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ABSTRACT

INVISCID BURGERS EQUATIONS AND ITS NUMERICAL SOLUTIONS

OYAR, NAZMI
M.S., Department of Mathematics
Supervisor : Assist. Prof. Dr. Baver OKUTMUSTUR

September 2017, [54] pages

In this work, we consider the Burgers equation with zero viscosity term which is
called the inviscid Burgers equation. We analyzed this equation both theoretically and
numerically through this study. First, we solve this equation analytically by means of
characteristic method since it is in the class of quasilinear partial differential equation.
Then, initial value problems for this equation subject to continuous and discontinuous
initial conditions are studied. We used three different numerical scheme-

s namely Lax-Friedrichs, Godunov and Lax Wendroff. The results of the numerical
experiments are compared by means of introducing finite difference methods.

Keywords: Inviscid Burgers equation, Shock waves, Rarefaction waves
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VISKOZITESiZ BURGERS DENKLEMI VE SAYISAL COZUMLERI

OYAR, NAZMI

Yiiksek Lisans, Matematik Bolumii

Tez Yoneticisi : Yrd. Dog. Dr. Baver OKUTMUSTUR

Eyliil 2017 ,[54] sayfa

Bu ¢alismada, Burgers denkleminin vizkozitesiz formunu ele aldik. Bu denklem teorik
ve sayisal olarak incelendi. Bunun i¢in siirekli ve siireksiz baslangic degerleriyle
denklemin oncelikle analitik ¢oziimiinii inceledik. Ayrica, sok ve seyrelti dalgalarina
neden olabilecek farkli baglangic kosullarina bagli olarak, bu modelin yaklasik ¢6ziim-
lerini gostermek i¢in de ¢esitli sayisal yontemler uyguladik. Sonlu sayilar yontemleri
kullanilarak sayisal ¢oziimlerin sonuglar1 karsilastirildi.

Anahtar Kelimeler: Viskozitesiz Burgers denklemi, Sok dalgalari, Seyrelti dalgalari
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CHAPTER 1

INTRODUCTION

Nonlinear partial differential equations have an important place in applied mathemati-
cs. They have been used to model and analyze the real-world physical problems, [18]].
The classical Burgers equation which is in the class of nonlinear partial differential
equations has been a center of interest for researchers studying various physical phe-
nomena such as theory of shock waves, fluid dynamics, turbulent flow and gas dyna-
mics, [3, 4} 16]. This equation is one of the most useful formulation of the behaviour
of the shock waves in which nonlinear advection and diffusion can be observed, [[1]].

The Burgers equation

U + Uy = VUgy (1.0.1)

is firstly studied by Bateman who come up with its steady state solutions and Burgers
explained it as a mathematical model for turbulent flow. Hope and Cole separately
showed afterwards that it can be transformed into linear heat equation, [[1H3,16,[11]. In
recent years, the Burgers equation continued to draw the attention of researchers. It is
used as a model to test several numerical methods since it includes an advection term
uu, and a viscosity term vu,,. In fact, Burgers equation represents one dimensional
Navier-Stokes equation when the pressure and force terms are dropped from Navier—
Stokes equation, [1]. Another importance of this equation is that it allows us to

compare the quality of numerical method applied to a nonlinear equation.

In this work, we consider the Burgers equation with zero viscosity term which is

called the inviscid Burgers equation. The inviscid Burgers equation serves as a basic



case study for more complex nonlinear wave equations since it has the properties of
nonlinear conservation laws. Our main purpose is to analyze the inviscid Burgers
equation both theoretically and numerically through this study. For that purpose, we
first solve this equation analytically by means of characteristic method since it is in
the class of quasilinear partial differential equation. Then, initial value problems for
this equation subject to continuous and discontinuous initial conditions are analyzed.
Here, we introduce the weak solution concept as a result of the discontinuous initial
data where shock and rarefaction waves are observed. Next, numerical schemes to
approximate the solutions of the inviscid Burgers equation are established. The results
of the numerical experiments are compared by means of introducing finite difference
methods in the last part. To this end, we used Lax-Friedrichs, Godunov and Lax

Wendroff numerical schemes.
The thesis consists of five chapters and the outline is classified as follows:

Following the introduction part, in Chapter [2] we start by introducing general forms
of quasi-linear partial differential equations and scalar conservation law. Next, we
give the definitions of the classical and inviscid Burgers equations where the analytic
solution of the latter one is derived through the characteristics method. Then, the
concept of weak solution, Rankine-Hugoniot jump condition and entropy condition
are introduced. In Chapter[3] we solve the Riemann problems for the inviscid Burgers
equation subject to different initial conditions. In the solutions of these initial value
problems, we see patterns of shock and rarefaction waves. In Chapter[d, we apply the
finite difference methods to approximate the solutions of the initial value problems.
First and second order schemes are used for this purpose. Indeed, Lax-Friedrichs,
Godunov, Lax-Wendroff schemes are used for the concerning initial value problems
to get shock and rarefaction waves. We also state the significant differences between

the numerical methods. Finally, in Chapter [5 we provide a summary of our work.



CHAPTER 2

INVISCID BURGERS EQUATION

In this chapter, our main objective is to analyze the classical solution of the inviscid
Burgers equation theoretically. Following a brief information about the solutions
a first order quasilinear partial differential equation, we introduce a general form
of scalar conservation laws in this part. The analytical solution of linear advection
equation is the next topic. Then, we give the definition of the inviscid Burgers
equation which is a special case of conservation laws. Furthermore, the concept of
weak solution is studied just after introducing the Rankine-Hugoniot jump condition

and entropy condition.

2.1 Quasilinear Partial Differential Equations

A first-order quasilinear partial differential equation is of the form
A(t, z,u)uy + B(t, x,u)u, = S(t, z,u), (2.1.1)

with A, B, S € CY(Q), A2+ B*+5? # 0 where () is a domain in R3. Here we suppose

that u = u(t, z) represents a surface in R? which can be written in the implicit form
F(t,x,u) =u(t,z) = u,

so that the gradient vector VF = (ug, ux, —1) is normal to surface F'(¢,z,u) = 0. In

other words, the vector (A, B, S) and VF are orthogonal. It follows that

(A, B,S).(ug, uy, —1) =0

3



which is equivalent to (2.1.1). We can construct the family of curves on the surface
F(t,z,u) = 0 by determining the integrals of the ordinary differential equations

dt dx du

A(t,z,u)  B(t,x,u)  S(t,z,u)

These curves are called characteristic curves. The transformation of the partial diffe-
rential equation (2.1.1)) to an ordinary differential equation along its characteristics is
called the characteristics method. After this transformation, we end up with an ODE
having initial condition u(xy) = uo. Then from the theory of existence of ordinary
differential equations, there exists a unique characteristic passing from each point
(to, o, ug) where u(xg) = wug is the initial condition. These characteristic curves
generates an integral surface so that this surface is the solution to equation (2.1.1). For
further details about ordinary and partial differential equations, we refer the reader to

the following reference [9]].

2.2 Scalar Conservation Law

Partial differential equations often describes physical phenomena. Scalar conservation
law expresses the conservation of some physical quantity. Here we are dealing with
a one dimensional scalar conservation law that is a particular case of first order

quasi-linear partial differential equations when the coefficients are chosen as

A(t,z,u) =1, B(t,z,u)u, = (f(u)), and S(t,z,u) = 0in 2.1.1), i.e.,
w + (f(u))e = 0. 2.2.1)

In equation (2.2.1)), u is called conserved quantity and f is the flux function [8]. By
the following integration of (2.2.1]) over the interval [xg, 21| we get

d x1 X1
pr 5 u(t,x)dx:/ w(t, x) dx

o

_ _/xl F(ult, ), d
= f(u(t,z0)) — f(u(t,z1))

= [inflow at the point zy] — [outflow at the point z1].

(2.2.2)

That is, the quantity u(t, z) is conserved so that it depends on the difference of the

flux functions at the points x( and x1, [15]. Thus, the conserved quantity u is neither

4



produced nor vanished. Equation (2.2.1)) is called the differential form of the scalar
conservation law (2.2.1)), whereas (2.2.2) is called the integral form of the scalar
conservation law (2.2.1)).

