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A Note on Notation

In these notes, I use the symbol = to denote the results of elementary elimi-
nation matrices used to transform a given matrix into its reduced row echelon
form. Thus when looking for the eigenvectors for a matrix like

[0 0 2
A=101 0
0 0 2

rather than say, multiplying A on the left by

E33 = 0

O = O
_ O O

produces
0 0

EssA=101 0
0 00

we will use the much more compact notation

0 0 2 0 0
A=10 0|l=1(01
0 2 0 0

S O N

1
0
Additional Notes And Derivations:

w'(z,t) satisfies the one-way wave equation (Page 2)

Given the acoustic equations

1
U+ —Pr = 0 (2)
P

where the constants p and K the density and bulk modulus of compressibility
respectively. Define w'(z,t) = p + pcu with ¢ = \/% . Now consider

wy +cw, = p+ peuy + cpy + Cpuy, (3)
1

= _Kut + pc <_;px) + cpy + Czpux (4)

= —Ku, —cpy+cpy + Ku, =0 (5)
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Where from Eq. 3 to Eq. 4 we have used Eq. 1 to eliminate the time deriva-
tives and between Eq. 4 and Eq. 5 we have used the definition of c.
Letting w? = p — cpu and we obtain

w? —cw? = p;— cpuy — cpy + pu, (6)
= _Ku:c +c <£px> — Py + C2pu:c (7)

p
= —Ku, +cp, — cpy + Ku, (8)

using many of the same substitutions as before.

Analytic Solution to the Linear Acoustic Equations by
way of Characteristic Decomposition (Page 30-31)

Consider the matrix of right eigenvectors for the acoustic equation, given by

_ | =% Zo
we[ B 5] 0
Which has an inverse given by the standard trick for inverting 2x2 systems
1 1 —Z 1 -1 Z
Rl=— 0= o 10
_ZO — Zl |: -1 _ZO :| 2Z0 |: 1 ZO ( )

Note this is LeVeque Eq. 2.66. The initial conditions of the characteristic
variables w! and w? are given in terms of the physical initial conditions by

e [ ] = [ ) &

Which gives (when multiplied out)

{wl(:c) } _ L { -1 Z } {po(:c) } ! { “pole) + Zouo() | ()

T 27| 1 Zo || uo(x) 27y | po(x) + Zouo(x)

Giving individually that

wi(z) = 2izo<—po<x>+zouo<x>> (13)
w(z) = 2izo<po<x>+zouo<x>> (14)



Which is LeVeque Eq 2.67. Then with these initial conditions for our char-
acteristic variables w! and w? we have our entire solution given by

q(z,t) = w'(x + cot)r' + w?(z — cot)r? (15)
or in terms of w!' and w?
1 — 7,
q(x, t) = ( po(l’ + Cot) + ZQU() l’ + C()t (16)
27, 1
1 Zs
+ —(po(x — cot) + Zyuo(x — cot)) (17)
27, 1

Which gives for ¢(z,t)

(ZL’ t) _ L Zopo(l' + C()t) — ZO2UQ(ZL' + C()t) + Zop()(l’ — C()t) + ZSU()(I’ — C()t)
a\r 2Z0 —Po (LL’ —+ Cot) + Z()UO(SL’ + Cot) + Po (LL’ — Cot) -+ Z()U(](SL’ — Cot)
(18)
or
g(z,t) = 1 Zo(p(x + cot) + p(x — cot)) — Z§ (u(x + cot) — u(x — cot))
’ 27 \ —(p(x + cot) — p(x — cot)) + Zo(u(x + cot) +u(z — cot)) ) -
(19)
Finally we can extract components of the solution ¢(z,t) obtaining
1 Z
p.t) = Sz +ct) +ple = cot)) - 70(u(:): + cot) 4 u(z — cot))
1 1
u(z,t) = —=—=(p(z+ cot) — p(x — cot)) + = (u(z + cot) + u(x — cot))

N |

27,
Which is LeVeque Eq. 2.68.

Problem Solutions:

Chapter 2 (Conservation Laws and Differential Equa-
tions)

Problem 2.1 (Linear acoustics in terms of u and p)

LeVeque Eq 2.47 is given by

pe+ (pu)y = 0
)+ (—2 + Ppo)je + 2uofi)e = 0. (20)
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To convert this set of equations into ones involving the variables u and p
remember that linearizing about the constant state (pg, po) gives a pressure
perturbation p that is linearly related to the density perturbation p via,
p ~ P'(po)p. Since we want to eliminate p in favor of p we solve for p to
obtain ~

p
P'(po)
The linearization of pu in terms of @ and p gives

P~

pu = uop + pot,

so that the conservation of mass equation in LeVeque Eq. 2.47 can now be
written with these substitutions as
1

—D D i, = 0.
P,(po)pt+u0p +p0u

Another application of the relationship p ~ % replaces the spatial deriva-
tive p, in the above to give

1 Ug

P/(Po)ﬁt - P’(po)

Which after multiplying the equation by P’(py) gives

Dz + potty = 0.

e+ uoPz + poP’(po)it, = 0. (21)

In a similar way the conservation of momentum equation can be written as
P

P'(po)

Performing again the same substitution (p for p) in the above gives

wopr + poti + (—ug + P'(po)) + 2ug (uope + potiz) = 0.

U ~ ~ 2 / ﬁx uOﬁm ~
———D¢ + potiy + (—ug + P'(po +2u0( +Poux):0-
Prlpg)” T ot T P o o4 200\ gy
Finally, replacing the time derivatives of p with spatial derivatives from the
conservation of mass equation 21 we have the left hand side of the above




equation equal to

Ug

7 N\ ~£B - P/ ~fE
P’(po)( uoPe — polP'(po)tz) +
~ 2 / Pz
— P
potly + (—ug + (pO))P’(po) +
2uyg <UQ/]57:C + po’&x) .
P'(po)
This simplifies to
potis + Uopoliy + Pz =0,
or dividing by py we have
1
Po

Now defining the bulk modulus of compressibility (as in the book) as Ky =
poP’'(po) the equations 21 and 22 above become

ﬁt + uOﬁx + KO'a:c = 0

- 1. -

Uy + —pPp +ugtt, = 0. (23)
Po

This is the desired equation. In a matrix form this can be written as

uy K, P
(1) (2 ) ()=
t PO
which is LeVeque Eq. 2.50.

Problem 2.2 (smooth manipulations of the shallow water equations)

LeVeque Eq. 2.38 is

pt+ (pu)e = 0
(pu)e + (pu® + P(p))a = 0 (24)
Part (a): Given a functional relationship between p and p of the form

p = P(p), the derivative of p with respect to £ (an arbitrary variable that
could be either x or ¢ depending on needed context) is given by

dp ., \Op
8_£_P(p)8_§’



so the p derivative with respect to £ is then given by
o0 _ 1 o
o Plp) o

Now the first equation in 24 becomes using the product rule to expand (pu),

(25)

pr+ psu+ pu, =0.

When we replace the time and spatial derivatives of p with corresponding
ones for p using equation 25 we obtain

In the second equation in 24 using the product to expand the derivatives
gives
Pt + ugp + ppu’ 4+ 2uugp + P(p)ps = 0.

Next replacing the time and spatial derivatives of p with corresponding ones
for p using equation 25 gives

Y 2

U+ up + u2+2uuxp+px:0
Plp) " Pp)

finally by multiplying both sides of the equation above by P’(p) we arrive at
upy + pP'(p)ur + U’y + 2puP’(p)us + P'(p)ps = 0.

We can simplify the above further by inserting the expression for p; found in
the conservation of mass equation 26. By doing so we have

u(—upy — pP'(p)ug) + pP' (p)us + u’ps + 2puP’(p)u, + P'(p)pr = 0
which simplifies to

pP'(p)us + puP'(p)u, + P'(p)p, =0,

or after dividing by P’(p) we have
1
Uy + uty + ;pw =0. (27)

Note that equations 26 and 27 are the system we were requested to find. To
demonstrate that a linearization of these equations about pg, ug, po = P(po)
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gives LeVeque Eq. 2.47 we define all our unknowns in terms of a base state
and a perturbation to that state as follows
p = potp. (29)

With these definitions, the pressure can be evaluated in terms of a base state
and an offset by using a Taylor expansion. Specifically we have

p=Plpo+p)=P(po) + P'(po)p+ O(p*) = po + b (30)

Where the last equation can be thought of as defining the offset of p in terms
of the offset of p as p = P'(pp)p. With these substitutions for p, u, and p the
quasi-linear conservation of mass equation 26 becomes

pr + (UO + a)ﬁx + (/00 + ﬁ)P/(,OO + ﬁ)ax =0.
Taylor expanding the P’'(py + p) term to second order we obtain

Pe + (uo + @)ps + (po + ) (P'(po) + P"(po)p + O(p*)) 4y = 0.

Expanding products and keeping only first order terms (with respect to p, ,
and p) we finally obtain

Pt + uops + poP'(po)i, = 0. (31)

Now the quasi-linear conservation of momentum equation 27 with the sub-
stitutions from 28, 29, and 30 becomes

Pz

-=0.
Po+p

Uy + (uo + )y, +

With this equation it is easier to derive asymptotics to all orders, first factor
out py from the denominator of the fraction in the last term above as follows

1 1
_7~>ﬁw :07

U + (uo + @), +
o1+ 2
0

then expand the fraction above in terms of the Taylor series for Him for small
x, giving
15\
iy + (g + W)iig + — Y (—) P =0.

Po =5 \Po
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This gives an expression valid to all orders of p as long as p% is small. With
this expression, to obtain the requested equation valid up to first order we
keep only the & = 0 term above (and drop the second order term ai,) to
obtain

1
Po

Thus our linearized system (combining equations 31 and 32) becomes (drop-
ping the tildes)
Pi + uops + po P (po)ux = 0 (33)
1
Uy + Uy + —pr = 0. (34)
Po

Finally in the notation of a linear system we have
u P’
el L e
u ‘ 2 Ug u .

Defining the bulk modulus of compressibility Ky as Ko = poP’(po) this ex-
pression is equivalent to LeVeque Eq. 2.50 as was asked to be shown.
Part (b): LeVeque Eq. 2.122 is

pe +upe + pP'(p)u, = 0
1
ug + ;pm +uu, = 0. (35)

Which in matrix quasi-linear form is given by
P/
u t ; u u x

The characteristic speeds of this system are given by the eigenvalues of the
coefficient matrix or the solutions A of the following characteristic equation

u—XA pP'(p)

1 T
p

‘ y
On expanding the determinant we have
(u—X)?—P'(p) =0,
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and finally solving for A we obtain
M2 =ux/Plp). (37)

For hyperbolicity, each eigenvalue must be real. From equation 37 above this
requires P'(p) > 0, as was asked to be shown.

A similar derivation of the characteristic speed in terms of the conserva-
tive variables, given by LeVeque Eq. 2.38 and LeVeque Eq. 2.40 will now show
that the same characteristic speeds are present no matter what formulation of
the unknown variables (conservative or primitive) we use to represent these
equations. To verify this claim, we first recall the conservative equations
LeVeque Eq. 2.38 which are

pt+ (pu)e = 0
(pu): + (pu” + P(p)). = 0. (38)

Defining a state vector ¢ of conservative unknowns as

[a]-[5]

our conservative representation of the equations above define a flux function

f(q) as

2

flq) = [ ﬁ_ﬁp(ql)

ql

. (40)

These two expression combine to gives a quasi-linear representation ¢q; +
f'(9)q: = 0 in conservative variables which is given by

1 0 1 1

q q
+ =0. 41
[qz L _(q2)z P/(ql) 2q12 ] [q2 }x 0 ( )

(¢b) q
The characteristic speeds of this quasi-linear system is given by the solutions
A of

—A 1
2\2 2
4Pl -

or upon expanding the determinant we have

—A(Qq—qf A+ (q—2)2 ~ Pl(¢") =0.

=0,




This yields the following quadratic expression for A

oo (C) () Pl =0
")) SO0

Solving this quadratic equation (using the formula form high school) we

obtain
2(8) £ 1 (5) 1 ((8) - rw0)

2
By canceling terms in the square root we find

2 <Z—i) + \/4P'(p) ¢
: — L P =ut VPl (42)
q
This is the same as the expression derived earlier, showing the equivalence
of the eigenvalues with respect to a conservative v.s. nonconservative formu-
lation as claimed.

A:

Problem 2.3 (the characteristic speeds of the second order wave
equation)

LeVeque Eq. 2.77 is

= [0 &
i- [ 0 ] |
The eigenvalues of A are given by solving for A in A’s characteristic equation
given by |A — AI| = 0. For our matrix A given above this characteristic
equation is given by
-\
' Ao

On expanding the determinant we obtain A —c2 = 0, which has two solutions
given by £co. Denoting by A\! the smaller eigenvalue and by \? the larger we
have \! = —¢y and \? = 4.

The eigenvectors of A are given by finding a vector v that satisfies the

the system Av = M. For A\! = —¢, this linear system becomes (after writing
it as (A —I)v =0)

(24]-[% 2D
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or performing the subtraction we obtain

—cy CP v} _0
1 —c va '

Now dividing the first equation by —cy gives

1 —c | [ov]
1 —Cp ’U% o
which gives two equations enforcing the repeated constraint that vi —cyvi = 0

or v{ = covs and shows that the eigenvector corresponding to eigenvalue —cg

is given by ) )
ol = _fo . (43)

By analogy we have that v? is given by

| T (44)

We now turn to finding the similarity transformation that relates this
matrix A to A defined by LeVeque Eq. 2.51 where A is given by

A:L/Opo Igo]

Here Ko = poP’(po) = poci since ¢ = P'(p) for the linear acoustic equations.
With this definition of K an equivalent formulation of A is given by

0 poch }
A= .
[ 1/po 0

From the discussion in Section 2.8 the eigenvalues of A (when uy = 0) are
the same as those of A. Performing the characteristic decomposition of each
we would then have that

A = RAR!

A = RAR!

where the matrix A is the common two by two diagonal matrix with diagonal
elements given by —cy and ¢y. The eigenvector matrices R and R will in
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general be different. From this characteristic decomposition solving for A
using the second equation gives A = R™'AR, which when put in the first
equation gives

A= (RR™YA(RR™).

If we define a matrix S by S = RR™', we see that A and A are related by
A = S7'AS. From these simple manipulations one can obtain a similarity
transformation for two similar matrices by diagonalizing each and combining
the matrices of eigenvectors in the appropriate way.

Using the eigenvectors of A given in Section 2.8 we have that one simi-
larity transformation is given by

S = RR!
_ —Co Co 1 =1 poco
— 1/po O
0 1|

Another method (although much more tedious) of obtaining a similarity
transformation is to remember that if A and A are related by a similarity
transformation then this means that there exists an invertible matrix S such
that

ST'AS = A

or equivalently, by multiplying by S on both sides of this equation we obtain
AS = SA. (45)
To find a candidate matrix S define it in terms of four unknowns a, b, ¢, and
d as
a b
=[]

then equation 45 becomes in terms of a, b, ¢, and d the following

0 ¢ a b] [a b 0 pocd

10 c d| |cd 1/po 0 |°
By multiplying everything out we will attempt to form a set of four linear
equations and four unknowns for the variables a, b, ¢, and d and then solve
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for them using standard techniques. We begin by multiplying the matrices
together on both sides of the above to obtain

ccg deg | _ [ b/po apocs
a b d/po cpocd |-

Equating elements in each matrix we obtain four equations given by

ccg = b/po (46)

degy = apocy (47)

a = d / £o (48)

b = cpocy, (49)

which when written as a homogeneous system (a system set equal to zero)

gives

b/po —ccg =
apoci — dci =
a—d/po
b — cpocy

o O O O

The benefit of this is that all unknowns can be written in matrix notation as
0 1/p0 —Cg 0
pocd 0 0 —c?
1 0 0 —1 / Lo

0 1 —pocg 0O

C

QO o
QO o

Where we have defined the coefficient matrix C' in the above expression. To
determine if this system uniquely determines a,b,c, and d we will evaluate
the determinant of C' to determine if the matrix itself is invertible. The
determinant of this coefficient matrix C' is given by expanding in terms of
minors along the first column

1/po  —c 0 1/pop —c§ 0
IC| = —poct| 0 0 —1/py |+1| O 0 -1,
1 —pcg 0 1 —pycg 0
or again expanding in terms of minors
1| 1/py —c? 1/po —c3
C| = —poct— 0, |+ o,
1= =0 * po ‘ L —pocg | O] 1 —poch

14



Which finally gives for |C| the following
€l = —€i(—cg + ) + i~ + ) = 0.

Thus the system as given is of smaller dimension then originally thought
(4z4) and we can reduce the number of unknowns (and find a particular
solution) by taking some of the coefficients to be known. We will choose
a value that make the algebra easier for example let a = 1/py then from
equation 48 above we have d = 1. With this substitution only equations 46
and 49 remain

ccy = b/po
b = cpocy
Which again results in an underdetermined system as can be seen by manip-

ulations similar to what was performed above. Specifying ¢, we ¢ = 1 then
obtain b = pyc3, and finally putting a, b, ¢, and d into the expression for S

we obtain / )
_ | Y/po pocy
5= [ o pocs |
This S has an inverse given by

g1 P [ 1 —,000(2)}
1 — (poco)? 1 1/po

As a check, we can indeed verify that S~ AS = A. The product and the
algebra follow

g1ig — Po (1 —pocd } {0 < } { 1/po poct }
1—(poco)? [ =1 1/po 10 1 1

_ Po 1 —poch G G
 1—(poco)® [ 1 1/po ] [ 1/po poch ]
[ §-a a-sy
C 1—(poco)? | —6+1/p5 —c5+ ¢ ]
_ P 0 c3(1 — piep) ]
11— (poco)? | 1/p5(1 = c3p5) 0

_ 0 POC%
1/po 0 |~
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Showing the requested similarity between A and A. Since a similarity trans-
formation is not unique (multiplication by a non-zero constant produces an-
other one) the fact that we found two different similarity matrices is not
incorrect. In fact, in setting up the four by four linear system had we chosen
our constants a, b, ¢, and d differently, i.e. a =1/py, b=0,c=0,d =1, we
would have obtained exactly the same similarity matrix as before.

