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About this book

The book introduces necessary mathematical ideas and develops
a weakly nonlinear ray theory and a shock ray theory to determine
the complete history of curved nonlinear wavefronts and shock fronts
as they evolve. The book includes extensive numerical computations
which traces these fronts in a compressible medium and shows that
geometrical features of nonlinear wavefronts and shock fronts are
topologically the same.

Many new mathematical ideas and results of the theory of hy-
perbolic conservation laws are presented: bicharacteristic lemma in
an extended form, kinematical conservation laws and the kink phe-
nomenon, Huygens’ method in general, Fermat’s principle for a non-
stationary medium, the stability of steady transonic flows, the reso-
lution of a caustic and the corrugation stability of a front are some
of the subjects discussed.

The first three chapters of the book, though they contain some
new results, are intended to be an introduction to nonlinear waves in
multi-dimensions. The remainder of the book contains recent re-
search. The book will be useful to final year undergraduates in
applied mathematics and researchers in applied mathematics, gas
dynamics and wave propagation.






Preface

Propagation of a curved nonlinear wavefront is influenced simul-
taneously by two important physical processes: (i) Different points
of the front travel with different speeds depending on the local am-
plitude leading to a longitudinal stretching of rays and (ii) A lateral
deviation of rays is produced due to non-uniform distribution of the
amplitude on the front. This book introduces all necessary math-
ematical concepts in the first three chapters, which also have some
new results, and then develops mathematical models and methods to
calculate the complete history of not only a curved nonlinear wave-
front as it evolves in time but also of a shock front. The evolution of
a shock front becomes far more complex due to an additional effect:
The nonlinear waves ahead of the shock and behind it interact with
the shock and modify its evolution.

Some exact solutions and extensive numerical computation with
the model equations of the weakly nonlinear ray theory (WNLRT)
and shock ray theory (SRT) show that the geometrical features of
a nonlinear wavefront and a shock front are topologically the same
but with one difference — a nonlinear wavefront is self-propagating
whereas a shock front is not.

The material contained in this book is an outcome of collaborative
work carried out mainly at the Indian Institute of Science, Banga-
lore. The author happily acknowledges his association with many
contributors. Their work made it possible to achieve a self-contained
development of the subject. The names of these collaborators appear
in many places throughout the text and in references. The author
sincerely thanks his student S. Baskar for his help in the prepara-
tion of the figures. Mrs. S. Jayashree typed and retyped hundreds
of manuscript pages, drew many figures and transformed a hardly
legible draft into camera ready pages. 1 sincerely thank her for this
painstaking work.

Bangalore Phoolan Prasad
January 2001
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Chapter 1

An introduction to
nonlinear hyperbolic
waves

1.1 A wave equation with genuine nonlinear-
ity

We are concerned in this monograph with hyperbolic waves having

nonlinearity of a special type i.e., waves governed by quasilinear hy-

perbolic partial differential equations. We introduce the terms and

concepts in this chapter with the help of a model equation and ex-

amples of its solutions.

The simplest example of a linear hyperbolic partial differential
equation in two independent variables x and t is

us + cuy = 0, ¢ = real constant , (x,t) € IR? (1.1.1)

Its solution u = ug(z — ct), where ug : IR — IR is an arbitrary real
function with continuous first derivatives, represents a wave. Every
point of its profile propagates with the same constant velocity c.
An extension of (1.1.1) is another linear equation

uy + cu, = au ,« = real constant (1.1.2)
which also represents a wave e™ug(x — ct) in which the amplitude
either decays to zero (o < 0) or tends to infinity (o > 0) but these
limiting values are reached asymptotically in infinite time.

1



2 An Introduction

Consider now a nonlinear equation
Uy + cuy = u’ (1.1.3)

The solution of this equation with the initial condition

u(z,0) = up(x) , up € C(IR) (1.1.4)
" ~ up(x —ct)
u(z,t) = m (1.1.5)

which also represents a wave propagating with the constant velocity
c. However, the wave profile now deforms in such a way that a
negative amplitude at a point on the initial pulse decays to zero as
t tends to infinity but a positive amplitude of a point propagating
with the velocity ¢ tends to infinity in finite time. The topic of
discussion in this book is nonlinear waves which appear as solutions
of equations having a different type of nonlinearity. The simplest
and yet the most beautiful example of an equation having this type
of nonlinearity, called genuine nonlinearity, is

up + vy =0 (1.1.6)

whose solutions represent waves in which the velocity of propagation
of a point on the pulse is equal to the amplitude at that point. This
equation is called Burgers’ equation.

The term genuine nonlinearity was first defined by P. D. Lax in
1957. It refers to a special property of wave propagation, namely
dependence of the propagation velocity on the amplitude. It may
be present in certain modes but not in others of the system. In
a small amplitude unimodal® genuinely nonlinear wave in a homo-
geneous system, the propagation velocity of a point on the pulse
exceeds a constant velocity ¢ by a quantity whose leading term is
proportional to the amplitude u of the wave. Denoting the distance
in the frame of reference moving with velocity c¢ also by x, rescaling
the amplitude, and assuming that the wave is free from dispersion
and diffusion, we get the approximate partial differential equation
(1.1.6) for the unimodal waves (see section 5.2, also Jeffrey (1976),

*By unimodal wave in a general system, we mean a wave in which the ampli-
tudes of waves in all other modes is small compared to that in one mode.
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Bhatnagar (1979)). This equation also appears as a natural model for
a large class of physical processes governed by a single conservation
law in which the flux function depends approximately on the density
alone (Whitham (1974)). Therefore, we note that Burgers’ equation
models a large class of important physical phenomena. The solution
set of this equation has a very rich variety of properties which form
the subject matter of discussion in this chapter.

Consider the solution of the equation (1.1.6) satisfying the initial
condition

u(z,0) = e z€R (1.1.7)

Properties of the solution will be discussed in subsequent sections.
We take up here a simple geometrical construction of the successive
shapes of the initially single humped pulse given by (1.1.7). The
graph of the solution at any time ¢ (i.e., the pulse at time t) is
obtained by translating a point P on the pulse (1.1.7) by a distance
in positive x-direction, the magnitude of the translation being equal
to t times the amplitude of the pulse at the point P. Fig.1.1.1 shows

Fig. 1.1.1: As t increases, the pulse of the nonlinear wave deforms.
the pulse at times t = 0, 1.166, 2. We note that

(a) since different points of the pulse move with different velocity,
the pulse now deforms;

(b) at a critical time t. (for the initial pulse (1.1.7), t. = /e/2 =
1.166 (see section 1.2)) the pulse has a vertical tangent for the first
time at some point on it; and

(c) after ¢t > t., the pulse ceases to represent the graph of a function
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(for example, at z = 2 it has three values uj,us and wu3) and the
physical interpretation fails (for example, if u represents pressure in
a fluid there can not exist three values of pressure at = = 2).

It has been observed in nature that a moving discontinuity ap-
pears in the quantity v immediately after the time ¢.. This discon-
tinuity at a point z = X (¢) is called a shock, which we shall define
formally in section 1.4. When a shock appears in the solution, it fits
into the multi-valued part of the solution in such a way that it cuts
off lobes of areas on two sides of it in a certain ratio from the graph of
the solution at any time ¢ > ¢, and makes the solution single valued.
The ratio in which the lobes on the two sides are cut off depends on
a more primitive property (conservation of an appropriate density)
of the physical phenomena represented by the equation (1.1.6) (see
section 1.3 for details). When the primitive property is a conserva-
tion of the density p(u) = u, the shock cuts off lobes of an equal area
on the two sides of it (for a proof see section 1.10).

Fig. 1.1.2: The shock (shown by broken vertical line) fits into the
multi-valued part of the curve at ¢ = 2 assuming that the shock cuts
off lobes of equal areas on two sides of it.

1.2 Breakdown of a genuine solution

A large number of physical phenomena are modelled by partial differ-
ential equations on the assumption that the variables which describe
the state of a phenomenon are sufficiently smooth. In many real-
istic situations the state variables of these phenomena are smooth.
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However, there exist other situations when they are not. This is re-
flected by the fact that for certain initial-boundary value problems
associated with the equations either smooth solutions (also called
genuine solutions) do not exist even locally or the solutions cease to
be smooth after some critical time . even if the initial and boundary
values are smooth. Burgers’ equation (1.1.6) is an example for which
a solution with a certain type of initial data, however smooth, always
develops a singularity at a finite time.

An initial value problem or a Cauchy problem for the Burgers’
equation’ consists in finding a solution of

ug +uug, =0, (x,t) € R x Ry (1.2.1)
satisfying initial data
u(z,0) = up(z), x € R (1.2.2)

where IR is the set of real numbers and R4 = (0, 00).

Definition A genuine (or classical) solution of the partial differ-
ential equation (1.2.1) in a domain D in (z,t¢)-plane is a function
u(z,t) € CY(D) which satisfies (1.2.1).

A sufficient condition for the existence of a local genuine solution
(i.e., a solution valid for 0 < t < ¢, with some t. < co) of the initial
value problem (1.2.1) and (1.2.2) is that ug(x) € C*(R) (John (1982),
Prasad and Ravindran (1985)). A genuine solution can be obtained
by solving the compatibility condition

du

— = 1.2.

dt 0 (1.2.3)
along the characteristic curves

dx

— = 1.2.4

a " (12.4)

tThis equation is called the Burgers’ equation by mathematicians but it was
actually obtained by Airy (1845) in order to explain the solitary wave observed by
Scott-Russell in (1844) in the Edinburgh-Glasgow canal. It is not only an injustice
to Airy but also a distortion of the history of the subject because Burgers’ paper
appeared only in 1948.
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These equations imply that u is constant along the characteristics
¢ = = — ut = constant. Hence, the solution of (1.2.1) and (1.2.2) is
given by

u = up(x — ut) (1.2.5)

From the implicit function theorem, it follows that the relation (1.2.5)
defines a C! function u(x,t) as long as

1+ tug(€) #0 (1.2.6)

which is satisfied for | ¢ | small. The a-derivative of the solution is
given by
uz = up(§)/{1 + tug(€)} (1.2.7)

If the initial data is such that uf < 0 is on some interval of the -
axis, there exists a time ¢, > 0 such that as t — t.— 0, the derivative
ug(z,t) of the solution tends to —oo for some value of z and thus the
genuine solution can not be continued beyond at ¢ = t.. The critical
time t. is given by

1

te = R rAGI 0 (1.2.8)

£eER

If ug(xz) > 0 for all z € R; the relation (1.2.5) gives a genuine
solution of (1.2.1) and (1.2.2) for all ¢ > 0. Breakdown of the genuine
solution at ¢ = . can be explained not only graphically as in the pre-
vious section but also from the geometry of the characteristic curves
of the equation (1.2.1). Let I be an interval on the z-axis such that
up(z) < 0 for = € I. The characteristics in the (z,t)-plane starting
from the various points of the interval I converge and, in general,
envelop a cusp starting from the time ¢.. Consider the domain in the
(z,t)-plane which is bounded by the two branches of the cusp. Three
characteristics starting from some three points of I pass through any
point of this domain. Since characteristics carry different constant
values of the solution, u is not defined uniquely at interior points of
this domain. Difficulty in continuation of a genuine solution beyond a
finite time t,. is quite common for a hyperbolic system? of quasilinear

#The meaning of a hyperbolic system of partial differential equations will be
explained in sections 2.1.1 and 2.3.2. Equation (1.2.1) is a simple example of a
quasilinear hyperbolic equation.
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partial differential equations. A smooth solution of an initial value
problem for the semilinear equation (1.1.3) also breaks down after a
finite time due to an unbounded increase in the amplitude of the so-
lution. However, the breakdown of the solution of (1.1.6) is due to a
different reason: due to an unbounded increase in the absolute value
of the first derivatives, the solution itself remains finite. Here, we are
concerned with the breakdown of the type exhibited by a solution
of (1.1.6). For a hyperbolic system of quasilinear equations, such a
breakdown is due to a very special property of a characteristic ve-
locity (or an eigenvalue), namely, the velocity of propagation (which
is the same as the characteristic velocity) of the waves that depend
essentially on the amplitude of the waves, that is, the characteristic
field is “genuinely nonlinear” (see definition 3.2.1).

