Ly = % so single elements are visible. Interior
nodes are denoted by a black dot. The nodes on the Neumann boundary are red and the nodes on the Dirichlet boundary are blue.

1e6 Time dependent boundary condition h(t)

p (Pa)
°
s
8

-0.25

~0.50

~0.75

-1.00

00 02 04 06 o8 10 12
t(s) le-4

Figure 8.2: Plot of the Time dependant boundary condition using the parameters given in table 8.1.

would be seeing multiple different pressure values for the same x-value in figure 8.3. To better compare the
finite element solution to the analytical solution we zoom in on the wave and plot the analytical solution over
it.

Figure 8.4 shows that the finite element solution is almost identical to the analytical solution. The finite

element solution seems to have a slight shift to the right. To take a better look at this error we can look at the
following plot.

Figure 8.5 shows how the error changes over time. We can see here that the error increases with the time
as was also seen in [3]. The increase in error can also partially be caused by reflections due to the wave getting
closer to the right boundary.
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Symbol Value | Unit | Name

00 1000 % material ambient density
Co 1500 | “ | wave speed

B 10 coefficient of non-linearity
Py 10° | Pa | coefficient of nonlinearity
fo 10° | Hz | Single source frequency

T ]% N Source envelope delay

Tw % S Source envelope width
Teona 2:-Ty;= f_§ s Source end time

Xsh B 500;7‘3; % m Shock formation distance
Ly Xsh + Tena - Co m Domain length

Ly % m | Width in y-direction

Ic Sgﬁ m | Mesh element size

dt 1o s | Time step

€ 107°.Py | Pa | Tolerance for iteration
Miter 50 Maximum number of iterations
) 0.7 Damping in iteration

Table 8.1: Values for parameters used in finite element method for the one dimensional wave equation.
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Figure 8.3: Plot of the finite element solution for four different time values.

8.1.2. Westervelt Equation
Due to the non-linear term in the Westervelt equation the wave speed for high pressure values is higher than
the wave speed for low pressure values. Thus for the non-linear solution we expect the slope of high to low
pressure to become steeper and the slope of low to high pressure to become gentler. When the faster high
pressure wave overtakes the slower low pressure part of the wave it creates a shock wave. We first plot the
finite element solution for different time values to see how it changes over time.

In figure 8.6 we see that the solution is initially similar to the linear solution. Then for larger time values
we see that the changes from high to low pressure indeed become steeper. This also results in an increase
of the amplitude for the low pressure and a decrease for the higher pressure. In the last time frame one can
see the creation of shock waves that distort the original shape of the wave. To better be able to see these
differences we will plot the solution side by side with the analytical solution in figure 8.7.

In figure 8.8 we see that the difference between the linear and Westervelt solution increases over time.
Also unlike in figure 8.5 the difference is no longer similar in shape to the original wave.
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Figure 8.4: Plot of the finite element solution and the analytical solution zoomed in on the wave.
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Figure 8.5: Plot of the error between the fem solution and analytical solution for four different time values.

8.2. Circular Symmetric Two Dimensional Wave Example

We will now verify our two dimensional finite element implementation by comparing it to the analytical solu-
tion for a circular symmetric wave that was found in section 3.2. To numerically simulate the infinite domain
we will use a sufficiently large circular domain. In our finite element solution we can construct a mesh by its
vertices. Thus we choose to use a hexagonal mesh for this problem. As in the previous section our solution

is only valid up until a maximum time of around T, 4;;4 = ‘2[%5, which is the distance from the centre to the
closest side of the hexagon. On all sides of the hexagon we will use Neumann zero boundary conditions.
As in section 3.2 we will use a two dimensional Gaussian function as our initial condition.

2
u(r,0) = Pyexp #] 8.2)

For our parameters we will use values similar to what we used in the last section. All parameters that were
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Figure 8.6: Plot of the Westervelt finite element solution for four different time values.
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Figure 8.7: Plot of the Westervelt finite element solution and the analytical solution zoomed in on the wave.

used can be found in table 8.2.