Problem 2.4 (the eigensystem for linear acoustics in primitive vari-
ables)
LeVeque Eq. 2.46 is

0 1
4= [ —ug + P'(po)  2uo } ’

which has eigenvalues A given by the solution to the characteristic equation

for A or
—\ 1

—u2 + P'(py) 2up— A

On expanding the determinant above we obtain

0.

—A(2up — A) + (ug — P'(po)) =0,
which simplifies to give the following quadratic equation
A — 2ugA +ud — P'(pg) = 0.

Solving this using the quadratic formula we obtain

2uy £+ v/4ud — 4(u2 — P’ 2ug + /4P’
) = 2Ho VAug 2(Uo (P0)) _ 2uo 5 (p0>:u(}i\/m-

Ordering the eigenvalues such that A! < A? we have that,

A= ug—/Ppo)
M= ug++v/Plpo)

Defining ¢y = /P'(po), both eigenvalues above agree with the expression
given by LeVeque Eq. 2.57, as we were requested to show.
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To compute the eigenvectors, the first eigenvector v! is given by finding
PRI, | )
—ud+ P'(po)  uo+/Plpo) | | v ’
—uo + \/F'(po) 1 [U%]—O
(<o + VP (+us+ VP (0) wo+Ploo) | Lod ]~
constraint on the components of the vector v! of
(—ug + /P (po))vs +v3 =0.

a v in the nullspace of the operator (4 — A!I), which in matrix form is

or by factoring the element in the (2,1) position we have

Now since the second row is a multiple of the first row we have a single
In vector form our first eigenvector is given by

1 1

U:_uo—m_' (50)

By analogy, we have for the second eigenvector v? the expression

. -
v? = : 51
| uo ++/P'(po) | (51

We will now compute the similarity matrix S between LeVeque Eq. 2.46
(denoted by A) and LeVeque Eq. 2.50 (denoted by A). Writing v/ P’(po) = co
and Ky = pocg our two matrices in terms of py and ¢y become the following

A:{ 0 1] and A:[Uo pocg]‘

—u2 + 2 2uyg 1/po o
To compute the similarity matrix S, we recall from Problem 2.3 once we
have diagonalized both A and A that a similarity matrix between A and A
is given by .
S=RR".
Here the similarity transformation implied is 4 = S~'AS. We can therefore
compute this similarity transformation as

S = RR™!
_ —PoCo  PoCo 1 up+c —1
1 1 200 —Up + Co 1
—pPolo  Po
1 0 |
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Here we have used the right eigenvectors from A which are computed in
Section 2.8.

As a check, we can indeed verify that S~'AS = A. The product and the
algebra follow

S1ig — i_O £o }{ Ug pocéH—pouo /)0]

po L 1 poto 1/po  ug 1 0
_ i ! Polo —PolUo  Po
Po | 2U0 po(Cg + U%) 1 0

_ i [ Polo — Polo Po }
po | —2pougpo(cs +ug) 2pouo

- 0 1
T A—ud 2ug |

Showing the requested similarity between A and A.

Problem 2.5 (constraints for hyperbolicity for 1d elastic waves)

LeVeque Eq. 2.91 is given by

eil—ux = 0
pus — ot = 0. (52)

Dropping the superscript of “11” for notational simplicity and assuming that
o = o(e), for smooth solutions the above can be written as

€& —u; = 0

u— —o'(e)e, = 0, (53)

p
or in matrix form by

U EAG G wl|
t P x

To be hyperbolic it is necessary and sufficient that the Jacobian matrix de-
fined by




have real eigenvalues and complete set of eigenvectors. We now compute the
eigenvalues. The eigenvalues are the solutions A to the following equation
|A — AI| = 0, which for this system looks like

-2 -1

_dE@  _y
p

=0.

By expanding the determinant the above becomes

N —

which has solutions given by

/
A2 = o'(e) .
p

Thus A will be real and our system hyperbolic if and only if o/(¢) > 0. With

the eigenvalues above the eigenvector for \! = —/ %(E) are given by looking

for the nullspace to the operator A — A'I which in this case is given by
A N

Ce | |e|TY

) P

Q

This system gives the constraint on the vector v that

O-/
—vl—v?=0,
P

o
v = | —vt.
p

or

This gives as the eigenvector for \!

L5

In the same way, we have for A\? the following eigenvector

[
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Problem 2.6 (consistency relationships in Lagrangian coordinates)

The easiest way to see this is to consider LeVeque Eq. 2.103 which is

&2
/ V(E,)dE = X(E.1) — X(E0,1)

&1

and to differentiate with respect to &. When this is done one obtains

V(£27 t) = Xiz (527 t) )

or the requested identity.

Problem 2.7 (constraints for hyperbolicity for the p-system)
LeVeque Eq. 2.108 is given by
v—uU; = 0

This has a quasilinear form given by

[Hf{p'?v) _c)lHZLZU

The eigenvalues of the Jacobian coefficient matrix are given by the solutions
A to the characteristic equation given by

' p’_(j) :i

Upon expanding the determinant above we have

o

N+ p/'(v) =0,
which gives for A\ the following
A2 =3/ —p/(v).

To be hyperbolic means that A is real or that the function p(-) must satisfy
—p'(v) > 0 equivalently p'(v) < 0 for all v.
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Problem 2.8 (wave speeds for the 1d isothermal equations)
LeVeque Eq 2.38
pr+(pu)e = 0
(pu) + (pu” + P(p))s = 0, (55)

which when P(p) = a®p, (a is constant) are called the isothermal equations.
With a general P(p) relationship they are called the shallow water equations.
Part (a): The linearized version of the shallow water equations have a
coefficient matrix A given by LeVeque Eq. 2.50 of

K
A= " 0}.
[1/,00 Ug

In this expression, the bulk modulus of compressibility is given by
Ky = POP,(PO) = PoOl2 .

This then gives for the matrix A the following

2
Up  Po
A= )
{1/Po Ug ]

The eigenvalues of this matrix A are given by the solutions to the character-
istic equation for A or |[A — M| = (ug — A\)* — a? = 0, which has roots given
by gives A = ug F a. These are the Eulerian waves speeds.

Part (b): LeVeque Eq. 2.107 is given by

vp—ue = 0
u+pv)e = 0. (56)

In the Lagrangian form of the isothermal equation we have p(v) = %, which
gives a quasilinear form for general p = p(v) of

e o)L

which in the specific functional p of v relation given here becomes

BEERIBE
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since p'(v) = —Z—z. Now the linearization of this quasilinear system can
be obtained by evaluating the Jacobian above at the linearization point of

(vo, up) and gives
-1
u + W u ¢

From which the Jacobian above gives eigenvalues of A\}? = F, /% =Fo

vo

Chapter 3 (Characteristics and Riemann Problems for
Linear Hyperbolic Equations)

Problem 3.1 (various linear Riemann problems)

This problem is focused on solving the linear hyperbolic equation u; + Au, =

0, for various A’s.
0 4
a=|1s)

Part (a): For the A of
its eigenvalues are given by the solutions A to |[A — AI| =0 or

-\ 4
' R ' 0.
Which gives A2 = F2. For the eigenvector for A\! = —2 we look for a vector
r in the nullspace of the operator A + 27 i.e. r! must satisfy the following
2 41,
[ 1 9 } r=0.

One such vector is
-2

o[ -

For A2 = +2 our the matrix we look for the nullspace of is A — 2I and we
now look for a r? that satisfies

-2 4 9
l 1 _2}7’ =0,
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which gives for a vector in the nullspace (or the eigenvector of)

r2=[ﬂ. (58)

The solution of the linear Riemann problem involves decomposing the jump
in state ¢, — ¢; in terms of eigenvectors, and is facilitated by using a matrix
R (the a matrix of right eigenvectors) given by

r=pr=| 1]

which has an inverse given by

1 1 -2 1[1 -2
-1 - _ -
B _—2—2[—1 —2} 4] -1 —2}'

Now our jump in state for this problem is given by

o[- 3)

and so decomposing this jump into a linear combination of eigenvector in-
volves solving for the vector a in

1

The solution for « is simple and given by

L [T

The solution ¢(z,t) is then in terms of the a;’s given by
gz t)=q+ > o’
p:AP<z/t

Since in this problem we only have two waves we will only have a state dif-
ferent than the left and right ones when z/t is between the two characteristic
speeds. This middle state is given by

weneon= [ [7)-[]
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We can check this by computing the middle state from the right state in

stead as ) /
oo |1 g2 | 1)2
w=n-att= ]3| T =[50

giving the same thing.
Part (b): Here our A is given by

0 4
=[]
which has eigenvalue and eigenvectors given by (these are computed in the
same way as Part (a) above)

A= -2 with rlz{_f}
A = 42 with 7"2:{4_12].

Our coordinate transformation matrix R and its inverse, composed of the
right eigenvalues of A, is then given by

=22 . L1 -1 2
R—{l 1} with R —1[1 2].

So to decompose our initial jump in state ¢. — ¢; into components of the
eigenvector basis a;, we are looking for the solution to,

0 1 -1
ro=aa=[1]=[1]= V]
which has « given by
1 -1 27[ 1] 1[ 1
CTAl 1 2o |Tal ]

To compute the middle state we remember that to go from ¢; to ¢,, we must
go along a r! shock while to go from ¢, to ¢, must be along a r? shock. Each
of these “paths” gives two possible ways of computing ¢,,. Using each we get
the following two formulas for ¢,

= v ][
= wmor- [ [2]- 1]
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Part (c): For this part our coefficient matrix A is given by
09
o).

Which has eigenvalues and vectors given by

A = —3 with 7“1:[_13}
A = 43 with r2:[+13}.

With these eigenvectors the matrix of eigenvectors R and its inverse is given

by
| =3 +3 : 1 l -1 43
R = l 1 1 } with R = 5 [ 1 5 } )

Thus the initial Riemann problem jump in an eigenvector coordinate system
a is given by a = R7'(q, — ¢), which in this case is

—1/2
o [ 1/2 } |
Given this decomposition, the state at any point in the z-t plane can be

obtained by summing waves beginning from the left state ¢ or the right
state ¢, from the following expression

gl t)=q+ > o' =g— Y a’r’

PIAP<z/t DIAP>x [t

Now since A\' < 0 and A\? > 0, we can evaluate the first expression above at
x = 0 to obtain a middle state of the following

w=[3]s Zow=[3] 5[ ]-[ ]

We can check this numerical value by using the second expression (again
evaluated at z = 0)

s T D R LD
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To evaluate our solution at ¢ = 1 we would consider ¢(z,1) = ¢+ aPr?

which gives

P:IAP<x

q r < —3
q(z,1)=2 ¢n —-3<x<3
qr Tz >3

Part (d): For this part we have a coefficient matrix A given by
11
4= { L } |
Which has eigenvalues and eigenvectors given by

1_ 1| 1
AM=0 and r —{+1]

2 2 +1
A =2 and T_[—i-l]'

This means that the matrix of eigenvectors and its inverse is given by

=11 o111
R_[l 1} and R —5[1 1}.

In this case, the initial jump in state has coefficients in terms of the eigen-
vectors of A as a = R7!(q. — ¢), which for this problem is explicitly given

Tl D[

The solution of a linear hyperbolic problem at any point in the z-t plane is
given by the usual expression of

q(z,t) = q + Z ofr? = q" — Z oPrP
pAP<z/t PIAP>x [t

Since A\!' = 0 and A\? = 2, so to use the above to evaluate the middle state
we should evaluate for points z/t = 1. When used from the left state these
values of x and ¢t compute a middle state given by

wede =[] a V=[5
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Checking our results using the other formula centered on ¢" gives
2 171 3/2
m __ . r D _ - —
e e R R
p:AP>1

thus verifying our computations.
Part (e): In this case our matrix is given by

2 0
1-[ie)
which has only one distinct eigenvalue given by A = 2. The two corresponding

eigenvectors given by looking for the nullspace of the operator A — 27, which
is equivalent to solving for a nonzero vector r such that

00
[O O}T—O.

This system has two linearly independent solutions given by

rlz[ﬂ and ﬁzlg’].

With these our matrix of eigenvectors R and its inverse is given by

|10 4 |10
R_{Ol] and R —{01}.

Computing our initial Riemann problem jump in state in terms of the eigen-
vectors of A requires solving Ra = ¢, — ¢, or since R = I, we have

o-vma-[2]-[2]-[ 4]

The middle state solution to the Riemann problem can be written in two
different ways as
Gm = q + alrl =dqr — 052T27

which for this problem becomes

1 1
o= weonzani[1]-[}

= wmoe- [t 1]
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We note that this state only occupies a sliver of points along the ray =/t = 2.
Part (f): The matrix A in this case is

2 1
A_[10—4 2]—0’

and has eigenvalues given by the solutions A to (2 — A\)? = 10~*, which are
A2 =23 1072, These two eigenvalues have eigenvectors given by

7"1:[_1100] and 7‘2:{+1100}7

so the matrix with columns the eigenvectors R (and its inverse) is given by

[ =100 100 1 [ =1 100
R_[ 1 1} and K _%{1 100]

The initial jump in state has coefficients in terms of the eigenvectors of A
given by a = R7(q, — ¢), which for this problem is explicitly given by

o 1| =1 100 Ly |0 _ 1 p 101
200 1 100 0 1)) 200 =99 |~
Our middle state is given by
qm — ql + Oél’f’l ’
which in this case gives
m 0 101 [ —100 1
1 200 1 200
This results for ¢" can be checked by computing it another way
m __ . r 2.2 1 ﬂ 100 — 12ﬂ
q =q —a'r° = l 0 + 500 1 = % .

Please see the Matlab code prob_3_1.m for the numerical solution to all these
Riemann problems.

Problem 3.2 (a numerical linear Riemann solver implementation)

Please see the Matlab code riemann2x2.m for an implementation of a Rie-
mann solver for 2x2 systems.
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Problem 3.3 (some 3x3 linear Riemann problems)

Part (a): The hyperbolic system to consider is given by ¢, + Ag, = 0, with
A given by

A:

_ o O
O = O
O O =~

The eigenvalues of A are found by considering the equation |[A — \| = 0
which in this case is

—A 0 4
0 1-X 0 |[=(1-N)\—-4)=0.
1 0 —A
This equation has solutions given by \!' = —2, A2 = 41, and A\ = +2.

To find the corresponding right eigenvectors r?, for i = 1,2,3 we find the
nullspace of the matrix A — \'I, for each 7. For i = 1 this matrix is given by
the following system

2 0 47 [ rf]
0 30 ri | =0,
|1 0 2] 7’% ]
which simplifies under row operations to
(10 2] [r]
010 ri | =0.
[ 00 0] | 75|
This expression, demonstrates that r{ = —2ri and rj = 0. Thus a right
eigenvector is given by
—2
rl = 0
1

The right eigenvector corresponding to A? is obtained by setting A = 1 in
A — A and computing the nullspace of this operator. In the same way as
above we have the matrix A — I given by

~10 4 r2
0 0 0
1 0 —1 ]| r2
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which has a nullspace spanned by

Finally, by symmetry, for the eigenvector corresponding to A3, denoted by 3
we have

The R matrix is formed by concatenating the right eigenvectors of A to
obtain

-2 0 2
R = 0 10
1 01

The inverse of this matrix can be computed in standard ways and is given
by
0 2
R'==-10 40
1 0 2

Now the essence of the Riemann solution is to decomposes the jump in state
across the initial interface ¢, — ¢; into a sequence of jumps in the eigenvectors
of A. For this problem this decomposition becomes

1 1 0
Ra=q—q=|5|—-2]|=]|3],
1 0 1

so the coefficients of the jumps in the eigenvectors « is given by

0 1
a=R1'[3|==1|6
) 2

With this information, the Riemann solution for arbitrary time g(x,t) is
given by either of two expressions

q(z,t) = q + Z alr? = q" — Z aoPr? . (59)

pAP<z/t PIAP>x [t
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Using the first expression in the above specified to this problem gives for the
value of the left middle state

1 1] 2 0
qmi = @1 + Z afr? = | 2 +§ 0 (=] 2
pIAP<z/t 0 1 1/2

As a check on this expression we can compute it using the second expression
in Eq. 59 as follows

1 0 112 0
Gmi = Gr — Z afrP=15|-31|1 —3 0| = 2 ;
DIAP>x [t 1 0 1 1/2

in agreement with the earlier result. Now to compute the right middle state
Gmr We again have two possible ways. The first is given by

1 1 -2 0 1 0
Gr=a+ P oPrP=|2|+-| 0 |+3]1|=2]10],
2 2
p:AP<z/t 0 0 1
and the second by
1 1 2 1 0
e — PyP — —_ — = — ]_0
e =Gr— Y aPr 51-510 =3 :
p:AP>x [t 1 1 1

again we have verification of our algebra.
Part (b): For this problem our coefficient matrix A is given by

1 0 2
A=10 2 0 |,
00 3
with left and right states given by
1 3
g=11 and ¢ .= | 3
1 3

The solution to linear Riemann problems is given by

gz, t) =q + Z aPr?

p:Ap<a/t
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L L L L L ,
0 05 1 15 2 25 3
X

Figure 1: The z-t diagram for the solution of the linear Riemann problem
given in problem 3.3 part (b). Please see the Matlab code prob_3_3_b.m for
the code used to produce these results.

equivalently
Q(«T, t) =dqr — Z aprp’
p:Ap>a/t
both of which involve the eigenvalues and eigenvectors of A. The eigenvalues
are given by the solutions A to |A — AI| =0, or

1—AX 0 2
0 2-X 0 |[=(1-N2-NE-)\=0.
0 0 3—A

This equation has solutions given by A\! = 1, and A2 = 2, and \* = 3. The
corresponding eigenvectors are given by the nullspace to the matrices A—\'1.
For A! we have

o = O

1
0
0
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For the second eigenvector r? we have
—1

A-2I=1| 0
0

o O O

2 1
Ol=1280
1 0

o O O

0
01,
1

which gives for the second eigenvector r? the expression

-2 0 2 1 0 -1
A-3I=| 0 -1 0|=1]01 0 ,
0 0 0 00 O

The matrix (and its inverse) obtained by concatenation of the eigenvectors
is given by

-1

0 1
R=10 0 with R'=1] 0
1 1 1

S = O
o = O

1
0
0

With these expressions the a vector of coefficients of the initial jump in state
in terms of the eigenvector basis is given by

-1 0 1 3 1 0
a=R Y ¢ —-¢)=| 0 10 31 —11 =12
1 00 3 1 2

Drawing the wedges representing the constant states in the x — t plane we
compute the state variables in each one as follows. For the “left” middle
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state we have

Gt = @+ > o’

p:Ap<z/t

1 0 1

= g+art=1|+0|0]|=1|1

1 1 1

For the “right” middle state we have
Gmr = q + Z alr?
p:ip<z/t

1 0 0 1
= qg+ar'+a*?’=1|+0|0|+2|1]|=]3
1 1 0 1

We can check our calculations for consistency by computing the known right
state given all of the previously computed states. Specifically, we have

¢ = q+ » o'’

p:AP<z/t
1 0 0 1 3
= 1(4+0]10(+2] 1 |(+2]0|=1]3
1 1 0 1 3

which verifies our calculations.