It is easy to solve the problem of determining the critical time
when the amplitude of a discontinuity in the first derivatives of a
solution tends to infinity (leading to the appearance of a discontinuity
in a solution) on a suitably defined leading characteristic curve of
a general hyperbolic system in two independent variables (Jeffrey
(1976)) and the method can be easily extended to systems in more
than two independent variables (see section 3.4).

1.3 Conservation law and jump condition

We have seen in the last section that a genuine solution of the initial
value problem (1.2.1) and (1.2.2) ceases to be valid after a critical
time t.. However, equation (1.2.1) models quite a few physical phe-
nomena, where the function v becomes discontinuous after the time
t. and the discontinuous states of the phenomena persist for all time
t > t.. Hence we must generalize the notion of a solution to permit
u, which are not necessarily C'. In order to do that we write (1.2.1)
in a divergence form

0 01

é(“)+ax(2u2) =0,(z,t) e Rx Ry (1.3.1)

Definition A conservation law is an equation in a divergence form.

(1.3.1) is just one of an infinity of conservation laws,

0 9 n n+1)

a(un) + %(n T = 0, n = constant (1.3.2)
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which can be derived from (1.2.1). Both these conservation forms
are particular cases of a general form

OH (u) n OF (u)

5 5 =0 (1.3.3a)

where the density H and the flux F' are smooth functions of the state
variable u. Equation (1.2.1) can be derived from (1.3.3a) if

H(u) = % £0 and F'(u)/H'(u) = u (1.3.3b)

In physics, a balance equation representing the conservation of a
quantity such as mass, momentum or energy of a physical system
is not expressed in the form of a differential equation (1.3.3a). The
original balance equation is stated in terms of integrals, rather than
in the form of (1.3.3a), as

[ e )~ [ Hue )de = [{F(uler,0) - Flutas, )}t

(1.3.4)
which holds for every fixed space interval (z1,x2) and for every time
interval (t1,¢2). This equation is meaningful even for a discontinuous
function u(x,t). We can now define a weak solution of the conserva-
tion law (1.3.3) to be a bounded measurable function u(z,¢) which
satisfies the integral form (1.3.4). We shall give in the section 3.5 a
definition of a weak solution which is mathematically more satisfac-
tory (see equation (3.5.2)). We shall not use the balance equation in
the general form such as (1.3.4) but in a more restricted form

%/H(u(f,t))df = F(u(xy,t)) — F(u(xa,t)), x1,z2 fixed (1.3.5)

which we shall assume to be valid almost everywhere for (z1, z2,t) €
IR? x IR.. For smooth solutions, the equations (1.3.3), (1.3.4) and
(1.3.5) are equivalent. We state this result:

Theorem 1.3.1 Every weak solution which is C! is a genuine solu-
tion of the partial differential equation H'(u)us + F'(u)uy = 0.
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Consider now a solution u(z,t) of (1.3.5) such that u(z,t) and
its partial derivatives suffer discontinuities across a smooth isolated
curve Q : x = X (t) in the (x,t)-plane and is continuously differen-
tiable elsewhere. It is further assumed that the limiting values of
u and its derivatives as we approach ) from either side exist. The
function wu(z,t) is a genuine solution of (1.2.1) in the left and right
subdomains of the curve of discontinuity 2. Let the fixed points z;
and x9 be so chosen that x1 < X(t) < zo for ¢ € an open inter-

T X(t) x

val. Writing [ H(u(,0))de = [ H(u(&,0))de + [ H(u(&,1))dé in
1 1 X(t)

(1.3.5) and then taking its time derivative, we get

X(t) T2
[ Hulends+ [ e nds + XOUH X D) - 0.0)
@1 X(t)

—H(u(X(t) +0,))} = {F(u(x1,1)) = F(u(wz, 1))}

The first two terms tend to zero as 1 — X(¢)— and x9 — X (t)+.
Hence taking the point 21 on the left of X (¢) very close to it and the
point x9 on the right of X (¢) also very close to it, we get in the limit

X(t)(H (ug(t)) — H(ur(t))) = F(u) — F(uy) (1.3.6)
where
up(t) = I_}l)i(r(rtl)_ou(x,t) and wu,(t) = xal)i(r(?)w u(x,t)  (1.3.7)

(1.3.6) gives the following expression for the velocity of propagation
X of the discontinuity

X(t) = (F)/[H] (1.3.8)
where the symbol [ | is defined by

[f] = flur) — fw) (1.3.9)

The relation (1.3.8), connecting the speed of propagation X (¢) of
a discontinuity and the limiting values u, and w, on the two sides
of the discontinuity, is called the jump condition. Such jump rela-
tions derived from the conservation laws of gas dynamics are called
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Rankine-Hugoniot (RH) conditions. The usual initial and boundary
conditions of the gas dynamics equations combined with the three
RH conditions and an entropy condition (to be discussed in the next
section) are sufficient to solve many problems of great practical im-
portance (Courant and Friedrichs (1948)) and are also sufficient to
prove many theorems on the existence and uniqueness of solutions
(see Smoller (1983), Chapters 17 and 18). This mathematical com-
pleteness in the theory of discontinuous solutions was probably the
main reason that mathematicians did not take up the question of fur-
ther jump relations on the derivatives of the function u(z,t). Deriva-
tion of the transport equations for the jumps in the first and higher
order spatial derivatives of u and application of these relations in
developing numerical methods for solving a weak solution having a
single discontinuity forms the subject matter of discussion in Chap-
ters 7 to 10 of this monograph.

For a discontinuity, the jump is non-zero i.e., u; # u,. Hence, for
the conservation laws (1.3.1) and (1.3.2), the jump conditions (1.3.8)
become

X(t) = %(ur + ) (1.3.10)
and
n n—1
X(0) = g (30 )/ () ™ ) (13.11)
1=0 1=0

1.4 Stability consideration, entropy condition
and shocks

Let us discuss solutions of a number of initial value problems of

the balance equation (1.3.5) with H(u) = u, F(u) = 3u? i.e., weak

solutions of (1.3.1). The solutions need not be smooth now. First we
consider a smooth initial data

u(z,0) = 0 (= p1(x) say) (1.4.1)
One obvious solution with this initial data is

u(z,t) =0, (x,t) e Rx Ry (1.4.2)
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which is a genuine solution of (1.2.1). Consider now the function

0, xg—%t,
-1, —it<z<o0
_ ) 2 =Y,
u(x,t) = 1, O<a<ly (1.4.3)
0, %t<a:

The characteristic curves of (1.2.1) are shown by broken lines in Fig.
1.4.1. The function (1.4.3) is constant and hence a genuine solution
in each of the subdomains of the upper half of the (z,t)-plane in
which it is divided by the straight lines z = 0,2 = —%t and x = %t.
The function satisfies the jump relation (1.3.10) along the last two
lines. Hence, (1.4.3) is another weak solution (now a discontinuous
solution) of the equation (1.3.1) with the initial condition (1.4.1).
This is a spectacular result of a non-zero solution coming out of a
zero initial condition and is due to the fact that the discontinuity
along the line z = 0 is not admissible which we shall explain later.

Note that even if the value of a function which satisfies (1.3.4) is
changed at a set of moving points z;(¢) finite in number (or of mea-
sure zero) in (x,y)-plane, the new function will still satisfy (1.3.4).
Therefore, it is immaterial whether we take the weak solution of
(1.3.1) to be continuous to the left (as in the case (1.4.3)) or to the
right of the point of discontinuity.

Fig. 1.4.1: A discontinuous solution of (1.3.1) with initial data given
by u(xz,0) = 0. The characteristic curves of (1.2.1) are shown by
broken lines.



12 An Introduction

For a class of discontinuous solutions, we can consider not only
smooth initial data but initial data which could be discontinuous.
Let us consider a discontinuous initial data of the form

0, <0

w(z,0) = po(z) = {1, r=y (1.4.4)

The equation (1.3.1) has an infinity of discontinuous weak solutions
for this initial data:

0 , <0
) ozt 0<z<at
u(x,t) = o at<z<i(lta) (1.4.5)
1, fl4at<az

It depends on a parameter « satisfying 0 < o < 1. This solution has
been shown in Fig. 1.4.2.

The characteristic curves have been shown by broken lines. For
a =1, the solution (1.4.5) becomes continuous but it is not a genuine
solution of (1.2.1) since it is not continuously differentiable. We
note that the non-uniqueness in the solution arises because of the
possibility of fitting a line of discontinuity of an arbitrary slope %(1 +
«) joining a constant value (u = «) of the centered wave u = x/t on
the left and the constant state u = 1 on the right. Another simple
solution with initial condition (1.4.4) is three constant states 0, 3 and
1 separated by lines of discontinuities x = %t and z = %t.

Instead of the initial data ps(x), if we take

(1, =<0
w(z,0) = py(z) = {0 ISy (1.4.6)
we get a discontinuous weak solution of (1.3.1):
1, z—1t<0
u(z,t) = (1.4.7)

1
0o , ZE—§t>0

In this case, it is not possible to have a centered wave with the center
at the origin and hence (1.4.7) is the only weak solution. It has a
curve of discontinuity through (0, 0).
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Fig. 1.4.2: Solution (1.4.5) for a =0
Solution (1.4.5) for a =1
Solution (1.4.5) for 0 < o < 1.
The characteristic curves have been shown by broken lines.

The above example shows that, in general, a discontinuous solu-
tion of an initial value problem for (1.3.5), i.e., a weak solution of
the conservation law (1.3.1), is not unique. What is needed now is a
mathematical principle characterizing a class of permissible solutions
in which every initial value problem for the conservation law has a
unique solution. We can deduce such a principle from the following
consideration. A genuine solution satisfying smooth initial data is
unique and this is true even for a solution with piecewise continuous
derivatives such as (1.4.5) with o = 1. In this case, given a point
(z,t) € R x IRy, there exists a unique characteristic originating from
a point on the initial line which passes through the point (z,¢). How-
ever, for a discontinuous solution (1.4.5), the initial data (1.4.4) is
unable to control the solution in the domain o < § < 1. The failure
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t -
A X 0.‘::>tl
U=1" . u=0
) > X

Fig. 1.4.3: Solution (1.4.7) with characteristic curves shown by bro-
ken lines.

of the initial data to control the solution in this domain leads to
nonuniqueness of the curve discontinuity of the solution. From a
curve of discontinuity in the solution (1.4.5) for 0 < a < 1, the
characteristics starting from a point ((1 + a)t,t) diverge (into the
domains on the two sides of it) as ¢ increases, so that discontinu-
ity could have been replaced by a continuous centered wave from
this point onward. The situation is different when the initial data is
(1.4.6), which gives rise to a situation in which characteristics start-
ing from the points on the two sides of the point of discontinuity
converge and start intersecting as ¢ increases. In this and all other
such situations, a discontinuity must necessarily appear to prevent
multivaluedness in the solution. Therefore, a discontinuity is permis-
sible only if it prevents the intersection of the characteristics coming
from the points of the initial line on the two sides of it, i.e.,

ur(t) < X (t) < ug(t) (1.4.8)

If we accept this as a principle, Fig. 1.4.1 and Fig. 1.4.2 show that
the only admissible solution with initial data ¢ is the zero solution,
and that with the initial data ¢ is the continuous solution obtained
for @« = 1. The solution (1.4.7) is also the only admissible solution
with the initial data (3.