In figure 8.10 the initial condition is shown in two dimensions.

8.2.1. Linear Solution

For the linear wave equation we expect the result to be similar to a raindrop falling on a water surface. The
initial condition will cause a ripple that decreases in amplitude due to the wave having a larger area. As in the
previous section we will plot our solution in one dimension. Because of the circular symmetry of the problem

we will plot the radius versus the pressure.

In figure 8.11 the difference between the analytical solution and the finite element solution is so small
that the analytical solution is not visible below the finite element solution. The behaviour is as we expected.

The initial condition causes a circularly symmetric ripple that decreases in intensity as the time increases.

Figure 8.12 shows the difference with the analytical solution. As in the previous section the error does
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Figure 8.8: Plot of the difference between the fem solution and analytical solution for four different time values.
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Figure 8.9: Plot of the mesh with a significantly larger element size (Ic = 0.03m)so single elements are visible. Interior nodes are denoted
by a black dot. The nodes on the Neumann boundary are red.

seem to slightly increase with time. The error here is significantly smaller than in the one dimensional exam-
ple. In the plot we see that the error increases when the rate of change of the solution increases.

8.2.2. Westervelt Equation

In this section the difference due to the non-linear term in the Westervelt equation should be significantly
smaller due to the difference between the low and high pressure decreasing as time increases. The number of
oscillations is also lower for this example, which should also lower the difference between the Westervelt and
Linear solution.

The difference between the analytical and Westervelt solution is not discernable in these plots. Thus we
conclude that there is barely any influence from the non-linear term in this problem. In figure 8.14 we see
that the difference between the analytical and Westervelt solution is very similar to 8.12. By increasing the
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Symbol Value | Unit | Name

0o 1000 % material ambient density
o 1500 | % | wave speed

B 10 coefficient of non-linearity
Py 10° | Pa | coefficient of nonlinearity
tond 1073 s | End time for FEM

o 0.1 m | Source width

R % Colend m | Domain radius

Ic 5 | m | Mesh element size

dt 417”0 s Time step

€ 1079-Py | Pa | Tolerance for iteration
Miter 50 Maximum number of iterations
w 0.7 Damping in iteration

Table 8.2: Values for parameters used in finite element method for the circular symmetric wave equation.

Initial Condition u(r,0)

9
'»1.0 -

p (Pa)

Figure 8.10: 2D Plot of the initial condition using the parameters given in table 8.2.

value of B the non-linear effects can be made more visible.

8.3. Non-linear Diffusion

To verify the solution found in chapter 5 we will compare it to a one dimensional reference solution from [9].
In one dimension equation 8.3 is a solution to the non-linear diffusion equation with ¢ = -1 and f =0.
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Figure 8.11: Plot of the finite element solution for four different time values.
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Figure 8.12: Plot of the error between the fem solution and analytical solution for four different time values.

u(x) = (8.3a)

(1+x)2

u(0) =6 u(l) = g (8.3b)

Asin section 8.1 we will use a rectangular domain to simulate a one dimensional wave. The mesh that was
used is almost identical to the mesh plotted in figure 8.1. The only difference is that both the left and right
side of the rectangle have Dirichlet boundary conditions. The parameters that were used for the Non-linear
Diffusion solution can be found in table .

In figure 8.15 the result of the finite element method is shown. The initial iteration step is a straight line
between the two boundary conditions. This is to be expected, since it is the trivial solution to 627’2‘ =0. For
each iteration after the initial condition the solution is slowly moved to the correct analytical solution. In the
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Figure 8.13: Plot of the Westervelt finite element solution and the linear analytical solution for four different time values.
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Figure 8.14: Plot of the difference between the fem solution and analytical solution for four different time values.

difference plot in figure 8.16 the decrease in the difference over the iterations can be seen.

8.4. Mesh Size vs Error

To evaluate the influence of the mesh size on the error we will compare the results of the finite element
implementation to both our analytical solutions. As an error norm we will be using the ¢!-norm on the
difference between the two solutions.