2.3 Linear Advection Equation

Linear advection equation is one of the standard example of scalar conservation laws,
and it is also a quasilinear partial differential equation if the coefficients are chosen
as A(t,z,u) =1, B(t,z,u) = a,and S(t,z,u) = 0in 2.1.1), i.e,

Uy + au, = 0. (2.3.1)

In order to solve the linear advection equation, we need to consider the Riemann

problem
ur+ (f(u)), =0, —co<x < o0, t=>0,
¢+ (f(w)) (232)
uw(0,z) = up(x) —oo <z <00,
We are interested in the particular case of (2.3.2) where f(u) = au (a is a constant)

so that (2.3.2)) becomes

u+au, =0, ult,z) e, xR, t>0,
u(0,z) = u(xg) = f(xg) where u(zg) € C®(Q),

(2.3.3)

where U/ is an open and convex subset of R, and a is a constant representing the

advection velocity.

The solution of the initial value problem follows by the characteristics method

dt B dx B du
1 a 0’
which is stated in Section[2.1] i.e.,
u =,
dx
dt 1,

T = c1t + co,

where ¢; and ¢, are constants. After inserting u = c;, we get

r — at = cs.



Then, writing the solution in the implicit form f(cy) = ¢; with the initial condition

up(z) = f(x), it follows that
u(t,z) = f(x —at) for t>0, (2.3.4)

which is classical the solution to (2.3.3)) where u, uo(z) € C*(2). Now, note that the
solution (2.3.4) represents a shifted travelling wave having a speed a. The solution
u = f(x — at) in (2.3.4)) defines a wave moving in the positive = direction with a

speed a. Furthermore, the solution u(¢, ) is constant along the characteristic curves
T = x9 + at.

This can be verified by differentiating u (¢, ) along these characteristic curves:

d 9] 0 /
pu(tz(D) = ultx(t) + 5ot x(1))2'(2)

=u; + auy, = 0.
2.4 Inviscid Burgers Equation

In literature, the classical Burgers equation is of the form
Uy + ULy = VUgy, 2.4.1)

where vu,, is the viscosity term. In this work, we are interested in the Burgers
equation (2.4.1)) with zero viscosity term, i.e. vu,, = 0 which is called the inviscid

Burgers equation. Indeed, it is obtained from the nonlinear scalar equation

ur + (f(u), =0 (2.4.2)
by replacing the flux function f(u) = u?/2, that is,

us + (u?/2), = 0. (2.4.3)

Equation (2.4.3) can also be written in a quasilinear form via differentiating > /2 with
respect to x, which gives

Uy + uu, = 0. 2.4.4)

Notice that equation (2.4.4) is equivalent to (2.3.1)) with a = u. Then, the solution of

(X
u(t,z) = f(x — ut) = ug(x — ut) (2.4.5)

6



follows by (2.3.4). We also observe that although the characteristic curves are parallel
for the linear advection equation (2.3.3), this is not the case for the inviscid Burgers
equation (2.4.3)). This is simply by the fact that the characteristic speed "a" is constant
for linear advection equation; however, the characteristics speed f'(u) = w depends

on the solution for the inviscid Burgers equation.

Moreover, by implicit function theorem, the solution of the inviscid Burgers equation
(2.4.5)) can be written as a differentiable function of ¢ and x since uy is differentiable.

In other words, differentiating (2.4.5]) with respect to ¢, it follows that

up = —ug(ugt + u),

u(1 +ug) = —ugu, (2.4.6)
Uyl

Y . upt’

and differentiating with respect to z, we get

Uy = ug(1 — ugt),

U, = (1 + ugt) = uy, (2.4.7)
/
Uy = Yo .
1+ uyt

Inserting (2.4.6) and (2.4.7) into the inviscid Burgers equation (2.4.4), we see that
they satisfy (2.4.4)). Further information can be found in the reference, [[12].

One can observe that the characteristic lines
T =xy+ ut

intersect when they have different slopes. This situation eventually leads to a pheno-

menon called as wave breaking which is the subject of the next part.

2.4.1 Wave Breaking and Distortion

We give details about the travelling wave solution (2.3.4)) in this part. The formation
and profile of the solution of (2.3.3) depends on its initial value ug. If uy(z) > 0 at

some point then
/
__ %
1+ ugt

(2.4.8)

Ug

7



measuring the profile of the wave speed diminishes in time because 1 + ujt > 0 for

t > 0. This means that profile of the wave flattens as time passes.

On the other hand, if we assume ug(z) < 0 at some point, then u, increases in time,

since

14 ugt < 0.

Then wu, in (2.4.7) tends to oo as 1 + wyt approaches to zero [12]. Therefore, wave
profile steepens after a period of time. This phenomenon is illustrated in the Figure

[2.1] for an initial value of sine function. While nonlinear wave becomes deformed

Initial Profile Steepened Wave Profile

0.8

0.6

0.4

0.2

Figure 2.1: Steepening and flattening of the wave profile for uy(z) = sinx

gradual-

ly, linear wave keeps its shape unchanged.

Proposition 2.4.1. If the propagation velocity of the wave is a decreasing function of

x, the wave eventually "breaks" and gives multiple valued solutions.

Proof. Suppose that u(t, z) is the solution to the Riemann problem for the inviscid
Burgers equation having a non-increasing characteristic speed. If there are two points
(0, 1), (0, z2) such that z; < o, then slope of the characteristics will be the reciprocal
of the characteristics speed

1 - 1
w(0,21)  u(0,2)’

u(0,z1) > u(0, 29) =

since u is non-increasing function. Then the characteristics emanating from (0, z1)
and (0, z) will cross each other at some point (£, %) for £ > 0. That is, the solution

u(t, x) is not unique at the intersection point. O



U(X1)>U(x2)

X1 Xz

Figure 2.2: Intersection of the characteristics

Next, we investigate the time of wave breaking.

Suppose the characteristics originating from initial value problem (2.3.3) intersect at

x1 and x9 where 2o = 11 + Axz. Then,
xr, + UO(ZL’l)t = X9 + U()(JIQ)t
= (21 + Ax) + ug(z1 + Az)t,

which yields
Ax
ug(z1 + Ax) — up(z1)
Hence, when Az — 0, breaking time becomes

tp = —;. (2.4.9)

min ug(x)

t =

Here, the time of wave breaking (intersection of characteristics) is denoted by tp,
for ¢ > 0. Observe that, the solution obtained by the characteristic method is only
valid for ¢t < tp. This is because the initial value problem (2.3.3)) has multiple valued
solutions for ¢ > tp after the intersection of the characteristics which is illustrated
in the Figure [2.2] In order to eliminate the multiple valued solutions, we permit the
discontinuities of u. This can be achieved by the notion of weak solution which will

be introduced in the next section.

2.5 Weak Solution

In this part, our main interest is to investigate the initial value problem for one

dimensional scalar conservation law (2.3.2). Since it is not always easy to come

9



up with smooth solution of (2.3.2), we need a new concept of solution called weak
solution. u is a classical solution of (2.3.2) if u is C* function on R x R™ and satisfies
(2.3.2) whereas the weak solution may not be differentiable or even continuous.

Suppose that
p:RxRT =R

is a smooth test function such that it has a compact support (¢ = 0 outside a compact

set). If we multiply the equation

up + (f(u))e =0

by the test function ¢ and apply integration by parts, it follows that

/Ooo/: [bus + ¢(f(u))s] o dt :/_Z¢U’jdx_/om/_2u¢tdxdt
v ol a- [T s baca
:_/OOO/_(:uqﬁtdxdt—/OOO/_(:f(u)%dxdt
- [ bl

After inserting the initial condition
u(0,x) = ug(x)
in the above equation, we obtain

/000 /Z [u¢t + f(u)gbm} dz dt + /Z u(0, z)p(x)dx = 0. (2.5.1)

Definition 2.5.1. ([/4)]) A function v € L5, where Lj;. is the space of locally
bounded measurable functions, is called the weak solution of the initial value problem
(2.3.2)) with initial condition uy € £7%. if (2.5.1) holds for a test function ¢ € C°(R x
[0, +00)).

We notice that u need not to be smooth or even continuous to satisfy (2.5.1)). Thus,
we extend the solutions including the discontinuous solutions by the concept of weak
solution. Our results need to be physically meaningful. For this purpose we need

additional conditions which are in the content of the following part.