The mathematical criterion (1.4.8), known as Lax’s entropy con-
dition, for admissible discontinuities can be derived from the follow-
ing stability consideration (first shown by Gel’fand in 1962 and stated
in this form by Jeffrey (1976)).
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“A discontinuity is admissible if when small amplitude waves are
incident upon the discontinuity, the resulting perturbations in the
velocity of the discontinuity and the resulting waves moving away
from the discontinuity are uniquely determined and remain small.”

The derivation is trivial for the single conservation law.

Definition An admissible discontinuity satisfying the entropy con-
dition (1.4.8) is called a shock.

Using (1.3.10), we find that for the conservation law (1.3.1) the
stability condition (1.4.8) is equivalent to an easily verifiable condi-
tion

ur(t) < up(t) (1.4.9)

The term “shock” was first used for a compression discontinuity in
gas dynamics, where an expansion discontinuity is ruled out by the
second law of thermodynamics which implies that the specific entropy
of the fluid particles must increase after crossing the discontinuity.
Hence, the stability condition (1.4.8) is also called the entropy condi-
tion. We note two important results regarding solutions with shocks
of nonlinear problems:

(1) In contrast to the results for linear equations, not only a
discontinuity may appear in the solution of nonlinear equations with
continuous data, but also a discontinuity in the initial data may be
immediately resolved in the solution. This is shown by the continuous
solution (1.4.5) with o = 1 for the discontinuous initial data @a(z).

(2)  Physical processes described by continuous solutions of a
hyperbolic system of quasilinear equations are reversible in time,
i.e., if we know the solution at some time, we can use the differential
equation to get the solution uniquely in the past as well as in future.
However, if a process is described by a discontinuous solution (where
discontinuities are shocks) of a system of balance equations, then it is
irreversible. We shall illustrate this mathematically by means of an
example. The weak solution of the conservation law (1.3.1) satisfying

|
AN

u(z,0) = (1.4.10)

o
8
\Y,

N,
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is

w(z,t) = - for t > 0 (1.4.11)

and then satisfying

2, z <0
w(z,0) =1 , 0<z<3 (1.4.12)
0 , i<ua
is
2, x < 3t
uzt) =1 , St<a<it+i | fo0<t<}
0, St+3<wz (1.4.13)

u(z,t) = , fort >3
0 , t+%‘<:p

The solution of (1.4.12), for 0 < ¢ < %, has two shocks and it is
interesting to draw them in the (x,t)-plane.

(1.4.11) and (1.4.13) are admissible and unique solutions with two
different initial values. However, both represent the same function
for t > % Thus, the same state given by the two solutions at time
t> % corresponds to two initial states. This shows irreversibility —

the past can not be uniquely determined by the future.

1.5 Some examples

Even though the conservation form (1.3.1) of the Burgers’ equation
(1.2.1) looks innocently simple, an explicit solution (see section 1.9)
of an initial value problem with arbitrary initial data (1.2.2) is so
involved that it requires a lot of mathematical analysis to deduce
even some simple properties of the solution. In this section we
present a number of exact solutions and asymptotic forms of some
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other solutions which show that genuine nonlinearity significantly
modifies the linear solution.

Example 1.5.1 A solution of an initial value problem for (1.3.1),
with continuous initial data

1 Tz < —%
w(z) = s-z , —3<z<i (1.5.1)
0o , T > %
remains continuous for all ¢ in the interval 0 <t < 1 and is given by
1, r< -+t
w(a,t) = ¢ W22l cp<] (1.5.2)
0o , T > %

For t > 1 the solution has a shock, which separates two constant
states 1 and 0 and which moves along the path z = X (t) = 3t as in
the case of the solution satisfying the initial condition (1.4.6). The
characteristic curves starting from the various points of the z-axis
have been shown in Fig. 1.5.1.

Example 1.5.2 Consider an initial data

%A , —1<a<1

up(x) = (1.5.3)
0 , r<-1and z>1

where we take A > 0. If the evolution of the initial data is described

according to the conservation law (1.3.1) then the solution has two

distinct representations in two different time intervals:

: 8

0 < —1
ol 1<z < -1+ 4t
u(z,t) = (1.5.4)
$A . —l+gt<z<1+4t
0 1<z
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which has been shown in the Fig. 1.5.2.

»Y
»X

Fig. 1.5.1: All characteristic curves starting from the points of the
initial data between —% <z< % meet at the point (%, 1).

——————— 4 ——b—— X
-1 0! -1+AU2 1+AU4

Fig. 1.5.2: Graph of the solution with initial value (1.5.3) valid in
the time interval 0 < ¢ < %.

Note that there is a centered wave (see section 3.1.2 for definition)
in the wedged shape region —1 < xz < —1 + ét and a shock along
the curve x = %At in the (z,t)-plane. At the time t = % the leading
front of the centered wave overtakes the shock at x = 3. After this
time the shock interacts with the centered wave.
(ii) t > 3.

The shock path 2 = X (t) is obtained by solving
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which gives

X(t) = -1+ V24t (1.5.5)

At x = X(t), the amplitude of the pulse i.e., the shock strength
u; — U, is given by

r+1 2A
U= ——l=x@) =\ (1.5.6)

e

Fig. 1.5.3: Graph of the solution with initial condition (1.5.3) valid
from t > %.

The pulse now takes a triangular shape whose base is spread over

a distance v/2At and whose height is \/? (Fig. 1.5.3). The total
area of the pulse remains constant equal to A which is also the area
of the initial pulse (1.5.3). This agrees with a general property of
the conservation law (1.3.1) “when the solution u vanishes outside a
closed bounded interval of the x-azis, [°0_ w(&,t)d¢ is independent of
t.” Fig. 1.5.3 is the limiting form of the shape of the graph of any
solution for which the initial data wug(x) is positive everywhere and
is of compact support.
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Example 1.5.3. Consider an initial data

0 , —oo<zx<-—1
—xrx—1 , —-l<z< —%
up(x) = ¢ x , —i<az<1 (1.5.7)

—r+2 , 1l<zx<L?2

0 , 2<zxr <00
which has been shown in Fig. 1.5.4.

Fig. 1.5.4: Graph of the initial data (1.5.7).

The solution of the conservation law (1.3.1) with an initial con-
dition (1.5.7) remains continuous for ¢ < 1 and its expression can
be easily written. During this initial stage, the interval in which the
solution is non-zero remains fixed i.e., (—1,2). At ¢ = 1, a pair of
shocks appear at —1 and 2 and for ¢ > 1 the solution is given by

0, —oo<z<—y/5(L+1)
=, /a4t <a <20+ (1.5.8)

0 , 2(1+t) <z <o
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with shocks at the leading and the trailing ends. The values of u at

these two ends are \/2/(1 +t) and —/1/{2(1 + )}, respectively.

The area of the positive pulse on the right side of x =0 is

%,/2(1+t),/1i+t:

and that of the negative pulse on the left side of z = 0 is

1 [T+t 1 1
V20 +1) 4

Thus, the areas on the two sides of the origin are conserved. This is
because the flux function Ju? in (1.3.1) vanishes at the origin.

The ultimate shape of the solution is depicted in Fig. 1.5.5 which
is called an N wave.

EIJZ
' 1+
e mene oo A CECREEEEREETRPREEES Ny

[ 1
2(1—“)1 ' v 2(1+1)

Fig. 1.5.5: An N wave solution (1.5.8).

The leading and trailing shocks are not of equal strength in this
figure.
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Example 1.5.4 Consider an initial data

0 , —co << =)
1
2a(x+A)/A , A<z <=5
up(x) = < —2ax/A . —3A<z<ia (1.5.9)
2a(z — A) /A, A<z <A
0 A< <oo

where A > 0. This initial data has been shown graphically in Fig.
1.5.6.
The solution of the conservation law (1.3.1) with initial data

(1.5.9) remains continuous for 0 < t < % At t = %, a shock
appears at the origin with v; = a and u, = —a. According to the

jump relation, this shock does not move away from the origin but its
amplitude decays. The solution in the interval —\A < x < —%)\ + at
fortgz—);landin—)\<x<0fort>%isgivenby

T+ A

u(z,t) = =" % (1.5.10)

--pC

0.5¢

‘ /\\

Fig. 1.5.6: The initial pulse is given by (1.5.9) with A = 1,a = %
The solution develops a shock at the origin which decays to zero with
time as 0(1).
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Since u,(t) = —u(t), (1.5.10) shows that the shock strength at
the origin is
u — Uy :2)\/(t+i) (1.5.11)
2a
showing that, unlike all previous examples where the shock strength
decays as 0 (%), in this case, it decays as 0 (%) The asymptotic
solution as t — oo, retaining only the first term, is

0 , —o<r< =
(x+N)/t , =A<z<0

u(z,t) = (1.5.12)
(x—=N)/t , 0<z<A

0 , A<z <00

which has a shock of strength 2A/t. It is interesting to note that the
asymptotic solution is the same whatever may be the initial ampli-
tude but it remembers (apart from the initial total area of the pulse)
the length 2\ where it is non-zero.

As another interesting example, the reader is asked to find the
solution of (1.3.1) with initial data

0 , —oo <z <=2
r+2 , 2<zx<-1
u(x) = ¢ —x ~1<z<3 (1.5.13)
r—1 | %<x§1
0o , 1<z <o

Example 1.5.5 We now consider an important example of a solution
of (1.3.1) with periodic initial condition:

up(x) = —asin% JA>0 (1.5.14)

The asymptotic form of the solution as t — oo can be deduced
with the help of the Lax-Oleinik formula (see section 1.9). Here we
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deduce the form by noting that at any time ¢, the solution must be
periodic of the period 2\ and assuming that in the period —\ < z <
A, the solution is given by a pair of centered waves

(e, t) = { ((“;:ti))//tt’j BA:;;AO (1.5.15)

According to the jump condition, the shocks do not move away from
the points 0, £2X, £4),...; their strengths decay as %, as was the
case in the previous example. The asymptotic periodic solution for-
gets the amplitude a of the initial data but remembers its period 2.
The asymptotic solution in the form of a saw-tooth has been shown

in Fig. 1.5.7.

Fig. 1.5.7: The saw-tooth solution arising from a periodic initial
data shown by a dotted line.

Example 1.5.6 An equation, governing the propagation of small
perturbations trapped at a point on the sonic surface of a steady gas
flow, is given by (Prasad (1973), see also (5.3.41 - 42)).

ur + (u— Kz)uy, = Ku (1.5.16)

The dependent and independent variables have been properly scaled.
The constant K is proportional to the deceleration of the fluid el-
ements at the sonic point in the steady flow. When the fluid is
passing from a supersonic state to a subsonic state, K > 0.