Problem 3.4 (an analytic solution to the linear acoustic equations)

We desire to solve the system ¢; + Ag, = 0 with the matrix A and state
vector ¢ defined as
|
u )

L (1 1<2<2 L
p(x)—{ 0 otherwise while i(z) = 0.

0 K,
A:
{1/90 0 }’

and corresponding initial conditions given by
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Figure 2: Regions in z-t where the solution u in problem 3.4 changes value.

The eigenvalues and eigenvectors of our matrix A play a fundamental role in
the solution and are given by the solution A to the following equation

A K

A= | = —0,

| | 1/po —A
which has M2 = F % = TFcy. The eigenvector for \! = —¢y are the vector
solutions to

co Ko | 1
r =0,
{ 1/po co }

or inserting the definition of ¢y

K
Vo o

1/po \/%

By multiplying the bottom equation by +/po Ky we obtain

Ko K,
PO ,r,l _ O
oK,

PO



Thus we have only one linearly independent equation given by

K

—07’% + K(]T% =0 s

Po
with Ky = cZpo the above becomes, cori + cZpors = 0, or ri = —copora.
Resulting in an eigenvector given by

1_ | —Cpo

e

By symmetry we have that the other eigenvector is given by

2 | CopPo
" = [ 1 } |
The matrix of right eigenvectors becomes

R:[rl\rz]:{_clopo Colpo}:[_ll gg} ;

by defining Zy = copo. The inverse of this matrix R is given by

1 —Zy 7
Rl _ 0o ‘o |
S

With these expressions, the solution for all time is given by a sum of the
eigenvectors represented as

q(z,t) = w'(z + cot)r' + w?(x — cot)r?,

evaluated at t = 0 this becomes

i(0.0) = | 20 | = wtort +wort = r| 00 |

u(x)

so the characteristic variables w'(z), and w?(x) given by

EEGEa

w?(z) | i(x) |
- | ][]

L [ —p(z) + Zou(x) }
27y | P(x) + Zou(x)
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Therefore the characteristic variables in terms of the initial conditions are
given by

wh(z) = %ZO(—ﬁ(I)ﬂLZOﬁ(SC))
W (r) = Qizowxwzoa(x)).

With this expression for the characteristic variables the total solution ¢(x,t)
is given as

e = [0 ]-r[ 23]
{ —Zy +2 ] 1 { —p(x + cot) + Zotu(x + cot) ]

1 1 |27, | plw—cot) + Zot(x — cot)

_ b { Zo (p(z + cot) + p(x — cot)) — Z2 (W(x + cot) — (x — cot)) }
27 —p(x + cot) + p(x — cot) + Zo (u(x + cot) + u(x — cot)) '

Now simply substituting the arguments of p and wu, (namely = + ¢yt and

x — ¢ot) into the expressions above and using the specific initial conditions

provided with this problem we have for p(z,t) the following expression
111 1< t <2 11 1<z—cpt<2

ple1) { e { " therwise (60)

- 210 otherwise 21 0 otherwise

This can be simplified by considering in the -t space the location of the lines
1 =x+cot and 2 = x + ¢ot. In figure 2 we have drawn these lines for ¢y = 1.
See the Matlab script prob_3_4.m for the commands to produce this plot.
Then depending on which region of this plot our (z,t) point falls the various
components of Eq. 61 will either contribute or not. Obviously one location
in time is when the two lines x + cgt = 2 and x — cgt = 1 intersect for after
that time the outgoing characteristics don’t overlap. This time ¢* is then the
solution to
2 — C(]t* =1+ C(]t*

or t* = ﬁ For all times t < t* for each region in figure 2 we can evaluate

what components of Eq. 61 contribute to the total solution for p(x,t). When
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this is done we have that p(x,t) is given by

/

r <1-—copt
l—cpt<ax<14cpt
14t < <2—cpt
2—cpt < <24 cpt

T > 2+ cot

p(l’,t) =

ONI= == O

\

Now if ¢ > t* we can do the same thing and obtain

( T <1—cot

l—cpt<ax<2—cpt

2—cot <x<1+cot

14t <x <24 ¢t
T > 2+ cot

p(l’,t) =

O O~ O

\

In the same way, for all ¢ we have u(z,t) given by

1 -1 1<az+cpt <2 1 1 1<z —ct<2
) = 27, { 0 otherwise 27, { 0 otherwise - (61)
When t < t* the above can be simplified and we obtain
0 r <1—cot
—i l—at <z <l+ct
u(z, t) = 0 l14ct<z<l+ct
7 2—ct<z <2+t
0 x> 2+ cot
Where for t > t* we have
0 r <1—cot
—ﬁ 1l —cpt<ax<2—cpt
u(zx,t) = 0 2—ct<z<l+ct
7 Lttt <z <2+t
0 x> 2+ cot

Chapter 4 (Finite Volume Methods)
Problem 4.1 (the matrices A™ and A~ for the acoustic equations)

The acoustic equations are given by LeVeque Eq. 2.50 which is a linear hy-
perbolic system of the form ¢; + Ag, = 0 with the matrix A and state vector
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q defined as

=L wl =[]

Following the same procedure as in Problem 3.4 we have the eigenvalues and
eigenvectors of A given by

A= wg—cp with 7= { e }

+poco ]

)\2 = ugtc with 7’2:|: 1

Below we may use the definition of the impedance Z, given by Zy = pyco.
Part (a): To determine A" and A~ we first compute the eigenvector factor-
ization of A, i.e. A= RAR™'. Our matrix R (and its inverse) is then given

by
. —Z(] —|—Z0 -1 1 1 _ZO
R = |i 1 1 :| and R = 2—ZO _1 —ZO s
and our diagonal matrix of eigenvalues A is given by
A = |: Ug — Cp 0 :|
0 Uy + Co

Assume for the time being that we are in the case of subsonic flow ug < ¢y,
then ug — ¢y < 0 so we have

A — l'Ilil'l(UO — Cp, 0) 0 _ Ug — Cp 0
N 0 IIlil’l(U(] + Co, 0) - 0 0 ’
and
A+ = max(ug — ¢, 0) 0 10 0
- 0 max(ug + ¢,0) | | 0 wg+co |

so we can now assemble A~ and A* from the component parts A=, A*, R,
and R~!. We have for A~

- —p—1__ U —C ZO —Z02
AT=RAN R = 7 {_1 Z ,
and for AT i
+c
AT = RAtRL = 20T 20 o |
2Z0 1 ZO
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If we instead assume this flow is supersonic i.e. uy > cg or ug — ¢ > 0, we
then have for A~ and A* the following

- 0 0 + Ug — Co 0
A_[OO} andA_[ 0 o+

so reconstructing A~ and A™' gives
A"=0 and AT =A.

We can explicitly check that in this case AT = A by computing the matrix
AT = RATR™! as follows

A* = RATR™!
|i—Z0 —|—Z0:||:U0—CO 0 :| 1 |:—1 +Z0:|

11 0 w+ec |2Z,| 1 Zy
_ L —Z(](UO — Co) Zo(U(] + Co) —1 —|—Z0
27, (uo — ¢o) (up + ¢o) 1 Z
L Zo(zuO) 23(200)
- 2Z0 260 Z()(QUQ)
up oo
Now since ¢q = % and Zy = poco we have the following simplifications of
the expressions ¢q/Zy and ¢ Zy:
Co Co . 1
A PoCo Po
Ko\ 2
coZy = CopoCo = Pocg = Po <—0) = @Ko = Ky.
Po Po

Together with these modifications we see explicitly that AT = A in the
supersonic case.

Part (b): Fow systems we have that W', , = a'r!, and W2, , = a®r?,
where the a’s are determined from the jump in state across x;_1/2. To com-
pute these coefficients we must solve the following linear system for the vector
of a

1

Roa = Q; — Qi-1,
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thus formally « is given by
a=R1Q;i—Qi-1).

For the linear acoustic problem considered here the system above is explicitly

given by

O‘z'l—l/z _ N R A Di — Pi—1

O‘?—l/z 27y | 1 Zo U — Uj—1
1 —(pi — pic1) + Zo(u; — ui—1)
270 | +(pi — pi-1) + Zo(wi — ui—1)

So with these coefficients the waves (for an arbitrary jump) are given by

—(pi = pic1) + Zo(ui — ui—1)) { _1ZO }

1 1 1_
Wi—1/2 = Qg =

37

and

1
W2 = a? 2 -
i—1/2 = Q1797 57

+Zy }
- .

(+(pi — pi—1) + Zo(wi — ui—1)) [ 1

Problem 4.2 (the unit CFL condition)

The first order upwind method for ¢; + g, = 0, is given by LeVeque Eq. 4.25

or A
n n u n n
QiH = Qz - E(Qz - i—l)

if we assume a unit CFL condition i.e. that Z—A; =1, then the above reduces
to

1
Q?Jr = ?—1

Part (b): The Lax-Friedrichs method, LeVeque Eq. 4.20 is given by

1 A
QY = S@ + Q) — 51 (@) — (@)

For the advection equation ¢ + ug, = 0 we have f(q) = ugq, therefore Lax-
Fredrich’s method in this case becomes

QiH = §(Qi—1 + Qi+1) - E(Qi—l—l - Qi—l) .
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With a unit CFL we have uAt/Axz = 1 which in the above gives

Qi+1:§( i1+ i+1)_§( i+l T Wi i) = (2Q ) =0k,

and thus the Lax-Friedrich method satisfies the unit CFL condition. For the
Lax-Wendroff method, we update Q7 with

At n n
Q= Q= (FQED - 1@
with the state at the half time step Q 0 /2 given by

At

n+1/2 1 n n
Qi—1/2 - _( i—1 +Q7,) 2AL

: Q) — @)

Specifying to the scalar advection equation we have a flux given by f(q) = ugq,
and evaluating the above under the unit CFL condition gives for the half

timestep state Q"+11/22 the following

n+1/2 1 n n n n n
Qs = 5@ + Qi) — <@ )= QL

so when used in the full timestep update equation we have
1_ +1/2 172\ .
Q:'H_ - QIL - (Q?_i_l/g - Q:'L_l/z ) - Q:L - (Qn i ) - ?—1 :

Showing that the Lax-Wendroff method satisfies the unit CFL condition.
Part (c): The constant coefficient acoustic equations, LeVeque Eq. 2.50,
with ug = 0 are given by

0 K B : Nz
qt+{1/p0 0 }qx—() with q—{u].

Now Godunov’s method is a flux differencing method, defined by LeVeque Eq. 4.4

and given by
QzH = Qi - _Ax( i+1/2 T Fi 1/2)

with a flux given by

1 [l
Fin_lﬂ:xt/t f(( zlaQn))
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where ¢(Q7_,,Q7}) is to be evaluated along the interface at x = x;_1/5. Note
that for linear constant coefficient problems (as given here), the Riemann
problem can be solved and the integral above can be computed exactly.
Specifically with f(q) = Ag, we have a numeric flux given by

1 tnt1

At . q(Qiy, Q7)dt
= Aq(Qi4,Q))

= A(Q} - Z af—1/2rf—1/2)

p:AP>0

= AQY — Z )‘paf—l/2rf—1/2‘

p:AP>0

Fin—1/2 = A

Where of | /o COmes from decomposing the jump in state at the x = z;_; 9
interface into characteristic waves. From previous problems the coefficients
oP are given by solving the Riemann problem and are given by

n “1/n n 1 -1 Z n—
Q12 = Rl(Qi_ 1) [1 Zg}[p P 1}

= n n
27 Uy — U

L —(PF = piy) + Zo(uf —uiy) } .
27y (p? - p?—l) + ZO(U? - “?—1)

Because with the constant coefficient acoustic equations the eigenvalues are
constant with known sign we have \! = —¢y < 0, and \?> = +¢, > 0, we can
explicitly evaluate the summation in the numerical flux F" /2 giving

Fz’n—1/2 = AQ} — )\20%2—1/27“2 .
A part of this flux is given by o? | /27’2 or

1

%2_1/27’2 YA

(0 - st + Zata ) | 5]

Combined with AQ” (and A\? = ¢;) we have a numerical flux given by

1 [ —co(pi — piy) + Ko(uf +u ) ] .
2 | (1/po)(pi +piy) — colui —ui ;)

o = {1/,00 0 Hu} 37, (W~ ) + Aol u"‘l)){ 1]
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The required flux difference found in Godunov’s method then evaluates to

T > { —co(piyy — 207 + pity) + Koluiy —ui'y) } .
R L (1 po) (0 — Piy) — colulty — 2uf + uity)

Thus Godunov’s method in these variables is given by

{ p?i ] _ { Py ] At { —co(pia — 207 + piny) + Koluiyy — uity) ] '

u} u | 2Ax (1/po) (P} 1 — piq) — colugyy — 2ui +u ;)

2

Imposing a unit CFL condition coAt/Axz = 1 we have from the above that
the pressure and velocity are updated according to

[ pl’”i } _ 1 { Py Py — poco(uiy — uily) }
up 2 | —(pi1 — pita)/(poco) + (uiy + uiy)

7

where we have used the fact that ¢y = / % in deriving the above.

To show that the result above for (pi't!, u*') is the ezact solution as
obtained by characteristic theory we consider what a characteristic update
of the state Q"™ would require. To update the state at Q"' using the
method of characteristics we would propagate each characteristic back to the
time t", where we would use the characteristic decomposition of the states
to update the value at Q7. Since we are propagating backwards using a
timestep At such that the CFL number is ezactly one, the left and right
characteristics intersect the z-axis at the points x;_; and x;,, exactly, where
the states are given by Q7 ; and Q},, respectively. By propagating the right
going characteristic backwards to x;_; we should compute the right going
characteristic variable. This means we first decompose the state Q7 ; as

Qr, =a'r' +a¥r?.

For the acoustic equations the coefficients o are given by

o] 1 -1 Z Piy
so the right going characteristic variable used to update the state at Q7" is
given by

1, n Z
a’r? = Q—Zo(pi—l + Z()ui—l) [ 10 ] .
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Propagating the left going characteristic backwards to ;11 we should com-
pute the left going characteristic variable from the state at @7, ;. This means
that we decompose the state 7, as

=Bl B

For the acoustic equations the coefficients 3 are given by

Bt _ i -1 Z Pit
B 27| 1 Zy || uly
so the left going characteristic variable to update the state at Q' is given
by
1 -7,
1.1 n n 0
Bir = Q—Z()(—piﬂ + Zouiy ;) { 1 } :
At this point the characteristic solution for Q7" is given by the superposition
of these two characteristic updates or

Q;H-l _ Oz27’2—|—517’1
1 n n ZO 1 n n _ZO
= Q—Zo(pi—l + Zouiy) [ 1 } + 2—20(_pi+1 + Zougty) { 1 }

1 Py TP — Zo(ufyy —uity) ]
2 | (P — pia)/Zo + (uiyy +u )

This is exactly the same update equation derived using Godunov’s method
and a unit CFL condition.

Part (d): In the case when wuy # 0, the two wave emanating from a given
interface travel at two speeds with different magnitudes, i.e. uy — ¢o and
ug + ¢o. Thus there is no hope that in taking a single timestep we will be
able to propagate all of the waves exactly as is done when all waves move
with magnitude ¢y. Thus it is not possible, to obtain results similar to the
above in the case uy # 0.

Problem 4.3 (large timestep wave propagation algorithms)

Part (a): When Az < uAt < 2Az, the waves that originate from x;_4
propagate thought the neighboring interface at x;1,/» and into the next cell.
Thus the interface that found in the cell C; at time t"*! originated at the
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interface x;_3/; at time t". Developing the REA method as in the text we
have that the cell average in cell C; at the time t"*! would be given by

1 Tit1/2
Qitt = Ar q"(z,tny1)da
Ti—1/2
1 13 . 1 Tiq1/2 .
= Az / q (Iatnﬂ)dx"‘g . q" (2, tnyr)de .
Ti—1/2

Where ¢ (the location of the discontinuity in cell C; at time t"*1) is located
at
€ = l’i_g/g + ﬂ(tn — tn+1) = l’i_g/g + ut .

The state to the left of this discontinuity ¢ is given by Q) ,, while the state
to the right of this discontinuity is given by @ ; so we have using the REA
formulation that

1 T;_3/2+UAL 1 Tit1/2

Ti—1/2 Ti_g/2—UAt

Qi =
3

I . Py on

= Ay (—Az + uAt) + Ay (2Az — uAt)
o uAt _aAt

= 2@2‘—1 — Wi @t @,

Ax Az

From the above we have that

n+1 __ n _E_At n - ﬂ_At n
Q; = i—1+<1 Ax) z’—1+< 1+ Ar i—2

" u\t N "
= i—1_<E_1>( i-1 i—2)7

which is LeVeque Eq. 4.64 and the desired expression.

Part (b): From Figure 4.4 (a), we see that the state at (z;, ") is obtained
by propagating backwards along characteristics to the time ¢". If the char-
acteristics intersect the z-axis at a point between two grid points the state
is computed via. interpolation. For the large timestep case considered here,
the point we intersect the z-axis (at time ") is at

gzl’l—ﬂAt,
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which for the large timestep we are considering here falls between the states
n , and Q" . Interpolating between these two points we get for Q7" the

following
n+l §—Tio n i1 —§ n
Qi - ( AZL’ ) i—1 + ( AZL’ ) i—2 "

With some simplification becomes

Qi+1 = W1 — (E - 1) ( i—1 i—2)7

which is the same as the result earlier.