€= maX(lz’:l — Uana(X;, 1)) (8.4)
4
Where 1, is the analytical solution evaluated in the node corresponding to &;. To compute the error we will

be using the ¢ solution from the last time step of the computation.
We will first look at the influence of the mesh size on the error for the two time dependant reference
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Symbol Value | Name

a —1 | coefficient of non-linearity

L, 1.0 | Domain length

Ly L =0.10 | Width in y-direction

lc 0.002 | Mesh element size

€ 1079 | Tolerance for iteration

Miter 50 | Maximum number of iterations
w 0.3 | Damping in iteration

Table 8.3: Values for parameters used in finite element method for the Non-linear Diffusion equation.

Non-linear Diffusion Solution
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Figure 8.15: Plot of the finite element solution and the analytical solution to the Non-linear diffusion equation. Iteration 0 denotes the

initial solution ¢°.

solutions. For the calculations we will use the same parameters as were used in tables 8.1 and 8.2. We will
only change the value of /c for both problems. We will solve the problem with the values of /c in the tables
multiplied by a scaling of between 100 and 1. These scaling values are spaced on a logarithmic scale. After
solving the problem we compute the error and plot the Ic versus error € on a logarithmic scale to find the
relation between them. For the finite element method we expect this to be a relation of the form e o< 1c?.

As can be seen in the figure there were a lot of points that show weird behaviour for the resulting error
of larger mesh sizes, especially for the one dimensional problem. In the 1-dimensional case the solutions
would become inaccurate for larger mesh sizes due to the oscillations in the wave happening faster then the
distance between nodes in the mesh. This causes some strange behaviour in the solution that leads to a kind
of averaging of the wave over the interval. Due to this behaviour the error decreases even though the solution
is not accurate. For this reason we choose to eliminate a large number of data points for the one dimensional
problem. For the two dimensional problem this behaviour takes longer to take shape since the Gaussian
curve is easier to approximate using linear elements. For larger values of Ic this effect again occurs, but it is
less present than for the one-dimensional case.

From these two fits we found a relation of € o< I¢!-*® and € o I¢!*%6 from the 1-dimensional and 2-dimensional
cases respectively. These two relations are similar, which is what we would expect. However both of them are
lower than the quadratic relation that we expected. This is especially the case for the 1-dimensional channel
problem. It would be good to better estimate the one dimensional error fit by having more data points for
lower ¢ values. Unfortunately this was not possible, due to an error in the GMSH API.

My best guess for the cause of this error is that in the one dimensional case the mesh is very long and
thin, which causes the triangular elements to become very stretched out, especially as the element size de-
creases. When lowering the I/c value too much the elements become so stretched out that GMSH can no

1.56
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Figure 8.16: Plot of the difference between the finite element solution and the analytical solution to the Non-linear diffusion equation
with a log scale on the y-axis. Iteration 0 again denotes the initial solution 0. The difference on the Dirichlet boundary nodes is not
included in the plots since the difference is always zero.
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Figure 8.17: Plot of the Ic versus the error on a logarithmic scale. The red markers were used to designate points that were not included
in fitting the line. The plot includes two linear fits for the relation between the error and the mesh size.

longer differentiate between the two elements and an error occurs in GMSH.

The same procedure was used to analyse the relationship between the error and the element size for the
non-linear diffusion. The parameters were kept equal to the ones given in table 8.3. The Ic is again scaled by
values between 100 and 1 on a logarithmic scale. This resulting logarithmic plot of the error can be found in
figure 8.18.

For this problem all the data points seem to follow the linear fit, although there is some more inaccuracy
for the higher element sizes. This is probably because the non-linear diffusion problem does not have an
initial or boundary condition that is hard to approximate with linear elements. From the linear fit we find
a relation of € o< Ic!"%8, which agrees much better with our expectation of € o< I¢c?. This leads me to believe
that the different relations that we found for the time dependant problems are related to the Verlet Time
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Ic vs error for Non-lin. Diffusion

error

Figure 8.18: Plot of the Ic versus the error on a logarithmic scale. The plot includes a linear fit for the relation between the error and the
mesh size.