Had the genuine nonlinearity not been present, the approximate
equation would have been

w — Kzu, = Ku (1.5.17)
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The solution of this equation with initial data
u(z,0) = up(z) (1.5.18)

is

Kt

u(z,t) = eXtug(we) (1.5.19)

This solution shows that for K > 0 the amplitude u would tend
to infinity as ¢ — oco. However, for an initial data wg which is non-
zero only on a bounded interval on the x- axis, the solution will get
concentrated near the point x = 0.

A conservation form of the genuinely nonlinear equation (1.5.16)
is

1
up + (§u2 — Kzu), =0 (1.5.20)

It is simple to show that the jump relation for a shock appearing in
a weak solution of (1.5.20) is

%t(t) = Sl )~ KX(1) (15.21)

When a shock appears in a solution of an initial value problem for
(1.5.20), it cuts off the growing part of the pulse as shown in Fig.
1.5.8 for a special initial data.

Fig. 1.5.8: Solution of (1.5.20), with an initial data which is positive
and non-zero only on a closed bounded interval, gets trapped on
the right hand side of the origin and ultimately attains a triangular
shape.
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1.6 Shock structure, dissipation and entropy
condition

Shock front, a surface of discontinuity, is a mathematical idealization
of a physical phenomenon in which a physical variable, say pressure,
density or particle velocity vary continuously but rapidly in a narrow
zone containing the surface. This idealization, in which the model
conservation law (1.3.3) is valid, breaks down across a shock. In
(1.3.3) the flux F has been taken to be a function of the density u
alone whereas in certain physical phenomena F’ depends not only on
u but also on its gradient u,:

F=Q(u)—vug, v>0 (1.6.1)

where v is a small constant. In an interval where u, is of order one,
the term vu, is negligible compared to Q(u). But, in an interval
where the gradient u, is large and of the order of 1/v, the two terms
are comparable and the model equation (1.3.3) needs to be modified.
Choosing H = u,Q(u) = 1u® as in (1.3.1) and assuming that the
function v is smooth, we get a modification of the equation (1.1.6)
in the form (Lighthill (1954))

Up + Uy = VUgy, V>0 (1.6.2)

In order to study how a shock front in a solution of (1.3.1) is
replaced by a continuous solution of (1.6.2) with a narrow zone of
rapid variation in u, we consider the solution

u , I < St
u(z,t) = { (1.6.3)
ur , x> St

of (1.3.1) where the shock velocity X (t) = S satisfies
1
S = §(ul +uyp), up > uy (1.6.4)

This solution becomes steady in a frame of reference moving with
the velocity S and hence we look for a solution of (1.6.2) in the form

u(z,t) =u(), E=x— St (1.6.5)



1.6. Shock structure and entropy 27

i.e., we solve the two point boundary value problem for the equation

—Sue + uug — vuge =0 (1.6.6)
satisfying
lim w(§) =w;, lim u(€) = u, (1.6.7)
§——o00 £—o0

We further assume that this solution tends to the two limiting values
u; and u, smoothly i.e.,

li =0 1.6.8

(Jim g () (1.6.8)

Integrating (1.6.6) and using (1.6.7) we get —Su + Ju® — vug =

a constant = A, say. In order that the solution tends to w; and u,

as x tends infinity on the two sides, the constant A should be such
that we can write this equation in the form

1g=—%ﬁu—@@—uﬁ (1.6.9)

with
w=S+VS?+24, u,=5—-vS?+24 (1.6.10)

Since u; and wu,. are real we must have S?+2A > 0. Integrating (1.6.9)
we get

Uy — Uy

u(x—St) =u() =

N | —

(u; + up) — (u; — uy) tanh { ”

(m—Sﬂ}
(1.6.11)

where we have chosen the constant of integration such that v =
%(um—ur) at £ = 0. We note that u — u, as x — oo and u — u; as
T — —00.

(1.6.11) is a continuous solution of (1.6.2) joining the two states:
u; at —oo and u, at +o0o and thus represents the structure of a shock
wave separating u; on its left and w, on its right. The shock speed
S = Z(w + u,) is the speed of translation of the whole continuous
profile in the structure of the shock.

Since the transition from wu; to w, takes place over an infinite
distance, we measure the shock thickness by a distance over which
transition equal to a given fraction 1 —2«, where « is a small positive
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number, of the shock strength is observed. Let us denote by £_ the

value of ¢ where u({-) = w — a(y; — u,) and by &; that where
u(éy) = ur + a(y — uy). Here 0 < o < 3. Then from (1.6.11),
we obtain £, + - = 0 and the following expression for the shock

thickness

4y 1—«
In
Uy — Uy o

§r — &= (1.6.12)
The shock thickness is inversely proportional to the shock strength
u; — Uy, showing that the transition through the shock from u; to w,
takes place over a large distance for a weak shock and over a small
distance for a strong shock. For a shock of moderate strength, the
shock thickness is of the order of the diffusion coefficient v. Since v
is small, the shock thickness is generally very small compared to the
length scales that we normally consider in day-to-day life and, for all
practical purposes, it can be treated as a surface of discontinuity as
dealt with in the previous sections.

In the limit as v — 0+, the travelling wave solution (1.6.11)
satisfying (1.6.7) becomes a solution

u :c—%(ul—i-ur)tgo
u(z,t) = (1.6.13)
Uy x—%(ul+ur)t>0

of (1.3.1) with a single shock. We also note that an expansion shock
solution (1.6.13) with w; < w, can not be obtained as a limit of a
solution of the wiscosity equation (1.6.2) because the expression on
the right hand side of (1.6.9) is negative for v; < v < u, and hence, in
any solution of (1.6.9), u can not increase from v; to u, as § increases.
This is a general property of the conservation law (1.3.1): every weak
solution of this equation with only discontinuities which are shocks
can be obtained as a limit almost everywhere of a solution of the
viscosity equation (1.6.2) as v — 0+. The converse is also true. All
solutions of (1.6.2) are smooth. The limit of any solution of this
equation is a weak solution of (1.3.1) with discontinuities which, if
any, are shocks. Thus, an entropy solution i.e., a stable solution of
(1.3.1), can be defined as a limit of a viscosity equation like (1.6.2).
We briefly discuss now how to define an entropy function and what
role it plays.
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Entropy function

We have seen in the section 1.3 that the scalar equation (1.2.1)
has an infinity of conservation forms. This need not be true for a
system of equations — there may not exist even one. In this section
we restrict to the scalar equation and consider weak solutions of the
conservation law (1.3.1). Let us take up one more conservation law
(1.3.3), namely

(BE(w)e + (G()z =0, E'(u) #0, G'(u) =uB'(u)  (1.6.14)
with an additional condition that F is a strictly convex function i.e.,
E'(u)>e¢>0 (1.6.15)

where c is a constant. Since such a function plays the role of entropy
in gas dynamics, we call E also to be an entropy function. We also
assume that F > 0. However, it turns out that unlike the physical
entropy, F defined here decreases across a shock.

Consider now a solution u” of the viscosity equation (1.6.2) sat-
isfying u”(z,0) = u(x,0). Multiplying (1.6.2) by E’, we write it in
the form

Ei4 Gy = (WE'WY)y — v(uX)?E" (1.6.16)

Assume that the solution u” tends to zero sufficiently rapidly
as © — too and the functions E(u”) and G(u”) also tend to zero
sufficiently rapidly there. Integrating the equation (1.6.16) on the
strip S7 = (—oo < x < 00, 0 < t < T) and using Green’s theorem
we get,

/E (z,T)) d:n—/E (z,0)) :—1/// 2Ed:L'alt

(1.6.17)

Since E” (u) > 0, the right hand side of this result is negative for a
non-constant solution and hence we get an important result in the
limit

/ E(u(z, T))de < / E(u(z,0))dz (1.6.18)

This result shows that in a solution of the conservation law (1.3.1)
the integral of the quantity E at any time 7" > 0 is a nonincreasing
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function of 7', showing that E has the property of the negative of
the physical entropy dictated by the second law of thermodynamics.
This law says that the physical entropy of a system can not decrease
with time. Note that convexity condition E”u) > 0 of F plays an
important role in this result.

Using (1.6.15) in (1.6.17), we get an important result

/E (z,T)) dac—i—uc// )2dadt < /E Y(x,0))dx

:/EM@WM(MM)

which implies that

V// (u%)?dxdt < a constant independent of v (1.6.20)
St

where the constant depends on T', ¢ and the initial entropy. (1.6.20)
remains true in the limit v — 04. Thus, taking limit of (1.6.17) as
v — 0, we get the following result

Let u be a weak solution of the conservation law (1.3.1) which decays
to zero at infinity sufficiently rapidly and which is obtained as a limit
of a solution of the viscosity equation (1.6.2), then for E" = constant,

/EMWWM—/EMLWM:mﬂ (1.6.21)

where C' < 0. Note that C = 0 when the weak solution is smooth.

It is interesting to calculate the value of C' in a weak solution of
(1.3.1) when the solution contains a single shock joining a state u; on
the left to a state u, on the right. An example of such a solution is
(1.5.4). In such a solution u, (and v for small v) remains bounded
in the shock free region of u and hence the only contribution to C' is
from a small neighbourhood of the shock. Therefore, the constant C
can be calculated from the shock structure solution (1.6.11). In this
case

(u; — uy)? 9 (ul — Uy )
Vo T R —— 1.6.
ul, = Ug 5 sech ™y 13 (1.6.22)
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so that if we take F(u) = Lu? i.e., E” (u) = 1, then

2

T
1
— hm V// Vdaxdt = fﬁ/ wy — uy)3dt (1.6.23)
0

ac

Thus we have proved the following theorem for 7.

Theorem 1. 6 1 The time rate of decrease of the mathematical
entropy E = 2u? due to a single shock in a weak solution of (1.3.1)
is 75 (w — u )3.

As we have pointed out, there is an infinity of strictly convex
functions E for a single conservation law (1.3.1). It Will be shown in
Chapter 6 (see expression for q in (6.1.1)) that E = 1u? represents
the kinetic energy density in a weakly nonlinear high frequency wave
running into a polytropic gas at rest. Therefore, if no fresh kinetic
energy is supplied, the theorem gives an expression for the rate of
decay or dissipation (due to a single shock) of the kinetic energy.
Since the total energy remains conserved, the kinetic energy lost
gets converted into the internal energy in the form of heat.

We have already given an argument (see soon after (1.6.13)) that
a limit solution of the viscosity equation (1.6.2) can not contain an
expansion shock (i.e., u; < u,). We present here a more general proof
using the entropy function. This proof is valid also for a system of
conservation law.

Let x1, z9 be two fixed points and an integral form of the equation
(1.6.16) is

& | B )iz = (G (@,0) - Gt (2,))

x2

—V{E'(z1,t)u’(z1,t) — B (20, t)ul (20, t)} — Z//(UZ)QE//(UV)CL’E
1
(1.6.24)
Consider now a solution of (1.6.2) with small v such that it has a
sharp gradient in a region which tends to a point of discontinuity of
a solution u of (1.3.1) at x = X (¢) = St in the interval (x1,x2) as
v — 0+. The derivative v’ remains finite at x; and x2 as v — 0 so
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that the second term on the right hand side of (1.6.24) tends to zero
as v — 0. According to (1.6.20) the third term on the right hand side
remains bounded and negative as v — 0. Therefore, taking the limit
of (1.6.24) as v — 0, we get

%/E(u(m,t))dm < G(u(z1,t)) — G(u(z2,t)) (1.6.25)

Following the procedure in the derivation of (1.3.5) from (1.3.4) we
get from (1.6.25) an important result

XO{E(u(t) = B(ur(t)} < {G(u(t) = Glur (1)} (1.6.26)
for an entropy function E. Now we have proved a theorem.