Part (c): Now if uAt/Ax = 1 then from the above expression we see that
Q' = Q7| which propagation of the state from the left cell into the current
cell and is the exact solution. If uAt/Ax = 2 we have that the above gives

Q?H = Q?—l - (Q?—l - Q?—z) = Q?—2 )

which is also exact for this larger timestep.

Part (d): For the CFL condition to hold we must have the numerical domain
of dependence contain the physical domain of dependence. We can see from
the numerical method used that the point Q7' has a numerical domain of
dependence that includes the points Q7 ; and Q7" ,. Specifically for the range
of CFL numbers given by

1< E—At <2
SAy =4

the numerical domain of dependence of the point X is given by the points x
defined by

T T
X-—gmsz=X-—5-
2Azx Az

Now since the mathematical domain of dependence of the point (X, T') is the
single point X — @7, so the CFL condition would require that




or

for a CFL condition.

Part (e): If 2Az < uAt < 3Az we would apply the same methods earlier on
in this problem. For example, by backtracking characteristics to the x axis
we see that because of the large timestep taken, the characteristic from the
point (x;, t"™1) will pass between the points z;_3 and z;_». We can obtain
a numerical method by interpolating between the two unknowns at those
points namely Q7 5 and Q7 ,. Specifically we will construct Q7' from

n+l §— i3 n Tig—§ n
Qi - ( AZIZ’ ) 2—2+< AZIZ’ ) —3

where £ is the point in between the two cell centers i.e.
5 =Xy — uAt s

With some simplification the above becomes

(5 T oo (L, T o
Qi _<3 AZE') i—2+< 2+ AZE i—3

Chapter 5 (Introduction to the CLAWPACK Software)

Problem 5.1 (a comparison between first and second order meth-
ods)

To have CLAWPACK compute with a first order method, simply change the
line

2 method(2) = order
in the clawlez.data file to read
1 method (2) = order

and execute the xclaw binary. Visual results output from from this can be
found on the web page.
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Problem 5.2 (Instability with a Courant number above 1)

To have CLAWPACK compute with a Courant number of 1.1 in the clawlez.data,
simply change the two lines

max allowable Courant number
desired Courant number

1.0d0 cflv(1l)
0.9d0 cflv(2)

to the following

max allowable Courant number
desired Courant number

1.1d0 cflv(1l)
1.1d0 cflv(2)

and execute the xclaw binary. Visual results output from from this can be
found on the web page, where one can see the instability that results.
Problem 5.3 (A simple wave linear acoustics)

Wave that propagates entirely in one direction are denoted simple waves and
thus this problem is asking us to find a simple wave for the linear acoustic
equations. From the eigenvector decomposition of the primitive variables at

t =0 of
18] oo ][]

we will have a solution (for all time) given by

[ pim,t) } — wl(z + cot) [ _120 } +w*(z — cot) [ Zlo } :

and thus no propagation in the right direction if initially the function w?(z) =

0. Thus we should take the given functional form for p(x,0) and convert the
initial conditions into something that looks like

] =ee [ )

We can proceed by factoring out p(z,0) as follows

7
u(z,0) .
—Zo ( p(x,0) )

] -2
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which will have the correct form if the expression —Z <Zgg§> is set equal
to one. This implies that our initial condition for the velocity be chosen as
p(z,0)
u(z,0) = — .
(@.0)=-2%

This can be implemented in the CLAWPACK software by changing the procedure
qinit.f. Specifically, in this set of problems the line

q(i,2) = 0.d0
is replaced with the following
q(i,2) = -q(i,1)/(rho*cc)
Results with that change can be found on the web sight.

Chapter 6 (High resolution methods)
Problem 6.1 (the REA method for the scalar advection equation)

LeVeque Eq. 6.13 is given by

Az Az

To derive this result using the REA framework, first define a piecewise re-
constructed linear function given in each cell by

q"(x,1) = Qf + o' (x — 2:) .

The second step in the REA framework is to propagate this solution forward
to the new time t"*1. For the constant coefficient scalar advection equation
the reconstructed solution at time t"*1 or ¢"(x,t,,,) is given by

Qrtt = uat ( no4 %(Am - ﬂAt)a{L_l) - (1 —~ U—At) (QF — %ﬂAtU?)

G (z,tys1) = " (x — Atu, t,,) .

The final step in the REA framework is to calculate the average over the cell
C;, which is defined by the interval (z;_1/2, %;+1/2). Performing this averaging
we have

1 .
Qrtt = Ar q(w,tpy1)dx
C;
1 Tiy1/2

Ti—1/2
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Performing the required algebra and recognizing that at time ¢" the state
changes value at x;_/» so we will need to break any integrals at that point
we have

1 1 :EH,l/z—ﬂAt
Qi = AL (5 t ) d§
Ti— 1/2 uAt
Ti—1/2 1 Tit1/2 At ~
= 7" (&t )df+A—/ q" (&, tn)d€
Ti—1/2— UAt xr Ti—1/2
Ti—1/2 ( ( ))
= i1 — 0 (§— i) dE
Ax xi,l/z—ﬁAt
L[ ot — ) de
+ — Yol (€ -y :
AZL’ Ti—1/2

When the integration is performed we obtain

ult, ult,, . of
A—:):( i-1T 5 (ACE—UAt) D+ (1 ——)(Q: —?uAt),

n+1 __

which is the desired result.

Problem 6.2 (examples calculating the total variation)

The total variation can be defined in one of several ways. For a grid function
(a function defined at the grid nodes) we have

= Z |Qz - Qi—l| .

i=—00

For more general functions one can use any of the following definitions

TV(g) = supgzlq(fj)—Q(&—l)l (62)
™) = tsps [ o) - ale - Olds (03
e - [ (@) dr. (64)
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Part (a): For the function ¢(x) defined by

1 x <0
qg(z) =< sin(rz) 0<x<3 |
2 x >3

we compute the total variation using Equation 64 where we find

@) = [l - /0 ¢ (@)l + /03|q'<x>|d:c+ /3°°|q'<x>|d:c

—00 —00

3
= 0+/ l¢'(z)|dx + 0
0

1/2 3/2 5/2 3
= 7T/ cos(mx)dx + 7T/ (— cos(mx))dx + 7T/ cos(mzx)dx + 7T/
0 1

/2 3/2 5/2
= 7.

Part (b): For the function ¢(x) defined by

1 r<0 or z=3

1 0<zx<1 or 2<z<3
a=) =19 l<z<?2

2 z>3

Using the definition of the total variation is given by

TV(q) = sup, ¥ _9(&;) — a(&-1)]

j=1
we have
TV(g) = [q(17) —q(17)|+[a(2") —a(27)[ +[a(37) — a(37)]
= | =11+ [1+1+]2-1=2+2+1=5.
Problems 6.3 (any TVD method is also monotonicity-preserving)

We will prove the contrapositive of the given statement, i.e. that if our
numerical method is not monotonicity-preserving then it it not TVD.
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Problem 6.4 (averaging is a TVD process)

LeVeque Eq. 6.25 claims that TV(Q™™) < TV(¢"(-,t,11)), with the cell
values at time t"*! obtained by averaging the evolved profile " as

n+1 1 it/ ~n
Q=L / (. b )dE

Ax Ti-1/2

Thus cell averaging can only decrease the total variation and is a total vari-
ation decreasing operation. To prove this, consider a arbitrary function ¢(x)
and define its cell averages by the standard formula

1
Qi = A—x/c q(z)dz,

then our claim for ¢(z) is that TV(Q;) < TV(q). Where the grid function
(; has a total variation defined by the standard formula

TV(Q:) = Z Qi — Qi

1=—00

This claim is easy to prove when ¢(x) is continuous. In that case, the mean
value theorem of calculus, tells us that, ¢(z) actually equals its mean value
Q; at a point in each cell C;. Let this point be denoted £ (where m stands
for “mean”). Then we have that

TV(Q:) = Y |Qi— Qi

1=—00

= ) g€ - a(gy)l

N
< supe yla(&) — a(&0)l-
j=1

Where the last inequality holds because the points " are certainly a specific
set of partition points which then must be less than the expression computing
the supremum over all possible partition points.
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Problem 6.5 (reconstructions using the minmod slope are TVD)

We desire to prove that when we calculate a piecewise linear reconstruction
G"(+,tn), using minmod slopes this process can not increase the total varia-
tion, i.e.

TV (-, tn)) < TV(Q").

The slopes o' are computed using

QY —QF, QY —QF
A ’ Ax ’

o' = minmod (

where the minmod function is defined by
a if |a] <|b] and ab>0
minmod(a,b) =< b if || <|a|] and ab>0
0 if ab<0

Our reconstruction ¢"(-,t,) is piecewise linear reconstruction i.e. in cell C; it

is defined by

" (s tn) = Qf + 07" (w — ).
With these definitions we can now compute the total variation TV(q"(-,,))
as

@) - [ ) |Z—f<s,tn>|ds

[e.e] d~n
- 3 [ 1ot

1=—00

-3 ol

1=—00

o0
= Az o7
—0o0

< As i 'Q?;x i-1
= > ler-anl
= TV(Q").
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and thus proving the claim. In the above we have used the fact that the
minmod function is smaller than either of its two arguments and is smaller
than its first argument in particular

|minmod(a, b)| < |a] .
Problem 6.6 (resulting methods for some special flux limiter func-
tions)
Defining 4} ; o = Q" — Q7 , and with LeVeque Eq. 6.32 we have

Atu

n 4 I
Flyp=uQf +u’ i+ 5lal (1— Ay

)@ -

That this expression results in the Lax-Wendroff method is obvious from
LeVeque Eq. 6.9, which gives the Lax-Wendroff flux for a REA algorithm
with a piecewise linear reconstruction given by

q"(v,t,) = Qf + o' (x — 7).

The resulting flux in that equation is the same the flux presented above.

Problem 6.7 (an application of Harten’s TVD test)

u < 0, then LeVeque 6.1 to the flux-limiter method 6.41 we have

1
Qi = QP —u( ?+1_Q?)+§V(1+V) (¢(9?+1/2)(Q?+1 — Q) — 9071 )2)(QF — Q1))

(65)
Then equation 6.1 we have
Qi =QF — CL(QF — Q) + DIHQYL, — Q) (66)
write 6.41 in the form required by Thm 6.1, 6.41 becomes
QI =Q; ‘|‘<_V + 5’/(1 +v) (¢(9i+1/2) —¢( i—1/2)) W) (Qi1—QF)
i+1 i
(67)
from which we see that
Cin_l — O
n 1 n n an - zn—l
D! = —v+sv(l+v) (¢(9i+1/2) —¢( i—1/2)) A n
2 i+l Qz
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Now if u < 0 then
n A69?—1/2 _ AQ?+1—1/2 _ AQ?—HM _ Qi — QF
=1/2 AQ?—1/2 AQ?_UQ AQ?_l/Q Q;L - an—l

Thus

1 P07 1)2)
Di = v+ -v(1+v) [ @O, ) — — L (68)
2 92’—1/2
so we can check the conditions required for the theorem of Harten
cry, > Vi (69)
Dr > OV (70)
C'+D! < 1Vi=D!'<1 (71)
therefore 0 < D <1 would require that
1 P(0712)
0<—v+-v(l+v)|o f+1/2)—71/2 <1 (72)
2 9?—1/2
which implies that
v ¢(9?—1/2> 2(1+v)
— < P — < 73
I/(]_ +I/) = ¢( 2+1/2) 9?_1/2 = 7/(1 ‘I’V) ( )
equivalently to
¢(9?_1/2) 2
— < (O - < Z 74
(1 +I/) f— QS( Z+1/2) 9?_1/2 _ v ( )

If the CFL condition holds then —1 < v < 0 then we have bounds on 2/(v+1)
by the following manipulations

0< v+1 <1

1

2
and a bound on 2/v given by
~1> § >-o0
—c0< § <-1
—o0< 2 <2

(S
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If we require that

N
2< |0(0lk1/0) =~ (75)
i—1/2
then the above will always be satisfied. Thus we should require
o
2 < Jo(or) - £ (76)
2

for all #; and 6,.

Problem 6.8 (symmetry requirements on limiter functions)
Problem 6.9 (high resolution fluxes for systems)

LeVeque Eq. 6.48 is given by

A
Fl@i1,0) = 5AQi1 +Q) — 5 3 A%Qi— Qi)

Which we will first convert into the equation LeVeque Eq. 6.49. Since A =
AT+ A~ and |A| = AT — A, consider first the manipulations of

A(Qic1 + Q).
We have
AQii +Qi) = (AT+A) Qi1+ Qy)

ATQia +ATQi+ A7 Qi + A7 Q;
= ATQi1+ (A+Qi—1 - A+Qi—1) + A*Q;
+ AQi+A Qi+ (A Qi— A Q)
= 2A7Qi1 +2A7Q; — AT(Qis1 — Qi) + AT (Qim1 — Qi)
= 2A7Q;i 1 +2A7Q; — (AT — A7)(Qim1 — Q)
= 2A7Qi1 +2A7Qi + [A|(Qi — Qi—1) -

If this gives the first three terms from LeVeque Eq.6.49 how can

any manipulations of A? given me the remaining.
Next consider the expression A?, we have

A2 = (AT +A7)?
(AT — A=+ A"+ A7) (AT + A7)

— <|A\ - %(w +2A7)(AY + A‘)) (Qi — Qi-1)
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Now we can simplify AT + A~ in two different ways

L (Al A+ A — A+ 24"
AT+ 4 —{ A* 4 |A| + A = |A] + 247
. ] At .
F(Qi—1,Qi) = ATQi1 +A Qi+ | Al _—(|A|+2A J(|A] 4 247) | (Qi — Qi—1)

= ATQi 1 +AQ;+ <|A| — %)

To show that LeVeque Eq. 6.48 gives the Lax-Wendroff method insert
this expression into our general flux-differencing method formulation

A
Q= Q) — S (F(Qn Qi) ~ F(Qi Q)

we have that

G = @
A 1A
- (JAQ Q- Q) - e AQ Q- 0 QD)

= Q- g (@ - )+ (5 4@ - 20+ Q).
which is the Lax-Wendroff method, as we were to show.

Chapter 7 (Boundary Conditions and Ghost Cells)
Problem 7.1 (ghost cell computed for the Lax-Wendroff flux)
The ghost cell specification given by LeVeque Eq. 7.9 is to take

Az

Qo = go(tn ‘|‘2—)

The the Lax-Wendroff flux F;_,/; is given by

Fiyp=(A"Qf + ATQ7 ) + —\AI(I— —\AI)(Q" 1)
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for the pure advection equation we have A~ = 0, AT = @, and |A| = @ so
the Lax-Wendroff flux becomes

P 1. At _ . .
Fio1y0 = uQy 1 + S U (1 - EU) (QF — Q).

To evaluate [/, take 7 = 1 in the above giving

1 A
R = w0+ e (1-50) @ - Q)

x
- g<1+A u) P+ <1—%u)@1
- g(1+%u)go(tn+§—f)+% (1—%u) o}
This expression is to be compared with LeVeque Eq. 7.6 which is
Fijo = ago(tn, + %) )

For a CFL number of near one, we have that %ﬂ ~ 1, equivalently 22 ~ At

and we can see that the Lax-Wendroff flux F}/, derived above is approxi-
mately the same expression as LeVeque Eq. 7.6.

Problem 7.2 (solid-wall ghost cells for acoustics)

Part (a): LeVeque Eq. 7.17 is assigns a state value @y in the first ghost cell
relative to the first internal state variable ()1 given by pg = p; and ug = —u;.
To solve the Riemann problem introduced at x;,5 = a with left state Qo and
right state (Q1, we begin by decomposing the jump in state @)1 — @y into
jumps in characteristic variables o as

a = R Q1 — Qo)
_ L -1 7 b1 — Do
27 1 A U1 — Up
_ L -1 Z 0
oz Z || 2y

. L_QZUI . Uq
27| 2Zuy | | un |




Where to avoid confusion with the first ghost cell we have renamed the
constant acoustic impedance from its normal Z; to Z. So the intermediate
state of this Riemann problem ¢* has values given by

x _ 11_ | M —Z | | ;= 2wy
e on ][]

showing the value of u* = 0 as expected.

Part (b): LeVeque Eq. 7.20 states that the boundary conditions to use in
cell Cy when our left most interface has velocity according to a function U (t)
are given by

Ug = 2U(tn) — Uy

Po = M

where the state in cell C; is given by the state { Zl } .
1

Chapter 11 (Nonlinear Scalar Conservation Laws)
Problem 11.4 (exact solutions to Burgers’ equation)

Burgers’ equation in conservative form given by

1
U + (§U2)w =0.

Part (a): Our initial conditions are given by

uo(x)

Now the characteristics structure of Burger’s equation is given by

dx
— =u=ou
dt
Now we have characteristic crossing immediately at © = +1 and thus we
expect shocks to form, at © = —1 the speed will be
flw) — flu,) 1 1 1
N, S — - = — ]_ 0 = —
s — 2(u1+u) 2( +0) 5
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at x = +1 the speed will be

1
§=—=
2

From the characteristic drawing just produced. It looks like that shown in
Figure XXX. It looks like the shocks intersect at x = 0 and ¢ = 2. From this
point on we have the following Riemann problem

u(x):{+1 <0

-1 >0

which has a third shock traveling at the speed of
1
=—(1-1)=0
s=50-1)

The full characteristic structure is the following
Then u(z,t) is given by for t < 2 as

1 T < 3(t—2)
u(z,t) = 0 (t—-2)<z<—3(t—2)
~1 x> —2(t—2)

and when t > 2 our u(z,t) is given by

1 <0
u(z,t):{ -1 x>0

Our initial conditions are given by
-1 r<—1
u(x) = 0 —-l<zx<1
1 z>1

The characteristic structure of this problem is given

dx

— = -1 < -1

dt o

dx

— = —1 1
7 0 <z <
dx

— =1 1

i T >
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with rarefaction fans at x = £1. The solution to u; + uu, = 0 in each
rarefaction fan is given by

fq(x/t) =/t

for Burgers equation f'(z) = z, so the above is given by ¢(x/t) = x/t. Thus

-1 z/t<-1
Gz/t)y =< z/t —1<z/t<0
0 x/t >0
this gives
—1 T < —t
jz/t)y=<¢ x/t —t<x<0
0 z>0
For the centered rarefaction at x = +1 we have
0 <0
Gz/t)y =< x/t 0<zx/t<1
1 x>t

Problem 11.5 (interacting shocks and fans in Burgers’ equation)

wg) {2 0<w<]
] 0 otherwise

The characteristic structure for Burger’s equation is given by fl—f = u. Thus
a rarefaction ran forms at z = 0, and a shock forms at x = 1. The Rankine-
Hugoniot shock speeds for Burger’s equation is given by

1 1
825(U1+ur)=§(2+0):1-

The edges of the rarefaction travel at speeds 42, and will therefore intersect
the shock at some point. Inside the rareaction fan the solution is given by

fla(z/t)) = x/t

From LeVeque Eq. 11.27 this is valid for scalar conservation laws. For the
Burger’s equation f'(q) = ¢ so the above becomes

q(z/t) = z/t
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Thus the solution structure looks like. Now the T, is given by x = 2t and
xr =t+ 1 intersect when 27, =T.+1,or T, = 1.