Integration.

8.5. Time Step vs Error

To investigate the influence of the time step size on the error we will be using a similar approach to the one
we used in the last section. We will be using the same error norm as equation 8.4. As previously we will be
using the parameters of tables 8.1 and 8.2. The only parameter that we will change is the size of the time step.
We will be solving both time dependant problems for twenty different time step values. The value of the time
step in the tables will be multiplied by logarithmically scaled values between 10 and 0.1. After calculating the
solution for each of these time values we will calculate the error on the last time step.

Time Step vs Error

X 1D Channel
2D Circular
1028

10207
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1015

error (Pa)

1014

108

1052

100

dt (s)

Figure 8.19: Plot of the time step versus the error on a logarithmic scale. For the solutions where the solution would become NaN, the
error has been plotted as the value 102%0,
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In figure 8.19 we see that the error explodes when the time step is too large. For the two dimensional
problem the implementation gives a solution which is incredibly large and thus the error is very large. For
the one dimensional channel the solution consists of NaN values. This is because the solution blows up
so much that the values pass the maximum float limit of python of 1.7976931348623157 x 103%8, When this
happens python returns "Not a Number"(NaN). To still include these data points in the error plot they have
been plotted as the value 102°°. From this figure we can conclude that the convergence of the finite element
method depends on the time step used.

We will now plot only the values for which the solution converges and zoom in on the two error values for
the two different solutions.

Time Step vs Error

1D Channel solution 2D Circular solution
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33x10°

dt (s) dt (s)

Figure 8.20: Plot of the time step versus the error on a logarithmic scale. This plot includes only the values for which the solution
converges and has been split in two subplots for each solution.

The figure 8.20 shows that both solutions show the same relation between the time step and the error.
Unlike for the mesh size the logarithmic plot does not show a straight line. From this we can conclude that
the time step does not follow a relation of the form e & d ¥ to the error. The error decreases with the time step
until it plateaus, the error can then not decrease further unless decreasing the mesh size. This is because the
error caused by approximating the domain with a mesh can not be decreased by decreasing the time step.



Conclusion

In this thesis we found a way to compute the two dimensional Westervelt equation with the finite element
method. To do this we first had to solve the linear wave equation and the non-linear diffusion equation using
the finite element method. We found a way to iterate on each time step that allows us to approximate the
non-linearity in the Westervelt equation.

We were able to verify this finite element implementation by comparing it to the one dimensional work
of [3]. After which we also compared it to a two dimensional linear circularly symmetric solution. From this
we conclude that the finite element method can be used to solve the Westervelt equation in two dimensions.
The non-linear diffusion finite element solution was also verified by comparing it to the work done in [9]. We
have also shown that a faster vectorized implementation can be used instead of the element-by-element one.

The relation between the error and the mesh size was also analysed. For the time-dependant finite ele-
ment implementation the error was found to scale with around € o< Ic!”. This value is below our expected
relation of € o< Ic?. For the non-linear diffusion equation the relation between the mesh size and error agrees
with our estimate, because it equals € < c!*%8,

When investigating the relation between the time step and the error we found that the convergence of the
finite element method depends on the time step used. Unlike the mesh size, the time step does not follow a
relation to the error of the form e o dt*. This is because the error stops decreasing when the time step gets
very small.
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Discussion

In this research we focused on implementing the finite element method for two dimensional domains. All the
theory that was discussed in this thesis can be extended to three dimensional domains. This would make the
results more applicable to real life situations. The main work that would need to be done would be in chapter
7, where most of the calculations of the integrals would have to be changed.

The finite element implementation could be further improved by adding adaptive mesh refinement for
areas of large change in the solution values. This could greatly improve both the accuracy of the program
as well as the computation time. For example in the current implementation a large amount of computation
time is spend on the area of the domain the wave has not reached yet that is equal to zero. Another feature that
could be added is to add the option of non-zero Neumann boundary conditions to the code implementation.