Theorem 1.6.2 Let u be a piecewise continuous solution of (1.3.3)
obtained as a limit of the viscosity equation (1.6.2) as v — 0 and let E
be an entropy function satisfying (1.6.15) and G(u) = [“wE'(u)du,
then along each discontinuity u satisfies (1.6.26), where X is given
by (1.3.8).

The condition (1.6.26) is called an entropy condition. We shall

now show that for the entropy function E = %uz the condition
(1.6.26) ie.,
1. 1
§X(t){ul2 —u?} < g{ulg —ul} (1.6.27)
with 1
Xm:§m+m) (1.6.28)

is equivalent to (1.4.8) i.e.,
u(t) < X < wy(t) (1.6.29)
The proof is quite simple. The relation (1.6.27) i.e.,
(u; — Ur){ZX(Ul +u,) — (U + wu, +u)} <0
with (1.6.28) can be written as
(g — ) { X2 + X (uy + ) — (uf + wu, +u2)} <0

ie., (ul—ur){)'(2 —X(ul+ur)+2X(ul+u,~)— (u?—i—ulur—i—uf)} <0



1.7. The persistence of a shock 33

which again with the help of (1.6.28), becomes

(up — ur){X?% = X (wg + up) + uguy } <0

fe, — (u—up)(X —up)(uy — X) <0 (1.6.30)

Since X is the mean of u; and u,, the product of the last two factors
is positive. Hence, (1.6.29) is true if u; > u, which is equivalent to
(1.6.28).

1.7 The persistence of a shock

In section 1.2 we showed that if in an initial value problem for (1.2.1),
the initial value ug(x) has a negative gradient (i.e., ug(z) < 0), a
shock necessarily appears in the solution at a finite time. Thus,
a shock may originate in the (x,t)-plane from a point at a finite
distance from the origin. In this section we shall prove another result
which implies that a shock can not disappear in a solution at a finite
time, i.e., a shock once formed will persist for all time. In order to
prove this important result, we need another result which is given by
the equation (1.7.5) below.

We assume a weak solution of (1.3.1) with a single curve of dis-
continuity  : x = X (¢), which is a shock and which meets the initial
line t =0 at z = X(0) = X, say. In the left subdomain =z < X (¢),
let us draw the characteristic curve Cy which starts from a point
x = &(t) and meets the shock at the point (X (¢),t). Similarly, we
draw the characteristic curve C, in the right subdomain =z > X (t)
starting from a point z = &.(t) and meeting Q at the same point
(X(t),t). Cp and C, are straight line segments as shown in Fig.
1.7.1. In the domain Dy (or D,) bounded by C; (or C), a part Iy (or
I,) of the initial line ¢ = 0 between &y(t) (or &-(f)) and Xo, and the
section Qf of Q between (Xy,0) and (X (¢),t), the solution is smooth.

Integrating (1.3.1) over Dy we get

1 1
= /(ut + (§u2)m)d:cdt = / (ung + §u2nx)ds (1.7.1)
D, I+Qt+Cy

where (n¢, n,) are components of the unit normal and ds is an element
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of arc length. Now

Xo
/(unt + %uan)ds = — / uo(&)dE
1 (1)
L o Lo
/(unt +5u ng)ds = /(iuﬁ — Xuyg)dt

Qt Qt

and

Fig. 1.7.1: Q : = = X(t) is the only curve of discontinuity in an
otherwise smooth solution.

Substituting in (1.7.1) we get

1 . 1
0=— / wo () de +Q[(§u§ — Xug)dt + Sudt (1.7.2)

Similarly integrating (1.3.1) over D, we get



1.7. The persistence of a shock 35

1 1
0 = /(ut + (§u2)x)dxdt = / (ung + —u’ny)ds

2
D, I+Qt+Cy
1
= / &)d§ — / Xur dt — 5l 2

Adding (1.7.2) and (1.7.3); and using the jump condition in the
form (1.3.10)

(1.7.3)

| =
—~
g
~
~~
~
S—
|
SN
SN
—~
~
S—
S—
o~
Il
N
o
—
I
N—
QL
2%

(1.7.4)
§e(t)

Since u,(t) = uo(&-(t)) and ue(t) = uo(&e(t)) we can write this rela-
tion purely in terms of the initial data:

&r(t)

ud(&(t)) — ud (& (t) {z(t) uo(€ ]

t =

(1.7.5)

Now we are ready to prove the main result of the persistence of
the shock. We state it more precisely in the form of a theorem.

Theorem 1.7.1 A shock path can not terminate at a point at a
finite distance from the origin in the (z, t)-plane. It will either extend
up to infinity or will join another shock to form a third shock.

Proof If ashock path terminates at a point (x*,t*), then all points
(z,t) on the shock would satisfy ¢ < t*. If ug(&(t*)) # uo(&-(t%)), the
shock path extends further as a non-characteristic curve according
o0 (1.3.10). Therefore,

tim  {uol€e(®) - uole () } =0 (1.7.6)

t—t*—0

The quantity in the square bracket on the right hand side of
(1.7.5) represents the area A(t) between the z-axis and the curve
representing the initial data ug(z) between x = &(t) and x = &.().
Now we consider two cases:
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Case (a): o)
r(t*

A(t*) = / wo(z)de # 0 (1.7.7)
&e(t*)

From (1.7.6) and (1.7.7) it follows that the right hand side of (1.7.5)
tends to infinity as t — ¢* — 0. Hence, (1.7.6) implies that ¢* can not
be finite.

Case (b): A(t) = 0.
We note that the equation u; + uu, = 0 and the jump condition
(1.3.10) are invariant under the transformation

t =t 2 =z—at, v =u—a (1.7.8)

Therefore, by choosing a to be smaller than a lower bound of ug(z)
on R, we can always make the above change of variables such that
the initial data ug(z) for u' is greater than 0 for all z € R. Then
A’ > 0. Therefore, this case can also be reduced to a problem in
which A # 0 and the arguments of the case (a) applies.

This completes the proof of the theorem.

The theorem is also true for a shock appearing in the genuinely
nonlinear characteristic field of an arbitrary system of conservation
laws. This is because when a shock path terminates at a point
(z*,t*), the shock strength must vanish at this point. Therefore,
due to continuity, shock strength remains arbitrarily small just be-
fore the time ¢ approaches t*. We shall show (see arguments leading
to the equation (5.2.15)) that the propagation of a weak shock (in
a genuinely nonlinear characteristic field) is governed approximately
by the conservation law (1.3.1). Hence, the result of (1.3.1) regarding
the persistence of a shock is valid for a general system of hyperbolic
conservation laws.

1.8 Nonlinear wavefront and shock front

Solution u = wp(&), & = = — ct, of the partial differential equation
(1.1.1) satisfying the initial condition u(z,0) = ug(x) represents a
pulse which is characterized by one parameter family of wavefronts
represented by x = ct + £ where ¢ € IR is the parameter. ug need
not be C1(IR) in which case, u is a suitably defined generalized or
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weak solution. If ug is continuous, we get a continuous pulse and
the amplitude of the wave varies continuously across all wavefronts,
each one of which moves with the same velocity c. If ug has a dis-
continuity at a point xg, we get a wavefront x = ct + xg across which
the amplitude is discontinuous. For a linear equation like (1.1.1),
kinematic properties of a wavefront across which the amplitude is
continuous and another for which it is discontinuous are the same.
Both types of fronts move with the same velocity c.

For a nonlinear equation (1.1.6) with a suitable conservation law,
say (1.3.1), a distinction has to be made between a one parameter
family of wavefronts x = tug(£) + £ forming a continuous pulse given
by u = up(x — ut) and a discontinuous front i.e., a shock front. A
shock is also a wavefront, if we interpret the meaning of the word as
used commonly but a wavefront (across which the amplitude varies
continuously) and a shock front have different kinematic properties
as explained below.

In this monograph, we shall make a clear distinction between the
use of the words nonlinear wavefront and shock front. Consider a
pulse in a genuinely nonlinear characteristic field. When the ampli-
tude of the pulse varies continuously across a front, it will be called a
nonlinear wavefront and when the amplitude is discontinuous across
it, it will be called a shock front. This is not a new definition of a
shock front but only a reiteration of the definition in section 1.4.

A nonlinear wavefront in a pulse governed by (1.1.6) is deter-
mined by solving the equations (1.2.3 - 4) with initial conditions
u = u(xg), © = xg at t = 0. Thus, to calculate the successive po-
sitions of a nonlinear wavefront and amplitude on it, we need only
its initial position and initial amplitude. Thus, a nonlinear wave-
front is self-propagating in the sense that its evolution is determined
only by the information on itself and is not influenced by wave-
fronts which follow or precede it. Kinematically, a shock front is
not self-propagating. We shall show in Chapter 7 that its evolution
is governed by solving the equation (1.3.10) and an infinite system of
equations involving u; and some other quantities for which we require
initial position Xg of the shock and initial value ug(z) for x on an
interval of the real line and not just at Xy. We have already noted
in examples in section 1.5 that the shock interacts with the nonlin-
ear waves ahead of it and behind it and swallows them gradually so
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that information on an interval of increasing length gets lost. We
have also noticed, in an example in section 1.4, that a physical pro-
cess which has a shock is irreversible. This irreversibility and a shock
being not self-propagating are intimately related. A nonlinear wave-
front gets lost after it interacts with a shock front. Though we may
integrate the equations (1.2.3 - 4) with respect to t even beyond the
time the nonlinear wavefront interacts with the shock, the values of
x(t) and u(t) obtained as a result of integration have no physical
significance after the interaction.

Distinction between a linear wavefront, a nonlinear wavefront and
a shock front is very easily understood in the case of one -dimensional
or plane fronts. This becomes very complex for waves in multi-
dimensions due to the convergence or divergence of rays and due to
nonlinear waves which propagate on the fronts themselves. Some of
these questions are raised in section 3.3.1. To understand the answers
to these questions, the reader needs to read the entire monograph.

1.9 Hopf’s result on the general solution

Examples in section 1.5 may give a false impression that given an
initial value problem for the conservation law (1.3.1), it is simple
to obtain the weak solution with shocks. The initial values there
were chosen carefully so that not only their solutions could be easily
derived but they would highlight the most important properties of
solutions. For a general initial value uy(x), even the smooth solution
is to be obtained by solving the implicit relation (1.2.5) which itself
is a difficult problem. An explicit expression for the solution of an
initial value problem with an arbitrary initial data for the equation
(1.3.1) was first given by Hopf in 1950. We mention here Hopf’s
result in the form of a theorem:

Theorem 1.9.1 A weak solution of (1.3.1) with initial value (1.2.2)
is given by

; (1.9.1)

u(z,t) =

where y(z,t) minimizes

(z —y)?

(1.9.2)
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with
Yy

Uo(y) = / uo(z)dz (1.9.3)
It is assumed that the initial value wug is integrable on IR so that Uy
given by (1.9.3) is defined.