10



The Rankine-Hugoniot jump condition

The solution of the inviscid Burgers equation with crossing characteristics which is
addressed in Section [2.4.1] is physically unacceptable. The discontinuity along the
characteristic line is restrained by the Rankine-Hugoniot jump condition, which we
derive in the following, in order to have a weak solution for the initial value problem

(2.3.2)). We take into account a one dimensional scalar conservation law

ur + (f(u))z =0

and integrating from z; to x5, it follows that

T Zo

o | wlto)de + fu)| =0 (2.5.2)

Suppose that we have a discontinuity at the point z = £(t) € (1, x2) but u and «’ are
continuous on the intervals [z, £()) and (£(t), z2], respectively, and their limits exist

when z; — £(¢t)~ and 25 — £(¢)". Then (2.3.2)) can be written as

d [&® T2

7 2 u(t,x)dr + % y u(t,z)de = —[f(t,x2) — f(t,21)]. (2.5.3)

Differentiating left hand side of (2.5.3) by using the fundamental theorem of calculus,

we get
w(€,2)E (t) —u(€, )€ (1) = —(f(t, 22) — f(t, 71)).
Next, it follows that

To — T1

E(t)(wy —a1) = f(22) — f(w1) = s =E(t) = (2.5.4)

Hence, relation (2.5.4) is called the Rankine-Hugoniot jump condition.

In particular, if we take f(u) = u?/2, the Rankine-Hugoniot jump condition for the
inviscid Burgers equation reads

~ flwe) = f(m) i+ 29
N To — X1 N 2 '

(2.5.5)

Remark 2.5.2. ([21)]) Let u be a piecewise C" solution of the conservation law (2.3.3)
and discontinuous along the characteristic curves satisfying the Rankine-Hugoniot

Jump condition 2.5.4). Then u is a weak solution of ([2.3.3).

11



Entropy functions

In order to have physically meaningful solutions, beside the Rankine-Hugoniot jump
condition, we also need the entropy functions, [13]]. For this purpose, we begin to this

subsection by introducing the entropy pairs which is stated in [19].
Definition 2.5.3. If u is the smooth solution of the conservation law (2.2.1)) then
(G(w): + (F(u))e =0 (2.5.6)
is satisfied. We call the continuously differentiable functions (G, I') as entropy pair.
Here, G is called as entropy and F' is called as entropy flux.
Notice that, for smooth function u equation leads to
G'(uw)uy + F'(u)u, =0 (2.5.7)
which looks similar to the conservation law
u + (f(w)), = 0. (2.5.8)
If we multiply equation (2.5.8) with G’(u), we get
G'(u)uy + G'(u) f'(u)u, = 0. (2.5.9)
It follows by the equality of equations and (2.5.9) that
F'(u) = G'(u) f' (u).

Since we are interested in the solution of the inviscid equation, we look at the solution
of viscous equation

w + (f(w)e = Vg, (2.5.10)

when v — 0. In this way, we establish the setting of the entropy condition for

vanishing viscosity weak solution, [13].

Theorem 2.5.4. The function u(t, x) is the entropy solution of the conservation law

2.2.1)), if for all convex entropy functions G(u) and entropy flux F (u), the inequality
(G(u)) + (F(u)e <0
holds.

12



Proof. First, we start by multiplying the viscous equation (2.5.10) by G'(u) to get
(G(u)e + (F(u)e = v G (u)tig,.
Rewriting the right hand side, we obtain
(G(u)e + (F(u))s = v(G'(w)ug)e — vG" (1) (ug)?. (2.5.11)

Next, we integrate equation (2.5.11)) over the cell [z, z1] X [to, 1], and get
t1 xr1
/ / (G + (F(u)), |dwdt =
to T
t1

v / (Gt 22) (b, 0) — Gt w0) s (1, 20) (25.12)

to
t1 T
—1// / G" (u)(ug)*dx dt.
to xo

Note that since v > 0, (u,)? and G”(u) > 0 (since G is convex), the right hand side
of equation (2.5.12) is non-positive in the limit sense. Hence, the vanishing viscosity

weak solution satisfies the inequality

(G(w): + (F(u)s < 0.

Entropy condition

The uniqueness of the solution cannot be guaranteed even we define the Rankine-Hu-
goniot jump condition for the notion of the weak solution. One of the particular reason
to establish the entropy condition is to rule out the non-physical solutions among the

weak solutions. To this aim, we define the entropy condition, stated in [13]].

Definition 2.5.5. Let u be a weak solution of (2.4.3)) and I' be a smooth curve in
R x R* and f be a strictly convex function where u has a discontinuity on I". Let

(to, zo) be a point in T,
ur, = limu(ty, zo — 0), wg = limu(ty, zo+6)
6—0 0—0

and

f(ur) — f(UL).

Ur —ur

13



Then u satisfies the entropy condition

f'(ug) > s> f'(ug)
where s denotes the characteristic speed.
An important feature of the weak solution is the monotonicity of the characteristic
speed s. We consider the three cases of monotonicity
e s(u) is strictly increasing function, i.e. s'(u) = f”(u) > 0 (convexity).
e s(u) is strictly decreasing function, i.e. s'(u) = f”(u) < 0 (concavity).
e s(u) has extremum point, i.e. §'(u) = f”(u) = 0 (neither convex nor concave
function).
In particular, for the inviscid Burgers equation, the flux function f(u) = u?/2 is
convex since f”(u) =1 > 0.
Proposition 2.5.6. Suppose that the solution u satisfies the entropy condition on a
smooth curve I' and f is a convex function on I'. Then we have uy, > ug.
Proof. Notice that, for a convex function f, the characteristic speed must be between
f'(ur) and f'(ur) by the Rankine-Hugoniot jump condition (2.5.4), that is,
f'(ur) > s> f'(ug). (2.5.13)
Since f is convex for the inviscid Burgers equation, (2.5.13)) reduces to

ur, > UR.

14



CHAPTER 3

INITIAL VALUE PROBLEMS FOR INVISCID BURGERS
EQUATION

This chapter is devoted to the solutions of the initial value problems subject to continu-
ous and discontinuous initial conditions for the inviscid Burgers equation. The strateg-
y is to solve the problems geometrically by using the characteristics method. We come
across the weak solutions due to the lack of the analytic solutions for some particular
initial value problems in this part. As a result of different types of initial conditions,
we also observe the shock and rarefaction waves which are analyzed and illustrated

by several examples in this Chapter.

3.1 Two Cases of Discontinuous Solutions

In this section, we look for the solutions of the initial value problems for the inviscid
Burgers equation with initial data having piecewise constant functions given in the
following form
us + (u?/2), =0, z€R, te Ry,
u;, if <0, (3.1.1)

u(0,x) =
up 1if x> 0.

The problem consists of two parts depending on the values of u;, and ug.
Case 1 (ur, > up):

For this case, there are two classes of characteristic curves. The first ones emanate

15



from the negative values of z, i.e.,
Tog = + tug,

and the other ones emanate from the positive values of z, i.e.,
Ty = T + tug.

This is illustrated in the Figure[3.1]

s=(ui+ug)/2
—

Figure 3.1: Characteristics for shock waves u; > up

Then the solution reads as

up, if x—st <0,
u(t,z) =
ugp 1if x—st >0,

where the characteristic speed is
_upt+ug
2

by the Rankine-Hugoniot jump condition. Since the inviscid Burgers equation has
a convex flux (f”(u) = 1 > 0), the entropy condition is satisfied if and only if
uy, > upg. This is the case when the characteristics cross each other. This type of
solution is called as shock waves [[7]. For these type of solutions, the left wave is
travelling faster than the right wave for a curve of discontinuity. Therefore, when a
point of the wave profile is moving faster than its front, there is a shock formation.
Case 2 (ur, < ug):

In this case, characteristics are spreading since f'(ur) < f’(ug) for the convex flux

16



function f(u) = u?/2. The problem has two solutions. The first solution is

ur, if x— st <0,
u(t,z) =

ur if x—st>0.
However, this solution disobeys the entropy condition since u; < ug. Furthermore, it
is discontinuous since the value of u(t, z) on the interval 0 < x < ¢ is not determined.
This void must be filled to get a complete solution. We need to define another solution
in order to resolve this issue. Our aim is to fill the void region with an expansion fan.