For two dimensional finite element method it was verified that the results of the vectorized implementa-
tion gave equal results to the element-wise implementation. To quantify the improvement that this change
in implementation gave it would be good to do a more quantitative research of these changes on the compu-
tation time for different mesh sizes and time steps.

When looking at figure 8.4 we can see that the difference between the analytical and the numerical FEM
solution seem to be a slight shift to the right. This might be caused by one of the approximations we did when
applying the finite element method. It is also possible that the root of this shift is an error somewhere in our
theory or implementation that can be fixed. Further investigation would be required to figure this out. The
shift might be related to the way that the time dependent Dirichlet boundary is implemented, since it does
not seem to appear in figure 8.11.

In section 8.2 the differences between the analytical linear and finite element Westervelt solution are very
small. The value for the non-linearity constant that was used in this section = 10 was the same one as used
in the section before it. In that section it did give very noticeable results. The reason that the non-linear
phenomena in this section were less noticeable is firstly because the wave oscillates less compared to the one
dimensional wave. The second reason is that the amplitude of the wave quickly decreases. It would be good
to increase the non-linearity constant in this section to better show the effects of the Westervelt equation on
the circularly symmetric problem.

When verifying the finite element implementation we mostly made use of linear reference solutions es-
pecially when calculating the errors. It would be good to further verify the non-linear finite element solutions
by comparing them to a non-linear reference solution. Unfortunately there are no analytical solutions to the
Westervelt Equation. Thus we would have to rely on a previously verified numerical solution from another
source to verify the implementation for non-linear problems. This would help to further proof that the theory
in this paper is correct.

The analysis of the mesh size vs error could be best improved by getting more data points for the 1-
dimensional problem. To do this the problem would need to be solved with smaller values of /¢, which cur-
rently result in errors. By fixing the error one would be able to better approximate the relation by making a
better fit. The error could also be fixed by increasing the width of the channel, though this would also greatly
increase computation time. Another way to improve this section would be by getting more different reference
solutions to better confirm the relation between the error and mesh size.

Further research should be done into how the convergence of the finite element method relates to the
time step used. For this we would have to investigate the time step for which convergence stops for different
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mesh sizes and problems.

In this thesis we found that the relation between the mesh size and the error is below the expected
quadratic relation for the time dependant problems. For the non-linear diffusion equation we found the
correct relation between the two. In section 8.5 we found that the error stops decreasing when decreasing
the time step at a certain point. I would hypothesize that the error for the finite element method consists of
a summation of an error caused by the Verlet Integration and an error caused by the approximation of the
domain by the mesh. Thus when we plot the relation between the mesh size and the error with a sufficiently
small time step used to make the error of the Verlet Integration negligible. I expect that the relation for the
time dependant problems will also be closer to the expected € o< Ic?. Verifying this would take a lot of extra
computation time and was not possible to include in this thesis. For future research it would be interesting
to look further into this error relation.
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Appendix

All code related to this project can be found in the GitLab repositoryathttps://gitlab. com/leo.hendriks/
bep-fem/.

42


https://gitlab.com/leo.hendriks/bep-fem/
https://gitlab.com/leo.hendriks/bep-fem/

	Abstract
	Introduction
	Linear Wave Behaviour
	1D Wave solution
	2D Wave Solution
	Separation of Variables
	Green's Function


	Finite Element Method for linear Wave
	Weak Form
	Space Discretization
	Time Differentiation
	Verlet Integration
	Verlet for linear wave equation


	Finite Element Method for Non-linear Diffusion
	Weak Form
	Space Discretization
	Iteration

	Finite Element Method for Westervelt
	Weak Form
	Space Discretization
	Verlet Integration
	Iteration

	Implementation
	Mesh Generation
	Base Functions
	Element-wise Computation
	Vectorized Implementation
	Boundary Conditions

	Results
	One Dimensional Wave Example
	Linear Solution
	Westervelt Equation

	Circular Symmetric Two Dimensional Wave Example
	Linear Solution
	Westervelt Equation

	Non-linear Diffusion
	Mesh Size vs Error
	Time Step vs Error

	Conclusion
	Discussion
	Bibliography
	Appendix