Proof We first prove the theorem when w is a genuine solution of
(1.3.1). Assuming ug(z) and u(z,t) to tend to zero as © — —oo
sufficiently rapidly, we define Uy by (1.9.3) and U(z,t) by

T

Uz, t) = / (€, 1)de (1.9.4)
Then
uw="U, (1.9.5)

The integral form (1.3.5) of (1.3.1) (H = u, F = 1u?) with z; — —o0
and xo = x gives

1
U; + §(Um)2 =0 (1.9.6)
Using the inequality
1 1
§u2 > —§v2 +uv, VvelR (1.9.7)

in the above with v = U, , we get
1
U +oU, < 51)2 , VveR (1.9.8)

Let us denote now by y a point where the line with constant slope
1 through (z,t) interacts the z-axis, then

r—y
t

(1.9.9)

v =

Integrating (1.9.8) along this line we get
1 _ 2
U, 1) < Uo(y) + 30 = Uy) + E2 2

The equality in (1.9.7) and hence in (1.9.10) is valid only when v = u,
hence,

VyeR (1.9.10)

U(z,t) = min G(z,y,1) (1.9.11)

yeR
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The minimizing value y(z, t) gives the solution u(x,t) in (1.9.9). This
completes the proof of the theorem when w is a genuine solution.
Consider now a weak solution of (1.3.1). The relation (1.9.5) and
equation (1.3.5) are valid almost everywhere. As above, the inequal-
ity (1.9.7) leads to (1.9.8). If all discontinuities of the generalized
solution u(x,t) are shocks, then every point (x,t),¢ > 0 can be con-
nected to a point y on the initial line by a backward characteristic.
For that value of y, the sign of equality holds in (1.9.10). There-
fore the theorem 1.9.1 is true also for a generalized solution whose
discontinuities are shocks. The converse of the theorem is also true.

Theorem 1.9.2 For an arbitrary integrable initial value ug(x), the
formula (1.9.1) defines a unique function u(z,t), possibly discontin-
uous. The function u so defined is a weak solution of (1.3.1), the
discontinuities of u are shocks and wuy(x) is a weak limit of u(z,t) as
t — 04.

With mathematical tools used so far, we can not prove this theo-
rem — in fact we have not explained the meaning of integrable func-
tion and weak limit. We mention an important result which we de-
rive while proving the theorem. At any fixed time ¢ > 0, the solution
u(x,t) can be shown to be of bounded variation on any finite interval
on the z-axis. Thus, even though the initial data is merely integrable
(an example of such a function is given below), the solution becomes
fairly regular. For example, a function having locally bounded total
variation has, at most, a countable number of jump discontinuities
and is differentiable almost everywhere. This regularity is brought
about by the genuine nonlinearity present in the equation. As an
example of even more dramatic regularity produced by the genuine
nonlinearity, we consider initial value problems with two initial data.

g2 1 , when z isirrational
uoL(w) = e pla) , plz) = { 0 when z is rational (1.9.12)
and
upp(z) = e (1.9.13)

The two initial values differ only on rational points, which though
dense in IR, form a set of measure zero. The function U(y) in
(1.9.3) for both functions wug, and ug, is the same. The weak solution
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corresponding to both initial data is also the same, the solution being
C*®in astrip: x € R, 0 <t <t.~ 1.166 as shown in Fig. 1.1.1.

In the first half of the 1950s, Hopf’s result was extended inde-
pendently by Lax and Oleinik to the single conservation law

ug + (F(u))z =0 (1.9.14)

where the flux function F' is convex and smooth but otherwise arbi-
trary. This extension gives an expression for u(zx,t) in terms of z,t
and y(z,t), where y(z,t) minimizes a suitably defined function of y
with =z and ¢ as parameters. This beautiful result is known as the
Lax-Oleinik formula. A detailed discussion is available in a recent
book by Evans (1998).

The explicit formula for the weak solution, though very elegant
and also useful for deriving many interesting properties including
asymptotic form of the solution as ¢t — oo, are of limited use for
pointwise numerical evaluation of the solution in the (z,t)-plane.
Such an explicit formula is not available for a system of two or more
conservation laws. Hence, it is of great importance to devise numer-
ical or semi-analytical methods for the pointwise evaluation of the
solution.

1.10 Equal area rule for shock fitting

A simple geometrical method for shock fitting in a solution of a single
conservation law (1.3.1) is the famous equal area rule. This method
is applicable when there is only one shock (after the critical time ¢,
(see section 1.2)) in a solution arising out of an initially continuous
data.

The solution given by (1.2.5) is obtained with the help of the
equations (1.2.3 - 4) and can be parametrically represented as

w(é,t) = uo(§) (1.10.1)

2(§,t) = £ + tuo(§) (1.10.2)

(1.10.2) represents the equation of a characteristic which starts from
a point £ on the z-axis and which carries a constant value ug(§). In
what follows, we assume ug to be smooth but we also assume that
when we solve (1.3.1) with this initial condition, a shock appears at
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t = t. in the solution and, for ¢ > t., this solution has no other shock.
The function u(x,t), given by (1.10.1 - 2), is not defined for ¢ > ¢..
However, for t > t. we denote by u(z,t) the multi-valued function (it
is not a function in the strict sense) obtained by eliminating & from
these equations.

The multi-valuedness in 4 appears because the partial derivative
x¢ of x(&,t) obtained by differentiating (1.10.2) vanishes at points
&o(t) for t > t.. In general, there are two points §_ and &4 for
each value of ¢t and &y_(t.) = &o+(tc). The corresponding points
xo—(t) = x(§o—(t),t) and zoy(t) = (&4 (), t) trace the two branches
of a cusp (starting at ¢.) which bound the domain in the (x,t)-plane
where the solution is multi-valued (Fig. 1.10.1). We denote by u_(t)
and u4(t), the values

u- (1) = uo(€o- (1)), us(t) = uo(€o4 (1)) (110.3)

Let the characteristics starting from points & (t) and &(t) on the
z-axis (initial line) meet the shock at x = X (¢) at a time ¢ > ¢..

Then the values u; and w, on the two sides of the shock are
obtained from

w(t) = uo(&(t),  ur(t) = uo(&r (1), 1) (1.10.4)

£ &0 o L N0} Em f

Fig. 1.10.1: Geometry of characteristics in (z,t)-plane.
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X1 (1)

Fig. 1.10.2: The pulse at t > t. showing the values u_(t), u4(t), u;(t)
and u,(t). The graph of the multi-valued function u(z,t) has been
shown partly by a continuous line —— and partly by .... line. It also
shows two points x1 and xo.

The function u(z,t) is obtained from @(z,t) by cutting off a pos-
itive area A (t) bounded by the line x = X(¢) and @(z,t) on the
right of X (¢) and a negative area A_(t) with boundary =z = X(¢)
and @(z,t) on the left of X (¢) as shown in Fig. 1.10.2. We wish to
prove that A (t) + A_(t) = 0 for all ¢ > t.. Let & and & be two
real numbers such that

x1 =& +tup(§r) < X(t) < 29 = & + tup(&2) (1.10.5)
for ¢ in a given time interval I;. Then the areas A bounded by the
graph of u between x; and x9, and the x-axis is given by

z2

mnz/ﬁuﬁmx (1.10.6)

1

Similarly, the area A bounded by the graph of @ between x1 and z9
and the x-axis is given by
&2
mw:/W@Q& (1.10.7)
&
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where z¢ in (1.10.7) is obtained by differentiating (1.10.2). We can
replace the integration with respect to  in (1.10.6) also by that with
respect to & as follows

X(1) z2(t)
A(t) = u(z, t)dx + / u(z,t)dx
1 (t) X(t)
(1.10.8)
&(t) &
— [ uo(©rede+ [ uo()med
51 Er(t)

From (1.10.6 - 8), it follows that the difference between the two
areas is: AA = A — A is given by
& (1)
BA0) = [ uo(reds (1.10.9)

o (&)werd€ + uo (&) (e)r&r — uo (&) (we)i&s

From (1.10.2) we get ¢y = ug(§) so that the first term on the right
hand side becomes

&r(?)
 wol® ol e = L{ud(e,) — ud(&)}
= —3{ud(&) —wd(&)} + {ud(&) —wd(&)}
Therefore,

#(AA) = —3{ud(&) —ug(&@)} + uwo(é){uo(&) + (ze)rér}

— (&) {uo(&) + (ze)&}

(1.10.10)

From (1.10.2) X(t) = tuo(&-(t)) + &-(t), so that X(t) = uo(&) +
{tug (&) + 1}&, = uo (&) + (z¢)r &, since again from (1.10.2
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ze = tugp(§) + 1. Similar expressions are valid when the subscript r
is replaced by [. The relation (1.10.10), after using u, = uo(&,) and
u; = up(&), becomes

d 1 .
—(A4) = —§(u$ —ud) + (up — )X =0 (1.10.11)
The middle expression vanishes as written above due to the jump
relation (1.3.10).

From (1.10.11), it follows that as ¢ increases from t., AA remains
constant and is equal to its value zero at t = ¢, i.e.,

AA=A—-A=A,+A =0, V>0 (1.10.12)

This is the equal area rule, which says that the shock fits into the
graph of the multi-valued function u in such a way that the positive
area Ay (t) is numerically equal to the negative area A_(t) for all
t>t,.
The equal area rule is valid for solutions of more general equations
in the form
ur + (F(x,t,u))s + c(z,t) =0

where the flux function F' is convex with respect to u (Anile, Hunter,
Pantano and Russo (1993)) and ¢ does not depend on u.

The equal area rule applied to the graph of @(z,t) can also be
transferred to that of the initial value ug. We first note that the
graph of the initial data uy can be obtained from the graph of u
by translating in parallel to x-direction each point of the latter by
a distance —ut. Let us translate similarly each point of the vertical
line segment joining the points P(X,u;) and Q(X, u,) of Fig. 1.10.2.
This translated line segment PyQo cuts off lobes of areas Ao (t)
and Ag_(t) from the graph of uy. Note that the line segment PyQq
joins two points (&, ;) and (&, u,) in (u,§)-plane. The mapping,
which maps the graph of an initial data ug to a multi-valued solution
u(x,t), also maps the line segment PyQ)q into the shock i.e., the line
segment PQ. Under this mapping, the boundaries of the area Ao (t)
and Ap_(t) are mapped in those of Ay (t) and A_(¢). An argument,
similar to that given above, implies that

area of Ag4(t) = area of A (t), area of Ayp_(t) = area of A_(t)
(1.10.13)
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Therefore the pre-image PyQqo of the line segment PQ also cuts off
lobes of equal area from the graph of the initial data. As t increases,
the line segment Py(Joy changes its position and the equal area prop-

erty is being maintained all the time.



Chapter 2

Hyperbolic system - some
basic results

Convention: In this chapter and in the rest of the book we shall
use the summation convention that a repeated suffix in a term will
represent the sum over the range of the suffix. Usually, the range of
the suffix 4,7 or k will be {1,2,...,n} and that of «, 5 or v will be
{1,2,...,m}.

Throughout the book all variables and constants are assumed to
be real and all functions are real functions on appropriate domains.

2.1 Hyperbolic system of first order equations
in two independent variables

2.1.1 Definition of a hyperbolic system

A first order system of n partial differential equations is of the form

ou ou
Agr+Bg +C=0 (2.1.1)

whereu € IR",C € IR", A € IR™*", B € IR™*"™. When the coefficient
matrices A and B and the vector C are functions of x and ¢ only,
the system is linear; for the system to be semilinear C depends also
on u. When A, B and C are functions of z,t and u, the system
is quasilinear. We assume that A is nonsingular. This system of
equations is defined to be hyperbolic in an appropriate domain of
the arguments of A and B if

47
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(i) the matrix B has n real eigenvalues relative to the matrix A i.e.,
the n roots of the equation in A

det(B — AA) =0 (2.1.2)

are real and

(ii) the dimension of the eigenspace of each eigenvalue is equal to its
algebraic multiplicity.