0 <0
z/t  0<az <2t
2 2Zt<r<t+1
0 r>t+1

u(z,t) =

Then when t > T, we must evaluate z4(t)
Part (a): The Rankine-Hugnoit equations gives

re(t) 1 1,
a ) =550
which gives
dv, _ L,
a2t
or
drs @
rs 2t
1
In(zs(t)) +C = §1n(t)

r, = CVt

with z,(t = 1) = 2 = C, which gives C' = 2, so x,(t) = 2V/*.
Part (b): Now I expect that the wave p propagated as if there were no
interface between the rarefaction

Chapter 13 (Nonlinear systems of Conservation Laws)
Problem 13.1 (integral and Hugoniot curves for shallow water)

Part (a): The integral curves of the p-th family are solutions to the following
system of ODE’s )
dq (&)

e = alerae) (1)

Assuming a unit normalization factor o(£) and expressing this ODE system in
terms of its components as in the text, we arrive at the following expressions
for the 1-integral curve for the shallow water equations

q'¢ = ¢
PE) = €u.+26(v/ghe — /9€) (78)
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These are effectively LeVeque Eq. 13.28 and 13.30 respectively. The slope
tangent to these integral curves in the ¢'-¢? plane is equal to

dg  dg?/de .+ 2(v/ghs — VGE) + 26(5/FE)
dq'  dq'/d¢ 1

Simplifying some this gives

dg? 72
=t 2ok~ Vi)~ Ve = T aT (s0)

Remembering the definitions of the conservative variables in the shallow wa-
ter equations we have ¢' = h and ¢> = hu and the above becomes

dg? .

(79)

Part (b): Consider two points on the 1-shock curve for the shallow water
equations, say ¢' and ¢". We will assume that ¢" is connected from ¢' = g,
by some parameter «. Following the discussion on shock waves and the
Hugoniot loci for the shallow water equations we obtain for the 1-shocks

' = hi+a (82)

—— - a a1
hu' = h*u*+a[u* \/gh*(1+h*)(1+2h*)| (83)

Then the slope between the two points ¢" and ¢ is given by

b +a [ =\ foho L+ &)1+ 35)| = b
hy + o — h,

slope =

simplifying some we get

«

2h,

slope = u, — \/gh*(l TN+ (85)

h.

Replacing o with o = h — h, and simplifying some we obtain

R e
slope = u, — h 2(h+h*) (86)
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Now to show that this is equivalent to the shock speed between the two states
we consider the expression derived relating the velocity behind a shock as a
function of the depth h behind the shock (Eq. 13.17 from the book). The
1-shocks must satisfy

u(h) =, \/ 2L e~ ) (87)

Factoring out h, — h we obtain for u(h)

u(h):u*—\/%(%+hi*)|h*—h| (88)

With this expression we can write the shock speed as

hou, — hu

and using the expression above for u = u(h) and remembering that h = h,+«
on the back side of a 1-shock we obtain for s

e = (b + o), = /3 + 5 lh. — h)

= 90
s - (90)
after simplification
g, 1 1
=u, — 2(Z 4 — 1
§=1u 2T (91)

Since this is the same expression as we obtained for the slope above we have
the desired equivalence.

Problem 13.2 (conservative v.s. primitive wave curves)

Figure 13.15 in the text shows integral curves through the points ¢, and ¢
plotted in the (h, hu) = (¢!, ¢*) plane. In particular they are ¢, = (1.0, 0.5)
and ¢ = (1.0,—0.5). To construct the integral wave curves, through the
state ¢; we draw the 1-integral wave curves and through the state ¢, we draw
the 2-integral wave curves. For the 1-integral wave curves we have

w=u, +2(v/gh. — \/gh) (92)
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Figure 3: One integral (through ¢') and two integral wave curves (through
q") for the three parts of Problem 2. The portion of the wave curves where
h > h; or h > h, is unphysical.

while for the 2-integral wave curves we have

u=u. —2(v/gh. — \/gh) (93)

Part (a): For the 1-integral wave curves through ¢, = (1.0, —0.5) the above
simplifies to (with g = 1)

u=—0.5+2(1.0—Vh) (94)

similarly the 2-integral wave curves through ¢. = (1.0, 40.5) the above sim-
plifies to (with g = 1)

u=+0.5—-2(1.0 — Vh) (95)

These two integral curves are plotted in the Matlab script prob_13_2.m and
the output is shown in Figure 3.

Part (b): With i, = h, = 1.0 and —u; = u, = 1.9 the integral curves are
plotted in prob_13_2.m.

Part (c): With by = h, = 1.0 and —u; = u, = 2.1 the integral curves are
plotted in prob_13_2.m.

Note that as we increase the magnitude of the velocity separation velocity
(between the left and right state) the 1 and 2 integral wave curve intersection
point becomes closer and closer to 0. For velocities beyond 2.1 the material
is moving so fast apart that a “vacuum” state is created between the two.
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Problem 13.3 (two rarefactions in shallow water)

The expression for a 2-integral curve is derived in the notes accompanying

Page 271 is
u=us —2(\/ghs — \/gh) (96)

For the shallow water equations \? = u ++/gh = Z—f + /94", so the gradient
of this expression in the conservative variables (¢!, ¢?) = (h, hu) is

_ ¢ 1 1y-1/2
V)\2 — [ (D)2 + Qi/?(q ) ] ’ (97)

ql

this coupled with the 2-wave eigenvector (from Eq. 13.10 in the book) of

! ] (98)

2
o+ Vad

2

=l

Allows for the calculation of VA? - 2. This calculation (after some simplifi-

CatiOIl) pl"OdllceS
3 q
VN .2 =2, /2 £
)\ T 5 \/; 0 (99)

Since this expression is not equal to zero the 2nd characteristic field of the
shallow water equations is generally nonlinear.

Problem 13.4 (1-shock 2-shock collisions)

When a 1-shock collides with at 2-shock in the shallow water equations the
Riemann problem that results will produce two new shocks. The left diagram
in Figure 4 shows an x-t schematic of this situation and the right diagram
in Figure 4 shows this in the (h, hu) plane. One way for this situation to
occur is to have the middle state ¢" (or the state ahead of the two-shock)
connected to the left state by a two shock and thus by the discussion in
LeVeque (Section 13.7: Shock Waves and Hugoniot Loci) ¢! is obtained from
q™ (for some o! > 0)

1
um = fghm (L4 21+ )

¢ =q"+d (100)
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Figure 4: The image to the left is a schematic of a right going or two-shock
W; colliding with a left going or one-shock W and producing two additional
shocks, a left going one-shock W) and a right-going two-shock W?. The plot
to the right in the above figure shows an example of this behavior in the
(h, hu) plane. In this plot the one-shock wave curves are drawn in red while
the two-shock wave curves are drawn in blue. This plot is produced using
the Matlab script prob_13_4.m. See the text for further details.

In the same way, ¢ is the state ahead of a one-shock with ¢ the state behind.

As such it is related to ¢" by (for some " > 0) the following equation

1
u™ + \/ghm(l + ;f‘—;)(l + %)

g =q¢" +a" (101)

To provide a numerical example of when this can happen in the (h, hu) plane
consider the middle state given by ¢™ = (1,1). Now using equation 100
(plotted as a! — oo) draw all the possible states behind ¢™ connected by a
two-shock. Since this curve represents all states ¢! select one (denoted by a
blue circle in the plot above). In the same way using equation 101 (plotted
as @’ — 00) draw all the possible states behind ¢ connected by a one-shock.
Again select a state to be ¢". Through the state ¢' draw the loci of one-shocks
centered on ¢'. Through the state ¢" draw the loci of two-shocks centered
on ¢". The intersection of these two curves provide the state that is between
the two outgoing shocks (denoted ¢™ in the figure).

WWX: Do I need this description???

Since the first component must be equal we obtain

¢ —q¢ =a" —a (102)
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Equivalently of th second component gives

I ro__ T r r a_r ar A1 I 1 gl il
¢—q¢ =« (u + \/gh (1+ hr)(l—l— 2h7’)> a (u \/gh (1+ hl)(1+ 2hl)>
(103)

Problem 13.5 (the collision of two rarefactions)

It is mot possible for two 2-rarefaction to collide with each other. As simple
way to see this is as follows. Assume without loss of generality we are consid-
ering two left-facing rarefaction fans. Initially, the two rarefaction fans will
be separated by a constant state g,,. Since the tail speed of the left most
rarefaction fan and the speed of the head of the right most rarefaction fan
travel at the same speed it is impossible for them to collide. For instance
since they both are left-facing fans then the head and tail discussed above
both travel at the speed given by M (q,,) = U — Cpm.

Problem 13.6 (total energy as an entropy function)

Given the definition of the entropy function n(q) and the entropy flux ¥ (q)
for the shallow water equations of

n(q) = %hu2+%gh2 (104)
1
U(q) = §hu3+gh2u (105)

Part (a): Now 7(q) is convex if the Hessian matrix 1”(¢) has all positive
eigenvalues. We compute the Hessian of 1 with conservative state of ¢ =
(h, hu) = (¢!, ¢?). In the (¢', ¢*) coordinates we have 7 as

_1(¢?)?
=50

n(q) - %g(ql)2 (106)

Now we first compute the gradient of 7(¢) obtaining

n'(q) =V = <—% 81;2 + 99", %) (107)
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Then the Hessian is given by

2)2 2)2
= | (3 vo) s (3655 v on)
(@) 2 2 (108)
(& e ()

or simplifying some o ,

q _ 1 gq
(ql)_; +g 3 §q1)2 (109)

wE Y T

Now we note that this is symmetric as required. To show that 1”(q) is positive
definite if its eigenvalues are strictly positive. To find its eigenvalues we must
evaluate the following

(110)

(EZ:? 9 A) (% - A) - (qqf)z (512)2 =0 (111)

or expanding the terms in the above we get

e R
A=\ {222 +gq1+1] +9=0 (114)

We could work out the general expression for A\ but since we are only inter-
ested in showing that A > 0 lets define a, b, and ¢ as

a = ¢ (115)
b = [(;j—j) +9q" +1 (116)
c =9 (117)
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Our quadratic equation for A becomes
aX —bA\+c=0 (118)
Which has its roots given by

btVb?—4
A=V TR (119)
2a
Now since all of a, b, and ¢ are positive and since 0> —4ac < b we have
that A > 0 as we desired to show.

Part (b): We desire to show that

n(q)e +¢(q)s = 0. (120)

The simplest way to verify this or not is to expand the left hand side of
the above equation and see if it can be equated to zero. Specifically, select
a set of variables to work in (be they primitive, conservative, or something
else) compute the time derivatives using the shallow water equations (with
no bottom topography) and substitute into the above expression effectively
eliminated all time derivatives in terms of spatial derivatives. If the above
expression is true then everything will simplify to a zero. The shallow water
equations in primitive variables are

hy + (hu), = 0 (121)
(hu)t+(hu2+%gh2)x =0 (122)

in terms of time derivatives of the primitive variables these can be simplified
to

h; = —uh, — hu, (123)
Uy = —uly — ghy (124)

These will be substituted into Eq. 120, when expressed in the primitive vari-
ables h and u. Doing so we write the left hand side of Eq. 120 as

1 1 1
—hu?® + ~gh*) + ( =hu® + gh*u (125)
2 2 . 2 .
Expanding the derivatives in terms of the product rule we obtain
1 1 3
§u2ht + huu; + ghhy + §u3hx + §hu2ux + 2ghuh, + gh*u, . (126)
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Replacing the above time derivatives with spatial derivatives compute above
we obtain

su? (—uhy — hug) + hu (—uugy — ghy) + gh (—uh, — hu,) +  (127)

%u?’hx + %huzux + 2ghuh, + gh*u, . (128)

Which simplifies to zero as expected. To show that ¢'(q) = 1'(¢)f'(q) we

consider each expression in tern. Now we have computed 7'(¢) in Eq. 107.
In a similar manner in the (¢', ¢*) coordinates we have ¢ as

1(¢°)?® 1 2

vig) =5 @t igqlq : (129)
Thus the expression ¢/'(q) is given by
/ o _ (q2)3 2 3(]2 1
= (—u3 + ghu, guz + gh) (131)

It remains to calculate f’(q). For the shallow water equations f(u) is given

by
1@ = (e e ) (132)

Converting this to conservative variables
h qt
o= ()= ()

flq) = < (g*)* +q%g(q1)2 ) (133)

the flux becomes

SO g—g is then given by

of 0 1 0 1
— = = : 134
dq < —EZ?;Q + gq* 23—? —u® 4+ gh 2u (134)
The entropy flux for the shallow water equations is given by
1 1 1(¢®)?* 1
= —hu*+ —gh® = = —g(q")? 135
n(g) = 5hu”+ 59 T +59(@) (135)
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so the gradient of the entropy flux is given by

n(q) = (—% (Z—i)Qﬂqul,Z—i) (136)
_ (—%u2+1ﬂau). (137

Now we desire to show that ¢'(¢) = 7'(¢)f'(q). To show this we’ll compute

/ l _ 1 2 0 1
daorw = (peraa) (0 2 ) 039
1
= <—u3+ghu,—§u2+gh+2u2> (139)
3 3 9
= (—u +ghu,gh+§u) . (140)

Since this last expression equals 1/'(¢) we have shown what was desired.

Problem 13.7 (the p-system)

The p-system given in the text is

vp—u; = 0 (141)
up + p(v), (142)

or in matrix notation we have

() G )0 wo

Part (a): To derive the characteristic speeds of this system we must first
write it in non conservative form i.e.

v—u; = 0 (144)
u+p (v, = 0, (145)

or again in matrix notation

(), (ot o) () =0 (146)



so the Jacobian of the flux function for the p-system is given by

f’<q>=( ’ ‘01). (147)

P'(v)
This Jacobian has eigenvalues given by the solution to

'—A -

S -2 ':o (148)

or A2 + p/(v) = 0 which has A" = F,/—p/(v) as it solution (using the usual
ordering that A' < A\?). From this we see that the eigenvalues are are real if
and only if p/(v) is negative.
Part (b): The Rankine-Hugoniot equation for the p-system between state
q and ¢, is given by

s(q —q) = fla.) — f(9) (149)

in terms of the conservative variables v and « we have

A= COl=1Ges ) -Gl

Which in component form give the following equations

—~

150)

s(ve —v) = —u,+u (151)
s(us —u) = p(vs) = p(v). (152)
Solving for the s in the first equation we have that

— Uy + U
§ = ——- (153)
Ve — U
and putting it into the second equation we obtain
— Uy + U

Uy — U

(u* - U) = p(v*) —p(’l}) . (154)

Solving for u in terms of v in the above we perform the following manipula-
tions

_((1:;—_?;))2 — oy (155)
(ue —u)® = (p—p.)(v. —0) (156)
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Which gives for u the following

u = u, £/ (p—p)(ve —v) (157)

_ u*:l:\/— (Z:ZI)(U—U*V (158)
— u, =+ —(p_p*>|v—v*\ (159)

since the volume behind a shock must be greater then the state ahead v > v,
and the absolute value can be dropped and we have the requested result from
the book.

Part (c): From the first equation we have

s(ve — V) = —uy +u (160)

and putting this in the recently found solution for u gives

V — U,

s(v, —v) = —u, +u, + \/—M(U—v*) (161)

which gives

UV — Uy

. \/_p<v> — p(v.) (162)

Note that for v = v, the difference quotient above is an approximation to the
derivative, so s & X\ and the approximation becomes better as v — v, from
above. Thus we see that the minus or top sign corresponds to the 1-wave
and the plus or bottom sign corresponds to the 2-waves.

Part (d): Let ¢* = (1,1) for —3 < v < 5 In figure 5 we have plotted the
Hugoniots for each of the suggested pressure volume relationships.

Part (e): To determine the two-shock solution for the p-system with p(v) =
—e', ¢ = (1,1), and ¢. = (3,4) we can plot the Hugoniot loci given by

w =, \/— (J%if“*)) (v —v,) (163)

for initial states (v.,us) = (1,1) and (vi,u.) = (3,4) while ensuring to use
the correct sign depending on if we are connecting the left or right state to
the middle one.
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Figure 5: One and Two wave Hugoniot loci for the shallow water equations
with equations of state consisting of (i) p(v) = —e, (ii) p(v) = —(2v+0.1e"),
and (iii) p(v) = —2v. The red curve corresponds to the one wave and the
blue curve corresponds to the two wave.