Thus, we seek a solution of the form

u(t,z) = w(%) (3.1.2)

which is constant along the characteristics [17]. Inserting (3.1.2)) into the conservation
law (2.2.1) we get,
2 (1) 1 ()(o(3)) =0
2o ) T )R '

)0
) -+

Hence, go(%) = (! (%) Observe that for the characteristics on the left of the

fan, we have

Assuming

we obtain

T

flu) =7 (3.1.3)
Substituting (3.1.3) into the solution (3.1.2]) we obtain

o(7) = w) = ()7 () =up it T < ).

Similarly, for the characteristics on the right of the fan, we get

o(3) = e (un) = (I (un) = if f'(un) <

| 8

Combining all the information the continuous weak solution reads as
/ . T /
fllug) i 5 < flu),
it f(u) <5 < f(un), (3.1.4)

t
fllug) it f'(ugr) <

|8+
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This kind of continuous solutions which go away from the shock are called rarefaction
waves [[16]. Thus, when the head of the wave profile moves faster than its tail there is

a rarefaction wave. These waves are illustrated in the Figure [3.2]and [3.3]

Tail Head

x=0,t=0

Figure 3.2: Characteristics for rarefaction waves

f,(uﬁé/t
'l N
fu\ W/ £ (u)=F(ug)
x=0,t=0

Figure 3.3: Physically meaningful solution (3.1.4)

3.2 Examples with Discontinuous Initial Conditions

In this part, there are examples of initial value problems for the inviscid Burgers
equation with discontinuous initial values. We study the behaviour of characteristic

curves depending on the values of u;, and ug.
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Example 3.2.1. Consider (2.4.3)) with the initial condition

1 if <0,
Uy = (3.2.1)

0 if z>0.

We are searching for the characteristic curves and the solution of the problem. It can

be verified by the characteristic method that the characteristics for ¢ > 0 are given by

d d 1 if <0,
d_u — s d—x = UO = (3.2.2)
t t 0 if z>0.

Integrating (3.2.2) with respect to ¢, we find the characteristic curves

t—ty if <0,
Tr =

) if z>0,
where £, > 0 and z, are some constants. Notice that we do not have classical solution
to this problem since there is a discontinuity. The propagation speed becomes

Ur, + UR 1
Sie— ——ar — —J
2 2

for the initial value (3.2.1).

Characteristics

SRR N S
SRR NRNR NN
SRR
AR
SO
RN
Y
NN

S

0.5 1

2
o
(&)

x O

Figure 3.4: Characteristics for u; > ugr (Example [3.2.1)).

On the other hand, the weak solution for ¢t < s =1/2is

1 if o/t <1/2,
u(t,x) = / /
0 if xz/t>1/2.
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This solution satisfies the jump condition along the discontinuity. It also satisfies the
entropy condition since u;, = 1 > ugr = 0. The characteristics for this example are

illustrated in the Figure [3.4]

Example 3.2.2. Consider the problem in Example with reversing the values of

uy, and ug, that is,

() up, =0 if <0, 323)
U\ ) = L.
up=1 if x> 0.

The first solution is

Characteristics
1p
0.8
0.6
0.4r
0.2r
C_)1 -0.5 0 0.5 1 1.I5 2I
%
Figure 3.5: Characteristics for u;, < ur (Example[3.2.2
0 if x/t<1,
uy(t,x) =
1 if z/t > 1.

Here, uy (¢, x) is a classical solution on the both sides of the line — = 1. Satisfying
the Rankine-Hugoniot jump condition along the curve of discontinuity, it is a weak
solution of the initial value problem with current initial conditions. The characteristics

for this first solution is shown in the Figure [3.5]
On the other hand the second solution becomes

0 if x<0,
us(t,r) = x/t if 0<az/t <1,

1 if z/t>1.

One can observe that us (¢, x) is also a solution to the Riemann problem. In the

Figure[3.6]the red lines represent the characteristics curves for the rarefaction solution
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Rarefaction fan

1-
0.8
0.6
i 0.4
0.2
B 0 0.5 1 1.|5 I
X

Figure 3.6: Rarefaction solution uy(z, t) (Example|3.2.2

X .
u(t,z) = " on the interval 0 <

+ |8

< 1. The solution uy(t, x) also satisfies the jump
condition. However, only us(t, x) satisfies the entropy condition. Discarding u (¢, x),
we eliminate the non-physical result. Thus, entropy condition allows us to have a

physically meaningful solution.

Example 3.2.3. We investigate the solution to initial value problem for the inviscid

Burgers equation with the initial condition

0 if x<0,
up(z) =<1 if 0<z<l,
0 if z>1.

By the characteristics method, it follows that

du 0 dx
— = — = ug.
a - dt
Then using the initial condition, we write
0 if z9<0,
dx
T up =41 if 0<xy <1, (3.2.4)

After integrating (3.2.4)) with respect to ¢, we get

x if x <0,
T=qgt+ty if O<z<l,

To if z>1.



Since u;, = 1 (when 0 < x < 1) and ug = 0 (when x > 1), there is a shock formation
at ro = 1 (urp > ug). Using the Rankine-Hugoniot jump condition, shock speed

becomes

flug) — flur) }

UR — uy, 2

Notice that, when we draw the characteristics, it can be clearly seen that characteristics
intersect at x = 1, and there is a void region after z = 0. This can be observed in the

Figure Furthermore, the solution is no longer single valued after x = 1 since the

Characteristics

g %Y

0.8r

0.6
o4 /
0.2t
0 /

-2 -1.5 -1 -0.5 0 0.5 1 1.8 2
X

TSENGONE NN
NN N
\i\\

NSO S NIROND

Figure 3.7: Characteristics for multiple valued solution for Example|3.2.3

characteristics cross each other. So, we can no longer have analytical solution at the
crossing point of characteristics.. First, we write the equation of the shock line that is

. . . . . . 1
emerging from x = 1. It is the straight line passing from z, = 1 with a speed s = 2
1.e.,

r=1+ % (shock line). 3.2.5)
In order to get rid of the discontinuous solution at x = 1, we obtain the solution as
u =1 when x<%—i—1,
u =0 when x>%+1.

We recall that to get a physically meaningful solution, entropy condition must be
satisfied. However, due to the entropy condition is not satisfied (u;, = 0 < ug = 1),
we fill the void region in the Figure [3.7]to get a "complete" solution. Here, we define

the solution © = n which is called as rarefaction fan when 0 < x/t < 1.

It remains to find the time when the expansion fan makes a contact with the shock

wave. To find out this time of contact we solve the common solution of the equations
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of rarefaction fan

e | 3.2.6
dt t ( )
and the equation of shock line (3.2.5)
t
r=1+ 5 (3.2.7)

Using (3.2.6) and (3.2.7) we find that the time of contact is ¢ = 2. Hence the solution

for t < 2 becomes

if x <0,

if O0<z<t,

u(t,z) = (3.2.8)

= sy O

t

if t<a< 5 + 1,
t

0 if z>-+1.

\ 2

The red lines in the Figure |3;8| represent the rarefaction fan where the right boundary

(line) of the rarefaction wave is a shock wave. Moreover, on the right side of the

: el dx o
rarefaction fan, there are characteristics with slope A 1 which gives shock forma-

tion for the given problem. Finally, we investigate the behaviour of the solution after

Shock line
for t22

Rarefaction fan

d_x=o dx

L dx/dt=1

Figure 3.8: Characteristics for physically correct solution for Example 3.2.3

t = 2. When the rarefaction wave make a contact with the shock line, the solution
must satisfy the Rankine-Hugoniot jump condition. Since u;, = — and up = 0 the
speed of the shock reads as

dx x

e _ _ T 2.
a0 T (3.2.9)
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Hence, we get a second shock line forming at x = 2 and ¢ = 2. After integrating
(B2.9), we get x = ¢/t where c is some constant. Since the shock line originates
from the point (2,2), we find that ¢ = V2. Thus, the equation of the shock line reads

as

x = V2L

Now, we are able to define the solution for ¢ > 2, which is

0 if x<0,
u(t, z) = % if 0 <<, (3.2.10)
0 if x> +2t.

Example 3.2.4. Consider the Riemann problem (3.1.T)) with the initial condition

2 if =<0,
up(r) =42—z if 0<xz<2,

0 if x2>2.

First, we find the characteristics curves.