We denote the eigenvalues by ¢y, ca, ..., ¢, and assume that
c1<c<c<...<c, (2.1.3)

We also denote the left and right eigenvectors corresponding to ¢; by
14 and r®| respectively:

19(B —¢;A) =0 and (B — ;AW =0,i=1,2,...,n (2.1.4)

Note that 1) is a row vector and r® is a column vector.
Characteristic curves corresponding to the eigenvalue ¢; are curves
in the (z,t)-plane given by the equation

‘;—j = ¢ (2.1.5)
For a linear or semilinear system ¢; = ¢;(z,t) so that the characteris-
tic curves are determined without any reference to a solution but for
a quasilinear system they are determined for a particular solution
u(z,t) of (2.1.1) using ¢; = ¢i(z,t,u(x,t)) in (2.1.5). Multiplying
(2.1.1) by 1), we get the following compatibility condition along a
characteristic curve of the ith family

. o o .
O Y O —
1 A<6t+6269§)u+1 C=0 (2.1.6)
which means
@ AZ” 21600 — el
1 Adt +1¥C =0 along ks (2.1.7)

Note that if an eigenvalue ¢; appears a number of times (say p) in
(2.1.3) i.e., ¢; is a multiple eigenvalue of multiplicity p, there exists
p linearly independent eigenvectors corresponding to this eigenvalue
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and we get p independent compatibility conditions corresponding
to it. The compatibility condition (2.1.6) shows that in a Cauchy
problem for the system (2.1.1) with a characteristic curve as a datum
curve, the Cauchy data for u can not be arbitrarily prescribed on the
characteristic curve.
A system of conservation laws is a system of equations in diver-
gence form
H,+F, =0 (2.1.8)

where H : IR” — IR"™, F : IR™ — IR"™ are functions of the dependent
variable u € IR"™. (2.1.8) is a hyperbolic system of conservation laws
in a domain of (u1,...,uy)-space if the system of partial differential
equations derived from it i.e.,

Au; + Bu, =0 (2.1.9)

where

A=VyH, B=V,F (2.1.10)

is hyperbolic in that domain.

One of the most important examples of a hyperbolic system of
partial differential equations is the system of Euler’s equations gov-
erning the motion of a polytropic gas for

u=(p,q,p)" (2.1.11)

where p is the mass density, g the fluid velocity, p the pressure and ~
is the ratio of specific heats assumed to be constant. These equations
are

Pt +aqpz + pge =0 (2.1.12)
1

G+ g+ pr = 0 (2.1.13)

Pt + qpe +vPge =0 (2.1.14)

so that A = I, the identity matrix, C = 0 and

<D
D= O

B= (2.1.15)

o ox
2
=
=)

The eigenvalues are

c1=q¢—a, 2=¢q, c3=q+a (2.1.16)
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where « is the local sound velocity in the fluid relative to the fluid
particles and is given by

a’ =p/p (2.1.17)

Since the eigenvalues are real and distinct, the eigenspace is complete
and hence the system (2.1.12 - 14) is hyperbolic. The eigenvectors
corresponding to the eigenvalue c3 are

T

16) _ [07 1, 1] r®) = {p, 1, pa (2.1.18)
pa a

The compatibility condition along this family of characteristic curves
is

(gt (q+a)68)q+1<§t (q+a)§x>19=0 (2.1.19)

The specific entropy is proportional to pp~? (see also the relation
(2.3.22)). We also state without proof that sound waves i.e., pressure
waves propagate with the velocities g+a and entropy or density waves
propagate with the fluid velocity q.

The differential equations (2.1.12 - 14) can be derived from the
three fundamental conservations laws representing conservation of
mass, momentum and energy. In this case, the functions H and F
in (2.1.8) are given by

p Pq

H= p({ ) L F=| pi®+p : (2.1.20)
1P+ 304 sLrap + 3p4°

Note that specific internal energy density e is given by e = %1% SO

that =7 p = pe represents the internal energy of the gas per unit

Volurne. The quantity pe + §pq is the total energy (= internal +
kinetic) density.

2.1.2 A canonical form of a system of linear and semi-
linear equations

Consider a hyperbolic system (2.1.1) where the matrices A and B are
functions of  and ¢ only. The column vector C may depend nonlin-
early on u. The left and right eigenvectors for distinct eigenvalues
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¢, cj(i.e., ¢; # c;) satisfy

() Anli) ) = 0 fori#j
1Y Ar { 20 fori=j (2.1.21)

Even for multiple eigenvalues, when ¢; = ¢; we can choose 1) and
r()) in such a way that the above relation is satisfied.

We make a change of dependent variables from u = (u1, ..., u,)"
to w = (wr,...,w,)T by
n .
u=)Y ruw;=Rw (2.1.22)
j=1

where the column vectors of the matrix
R=W, . ™) =, =r?) (2.1.23)

are the right eigenvectors. Substituting (2.1.22) in (2.1.1), pre -
multiplying the result by 1) and dividing by 1) Ar() we get

ow; ow; & ,
8t‘+cia;+jzlrijwj+r,:o, i=1,2,....,n (2.1.24)
where
. or\d) ord) _ .
P, =104 ( P a2 0 ax) (2.1.25)
and ' } A
i =1'C/(19 Ar®) (2.1.26)
Let A be the diagonal matrix with diagonal elements ci,cs,..., ¢,
and F be the column vector with elements 2?21 Lijjw; + Ty, 1 =
1,2,...,n. The semilinear hyperbolic system (2.1.1) now reduces to
the canonical form 5 5
W W
— 4+ A—+F=0 2.1.27
ot + Ox + ( )

In this process, we have proved the following theorem.

Theorem 2.1.1 Any semilinear hyperbolic system in two indepen-
dent variables is equivalent to a symmetric hyperbolic system I %—‘;" +
A%—‘;’ + F = 0 in which the matrices I and A are symmetric and one
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matrix [ is positive definite. In the canonical form (2.1.27), I is an
identity matrix and A is a diagonal matrix.

Definition 2.1.1 We call w; characteristic variable of the ith char-
acteristic field.

The importance of the canonical form (2.1.24) lies in the fact
that the ith equation gives the time rate of change of the ith char-
acteristic variable along the characteristic curves of the ith family.
(2.1.22) expresses that any solution of the semilinear hyperbolic sys-
tem consists of n parts wy,ws, ..., w,. The part w; propagates along
the z-axis with a velocity equal to the ith eigenvalue ¢;. The mu-
tual interaction between these parts takes place only through the last
term in (2.1.27), namely F; = 377 ; T';;w; + I, Corresponding to a
multiple characteristic ¢4, say, of multiplicity p,, there are p, parts
which move with the same velocity ¢4, again the mutual interaction
within these p, parts and interaction with other parts take place
only through the third term F. For a linear homogeneous system (so
that C = 0) with constant coefficients, F = 0 so that these parts
propagate independently of each other, each part being governed by
a simple equation of the form (1.1.1).

This monograph aims to study those approximate solutions of a
hyperbolic system in which the characteristic variable w; correspond-
ing to a simple ith genuinely nonlinear characteristic field dominates
over other characteristic variables. More precisely, all ratios of other
characteristic variables to wj; is of the order of a small quantity. Un-
der such an approximation, the solution of a quasilinear hyperbolic
system can be approximated by a simpler equation which is a gener-
alization of the Burgers’ equation (1.1.6).

The approximations mentioned above are closely related to dis-
continuities in the solutions and their derivatives. The results in
section 2.5, when written for a particular case of two independent
variables, show that discontinuities in the derivatives of a solution of
a first order system can exist only across a characteristic curve. If
there are discontinuities in a solution itself (a suitably defined weak
solution) of a first order system of linear equations, we can show
that the discontinuities can exist only along a characteristic curve.
Suppose such a discontinuity exists along a characteristic curve v of
ith family (it is assumed that the solution and its derivatives remain
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bounded as we approach the curve of discontinuity from both sides of
it). We can then show that the corresponding characteristic variable
i.e., w; must be discontinuous across v and wi, ..., Wi—1, Wit+1,-- -,
and w, must be continuous across . In this case, it is simple to
deduce the transport equation giving the variation along = of the
jump in w; across v (Prasad and Ravindran (1985), section 2.3).
The transport equation states that if the jump in w; is prescribed
at one point of v, it can be uniquely determined at all other points
of «v. More general results of this type will be discussed later in this
monograph.

2.2 The wave equation in m(> 1) space di-
mensions

In this section, we shall view the wave equation as a particular case
of a general hyperbolic equation and gradually but briefly introduce
those properties which can be generalized to other hyperbolic equa-
tions in more than two independent variables. The wave equation in
m-space dimension for the function u(x,t) is

gt — a2 (Ugyoy + -+ + Ug, 2, ) =0, ag= constant >0  (2.2.1)

The generalization of a characteristic curve discussed in the last
section is a characteristic surface in (x,t)-space and can be defined to
be the surface across which discontinuities in the second and higher
order derivatives of a solution of (2.2.1) can exist (see section 2.2.4).
Every characteristic surface represented by ¥ (x,t) = 0 can be em-
bedded into a one parameter family of characteristic surfaces given
by ¢(x,t) = o, a = constant (Prasad (1993), section 4.2) such that
¢ satisfies the characteristic partial differential equation

Q(Vo, 1) = 6] —ag(d2, +...+62,) =0, Vo= (duy,- -, 0r,,)
(2.2.2)
The original characteristic surface ¥» = 0 corresponds to a particular
value of the parameter a, say a = ayg.

If we interpret Q : ¢(z4,t) = «, a = constant, as the locus
of a moving surface € in (z1,...,x,)-space, unit normal n to the
wavefront {2 is given by

Vo

n= o (2.2.3)
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The wavefront €, propagates with a velocity —¢;/|V$| which from
(2.2.2) becomes +ayg.

The most important solution of the characteristic equation (2.2.2)
represents a characteristic conoid in (x,t)-space with its vertex at an
arbitrary point Py(xo, to):

6= (t—to) & Jx — x0| = 0 (2.2.4)
ao

where + and — signs represent respectively the lower and upper
branches of the right circular conoid in space-time with vertex at Fy.
For simplicity of discussion we take tg > 0. Intersection of the conoid
by the hyperplane ¢ = 0 is a sphere

S() . ’X - X()’2 = a%(t())Q (2.2.5)

in (x)-space.

An explicit form of the solution of the wave equation (see Courant
and Hilbert (1962), Section 11, Chapter VI) shows that if the initial
data is changed only outside the sphere Sy, the solution remains
unchanged in the closed domain bounded by the lower part of the
conoid (2.2.4) and the sphere Sy. More precisely, the solution shows
that the domain of dependence on the plane ¢ = 0 of the point P
is either the set of points on the sphere Sy (when m is odd except
m = 1) or the set of all points on and inside the sphere Sy when
m is even. It also follows that the value of u at the point Fy in
space-time influences the solution at all points of the upper part of
the characteristic conoid (2.2.5) when m is odd (except m = 1) and
for all other values of m (including m = 1) it influences the solution
everywhere on the conoid and also in its interior. These point sets
constitute the domain of influence of Py.

2.2.1 Space-like surface and time-like direction

Consider any solution u of the wave equation (2.2.1). An m- dimen-
sional surface R in space-time is said to be space-like if the value of u
at any point P on R does not influence the solution u at other points
of R.