We plot the left Hugoniot from the state (v.,u.) = (1,1). This is given
by taking the minus sign in the above equation and we obtain

w =, — \/— (I%i(”*)) (v —1.) (164)

u:1—\/—(%+161)(v—1) (165)

Next we plot the right Hugoniot from the state (v, u,) = (3,4). This is given
by taking the plus sign in the above equation giving

w=u, + \/— <M) (v —v,) (166)

u:4—i—\/— (%)@—3) (167)

Both of these expressions are plotted in the function prob_13_7_e.m and
the result is displayed in figure 6 with an estimate of the intersection point
marked with a diamond.

or

or
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Two-Shock Sclution (Maynct satstisly the entropy candition)

Figure 6: The one Hugoniot loci through the state (1, 1) and the two Hugoniot
loci through the state (3,4) for the shallow water equations with equations
of state consisting of p(v) = —e

(ii): From the the discussion above (v, u,,) must be given by the solution
to the following system of equations

uy = 1— \/— (%) (0 — 1) (168)

uy = A+ \/— (#_*;3) (0 — 3) (169)

which by equating the equations for u,, gives a single equation for v,, of

1—\/— (%)(vm—w:u\/— (%j;g)(vm—?j) (170)

To solve this equation we can use a newton like method. In prob_13.7_e_fn.m
we have a Matlab function which is used in the Matlab script prob_-13_7_e.m
to with fzero to solve for the explicit root. When this is done the value
obtained is given by (1.693712, —0.373986).

Part (f): The Lax-entropy condition states that a discontinuity separating
q; and ¢, propagating at speed s satisfying the Lax-entropy conditions if there
is an index p such that

)‘p(Ql) >8> )‘p(QT’)> (171)
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(p-characteristic are impinging) on the discontinuity, while the other charac-
teristics are crossing the discontinuity

M(g)<s and N(g)<s j<p (172)
M(g)>s and  N(g)>s j>p. (173)

In other words the shock splits the characteristics. For our problem with
only two characteristics speeds. The 1-wave must then satisfy

M(q) > s> Mg (174)

M(q)>s and M\(g) > s (175)

Lets check this condition for the solution found above. In the shallow water
equations (and in our case with p(v) = —e”) we have

A =g £ \/—p/(v) = u = e/? (176)

Part (g): For the given left state ¢ = (1,1) for the one shock to satisfy the
Lax-entropy conditions we must have

Aa) > Al(qm) (177)
—p(u) > —P' (V) (178)
—P'(w) < V=1'(vm) (179)
N(q) > (180)
N (gm) > (181)
From Eq. 177 for a 1-shock must have
—p'(v) < —p'(vm)
or
P (v) > 9 (vm) (182)
with p(v) = —e” and therefor p’(v) = —e’ the above becomes
—e’l > —e'm
which gives
v < U (183)
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as the entropy requirement for 1-shocks. For 2-shocks the Lax-entropy con-

dition requires that
N (gn) > s > \(q) (184)

and
M(gn) <s and M(g) <s (185)

with our equation of state equation 184 becomes

_pl(vm) > _p/(vr)
_p/(vm> > _p/(vr)
e’m > e
Uy > U (186)

Problem 13.8 (the exponential EOS p-system)
The p-system we are considering for this problem is given by
vp—u; = 0 (187)
Uy +p(v>m =0
with p(v) = —e’.
Part (a): The procedure described in section 13.8.1 looks for the integral

curves of Equation 187, the definition of which is that the p-th integral curves
are the solutions to the following ordinary differential equations

q'(§) = a(§)r*(q(s)) -

For the p-system with arbitrary equation of state the eigenvalues are given
by A2 = F,/—p/(v), which for this equation of state (since p'(v) = —ev)
becomes

A2 = ev/2 (188)

The eigenvectors for the p-system are given by the non-zero vector solutions

r! and 7?2 to . L
[_/A’ _j1l2j||:r{2:|:0-
p'(v) —Ab ry

or



For r* we have (selecting the + sign)

i v [ -

Now dividing the second row by —/—p/(v) we obtain

—P(v) —1][n
1 - 0 .
—p'(v) -1 T2
Showing the underdetermined nature of this system and giving a single con-
straint on the vector r! of

—p'(v)rf —ry =0

or

ry =/—p/(v)r]

so the first eigenvector is given by

7’1:{ ! } (189)

—p/'(v)
In a similar way, the 2nd eigenvector is given by

2 = [ B Ep,(v) } (190)

Which for this equation of state gives
1 1
1 _ 2 _
ro= [e”/2 } and r°= [ vl } ) (191)
Back to the problem at hand, the 1-integral curves are solutions to

q'(€) = a()r'(a(6))

taking (&) = 1, for simplicity (other values of v only scale the solution) and
specifying to the eigenvectors of the p-system found above we have

10-| o] (192



with ¢/(£) defined as
dv
16| %] (199)

the system of ordinary differential equation above becomes

dv
— =1 194
du
— = —p/ ) 195
i @) (195)
The first equation has a solution given by (ignoring integration constants)
v(§) =¢,
which when put into the second equation above gives
du
— =/ (). 196
&=V (196)
Since in our case p(v) = —e”, the above becomes
Z—z = b (197)

which when integrated between two points on the integral curve (£; and &)
gives

u(&) —u(r) = 2(e2? — 872). (198)

Defining the point on which we center our rarefaction wave curve as (v., u,)
(when £ = &) we have

U(gl) = &1 = v
u(é) = u

and the point which changes as we more though the wave curve as (v,u)
(when £ = &) we have

(&) = &L=v
u(£2) = u,
and Eq. 198 becomes
u—u, = 2(e?? — ev/?) (199)
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or
U= u, — 2(e/? — ev/?) (200)

as was to be shown. From the above equation is is clear that
u — 2e"? =y, — 2ev/?
for any two points along a 1-integral wave so defining the function w'(q) as,
w'(q) = u — 2e¥/? (201)

we see that w'(q) is a 1-Riemann invariant for this system.
Part (b): Along a p-th centered rarefaction wave we have that the vector
state ¢ must satisfy the following system of ODE’s

e
70 = T%G@©) - ma©)

For the p-system with this equation of state we have

(202)

o o\
W= (5eae)

1 T
= <:F§€v/2, 0) (203)
so we have for VAP - rP the following expression

1
VNP P = <:F§e”/2,0)-(1,:te”/2)T

v/2

2

(&

= F (204)

So the 1-centered rarefaction fan must satisfy

dv 5
do 1 1 —2¢70/2
d§ - - - _
( du ) SLev/? ( etl? ) - ( —2 ) ' (205)

The second equation has solution given by

w=-2+A, (206)
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for some constant A. The first equation has a solution given by the following
manipulations

Ay = —2d¢
2% = 26+ B
e/2 ¢+ B
o = 2log(B—¢). (207)

Now A and B are determined by the fact that the limits of £ correspond to
the head and tail of the rarefaction fan. For example, we require

when ¢ = M(g) we have (&) =¢q and (208)
when & = M(g) we have (&)= ¢, (209)
which for this problem becomes
6 = Na)= e q(so:(?& )= ()
G = V)= qe) = (%) )= (PR o).

Our “left” boundary condition on the u component is

w = 2e"?+ A
giving

A=y —2e%/?2, (210)
In them same way, the “right” boundary condition has & = —e”/? and our

boundary condition on u is given by
u, = 2e"? + A
giving
A=u, — 2"/, (211)

Which was to be shown. The same type of manipulations for v gives a value
of B from the “left” boundary conditions

0(&1) = 2log(B — &)

v, = 2log(B+ e"/?)
e’l}l/2 — B_'_e’l}l/2
B = 0.
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Applying our “right” boundary condition we have

0(&) = 2log(B—&)
v, = 2log(B+ e”/?)
evr/2 — B+ evr/2
B =0
so the variation in v through the 1 rarefaction waves are represented by

0(€) = 2log(—=€) for —eW/?2 <€ < —evr/? (212)

in vector form

q(¢) = ( 2_1%(;54) ) for — e <g< e (213)

Part (c): To be genuinely nonlinear we must have that

VAP 7P £ 0 (214)

Since for this equation of state VAP-rP = :F%e”/ 2

nonlinear.
Part (d): To determine the the 2-Riemann invariants we consider the 2-
integral wave curves which are solutions to the following set of ordinary

differential equations.
q'(&) = a(é)r*(a(€))

taking (&) = 1, for simplicity (other values of v only scale the solution) and
specifying to the eigenvectors of the p-system found above we have

# 0 both fields are genuinely

1= | (215

giving the system of ordinary differential equation above becomes

dv

— =1 216
i (216)
du
— = e, 217
- (217)
The first equation has a solution given by (ignoring integration constants)
v(§) =¢,
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which when put into the second equation above gives

du

au_ e
= et/?. (218)

which when integrated between two points on the integral curve (&; and &)
gives

u(é) — u(&) = —2(e2/? — e8/?) (219)

Defining the point on which we center our rarefaction wave curve as (vy, )
(when £ = &) we have from Eq. 219

u—u, = —2(e”/? — /%) (220)

or
U= u, _'_2(611*/2 _ €U/2),

which is a representation of the 2-integral curves in the v — v plane. From
the above equation is is clear that

u+ 2e"? = u, + 2e"/?
for any two points along a 2-integral wave so defining the function w?(q) as,
w?(q) = u + 2¢"/? (221)

we see that w?(q) is a 2-Riemann invariant for this system and is the first
part of this question. For the second part to this problem, the 2-centered
rarefaction fan must satisfy the following system of ODE’s

) _ 1 L _ (277
le—z %65/2 —6v/2 —2

These equations are the 2-wave generalizations to equation 202. Integrating
the second equation gives
u=-2£+C,

while integrating the first equation gives
Ay = 2d¢
2¢%? = 264D
u(§) = 2log(D +¢)
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Now C' and D are determined by the fact that the limits of £ correspond to
the head and tail of the 2nd rarefaction fan. For example, we require

when & = M(g) we have (&) =¢q and
when & = M(g.) we have §(&)=gq.

which for this problem becomes
- 0 2log(D + &)
_32(g)) — 4etif2 _ (&) ) _ < g 1 )
51 (q1) +e Q(&) < U(&) _2£1 +C
_ 2 /2 & _ 0(&2) _ 2log(D + &)
&2 A (qr) = +e q(&2) ( (&) —26,+C :
Our “left” boundary condition on the u component is
w = —2e"? + (¢
giving
C = uy 4 2e"/%. (222)

In the same way, the “right” boundary condition has a boundary condition
on u is given by

u, = —2e"/? + C
giving

C = u, + 2" /%. (223)
Which was to be shown. The same type of manipulations for v gives a value
of D from the “left” boundary conditions

0(§1) = 2log(D+¢&)

v = 2log(D + e"/?)
e’l}l/2 — D_'_e’l)l/2
D = 0.

Applying our “right” boundary condition we have
(&) = 2log(D — &)
v, = 2log(D + e"/?)
evr/2 = D+ evr/2
D = 0,
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so the variation in v through the 2 rarefaction waves are represented func-
tionally by

5(€) = 2log(€) for eW/? <€ < e/ (224)
in vector form
Cj(f) = ( _2212g_‘(_£é ) for ev/? <€< evr/2 (225)

Where the constant C'is given by equation 222 or equation 223.

Part (e): To determine the middle state g, using only centered rarefaction
fans as suggested in the text we must connect the left state ¢; to g, along a
1-rarefaction fan, and ¢,, to ¢, along a 2-rarefaction fan. The first constraint
requires (using the 1-Riemann invariant from Eq. 201)

up — 2% =y, — 2e"m/? (226)

connecting the middle state to the right state using a 2-rarefaction wave in
the same way (using the 2-Riemann invariant from Eq. 221) we obtain

Uy + 26"/ = u, + 2e0m/? (227)

Adding these two equations gives a for u,, the expression of

(w +ur + 2(ev/? — e”l/Q)) : (228)

Um =

N —

Subtracting these two equations gives an expression for e’=/2 of
1
evm/? = 2 (ur —w + 2(e"r/? — e”’/2)) . (229)

Which can easily be solved for v,,.

Part (f): For the value of g, computed in part e to be a valid entropy
satisfying solution we must have the that characteristic speeds increase as
we move through each rarefaction fan. What this means is that we must
have

Ma) < X (gm) (230)

and
N (gm) < N(gyr) (231)
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In terms of the known eigenvalues for this version of the p-system we have

the above
_6vl/2 < _evm/2

and
evm/2 < €UT/2

Since we have computed e’/? in Eq. 229 we can evaluate each of these
expressions above in terms of only ¢; and ¢,. The first equation is then given
by

1
e/ > 1 (uy — up + 2(e™/? — e"/?)) . (232)

which simplifies to
Uy — g+ 2(e”/? — e/?) < 0 (233)

The second equation is then given by
% (ur —u + 2(e"r/? — e”’/2)) <evr/?, (234)
which simplifies to
Uy — uy + 2(—e"/? 4 %) < 0 (235)
Adding Eq. 233 to Eq. 235 gives
U, < Uy (236)
and subtracting Eq. 233 to Eq. 235 gives
evr/? — /2 <) (237)

or

v, < Uy (238)

as another condition. In summary then to have an all rarefaction solution to
the Riemann problem for this specific p-system the initial conditions must
satisfy

uo> v (239)
u > U (240)
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Problem 13.9 (genuine nonlinear requirements for the p-system)

The p-system of Exercise 13.7 has eigenvalues given by
A2 = Fy/—p/ (v) (241)

with corresponding eigenvalues given by

O -

For the p-th field to be generally nonlinear we must have

VNP £ 0 (243)

:(Z) (244)

ONL O
1 f— _ _
VAL = ( dv’ Ou )

In the case above with

we have that

= (- 050-#) s w010)
p”(U>
(20 "
In a similar way we have that
VA = <L(U), 0) (246)
2y/=p'(v)

so we then have that

+p"(v)
var = (2 ). (1, :l:\/—p’(v)> (247)

2¢/ 7' (v)

j: /!

_ W Ly (248)
2¢/ =7 (v)

or equivalently p”(v) # 0 as the condition that must be satisfied for the 1
and 2 fields to be genuinely nonlinear. It is interesting that we can construct
a family of p = p(v) relationships that will be linearly degenerate by solving
p"(v) =0 or p(v) = A+ Bu.
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Problem 13.10 (genuinely nonlinear requirements for 1D elastics)

LeVeque Eq. 2.97 are given by

€ — U, = 0
puy —o(e)y, = 0 (249)
with p a constant. The second equation can be written as
/
-2 g (250)
p

and for constant p our flux function is given by

p

fla) = { (e } (251)

Defining primitive variables as

q:H, (252)

u

and Equation 249 can be written in nonconservative form as

[Z]ﬁ _% —01][2]96:0. (253)

P
The Jacobian is given by

Alg) = [ e _01 ] (254)

p

which is the same for the p-system with p’ replaced by %'. Thus the eigen-
values are given by

_79

A2 = (255)
p
with corresponding eigenvectors given by
1,2 1
= / 256
r + _op(e) ( )




to be genuinely nonlinear we must have

VAP P £ 0. (257)
For this problem we have that
AN

P _ -

VA ( 5 8u) (258)
1 [—d'(e) i/ o’ (€) !
= [ F= — ,0 259
2 ( p ) ( p ) 259
T

1 "

N S AG R (260)

so that

o O’”(E) p 1/2 T' _O'I(E)
VA = (:l: 2 <—O”(€)) ,O) (1,:|: P ) (261)

750 p<e>)1/2 (262)

2p —o’

Giving as our condition for genuine nonlinearity of

10’2'(;) (_ap/(e))m 20 (263)

which reduces to that of ¢”(€) # 0 for every e.

From the graph given in Figure 2.3 (a), it appears that ¢”(e) = 0 at the
points where the rate of increase of o(¢€) slows down. Thus this system is not
genuinely nonlinear in this case.

Problem 13.11 (variable coefficient advection)

Our original conservative spatially varying advection equation, given by

¢+ (u(z)g), =0,
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can be written as the following hyperbolic system

@+ (u(z)q), = 0
w o= 0 (264)

Part (a): Define our systems state v, as

vzlq}, (265)

o=, (260)
with a Jacobian given by
of | %k S| _[ua
%_[%—%% o0 (267)

where f; and fy are the first and second component of the flux function
(Equation 266). The eigenvalues for this system, A, are the solution to

u—A q
0 —A

0

or —A(u—A\) = 0, which has two solutions given by A = 0 or A = u. Note that
without knowledge of the sign of u it is impossible to order these eigenvalues
in the standard increasing fashion i.e.

Mo X< <Xl <\

Therefore we will assume (and as required for part (c) of this problem) that
u(z) > 0 for all z in our domain and then a proper ordering is given by
A = 0 and A2 = u. The corresponding eigenvector, when \ = 0 is given by

solving
1
u q L
o dJ[H]-o

which simplifies to a single equation of

ury +qry =0
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Figure 7: A graphical plot of the one and two integral curves in the ¢-u
plane for Problem 13.11 Part b. The blue curves are 1-integral curves or
equivalently 1-Hugoniot curves, while the red curves (horizontal lines) are 2-
integral curves or equivalently 2-Hugoniot curves. Note I am assuming that
u > 0 and g > 0 are the only physically meaningful domain in these plots.

giving an eigenvector 7! of

rl = { _q} . (268)

u

The corresponding eigenvector for A = u is given by the solution to

RRAIFIR

This system implies that the component 7% can be taken arbitrarily and that

r3, must be zero. With these assignments the second eigenvector becomes

TQ:{H : (269)

Part (b): For the p-th characteristic field to be linearly degenerate one must
have

VAN .rP=0.
For p =1 in this problem, we have that
VA'=V0=0
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and this characteristic field is obviously linearly degenerate. For p = 2 we

have that 90 8
>\2 = = —u —u = 1
\V4 Vu <8q’ 8u) 0,1),
and thus
VA2 =(0,1)- (1,00 =0,

and both fields are linearly degenerate.