Casei. Let z < O:

The characteristics with the speed s = 2 have the form
dr 5
a7
r =2t +ty, (forconstantty > 0).
Then u(t, z) = 2 for z < 0.
Caseii. Let z > 0:
In this case, the characteristics have zero speed. It follows that
dx
i
dt
xr =z, (for constant zg > 2).
Hence, u(t,z) = 0 for z > 2.

Caseiii.Let 0 < z < 2:
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However, the characteristics between 0 < z < 2 have the form
r—a=(2—a)t forae[-1,1].
Then the solution for ¢ < 1 reads as

2 if =<t

2
u(t,z) = l—f if t<z<2,

0 if x> 2.

0.5

o

-1 -0.5 0 0.5 1 15 2 25 3
X

Figure 3.9: Characteristic curves for the initial value problem

The characteristics for the problem intersect and gather at x = 2, ¢

for ¢ > 1 the problem has multiple valued solution which can be observed by the

intersection of characteristics represented in the Figure [3.9] In other words, after

t = 1 we no longer have a classical solution, since the solution is not

This is illustrated in the Figure[3.10] Hence, we look for a weak solution. The speed

of shock is calculated by
) = fl)
Ur —Up

by the Rankine-Hugoniot jump condition. Writing the equation of shock line passing

from (¢, z) = (1, 2) having a characteristic speed s = 1, we obtain

r=t+1

3.2.4

— 1. Hence,

single valued.

as shown in the Figure [3.11] Thus, the weak solution for ¢ > 1 is of the form

2 if w<til,
u(t,x) =
0 if z>t+1.
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A A
2 2
=) =)
[0)3 . 0
0 2 2
X X
A A
2 2
a 3
0 > 0
0 2 0 . 2

Figure 3.10: Multiply valued solutions u(0,z), u(0.5,z), u(l,x), u(1.5,z) for
Example @ respectively

shock line x=t+1

05k

Figure 3.11: Formation of shock line for Example (3.2.4

26



This solution is a classical solution on both sides of the shock line x = ¢ + 1. On the

other hand, it is a weak solution for ¢ > 1.

Here, we draw the snapshots of the analytical solution for Example [3.2.4] for different
time values. The time of wave breaking ¢ = 1 can be observed from the Figure [3.12]
In the Example the left segment of the wave is travelling faster than the right
segment of it. As time passes, the left part catches up the right part of the wave and
forces the wave to break. This gives a discontinuous solution after £ = 1 which is

illustrated in Figure (3.12

A A
2 2
=) =}
0 " 0
0 2 2
X X
A A
2 1 2 1
; 1
E ' S 1
| 1
. 1
' 1
. 1
. 1
0 ! ; 0 ; ;
0 - 2 0 - 2

Figure 3.12: Profiles of the solutions u(0, ), u(0.5, x), u(1, x), u(1.5, x), respective-
ly

3.3 An Example with Continuous Initial Condition

Example 3.3.1. Consider the initial value problem for the inviscid Burgers equation
(2.4.3) with initial data

up(z) = sinx.
The slopes of characteristics reads

dx du
% = U,(t, ZIZ') and % =0.
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Using the initial data we obtain

dz :
i u(zo,0) = sin z,

which gives
x = sin(zg)t + o = ut + o,
o =T — ut.

Hence, the solution can be written in the form

u(t, x) = sin(x — ut).

Notice that
u, = cos(x — ut)(1 — tu,),

then
cos(x — ut) COS X

" 1+tcos(r —ut) 1+tcoszg

For xy = 7, one can observe that

Uy

is unbounded when ¢ — 1. Thus, we do not have analytic solution. This can also

Characteristics

15r
1k
0.5F
0 ! ! f I
0.5 1 15
X

0

Figure 3.13: Characteristics for Example|3.3.1

be observed in the Figure [3.13| by the intersection of the characteristics. The wave
shape sharpens as time evolves. The time of the intersection of characteristics can be

calculated by relation (2.4.9) as



The solution u(t, x) is illustrated for different values of ¢, in the Figure [3.14]

1 —_—t=0 [
—1t=05
—t=1
0.5F t=15H
> 0
_0‘57 m
_1 [
1 1 1 1 1 1
0 1 2 3 4 5 6

Figure 3.14: The solution u(t, z) for Example [3.3.1|for different values of ¢
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CHAPTER 4

NUMERICAL SOLUTIONS OF THE INVISCID BURGERS
EQUATION

In this chapter, our purpose is to approximate the solution of the inviscid Burgers
equation for continuous and discontinuous initial values. For this purpose, we apply
the finite difference approximation techniques. In particular, we use the Lax-Friedric-
hs, Godunov and Lax-Wendroff schemes for numerical approximations. The efficien-

cy of these methods are observed numerically in the last part of the chapter.

4.1 Numerical Schemes

In this part, we analyze the inviscid Burgers equation numerically. To this aim, we
use the concept of the finite difference schemes. We compare the results by using the
Lax-Friedrichs, Godunov and Lax-Wendroff schemes for the examples given in the

previous chapter.

We start by introducing some basic features of a finite difference method on a plane
region. A grid cell on a Cartesian coordinate can be approximated by cell average as
following

1 Tjt1/2

U

= — tn
i = A u(t", x)dx

Tj—1/2

where

r; =jAz, t" =nAt,
A
xjil/ZZIjiTCC for j=0,....,N + 1.
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Definition 4.1.1. (/./4)]) A numerical scheme is called conservative if it can be written

in the form

wt = = o (Fge = fage) (4.1.1)

where f is required to have Lipschitz continuity and

f(u,u) = f(u) (consistency). (4.1.2)

Scheme (@.1.1)) can also be written in an alternative form. If we estimate the numerical
flux based on the values of u", we will have a discrete method. We write the average

fluxes fj"_1 /2 and f;ﬁrl /2 depending on the values of u7_, and u. Then, we introduce

n n 1 .
Flap=FU 00 = 5 [ Sladtasa)i
tn+1

" 1
Fap=FOL R = 5 [ St aam)dr

(4.1.3)

where F is a numerical flux function. Next, the numerical scheme (4.1.1)) becomes

Ut = v —Ax(f(U Ur,,) — F(U™,, U )). (4.1.4)

Clearly, one can see that this method is explicitly depending on the three values U |,
ur, U;‘“. In other words, U ;”rl will be determined by the values of U}, U at
the former time level. Then we look for a particular flux function that is suitable for
numerical approximation. It is required that the numerical method must be convergent.
In other words, the numerical method has to satisfy two conditions in order to converge

to the analytical result as Az — 0 and At — 0:

e Numerical scheme must be consistent.

e Numerical scheme must be stable, i.e., small perturbations do not lead to huge

CITOrS.

Theorem 4.1.2. ([20]) If u} = u(jAx,nAt) is a discrete solution based on a consis-
tent, conservative finite difference approximation to a given conservation law initial-

value problem and if u} — w in L. when Ax, At — 0, then u = u(t, ) is a weak

loc

solution to the initial value problem.
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Proof. Conservative finite difference scheme (4.1.1)) can also be written as

un Tt — no— [
J Jj J+1/2 Jj—1/2
=0 4.1.5
AL T Az 4.15)

First, we multiply equation (4.1.3)) by a ¢ € C* and take the sum from j to n, we get

n nH —uy wl fiv12 — fiz1)2
chb( >+¢<+/A$ /):0_

n=0 j=—o0

Next, we make use of summation by parts rule

—_

n—1

2j(Yj+1 = Yj) = YnZn — Y020 — Z Yj+1 (201 — 25)
j=0

n—

<
I
o

which is an analogous version of integration by parts to assign the derivatives from
the partial differential equation to the test function ¢. (Recall that we used similar
approach while defining the weak solution in Section[2.5]) After applying the summa-

tion by parts we get

¢n+1 qf)n ¢n . ¢n 0 O 0
n+1 J+1
_ZZ ( t e T AL -y - - =0 416

n=0 j=—o0 j=—o00

Since ¢ has compact support, » = 0 on all of the boundary terms except the term at

n = 0 vanishes. If we multiply equation (4.1.6)) by AtAx, we obtain

- /Oo /OO [udy + f(u,u)p,] dv dt — /OO u(0, )¢ (x)dxr = 0 4.1.7)
0 —00 — 00

as At, Az — 0 and u} — u. By the consistency property (4.1.2), equation (4.1.7)
yields

— /OOO /_Z [ugy + f(u)p,| dx dt — /_Z uw(0,z)p(x)dx = 0.

Thus, u = u(t, z) is a weak solution of the initial value problem to the conservation

law by the definition of weak solution (2.5.1). O

The numerical flux function should approximate the integral in (4.1.3) well, so that
the numerical scheme gives consistent results. If the function u(¢, x) = @ is constant
in z, then u will remain the same when time changes. Then the integral (4.1.3)) yields
to f(U). Thus,

33



when we substitute the values of (U}, U7,,) and F(U} ;,UT) into the equation

(@T.4). Hence, the flux function yields to f(U) since F(U,U) = f(U). In general,
F(Ui_l, Uz) — f(ﬂ) as Ui—17 U'Z — U

We also need the Lipschitz continuity since if the arguments of F approaches to the
value U, F must approach to the function f(U) smoothly. That is,
lim F(Uy,..,U,) = f(U),

U1ln (4.1.8)
| F (Ui, Us) = f(U)] < K max (|U; = U, Ui, UJ),

where K is called the Lipschitz constant.

Definition 4.1.3. (/23]) Any numerical scheme of the form (4.1.1) is stable if the so
called Courant-Friedrichs-Levy (CFL) condition

A
sup | (uft, )] 5o < 1

TER, >0

is satisfied.

However, the CFL condition is necessary but not sufficient in order to have a converge-
nt numerical scheme. A numerical method applied to a partial differential equation
regardless of being linear or non-linear is said to be convergent when the method is

stable and consistent.

4.1.1 First Order Schemes

In this part, we give two different numerical schemes, the Lax-Friedrichs and Godunov

Schemes, which are of the first order with their further properties.

4.1.1.1 Lax-Friedrichs Scheme

The corresponding numerical scheme

ntl _

J

" At(

(Wi + ) = 52 (Fia = f1) (4.19)

N | —
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is called the Lax-Friedrichs scheme [22]]. We recall that a conservative numerical

scheme is written as

At
- “? - A_x(‘7__j+1/2 - JT'-jfl/2>- (4.1.10)

n-i—l

U;

Lax-Friedrichs method can be derived by choosing the numerical flux functions in
equation (4.1.10) as
1 n n
-7:]7'1—1/2 D) <f(uj—l) + f(u])>7

1
Fiop =5 (Fi) + F@),

and changing the term v by the average value (u}_,+u},,)/2 in the equation (4.1.1).
It follows that

Qi—z; (f(u;?H) + ful), —ful_y) — f(u;?)>

un-i—l L 1

j ™ 2(“?—1 + U;-l+1) r

which is equivalent to (@.1.9). If we choose

A

Fluif ) = 5o (g — wya) + 5 (F) + Fi0)),
A 1

Fluga, ) = o (w1 = u3) + 5 (Flujoa) + Flu)-

the Lax-Friedrichs scheme can also be written in a conservative form (#.1.4).

Convergence

In order to show the convergence of Lax-Friedrichs scheme, we determine the trunca-
tion error by taking into account the inviscid Burgers equation. To do this, we
substitute the flux function of the inviscid Burgers equation into the Lax-Friedrichs

method, i.e.,

T

1 At (u )2 (u'_ )2
n+1 n n j+1 j—1
uj = —(Uj 1 + uj 1) — ( — .

Then the truncation error, denoted by F, for the Lax-Friedrichs method reads as

. 1 . " At (un+1)2 (u_)?
E,(t" T x)) = §(u(t Yajpr) Fult 17333;1)) T 9Azx ( J2 - J2 —u(t" 2]

4.1.11)
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After expanding the values u(t", x;41), u(t",z;_1) and u(¢t"™*, z;) by Taylor series
in @.1.T1), it follows that

0 Ax)? 02
w(t", 2ty = u(t", ;) £ Ar s (", 75) + ( 293) 8_;;( i

or
B0 n 1) 1 o((A)),

z;) + o((Ax)?),

@(t” .)_|_ _
ot \" 2 Ot

w(t™ @) = u(t" ;) + At

and substituting them into the truncation error (.1.11)), we get

(Az)?

Et(tn7 33]') = Q—At

Uy (T, ) + 0 ((AQE)Q, (At)z) .

For constant Az and decreasing At, we have

(Aw?
Ao 28t OO
that is, the method diverges.

A
On the other hand, whenever A_ng is constant and Az — 0,

(Ax)?
A oA 0

Hence, E;(t",x;) — 0. In other words the method is convergent and the order of

convergence is one which can be established by CFL condition.

Consistency and Lipschitz continuity

We check the consistency condition (4.1.8)) and the Lipschitz continuity for the Lax-

Friedrichs scheme. For the consistency, we assume

ul =ult =a
so that
A 1
Fla,m) = oo (@—a) + 5 (£(@) + £(@)
which yields to
Flu,u) = f(u). (4.1.12)

Therefore the scheme is consistent.
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To check Lipschitz continuity of F, we use the fact that f(u) = u?/2 is Lipschitz

continuous on L*>° with the Lipschitz constant £. It follows that

Fujyr,uj) — ]:(ﬂﬂ)’
= %(% Ujt1) + %(f(uj) + f(“jJrl)) - f(ﬂ)‘

2 2 o ) 4.1.13)
_ 2_“2 ) 3 (Flag) = F(@) + 5 () — )]

< (2_;16 + k) max{|u;1, |, |u;, ul}

which is the desired result.

Von Neumann Stability of the Lax-Friedrichs Method

We next investigate the stability of the Lax-Friedrichs method by Von Neumann
method. To show whether the scheme is stable, we assume that the solution is of
the form

ul = et (4.1.14)
Here, £ is called the magnification factor. The size of the magnification factor will
determine the stability of the numerical scheme. If |£| < 1 and assuming that CFL
condition is satisfied then the scheme is stable. If || > 1 then the numerical solution

is unbounded as ¢ — oo since the magnification factor increases exponentially as

n — 00. The numerical scheme becomes unstable in this case.

To apply Von Neumann method to scheme (4.1.9), we first insert equation (4.1.14))
into the Lax-Friedrichs scheme (.1.9)

£n+1eik:pj — %(é-neik:pj+1 4 é;neik:pj,l) . 2@2 (gneikxj+1 . £neikxj,1).

After making the cancellations, we get

£ = %(eikm + e—ikAm) B 2175 (eikAx _ eikAa:)
z

which yields to
& =cosf — ANisind

where 6 = kAz. It follows that
I€> =1 —sin?0(1 — A%) < 1
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provided 0 < A < 1 is satisfied. Hence, the Lax-Friedrichs scheme is conditionally
stable.

4.1.1.2 First Order Godunov Scheme

Consider the scalar hyperbolic conservation law

up + (f(u)), = 0. (4.1.15)

Godunov scheme makes use of analytical solutions of the Riemann problem for the
conservation law (4.1.15)). It is a numerical scheme in conservative form where the
flux functions at the spatial steps z;_ /2 and ;4 /, are calculated using the solutions
of the Riemann problem [10]. We will have a piecewise constant function on each
grid cell

Ci = [xj-1/2,Tj11 2

The Riemann problem for (4.1.15) for the left and right sides of C; are described by

uj_y; w <0,
ur(z) =
uy; x>0
and .
u’; x <0,
up(z) =
\U?H; x>0,

respectively. The combination of these solutions to the Riemann problem will be the
numerical solution @(t, ). After establishing the solution over the mesh [t", "],
we approximate the solution at the next time step t"*! by the average value
1 Tj+1/2
Urtt = — a(t"tt x) dw.
J Ax
Tj—1/2
Then continuing in this way, we define the solution u(t"™!, x) iteratively. Notice

that, the average value U ]TL“ can be calculated by considering the integral form of the

conservation law (4.1.13) in the following way:
We integrate the conservation law for u(t, z) over each grid cell

D = [tn, tnsa] X [2j-1/2, Tj1112],
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//ﬂ?(t,x)dmdt+//f(ﬂ”(t,x))mdxdt:O,

Tjt+1/2 o fantl B Tj+1/2 s
at(t" T x) dx a(t", z) dx
Tj—1/2

Tj—1/2
tn+1 tn+l

[ s [ s

Dividing both parts by Az and using @(t", ) = 7 is constant at the end points x;_1

then we get,

and z ;41 /2, we obtain

. . AL ~n
j+1 = U T AL [f(ujfl/Z) - f(“jﬂ/?)} '

u

One can observe that this scheme is similar to scheme @.1.1). In other words,
Godunov method is a conservative numerical scheme. This method can be written
in an alternative form. If we represent the constant value of uj at the points ;1o
and w1/ by w*(UF,,U) and w* (U}, UZ, ) respectively, then the numerical flux
functions become

f(ag 1/2) = f(u*(Unfl,U’-l)) = F(U,,U}),

J J
F@} 1)) = f(w (U}, U}4)) = F(US, UTL).
Thus, a first order Godunov method reads as

Uttt =07 Ar (F (U}, Ufy) = F(UL U

As a result, constant value of 4" depends on the initial data. Hence the Godunov
method considers the Riemann problem as constant in each grid cell [z;_; /2y Tjp1 /2].
At the next time step, the exact solutions of the problem is taken as the numerical

fluxes at the boundaries of the grids.