To show that the integral curves and the Hugoniot curves are the same we
will compute both and show that they are identical. Now the integral curves
for the p-th characteristic field are given by the solution to the following
ODEs

v'(§) = a§)r*(B(€)) -

For p = 1 these equations become (taking o = 1 for simplicity)

EIRE I

d¢

Integrating each of these two equations we have

q(§) = At
u(€) = Be (271)

Four our integral curve to pass through the point (g.,u.) our constants A,
and B can be determined, and the 1-integral curves becomes

Q(f) = Q*e_g
u(€) = u,es. (272)

Combining these two equations to eliminate £ we see that along the 1-integral
curve we must have

g =2 (273)

u

or a regular hyperbola in the ¢g-u plane. For the second integral curve we
have the following ODE’s to solve

EIRD I
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Integrating both of these we have

q§) = £+C
u(¢) = D, (275)

again to pass through the point (g.,u,) our constants C', and D can be
determined and the above becomes

q(€) = {+a.
wé) = u,. (276)

Combining these to eliminate £ we see that these curves represent horizontal
lines in the g-u plane.
The 1-Hugoniot loci are given by solving the Rankine-Hugoniot equations
given by
s(ve = v) = f(v.) = f(v), (277)
and imposing the fact that in the limit as v — v, the 1 Hugoniot loci approach
r'(g.) and similarly for the 2 Hugoniot loci. For this system, Equation 277

is given by Sdzi]_lgbzlu’gq*}‘[%q]’

which reduces to the following two equations

S(Q* - Q) = UxGx —Uq
s(us —u) = 0. (278)

From the second equation we have u = u, or s = 0. If we consider the case
when s = 0, the first equation above becomes

UGy = UG

which we see is equivalent to the 1-integral wave curve as developed above,
thus this solution corresponds to the one-shock. If we consider the case where
instead u = u,, then the first equation above becomes

S(q* - Q) = U(Q* - Q) .

In this equation there are two possible ways to satisfy it. The first is to have
s = u and the second to have ¢ = ¢,. Now the second possibility cannot be
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Figure 8: (Left): Phase plane solution of a Riemann problem for Problem
13.11. (Right): x-t solution of a Riemann problem for Problem 13.11. See
the text for additional details.

true since we started this derivation with the assumption that v = u, and
if it were true there would be no state change across this wave. Clearly not
a very interesting shock. Assuming then that s = u we see that ¢, — ¢ is
arbitrary i.e. ¢, —q =&, ¢ = q. + &, or a horizontal lines in the ¢g-u plane.
These curves are equivalent to the 2-integral waves and thus these solutions
correspond to the two-shocks. Plotting each family of integral wave curves
(equivalently Hugoniot wave curves) in the g-u plane gives the plot shown in
Figure 7.

Part (c): If w;, u, > 0 then since the integral curves and the Hugoniot loci
coincide, given a left state i

U = & } )

b — qry

and a right state

through the left (v;) state draw the 1-rarefaction (equivalently the 1-Hugoniot
wave curve) and through the right state (v,) draw the 2-rarefaction curves
(equivalently the 2-Hugoniot wave curve). As an example of this procedure,
see Figure 7?7 (left) for the solution to the Riemann problem in the phase
plane. There we have u; < u, and ¢, < ¢,. Also in Figure ?? (right) we have
drawn the z-t representation for this Riemann problem.

Part (d): If u; < 0 and w, > 0 then the 1-rarefaction and 1-Hugoniot waves
through (uy, ¢) must satisfy ¢ = “2 > 0 implying that v < 0. Since these
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Figure 9: A graphical plot of the one and two integral curves in the ¢-u plane
for Problem 13.11 Part d. Specifically, we have taken left and right states
given by v; = (0.5, —1) and v, = (1,1). The blue curves are 1-integral curves
or equivalently 1-Hugoniot curves, while the red curves (horizontal lines) are
2-integral curves or equivalently 2-Hugoniot curves. Note that they do not
intersect showing that this Riemann problem has no solution.

two curves have no intersections in the g-u plane (see figure 9) no Riemann
solution exists.

If u; > 0 and u, < 0 then the 2-rarefaction and Hugoniot curve is below
the x-axis. Since u; > 0, however, the 1-rarefaction and Hugoniot curve
centered at v; is above the x-axis. This is a symmetric reflection image of the
case above. Again since the wave curves don’t intersect no Riemann solution
exists.

Problem 13.12 (a system from two phase flow)
The system suggested in this problem with g(v, ) = ¢? is given by

v+ (vg?), = 0
o+ (6%), = 0 (279)

Note the second equation completely decouples from the first and we can
therefore expect that one of the characteristic speeds will be linearly degen-
erate.
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Part (a): Defining conservative variables as

v
.= [ ’ ] | (250)
and flux function f(q) as
v?
we have a Jacobian given by
of _ | B B { & 200 ]
A v — , 282
oq [ o oh || 0 3 (282)
which has eigenvalues given by the solution of
»P =\ 200 _ 0
0 32— N |

or

(6 =N)(3¢° = A) =0
giving A = ¢? or A\ = 3¢%. Thus ordering our eigenvalues such that A! < \2
we have

M =92 < N2 =302, (283)
The eigenvector, r!, of the first characteristic field is given by
0 2vp | [r]
{O %2“7%}_0. (284)

This implies that r] is arbitrary and r3 = 0. Thus the eigenvector is given
by

rt = { (1) } (285)

Thus this field has no jump in ¢ and only a jump in v. The eigenvector of
the second field is given by

—2¢% 2u¢ 2]

[ 24" 2 H]_o (256)
or

—2¢%r] + 2vgry =0 (287)
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or
—¢ri+ors =0 (288)

which gives for the second eigenvector
r? = [ j ] 289
; (28)
The definition of linearly the p-th field being linearly degenerate is if
VAP =0 (290)

and the p-th field is genuinely nonlinear when

VAP rP £ 0 (291)
In our problem we have that
VAL = (0,20) (292)
and
VA2 = (0,6¢) (293)
so that
VAL =(0,2¢)-(1,0) =0 (294)
and
V)\z ' T2 = (07 6¢) ' ('Ua ¢) = 6¢2 7& 0 (295)

Showing that the first field is linearly degenerate and the second field is
genuinely nonlinear.

Part (b): The Hugoniot loci are given by the solutions to the following jump
conditions

(¢ —q) = f(a.) = f(q) (296)
which for this problem become

s(v, —v) = 0,07 — v (297)

s(p— @) = o —¢". (298)

Using the following factorization

@2 — ¢° = (¢u — 0) (92 + P9 + ¢7)

99



and assuming that ¢ # ¢, the second equation above becomes an equation
for s of

5= ¢} + b + ¢ (299)
When put into the 1st equation gives

(02 + ¢ + ¢°) (v — V) = V.7 — vP”.

Expanding the left hand side of this equation and canceling common terms
we obtain

_Ugﬁ + V) — VOP. + ¢2U* = 0.

Solving for v (in terms of ¢) we first factor v as

_¢*(¢ + ¢*)U + ¢(¢U* + ¢*U*) =0,
which gives for v the following

Y B(Pve + Puvs) _ Pui(d+ ) _ e
(P + ¢s) oD+ &) O

This must be the Hugoniot expression for the 2-waves since the 1-waves
cannot support a jump discontinuity in ¢. This can be seen by the functional
form of 7! in equation 285 which has a zero in its second component. For the
l-waves no jump in ¢ implies that ¢ = ¢* and the 2nd Rankine-Hugoniot
equation 297 is satisfied for all values of s. The first Rankine-Hugoniot
equation then requires

¢ (300)

s(ve —v) = (v — )¢,

and serves to determine s, since if v, # v then s = ¢? is the shock speed.
With all of this information an all shock Riemann solution to this problem
looks like that shown in figure 10.
Now the middle state v,, is given by
U’f‘

o = S0, (301)

and s? given by
' = ¢p + ¢+ G - (302)
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Figure 10: A graphical plot of the x-t solution to a Riemann problem for the
system of Problem 13.12. Specifically, we have taken left and right states
given by ¢ = (0,1) and ¢, = (1,0.5).

Now we show that these Hugoniot curves are also the integral curves for their
corresponding families. To show this for the 1-wave we must integrate the
following system of ODEs

“[o] e [ )= L

which has a solution given by the following

v = &4,
o = o.. (303)

We see that the following the 1-integral curve there exists smooth variation
in v with no jump in ¢, which is exactly what we found for the 1-Hugoniot
curve. For the 2 integral wave curve we must solve

[%:%]:{H with {;g”:w} (304)

giving as its solution

v(E) = vt
P(&) = o.e° (305)
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or eliminating £ to determine the 2-integral path in the (v, ¢) plane we obtain

v U
—=— (306)
¢ O

exactly as was found before for the 2-Hugoniot loci. Thus the Hugoniot

loci and the integral curves are the same for both families and the Riemann

problem solution presented a few pages back is then valid in general. The

1-wave maybe described as a contact discontinuity and the 2-wave as a true
shock.
Part (c): The Lax-entropy condition for our 2-wave requires that

N (gm) > 5 > N(qr)

or
3¢7, > 30y .

Now since ¢,, = ¢;, because the 1-wave is a contact discontinuity we have
that the Lax-entropy condition relates ¢; to ¢, by

o> o (307)

Question: How does one proceed to solve the Riemann problem if ¢; < ¢,.7

Chapter 15
Problem 15.1

Part (a): From LeVeque Section 15.3.2 (Roe Linearization) assuming a
linear path in state space given by

q(€) = Qi1 + (Qi — Qi—1)§ (308)

then a flux difference can be written as
1
1@~ Qe = | [ rateyie @ -y em

For the p-system (in primitive variables) we have

q= {] (310)

u
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with flux given by

fla) = { o ] (311)

p(v)
so the Jacobian f(¢) is then

Lol e

The above integral, now defined as Ay /2, is explicitly given by

A= [yt o ] o

Since the expression p’(v) represents the derivative of p with respect to v we
can convert this into a derivative with respect to £ (using the chain rule) as

d
d¢ dv ‘;—2 ’
and the above integral becomes
; ' o -1
Ai_1/2 :/ { dpde ] d¢ (314)
0 L ddv

This is advantageous since along the linear path v(§) = v,y + (v; — v;-1)¢
the derivative is constant,

dv

T (v; — vi1) . (315)

So Ai_l/g becomes

Vi—Vi—1

R 1 0 -1
A= | [ 2 ]ds, (316)
0 0

which can be integrated exactly, giving

A 0 ~1
Aicrjp = [ pE=D-p(E=0) | ] , (317)

Vi —Vi—1
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or

Ai—1/2 =

0 —1
p)-ploi)) (318)

Vi —UVi—1

as we were to show.
2 . . .
Part (b): If p(v) = % then our Roe averaged matrix above is given by

. [ 0 —1
Airpp = a?_ _o?

Vi V] 0
L vi—vi—1

[ 0 ~1
= a?(vi—1—v;) 0

v v;—1 (V;—vi—1)

0 -1
— o 0] (319)
ViVi—1

Part (c): WWX: Finish!!! Implement the above in CLAWPACK.

Part (d): This particular Roe solver will require an entropy fix if the under-
lying is capable of sonic rarefaction. Computing the eigenvalues of the true
system we have that

M2 =uF/—p(v). (320)
For this specific case with p(v) = % and p'(v) = —Z—; gives
A2 =y 2 (321)
v

where we can see that if u = 0 then a transonic rarefaction would be required.
This system requires an entropy fix.

An entropy fix can be added in several ways to this system of nonlinear
equations. Such methods, discussed in the text, include: the Harten-Hyman
entropy fix, the Harten entropy fix, and the local Lax-Friedrich (LLF) en-
tropy fix. Since this system is relatively simple, with its Riemann solution
consisting of only two outgoing waves with a single constant state between,
following the suggestion in the book, we will detect when a sonic rarefaction
is present and solve for the middle state exactly via integrating along the
appropriate wave curve. A procedure for detecting and correcting transonic
Riemann problems when using this Roe solver will be presented next.

Consider an interface at x;_;/2, separating states Q;—; and @;. We first
compute some of the characteristic speeds in the left and right states. First
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compute the left characteristic speed in the left state using

a

Ny = wicy — =P/ (vic1) = uiy — . (322)
Vi1
Then compute the right characteristic speed in the right state using
2 a
Ao =u + P (v) =u + —. (323)

(3

From the computed middle state ¢, = (v, u,) (computed with the Roe
linearized matrix (above) and the two constant states on either side of our
discontinuity at x;_1/2) we compute the left and right going characteristics
speeds i.e.

AL =, - (324)
U,

A2 = g (325)
Um

We next check for the possibility of a sonic rarefaction in the first field with
the following test
M <0< AL (326)

If this condition is true, then we have a transonic rarefaction fan in the 1-
wave and we must make some adjustment to the flux, specifically the two
fluctuations A~ AQ;_1/2 and ATAQ;_1/2. In this case we will integrate along
the integral curve of r!, to properly evaluate the flux through the interface
at © = x;_1/. From the discussion in the book on centered rarefaction waves
given in 13.8.5 for the p-system given, the 1-rarefaction must satisfy

. (g
= 7 AT 320
now since
A=y — % (328)
0 ONL Ot a
VAL = <%,%> - (ﬁ1) (329)
WWX: Finish!!!
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Problem 15.2

From the discussion in the text the HLL solver is based on approximating the
smallest and largest wave speeds and taking the resulting Riemann solution
to consist of only fwo waves propagating with speeds s} /o and 71 Jo With

a single constant state Qi_l /2 in between. To satisfy conservation one must
have

f(Qi) — [(Qi-1) = S}_l/Q(Qi—lm —Qi1) + 822_1/2(@ - Qi—l/z) ) (330)
giving for Qi—l /2 the expression

f(Qz) - f(Qz—l) - 322_1/2692' + 32'1_1/2692'—1

T _ 2
Si—1/2 — Si—1)2

CA?z'—1/2 = (331)

When we substitute the values s}_lA o= —2% and §2 | = AL as suggested
in the text into the expression for ();_i/; we obtain
At Qi+ Qi

Qi—l/2 = —E(f(Qi) — f(Qi-1)) + (332)

2

Now the first order Godunov method written in terms of fluctuations is
given by

, At )
Q' =Q; — A—x(A+AQi—1/2 + ATAQit1)2) (333)

where I have used the notation Q' = Q"*!. The definitions of the fluctuations
are given in terms of limited waves by

ATAQim12 = Z()\p)_Wf’_l/Q (334)

p=1
ATAQipy = Z()\p)J’Wf_l/Q. (335)

p=1
In this problem m = 2 and (')~ = —£Z, and (A*)~ = 0. In the same way
we have (A')* =0, and (A\*)* = 2%. Finally, with definition of the waves

given by

Wiy = Qicip— Qi (336)
Wi2—1/2 = Qi— Qi—1/2 ; (337)

106



we can compute the fluctuations given by

ATAQi 1y = (W)TWE ), = A : Qi — Qicape) (338)
A"AQip12 = (A1)~ Wz'l+1/2 = _E(Qi—lﬁ - Qi) . (339)
Inserting our expansion for @,-_1 /2 (above) the fluctuations becomes
At
ABQuip = 37 [t 530 Q) = F@m) - 5@~ Qi)
Ax
= §(f(Qi)_.f(Qi—l)) 2At(Q Qi-1) - (340)

In a similar way we have (note the i + 1/2 subscript)
Az [ At

A"AQip12 = “ A7 | T 9AS

—— (f(Qix1) — [(Qi)) + l(Qi+1 + Qi) — Qi]
1
= §(f(Qz+1) - f(Qz)) 2At(

so that our first order Godunov method (in terms of fluctuations) becomes

Qz-i—l Qz) ) (341)

= Q-5 (500Q) - Q)
B ii <2At(Q’ QH))
e CUCRECD)
- 5 (5@ - ) (312)
simplifying this gives
Q= Qi o (@) — F(Qer)) — 5@~ @it — Qe +Q)
= Qi A (F(Qui) ~ F(@i) ~ @t 5(Qit + Qi)
= (@1 Qi) — o (F(Qusn) + (@) (313

which is the Lax-Friedrich method and is the requested result.
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Figure 11: (Left): The characteristics for the Riemann problem for Problem
16.1, part a. (Right): See the text for additional details.

Chapter 16
Problem 16.1

Our one-dimensional conservation law for this problem is given by

g+ f(q)e =0 (344)

with f(q) = ¢ and various Riemann initial conditions. For this flux we first
note that the functional form is not convex over the entire real line (because
f"(q) = 6q is not one sign) and that the characteristic speeds are given by
f'(q) = 3¢°.

Part (a): Now for ¢ = 0 and ¢, = 2 we have characteristics speeds given
by f'(q) = 0 and f'(q.) = 12, respectively. From these characteristic speeds
drawn in figure 11 this problem looks like it would produce a classic centered
rarefaction fan at = 0. This is to be expected since on the domain 0 < g < 2
our flux function f is convex and there is no need to have more complicated
(like split) waves. This can be verified from the convex-hull construction.
Since ¢, = 0 < ¢, = 2, the convex-hull construction specifies to look for the
set of points above the set given by

R={(¢,y):a<q<gq and y>f(q)}.

This set of points correspond to the points above the curve f(q) = ¢*, con-
necting (0,0) to (2,8) is shown in Figure WWX. The fact that the convex
hull of the set of points R is bounded below by the function f(q) implies
that the solution of the Riemann problem consists of a single rarefaction
separating the states 0 and 2.
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Part (b): If ¢ = 2 and ¢. = —1, the characteristic speeds are given by
f'(q) = 12 and f'(q.) = 3 respectively. For a convex flux classically we
expect a single shock to form. In this case f(q) is non-convex we must use
the convex-hull construction to solve this Riemann problem. Since ¢, = 2 >
¢ = —1 the convex-hull construction involves constructing the convex-hull
of the following set

R={(¢,y) a<q<q and y<f(q}

which is plotted in Figure WWX.