Consistency

The Godunov method is consistent with the exact solution of the Riemann problem

n+1 n
J j+1/2

F(u,u) = f(u). For the stability of the scheme, CFL condition requires that

for the conservation law (@.1.T5). If we assume v} = u}™" = u, then @ = u and

A
sup [/ (ut, 1)) 5 < 1

zER, >0

39



for each uy. Next, if we denote the intermediate value over the grid (z;_; /25 Tjq1 /2)

by «* in the Riemann solution, it follows that

ur, s> 0,
*
u (UL7UR> =
ugr, s <0,

where s denotes the wave propagation speed, then the numerical flux for Godunov’s

method can be generalized as following;
(

flug), if f'(ur), f'(ur) 20 and up < ug,
flugr), if f'(ur), f'(ur) <0 and u;, < ug,
flug,ur) = § f(ug), if f'(uy) >02> f'(ug) and f'(u)>0, (4.1.16)
flur), if f'(ur)>02> f'(ug) and f'(u) <0,
f

@)

: if f’(uL) < 0 < /(UR) and ur, < UR.
\

This expression has an alternative version in a modest way:

¥ i f(u) if ug <ug,
Ur,uUr) = il

max f(u) if wup <ug.
ULZ>USUR

In particular if we use Burgers equation instead of (4.1.15), then Godunov method

reads as

i N
Upt = U — o (PO, U07) = (0] U )),

and, (4.1.16) reduces to the flux function for inviscid Burgers equation

(

CLEif 0 <y < ug,
el if up < ug <0,

flup,up) = ¢ L2 §f yy >0>up and  f/(u) >0,
(“’;)2 if u,>0>up and f'(u) <0,
0 if wup, <0<ug.

4.1.2 Second Order Schemes

This part is devoted to the second order numerical schemes. We give again two
different numerical schemes, the Godunov and Lax-Wendroff Schemes, which are

of the second order with their basic properties.
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4.1.2.1 Second Order Godunov Scheme

In this part, we formulate the second order Godunov method for the inviscid Burgers
equation. A first order method modified into a second order scheme by continuing
process using the boundary values at each grid to find the intermediate time step

tn+1/2 _ tn + tn+1
2

This algorithm can be formulated by the following stages:

The variables (u} ,u} ) are calculated within the grid itself where uf; is between

n

uj_; and u} and u}p is between uj and uf,, [S]. Then the solution is continued

by a half time step. The average values at the grid boundaries at the time step

tn + tn+1
¢"*t1/2 = —— are indicated via (u" ;, u” ;). These average values can be compu-
ted as At
+1/2
U;L,L ~ UZL T 9Ax [(f(U?R) - f(“?L)} )
At
+1/2
i = wlp — g [((FfR) — f(f )]
Next, the Riemann problem constructed by the average values (u 1, u} g) is solved.
The solution u?ill //22 is substituted into the numerical flux f;fll/; = f (uﬁrll //22 >

Finally, we get to the solution by time step At from ¢" by the conservative numerical

scheme formula

At
n+l _ , n n+1/2 n+1/2
Uy =Y A_$<fj+1/2 - fj—1/2>

where we insert f(u) = u?/2 into the numerical flux for the inviscid Burgers equation.

4.1.2.2 Lax-Wendroff Scheme

The Lax-Wendroff scheme is a second-order finite difference for hyperbolic partial

differential equations [22]. It is of the form

n n At ni1/2
wrt =y = (= ). (4.1.17)
This method makes use of the Lax-Friedrichs scheme (4.1.9) to compute the half-step

time level in the following way:
n+1/2 1 n n At n n
fivip = 5 +5) = E< = )

n+1/2 1 n n At n n
fj,l/z = 5(% +Uj—1) - E(fj - j—1>7

(4.1.18)
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for x;,1/2 and x;_; ), respectively. Relations (4.1.18) is used to compute the fluxes

f;fll/f and ffjll/f in the Lax-Wendroff scheme @.1.17).

Next, we write the Lax-Wendroff method for inviscid Burgers equation. We insert
2

flu) = 5} into (@.1.17)) and substitute the numerical fluxes (4.1.18) into equation
(4.1.17) to get

" n At n n (At)2 n n n
upth = uj - E(“jﬂ —ujy) + 2(Az)? [(uf1)? = 2(u)?* + (u]_1)?] -
Convergence

The Lax-Wendroff method is second order accurate in space and time. In order to

show that, we observe the truncation error which follows by

Ey(t",xy) =|u(t"™, 25) — u(t", 25) + Qi—txu(tn? i) (w(t”, i) = u(t”, zjo1))
— %u(t”,xjf (w(t™, zj41) — 2u(t™, z;) + u(t", z;_1)) ‘

(4.1.19)
After using expansion of Taylor series for u(t"**, x;), u(t", x;11), and u(t", z;_1) in

#@.1.19), the truncation error becomes
Et(tna xj) =0 ((At)27 (Ax)z) ’
which is the desired result.

Consistency

We check now the consistency condition (4.1.8)) for the Lax-Wendroff scheme. We

assume
uf =uitt =a
so that
. Az _ 1, ~
(1,7) = S (@ = @) + 5 (/@) + /(@)
which yields to
Flu,u) = f(u). (4.1.20)

Therefore, the scheme is consistent.
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Von Neumann stability of the Lax-Wendroff method

In order to analyze the stability of the Lax-Wendroff scheme, we start by inserting
u;l — é}n eikxj

into scheme (4.1.17)), which gives

At
2Ax

( nezkmj elkA:p . 2£n61kxj + é}nelkxjefzkAm) )

énelkzj elkA:v :fnezkzj . (gnezk:xj e'LkAx . gnezkxjefzkAx>

(A1y?
2(Ax)?

After dividing both sides of the equation by £"¢?**i we obtain
£=1—Nisind + A*(cosf — 1)
where = kAz and A = At/Ax. The length of the amplification factor ¢ yields
1€ =1+ A%(A? —1)(1 —cosf)* < 1

for the stability of this scheme. We see that, the Von Neumann stability condition
€% < 11s satisfied if A? < 1 which is the CFL condition itself. This means that, the
Lax-Wendroff method is stable as long as A% < 1.

4.2 Numerical Results for Inviscid Burgers Equation

4.2.1 Numerical Results for First Order Schemes

In this section, numerical schemes are presented for the initial value problem of the
inviscid Burgers equation. We compare the classical and numerical solutions to our
model. For this purpose, the first and second order finite difference approximation
methods are used. We examine the initial value problems with shock and rarefaction
waves for the Lax-Friedrichs, Godunov and Lax-Wendroff schemes. Before the nume-
rical approximation, we give a short introduction about the notation. We denote Az =

space interval, At = time interval, and we set
x = jAx, t=nAt,
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where j = number of spatial steps and n = number of time steps. We setup = € [0, 1]
and u € [0, 1]. Figurewas plotted via choosing spatial step size Ax = 0.0013378
and time step size At = 0.006689 with a number of iterations in time as n = 100,
n = 300 and n = 600 respectively. For Example (3.2.1)), we get shock waves as
mentioned in the previous sections. Figure .| represents the shock waves found by
the Lax-Friedrichs method applied to our problem. For Example [3.2.2] there is a
formation of rarefaction waves. Figure 4.1/ also shows the rarefaction waves obtained

using the Lax-Friedrichs scheme.