Once this set is constructed our Riemann solution consists of the largest
y-values. From the above figure one can see that from the point ¢ = 2
there is a shock to the value ¢, from which we have a smooth rarefaction
fan to the value ¢, = —1. The numerical value of ¢* is determined by the
point at which the slope of the secant line (between the points (¢*, f(¢*)) and
(2, f(2))) equals the tangent to the curve y = f(q) at ¢ = ¢*. This expression

is given by
which for this equation of state becomes (dropping the asterisk for simplicity)
= 3
2—q a
8_q3 — 6q2_3q3
2¢* —6¢°+8 = 0
¢ =3¢ +4 = 0
From this last equation we see that trivially ¢ = —1 is a root. By long

division of the factor ¢ + 1 we have the following factorization
¢* =3¢ +4=(q+1)(¢* —4g+4) = (¢ + 1)(¢ - 2)°

Since ¢ = —1 is a root of the above the Riemann solution to the above is
given by a single shock from ¢; = 2 to ¢, = —1. This shock propagates at
the speed given by f'(¢ = —1) = 3(—1)? = 3 which in this case corresponds
to the same speed as would be calculated with the scalar jump condition

fla) = fla) _ 22— (=1 _8+1 _,

qr — 4r B 2_(_1) B 3

which verifies our results.
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Problem 16.2

From the discussion in LeVeque Section 16.1.1, the Buckley-Leverett equation
has characteristics speeds given by

2aq(1 — q)
(¢* +a(l—q)*)*’
and we note that for this flux f/(1) = 0 and f’(0) = 0. For the given

initial value we can apply the method of characteristics to a continuous initial
condition such as

flq) = (345)

1 z <0
p)={-(xz—-0+1 0<z<e} (346)
0 T > €

then in the z-t plane each point moves with velocity given by f’(¢) and thus
ends up at x = f’(¢)t at time t. The equal area rule then uses this information
to construct an entropy satisfying shock by plotting the position of ¢ f’(¢) and
drawing a vertical line representing the shock which could cut off equal lobes.
In this problem the profile looks like that in Figure 12 (left). When this is
rotated counterclockwise by 90 degrees Figure 12 (right) results. Using this
rotated plot it is easier to determine the limits of integration in setting up
the constraints required by the equal area rule. Now from Figure 12 (right)
the areas of the two lobes are given by the following expressions

A= | “50) - 2 dg = tf (@) — @) - aulas— @) (347)

q1

and
Ay = /Oq1 (s — tf'(@))dg = zsq1 — t(f(q1) — £(0)) = zsq1 — tf(qn) (348)

Setting these two areas equal we obtain

Ar = Ap (349)

t(flq2) = fl@)) —25(@e — 1) = zeq1 —tf(q1) (350)
tf(¢2) —7sq2 = 0 (351)

z, = ;qz) (352)
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0 ApxE(t)

JEW-GR32-M18 Artwork JEW-GR32-M19 Artwork
7-19-06 7-19-06

Figure 12: Left: The multivalued solution to the Buckley-Leverett equation
obtained by the method of characteristics. Right: The left figure rotated
for ease in determining the limits of the integrals representing the areas of
the shaded lobes.

This is an equation for x, in terms of ¢t but ¢, also depends on t implicitly
since it is the right most root of ¢f’(¢q2) = xs. Thus the equation z, = @
is an implicit equation for either ¢ or z,. Since for the Buckley-Leverett

equation we have that

2aq(1 — q)

Mo = (¢*> +a(l—q)*)? (353)
- <q2 + aﬁ - q)z) q(quf(i(I E)61)2) (354
= 1) (q(quf(;(I z)61)2)) (355)
so the equation ¢'(¢) = x, is equivalent to
) (q(qfi(z(_l q—) C.I)2) - (356)
e (G o
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which wen put into the equation x, = t@ gives an expression for ¢* of

¢ +a(l—q)?

—1 358
2a(1 —q) (358)
or

@+ a1l —29+ ¢%) = 2a — 2aq (359)

giving
q2(1 +a)=a (360)

a

=4 1
E 1+a (361)

Note that this is independent of time and |g| < 1, thus the shock location as
a function of time is given by

a

1+a
()

z(t) =t | == RS (362)
V a+1
with ) )
q q
= = 363
/() @?+a—2aq+aq®> (1+a)i>—2aq+a (363)
giving
f@) = f(/ ) (364)
q n 14+a
= 1ta_ (365)
a—2a o7 ta
- Ita (366)
2a(1 — | /ﬁ‘l)
1
- (367)
2@(1 - m)
1
= (368)
2(14+a—+/a(l+a))
Thus we have that
t V1
2o(t) = La (369)
Va

2<1+a— a(1+a))
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is the expression of the shock location for the Buckley-Leverett equation is a
function of ¢. The Rankine-Hugoniot equation for this shock (between states
(¢*,0) would be

F(@) = f0) = fq") = sq" (370)
thus s = £ which is the expression in Equation XXX since ¢ is inde-

pendent of time. The speed s determined by the convex-hull construction
method would satisfy

Y (371)
q
since it connects the state ¢5 and 0 and f(0) = 0. Now ¢; is determined by
@ .
M) _ gy (372
2

Given by

. a
=\ (373)

the same as before. Solving the Riemann problem for the Buckley-Leverett
equation using the convex-hull construction requires the location of the point
q* such that

M ria (374)

or
&) =af(a) (375)

or (dropping the asterisk) gives
2 2

¢+ a(él —q? (;12 (fczbq((ll— q%)z)? (376)

or
¢* +a(l - q)* = 2a(1 - q) (377)

or

¢ +a—2aq9+a® = 2a—2aq
F(1+a) = a

g = + (378)

1+a
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which taking the plus sign gives

Y= <1 379
d 1+a ( )

Problem 16.3
LeVeque Equation 16.4 is Oleinik’s entropy condition is given by

o) - fa) 5 o) - fa)

Vq betweeng, and ¢, (380)
q—q q—qr

In the Buckley-Leverett equation ¢; = ¢* and ¢, = 0, where ¢* is determined
by the convex-hull construction and

Thus the Oleinik entropy condition becomes

fl@) = fla*) _ flg") > f(q)

q9—q q* q

v

for 0<qg<qg" (381)

Lets assume to be proven incorrect by deriving a contradiction to Oleinik’s
entropy condition) that the entropy satisfying shock in the Buckley-Leverett
equation had its left state such that

a
1+a

q>q =

Then Oleinik’s entropy condition requires that

F@)— fa) - fla) - I) )
9-a @ g
The first inequality is equivalent to
f@a— fla)a < fla)qg—a) (383)
or
fla) _ fla)
9 @
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or the second inequality. This inequality using the Buckley-Leverett flux is

equivalent to
q ai

¢+ a(l — q)? = ¢+ a(l —q)?

Here ¢ > /al+a = ¢*. Considering the function g(q) = m as
a function of ¢ on the bounded interval 0 < ¢ < ¢ has ¢(0) = 0 with
9(@) = pratizgy 8iving

(384)

oy 1 _ q(2g+2a(1 — ¢)(-1))
9@ = = ¢* +a(l - q)? ¢* +a(l - q)? (385)
B —¢* +a(l —2¢+ ¢*) + 2aq — 2aq>
N ¢* +a(l—q)? (356)

Problem 16.4

We will assume that f is concave (the situation where f is convex is similar).
The definition of concave requires that f”(q) < 0 throughout the range of
allowable ¢. Since the second derivative is all of one sign the first derivative
cannot have a maximum or a minimum over the range of allowable ¢’s. This
implies that whatever sign f’(q) is (either positive or negative)

Problem 16.5

LeVeque equation 16.13 are two un-coupled Burger’s equations or

1

ut+§(u2)m =0 (387)
1

vt+§(v2)x =0 (388)

with data given by LeVeque Equation 16.17 or

SHENH

Part (a): The solution to this Riemann problem in the state space consists
of connecting ¢; to ¢, along an entropy satisfying 1-wave from ¢ and 2-waves
from ¢,. Since for this system of eigenvectors change if the state trajectory
crosses the line u = v our 1 and 2 wave definitions change depending on
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which side of the line u = v we fall. Plotting the points ¢; and ¢, in the
u-v plane we can draw r' and r? vectors. Considering what happens to the
individual states u and v can help determine what happens in the u-v plane.
The Riemann problem for u has left and right states given by 2 and 0 which
corresponds to a right going shock traveling at a speed given by

s:%(2+0)=1 (390)

The Riemann problem for v has left and right states given by 0 and 2 and
correspond to a rarefaction fan with solution

v(z,t) = (391)

O =E O
o
ENERVARE
AVAR LRI
oA ©
)

Thus since the

z <
(392)

i)
Il
VR
I~
S
S~—
~~
|
VR
E o
~
~
(@]
A
=18

N 0 1< <2
\<<§t>)

This path in the u-v plane with parameter §{ = 7 is given by

( 2
(1) o=

2 0<é<l

18

(393)
1<éE<?2

E>2

N O O

\
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Chapter 17
Problem 17.1

The problem in Section 17.2 is

¢ + g, = —Bq (394)

with § constant. This is modified by letting 5 = 5(z).

Then a second order un-split method can be derived by way of the Lax-
Wendroff (Taylor series methods) approach. As such, consider our unknowns
at time ¢t + At by expanding it in a Taylor series as follows

At?
gz, 0+ A) = q(w, 8) + Atgy(w, t) + —=gqu(z, 1) + O(AF) - (395)

Then using our equation above we have that

g = —B(x)q — ug, (396)

so that

G = ﬁ(l’)%—u%x ( )
— B (-B(e)g — 10) — 1 (=B - na) ) (398)
= B(@)’q+ uB(z)g + a(B'(z)q + B(2)gs + gss) (399)
= (AP + @)+ @) + B+ e (400)

Thus we have that

auw = (B(x)? +up (z))q + 2ub(2)qe + U qes (401)

Then the Lax-Wendroff method will replace the time derivatives in the Tay-
lor series above and replace them with 2nd order accurate centered finite
difference. For example, using

Qi1 — Qi

q AT (402)

similarly for 5'(x) and
Qi1 —20Qi + Qi
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Thus the Lax-Wendroff method method then becomes for this problem we
have

Qi = QY+ A <—BZQ? —u <M>) (404)

2Ax
v 5 (el g (40
, 2" n) (%) (406)
@)

n
7

For implementation it is useful to have this expression in term of Q7 ,
Q7. This is given by

Q;H-l (1 — B;At + At2 52 Atf (5#;;51'71) _ Agf? 2) Qr (408)
Atu  A?uB;  At*a?
— 4
+ (2Am 2Azx * 2Ax2) (409)
Ata A?uB; At*a?
* <_2A:c TOA T oAz )(@l@)

Problem 17.2

The Strang splitting procedure is effectively replacing the operator
eAt(.A-i—B) (41 1)

by
6%AA€%A1€B€%ALA (412)

which becomes

(1 +%AtA+%At2A2+iAt3A3+O(At4))(I +AtB+%At232+éAt?’B3+O(At4))(I +%AtA+%At2A2

48
(413)
continuing to expand we have
A A A? 1 A? A2
T+AH(B+=+2)+A B? BA AB At} (= BA? B2A 33 A® A
+ (+2+2)+ (8+2 +5BA+S +4+8)+ (8 422114) +5 +48 +16
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or

AV o A .3, 3 3 9 3 9, O, 9 .3
I+At(A+B)+T(A +AB+BA+B HT(A +ZA B+§ABA+ZBA +§B A+§AB +B°)
(415)
To check our algebra, assuming commutativity of the operators above we
obtain

1 1
6(A3+ <§ Loy §) A’B+3AB*+B?%) = 6(A?’+3A2B+3AB2+B3) =

1 3
44" 4 6<A+B>

(416)

and our results ...

Problem 17.3

Splitting error for Godunov splitting in system 17.4, consider Godunov split-
ting which approximates the full solution operator

At(A-i—B) — eAtAeAtB (417>

e
Since the expansion of e2"45) is given by Equation 17.30 to determine the

error we have simply to compute the product of
At? At? At? At?

eAAAE — (I+AtA+7A2++TA3+O(At4))(I+AtB+TBZ++TB3+O(At4))
(418)
which equals
2 A2 A2 3
I+ At(B+ A)+ At - +AB7 + O(At”) (419)

Since the second order term in Godunov splitting does not in general equal
the second order term in 17.30 which is

AV )
— (A% + AB+ BA+ B?) (420)

we have that Godunov splitting for non-commutable operators is only first
order (Strang splitting is second order). It is important to note that if the
operators A and B commute, then since

AHA+B) _ [AtA AtB _

1
—_= 6§

1 1
e AtAeEAtBeﬁAtA (421)

are identities true to all orders the use of Godunov splitting is not an ap-
proximation and is in fact exact i.e. valid for all orders of At.
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Problem 17.5

Equation 17.7 is
@ + g = —fq (422)

with ¢(0,¢) = C. Now equation 17.44 provides the exact solution (steady
state) given by

q(z,t) = Ce 5" (423)
Part (a): The unsplit method mentioned in the book is given by
uAt
Qi =Qf - A, @~ QL) — ALBEY (424)
if a numerical steady state is reached then Q7™ = Q7 = Q; the above
becomes oy
u
Qi = Qi — (@i — Qir) — ABQ, (425)
which simplifies to or
_ Qz 1

Since a Taylor expansion of the true solutlon gives

which agrees with the previous result to O(Ax)

Part (b): The fractional split method 17.21 which is combined into one
scheme is given by LeVeque Eq. 17.21

2
@ = - "2l - qr ) - paegy + O

—(Qf -QL)  (427)

Assuming this scheme converges to a steady state time independent distri-
bution such that Q'™ = Q7 then the above numerical scheme will enforce
that (defining Q" = Q)

B uAt uﬁAtz TTAN AR TICYAN 2
0= <_E —AAtY TR )Q' * (Am Az )Qi_ﬁ (428)

so we have that
aAt _ upAL?
Az Az

Qi=— (_u_m oars uBM) (429)
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. Qi1 24 (1 — BAY)
221 — BAL) + BAL

dividing the top and bottom of this expression by Z—Axt(l — BAR) to get
Qi1

Qi =

(430)

Qi=——F35 — (431)
L
or 0
Qi=—""5— (432)
L+ im0
or 0
Qi = BAz - (433)
1+ Z2(1 + BAT) + O(At?)
Which seems to have a different sign
Problem 17.5
Equation 17.7 is given by
g + gy = —Pq
G+ f(@) =D Ax¥;5(t)d(x — mio1p2) (434)
Following the suggestion in the book by defining
s
U, 1p=——""— 435
2 Qi1 — Qi (435)

Then our quasi-steady state problem becomes (in this case around z ~ x;_12)

Gt + Uqy = A93§5(!L" — Zi12)(Qic1 + Qi) (436)

Now the hyperbolic part of this problem has only a single eigenvalue A = u
and trivial eigenvector r = 1. We are asked to describe the hyperbolic part
of this equation with the first order wave fluctuation method

At
Qi =@ = (AT AQi12 + A Qi) (437)
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with

-A_AQZ'—I/2 — (ﬂ)_Wl 1/2 (438)
A+AQZ’—1/2 = (ﬂ)JrWil—l/z (439)

Since we assume that @ > 0 we have that

()~ = 0 (440)
(W™ = a (441)
The method above becomes
At
QI = QI — —(uW—1/2) (442)

Ax

with in the scalar case we have

Wi = Qf — Qi (443)

But as discussed in the book to determine the waves we decompose the flux
difference (minus the flux impulse AzW,_; ;) as

f(Qz) - f(Qi—l) - Ax‘l’i—lﬂ = ﬁi—1/2
or A
uQ; —uQiq + ;(Qi—l + Qi) = Bi—1)2 (444)

Then the constant of proportionality in the waves W_,/; is given by

Qi_1/2 = Biz12 = Bi_,l/z = Qi — Qi—1 + g—iﬁ(@' +Qi-1) (445)

Si—1/2 U

with Wi_12 = a;_1/2. Thus the first order wave propagation formulation
gives them in LeVeques fluctuation method (effectively I'm modeling the
waves in LeVeques fluctuation method to incorporate the jump discontinuity
at x = x;_1/o by their influence on the wave coefficients. So finally, we have

QY = Qe = @ Q- QL+ S B+ QL)) (446)

or
A
Q= Q- S -y - l@rvar) @)
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The first term is the classic upwind method (as expected with only first
order wave fluctuation algorithms), the second term is almost the forcing of
LeVeque Equation 17.9 but rather than $(Q7 + Q) and Eq. 17.9 is Q7.

The numerical steady state is given by
Qi =QF = Qs
we obtain for this problem

AL BAL At B
0= (—EU - T)Qi + (E

or A BAt
0, = (3e8 = 55) Qi
i At - | BA
(a2
Multiply the top and bottom by %% to get
BAx
0, (1-5") Qia
s

Which is independent of the timestep size.

Problem 17.6

(1—2q,)?
4

Show that a shock forms whenever D > our
Problem 17.9
LeVeque equation 17.104 is
u+v, = 0
v+ Au, = 7f(u) —
-

At
2

u— —

Jar

(448)

(449)

(450)

(451)

(452)
(453)

Following the prescription in the book the total system in 17.104 is governed

by a coefficient matrix like that in 17.105

B:[gé]:{@—g)?é
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and B has eigenvalues given by £v/\ = i—%. The relaxed scheme described
in the book thus solves

w+v, = 0 (455)
Ax\?
=" . =0 456
which if we solve with a simple upwind method requires
At
ntl _ pn_ Z(yn_yrn 4
Uz UZ ASL’( 7 ‘/2—1) ( 57)
At [ At\? Az
o oym_ 20 (22 n_pn y=yn_ (=) (ur—pr
v = e S (5) -y =ve - (55 @ - v ss)
This results in values U* and V* i.e.
At
= [C—— ) VAR, VAL 4
Uz Uz AI(‘/Z z—l) ( 59)
Az
x _ oy _ 2gm _pn 4
V; V; At (Uz Uz—l) ( 60)
Next applying the relaxation step results in
At
n+l  _ * _rm _ T yn _yn 461
Uz U Uz AZE’ (‘/z V;—I) ( 6 )
v = - R — vy (462)
) ) AZL’ ) i—1
so we have that
Chapter 18
Problem 18.1
Consider
¢+ Agy + Bg, =0 (463)
with
3 1 0 2
A_[l?)} and B—[20} (464)

to be simultaneously diagonalizable in the sense that a transformation exists
that turns this problem into one involving characteristic variables variables
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in only characteristic directions then the coefficient matrices must commute
i.e. AB = BA. In this problem the left hand side is given by

3 11[0 2] (2 6 |

AB__l 3[120] |6 2 (465)
and ) o i } i}
0 2 31 2 6

BA__2 0][1 3] |6 2 (466)

which says that they do commute and thus must have the same eigenvectors.
Thus A and B can be simultaneously diagonalizable by a common eigenvector

matrix R.
A=RANR™! (467)

B = RAYR™ (468)

To find R compute the eigenvectors of A or B. Since B is somewhat simple
lets compute its eigenvalues A\ as

A2

Iy 5 1=0 (469)
or

N —4=0

or \b? = £2. The the first left eigenvector 7! is given by

HIBE

which gives 7! + r? = 0 which gives
rt = [ _11 ] (471)

In a similar way
r? = { } ] (472)

Now

R:[ L 1} (473)



So the inverse is given by

so that

and
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