—n=1 —n=1

1 — n=100{{ 1 —n=100
—n=300 n=300
sl —n=600 | 0.8[| —n=600
0.61 ] 0.61
=3
0.4 1 0.4
0.2 1 0.2
or 0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 4.1: Lax-Friedrichs scheme for inviscid Burgers equation for Example |3.2.1

and respectively (shock and rarefaction waves)

Figure[4.2)illustrates Lax-Friedrichs scheme for Example oninterval z € [0, 27].
The solution is illustrated at time ¢ = 0,f = 0.5, = 1,¢ = 1.5 corresponding to
number of iterations n = 250, n = 500 and n = 750 with a step sizes Az = 0.0210

and At = 0.0420. Dispersion of the wave profile appears for bigger values of ¢.

1+ —t=0 H

—— =05
—_—t=1
t=1.5
05}
s ol ;
-0.5F %
l
‘
0 1 2 3 4 5 6

Figure 4.2: Lax Friedrichs method for Example|3.3.1

For the comparison, Godunov method is also applied to the Riemann problem for
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inviscid Burgers equation. Formation of shock waves are illustrated in Figure 4.3] for
the initial value problem (3.2.1)) using the Godunov scheme. On the other hand, the
Riemann problem of inviscid Burgers equation for the initial value problem (3.2.2)
produces rarefaction wave solutions. CFL constant is chosen as 0.2 in these numerical
experiments. Figure {.3] also demonstrates the rarefaction waves for the numerical

solution of the problem by the Godunov scheme.

—n=1 —n=1
1r n=100 —

——n=300
0.8F| ——n=600

0.8r

0.6 0.6

0.4r 0.4r
0.2r

d il

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

0.2r

Figure 4.3: First order Godunov scheme for inviscid Burgers equation for Example

3.2.1]and [3.2.2| respectively (shock and rarefaction waves)

The solution for Example (3.2.3)) results in an expansion wave starting from x = 0.
The expansion wave encounters with the shock at ¢ = 2. Figure [d.4| was drawn using
Godunov method with a step size Az = 0.010033 and At = 0.0020067 with 500 time
steps when ¢ = 1. The left part of Figure illustrates the behaviour of rarefaction

fan, whereas the right part demonstrates the shock wave.

——n=500
0.81

0.61

0.4r

0.2r

r

Figure 4.4: First order Godunov method for Example|3.2.3

Figure [4.5| was drawn for Example on the interval z € [0, 27]. The solution is
illustrated at time ¢t = 0, = 0.5,¢t = 1,¢ = 1.5 corresponding to number of iterations

n = 250, n = 500 and n = 750 with a step sizes Ax = 0.0210 and At = 0.0420.
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The sinusoidal wave shape sharpens as the number of time iterations increase. This

is an example of distortion of the wave for a nonlinear wave profile.

Figure 4.5: First order Godunov method for Example|3.3.1

4.2.2 Numerical Results for Second-Order Schemes

In this part, we give illustrations for numerical approximation of the initial value
problems for second-order schemes. Figure 4.6 was plotted by choosing spatial step
size Az = 0.0013378 and time step size At = 0.006689 with a number of iterations
in time as n = 100, n = 300 and n = 600 respectively. The shock and rarefaction
waves also appear in the second order Godunov scheme as in the first order of this

scheme.

n=1

n=100
——n=300
0.8 | —n=600

0.8

0.6r

0.4r

0.2r

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 4.6: Second order Godunov method for Example|3.2.1{and [3.2.2| respective-

ly

Figure[d.7|was drawn for Example[3.3.1] The distortion of the wave profile beginning
from initial data can be observed in Figure
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i : : : : ——
—t=0.5
—t=1
t=1.5
0.5 | -
> 0of
-05 \L
_l,
0 1 2 3 4 5 6

X

Figure 4.7: Second order Godunov method for Example (3.3.1

Figure 4.8 was drawn using Lax-Wendroff method with a step size Az = 0.01 and
At = 0.002 with 50 time steps which corresponds to ¢ = 0.1. We can observe
the oscillations at the points where the solution is not smooth, unlike the Godunov
method. However, the illustration of shock and rarefaction waves is quite similar to

the one in Godunov method.

—n=1 —n=1
1.4F ——n=50 1.4F ——n=50
1.2f R 1.2r

1 R 1ir
0.8r R 0.8
0.6 R 5 0.6
0.4r R 0.4
0.2r R 0.2
or 0
-0.2r R -0.2r
-0.4r R -0.4r
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 4.8: Lax-Wendroff method for Example [3.2.1| and |3.2.2| (shock and

rarefaction solution)

In Figure 4.9} the shock and rarefaction waves appear together. The left part of the
wave profile exhibits the behaviour of rarefaction fan whereas the right part gives a

shock.
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Figure 4.9: Lax-Wendroff method for Example 3.2.3

In Figure .8 Lax-Friedrichs, Godunov and Lax-Wendroff schemes were drawn together
for the Example [3.2.1] with number of iterations n = 50 which corresponds to t = 0.1
with a step size Az = 0.01 and At = 0.002. It can be deduced that Lax-Friedrichs
approximation smears out, while the Lax-Wendroff scheme suffers from oscillation.
Godunov scheme seems to show less smearing and wiggling compa-

red to other methods that are used.

— Initial Func.

—— Lax-Wendroff

—— Lax—Friedrichs
Godunov

I

b

I
0.5
X

Figure 4.10: Lax-Wendroff, Lax Friedrichs, First order Godunov methods for
Example @shock wave)

Figure[4.11)was drawn for the initial value problem (3.3:T) on the interval = € [0, 27].
We apply the Lax-Friedrichs, Godunov, Lax-Wendroff methods to the example for
time ¢t = 0,t = 0.5,t = 1,t = 1.5 respectively which corresponds to number of
iterations n = 250, n = 500 and n = 750 with a step sizes Ax = 0.0210 and
At = 0.0420. We observe that Lax-Friedrichs scheme gives smeared out solutions as
time increases. Thus, the scheme is dissipative for the initial value problem (3.3.1).

The profile of the solution steepens and creates a shock in Godunov scheme. On the
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other hand, Lax-Wendroff method creates oscillations as the wave profile steepens

creating sharp edges which results in a shock wave.

Figure 4.11: Lax-Wendroff method for Example (3.3.1
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CHAPTER 5

CONCLUSION

In this work, we studied the inviscid Burgers equation both theoretically and numeric-
ally. First, analytic form of the solution for this equation is explained by the characteri-
stics method that is used for quasilinear partial differential equations. The difference
and similarity of the solutions of the inviscid Burgers equation are compared to
the linear advection equation. Then, we take into account different initial value
problems for the inviscid Burgers equation by means of weak solutions due to the
appearing of discontinuities in the initial conditions. The physically relevant solutions
among the weak solutions are chosen by the restriction of entropy condition where
we observed shocks and rarefaction waves. Then, we apply the finite difference
techniques to the inviscid Burgers equation for these examples. For this purpose, we
used Lax-Friedrichs, Godunov and Lax-Wendroff schemes in order to approximate
and compare the solutions for continuous and discontinuous initial values problems

for methods of different orders. To sum up, we observed the following remarks:

Solutions of the inviscid Burgers equation subject to discontinuous initial data

results in shock or rarefaction waves.

e In general, the classical solution to the inviscid Burgers equation does not exist

because of the discontinuities appearing in the solution on a finite time period.

o Intersection of the characteristic lines give rise to shock waves which causes to

breaking of the wave.

e The wave breaking phenomenon leads to non-unique solutions for the inviscid

Burgers equation.
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e Beginning from the initial wave profile nonlinear wave becomes distorted for

the inviscid Burgers equation.

e All of these schemes illustrate the behaviour of shock and rarefaction waves

depending on the type of the initial conditions.

e The Lax-Friedrichs scheme is the most dissipative method among all of these

schemes.
e The Lax-Wendroff scheme shows oscillatory motion near the discontinuity.

e The Lax-Friedrichs and Godunov methods exhibit rather monotonic behaviour

compared to the Lax-Wendroff methods.

e The Godunov method shows less diffusive and oscillatory behaviour compared

to the other methods.

As a result, the construction of the Lax-Friedrichs, Godunov, Lax-Wendroff methods
for the inviscid Burgers equation have been analyzed. We have demonstrated the
behaviours of the solution in the figures. To this end, we chose distinct initial wave
profiles. In this work, we have shown that the inviscid Burgers equation is a useful

model allowing the shock and rarefaction waves.
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