An example of a space-like surface for the wave equation (2.2.1)
is a hyperplane t = constant. Any other plane
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v(t —tp) — (n,(x —x0)) =0, (v,n= constant #0)  (2.2.6)

through Py(xq,to) such that it intersects the characteristics conoid
(2.2.4) through Py only at Py, is also an example of a space-like
surface. It is simple to show that the condition on the coefficients v
and ng for (2.2.6) to be space-like is (Prasad and Ravindran (1985))

v? 9
W > ag (227)
If we choose |n| = 1, then v is the normal velocity of the moving

plane in (x)-space represented by (2.2.6). Thus (2.2.7) implies that
a space-like plane (2.2.6) represents a locus in (x)-space of points
starting from xg at tp and moving with a speed greater than the
speed ag.

A direction in space-time, which lies in a space like plane is called
a space-like direction.

Time-like direction and curve Consider a straight line in space-
time passing through a point Py (xg,tp). If the straight line lies in
the interior of the characteristic conoid through the point Py, then
the direction of the straight line is said to be a time-like direction for
the wave equation. A curve

x=x(0) , t=1t(o) (2.2.8)

in space-time is said to be a time-like curve if its tangent direction
is always a time-like direction. This implies

(dt >2 1
do ag

A generator of a characteristic conoid is neither space-like nor
time-like.

2

o] B (2.2.9)

dt

It is a matter of very deep physical importance that all time-like
directions have the same significance for the wave equation. This is
seen easily from the special theory of relativity, which is based on
two axioms:

(i) the propagation of light in an inertial frame is governed by the
wave equation (2.2.1) and
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(ii) the velocity of light ag appearing in (2.2.1) is the same constant
in all inertial frames.

Transformations of spatial coordinates and time, complying with the
above postulates (excluding the two trivial ones: translation of the
origin and similarity transformation), are called the Lorenz transfor-
mations (Petrovsky (1954)). They express the transformation from
an inertial frame of reference K to another frame K’ which trav-
els with respect to K with a velocity v, say for simplicity along the
positive xi-axis:

xr] — vt t — (v/a? T
m’lzi ,xézxg,...,x;n:xm,tlzi( / 0)
\/1—v2/a} \/1—v2/a}

(2.2.10)
It is simple to verify that the wave equation (2.2.1) and the char-
acteristic conoid at the origin represented by |z%| — a3t?> = 0 are
invariant under a Lorenz transformation, which maps the ¢ axis into
a time like line and 1, ..., z,, axes into space-like lines.

2.2.2 Bicharacteristics and rays

Consider one parameter family of characteristic surfaces: ¢(x,t) = «,
of the wave equation (2.2.1) so that the function ¢ satisfies the char-
acteristic partial differential equation (2.2.2) i.e., Q(V, ¢¢) = 0. The
characteristic curves of the first order equation (2.2.2) in space-time
are defined to be the bicharacteristic curves of the wave equation.
These are curves in space-time and are given by a system of ordinary
differential equations for ¢,z, ¢ and Vo = (@u,, Pzgs - -« Payy)

dt 1 dr, 1

% = iQS@t = (pt’ E = EQWQ = —ag(pxo” (2211)
dpt 1 doy 1
Wt 20, =0 «— 20, =0 2.2.12

From the theory of first-order nonlinear partial differential equations,
it follows that a characteristic surface of (2.2.1) i.e., an integral sur-
face ¢ = « of (2.2.2) is generated by a family of bicharacteristic
curves of (2.2.1). Successive positions Q; of a wavefront of (2.2.1)
form a one-parameter family of surfaces in (x1, ..., z,,)-space given
by ¢(za,t) = « for a fixed t and « as the parameter.
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A ray associated with a wavefront € is a curve in the (x)-space
traced by a moving point x(o) according to the equations (2.2.11 -
12) and starting from a point of the wavefront at a particular time,
say t = 0. Thus a ray is the projection of a bicharacteristic curve on
(x)-space. Similarly, the wavefront €2 is the projection on the (x)-
space of the section of the characteristic surface €2 by a ¢t = constant
plane. Thus the moving point on a ray remains on the wavefront
Q; at any time t. The equations of a point x on a ray of the wave
equation (2.2.1) and the unit normal n of the wavefront at that
point, can be derived from (2.2.11 - 12) using n,, = ¢, /|grad¢| and

ot = —agp| grad ¢| (for a forward facing wavefront):
dxe dng
— = — =0 2.2.13
5 = Medo, ( )

Therefore the rays of the wave equation starting from a point xg at
time t = tg are straight lines normal to the successive positions of
the wavefront :

X = Xg + nao(t — to) (2214)

This means that the wavefront at any time is the locus of the tips of
the normals of length ag(t —tg) drawn from the various points of the
wavefront at ¢ = tg. This is equivalent to the Huyghens’ wavefront
construction stated later in section 3.2.2, which, in essence, contains
a very fundamental fact that a linear wavefront is self-propagating.
This means that a moving wavefront is completely determined by
the information only on the wavefront at any fixed time and is not
influenced by the wavefronts which follow or precede it. For a lin-
ear wave, the information required is simply the position and the
geometry of the wavefront and not the amplitude of the wavefront.
One of the aims of this monograph is to deduce results which can be
interpreted as extensions of the Huygens’ wavefront construction to
a nonlinear wavefront and a shock front.

The wave equation represents a wave phenomenon in a medium
which is a particular case of wave propagation in an isotropic medium
where the rays are orthogonal to the successive positions of the wave-
front. In a general isotropic medium agy need not be constant and the
right hand side of the second equation in (2.2.13) is no longer zero.
If ap is a known function of x and ¢ (and is not dependent on the
amplitude), the geometry of the successive positions of the wavefront
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and the associated rays (which are not necessarily straight lines) can
be uniquely determined from the ray equations i.e., the equations for
x and n. For the wave equation with constant ag, the situation is
very simple since rays are straight lines. In this case, if there is a
concave part of the wavefront, the rays starting from different points
of the wavefront start intersecting after some time. This leads to the
formation of a caustic (as shown in Fig. 3.3.1 for two space dimen-
sions), which is an envelope of rays. In the region bounded by the
caustic, the rays starting from different points of the concave part of
the initial wavefront intersect.

2.2.3 Compatibility condition on a characteristic sur-
face

We write the wave equation (2.2.1) in a new coordinate system (x’, )
(see equations (3.4.14 - 16)) where

x' =x, p=p(x,t) (2.2.15)

Equation (2.2.1) transforms to

d%u ou
(7 — a0|V¢>I2)a—(P2 + (1 — agVQSO)aTZ)
0 [Oou d%u
_ 92, Y (ou)\ o O"u
20 P ox!, (&0) % Ox!, 0z, 0

(2.2.16)
The operator % for the directional derivative along a bicharacteristic
curve becomes

40 a0 0, 0
do  dodt do Oxq Yot %0¥za O
(2.2.17)
0 0 0
= (¢} - a%\v¢|2)% - ag%a@ = —a%%a@
since ¢ satisfies (2.2.2). Setting
Ou _, (2.2.18)

90 =
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and using (2.2.2) and (2.2.17) we deduce the following relation from
(2.2.16)

dv 0%u
2—— —af ——— + (pr — a3 VZp)v = 0 2.2.19

do oax,aax,a (prt oVp) ( )
Equation (2.2.19) is an important form of the wave equation. The
derivative % in the direction of a bicharacteristic curve in space-time
is a tangential derivative on a characteristic surface ¢ = constant.
The derivative a% is also a tangential derivative on ¢ = constant.

Thus, all derivatives of v and v (: g—;) appearing in (2.2.19) are

tangential derivatives on a characteristic surface {2 : ¢ = constant.
Therefore, the equation (2.2.19), restricted to a characteristic sur-
face, represents a compatibility condition on it. This compatibility
condition involves two quantities v and v which are required to be
prescribed in a Cauchy problem on a m dimensional surface in space-
time. The compatibility condition shows that u and v cannot be
arbitrarily prescribed on a characteristic surface. The compatibility
condition (2.2.19) is in a very special form in the sense that one of
the interior derivatives is in a bicharacteristic direction.

Before we present another form of the compatibility condition, we
define a quantity called ray tube area, say A, along a ray associated
with the successive positions €2; of a wavefront. Let us take a surface
element d.Sy on the wavefront )y at ¢t = 0. Let us draw rays from the
various points of the boundary of dSp; then these rays form a tube,
called a ray tube. The intersection of the ray tube with the wavefront
at any time ¢ # 0 gives a surface element dS on €);. The ray tube
area A is defined by

) dsS
4= Jmy 75 (220
where dSy — 0 means that the largest diameter of d.Sy tends to zero.

Let % represent the space rate of change of a quantity as we move
along a ray. Then it is simple to show that the divergence of the unit
normal n of wavefront, i.e., (V,n) = S%Z’ is related to the space rate
of change of the ray tube area by

1dA
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The quantity —%(V,n} is defined to be the mean curvature of the
surface €y and we denote it by 2

Q- —%(V, n) (2.2.22)
so that 1 dA
S =20 (2.2.23)
Using the expression n = Vi /|Vy| we deduce
(V,n) = —(pn — ag V) /{a§|Vel} (2.2.24)
Also, from (2.2.11)
d 1d 1 d 1 d

dl  apdt  apprdo _a%\VM%
since ¢ = —ap|Vp|. Substituting these results in (2.2.19) we get

d Av 9%

—(v? _ = 2.2.2
a Yt o aeaa (2:225)

The equation (2.2.25) is a very interesting form of the compatibility
condition on the characteristic surface. We shall show below and
in subsequent sections that the propagation of singularities in the
solution, say of discontinuities in second derivatives, is governed by
an equation in which only the first term of (2.2.25), with v replaced
by the amplitude of the singularity, is equated to zero. Thus, for
the wave equation, the amplitude of a singularity in the wave varies
inversely as the square root of the ray tube area. As a point of a
caustic is approached, the ray tube area tends to zero showing that
the amplitude of a singularity tends to infinity at the caustic.

2.2.4 Propagation of discontinuities in second order
derivatives along rays

Let us consider a generalized solution u(x,t) of (2.2.1) which is C! in
a domain D of space-time but is C? in D except for jump disconti-
nuities in the second order derivatives of u across an m-dimensional
surface Q : ¢(x,t) = 0 which divides D into two subdomains D; and
D,. In terms of a new set of independent variables (x/, ¢) introduced
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by (2.2.15), the wave equation reduces to the equation (2.2.16) which

is valid separately in D; and D,. Since u and its first derivatives are

. . . 2
continuous across {2, the second order tangential derivatives ﬁ,
a%%p

and tangential derivatives of the first order transversal derivative,

namely 82’

(g—;), are continuous across ). Since not all second or-
der derivatives can be continuous, 2%2’: must be discontinuous across
Q (see also section 3.3.4). Writing (2.2.16) at a point Py in D;, and
at a point P in D,, taking the limit as P; and P, both tend to P

on €2, and subtracting the resultant equations we get

2
(67 — a3|VoP) [g;] —0 (2.2.26)

where {%} represent the jump of the quantity g%% across €.

Since [g%;;} # 0, it follows that ¢? —a2|V¢|? = 0 on ¢ = 0 showing
that the surface of discontinuity 2 of the second order derivatives
must be a characteristic surface. As mentioned earlier in this section,
we can embed () into a family of one parameter characteristic surfaces
so that ¢ satisfies ¢7 — a3|Vé|? = 0 not only on ¢ = 0 but it satisfies
(2.2.2) as a partial differential equation. The equation (2.2.16) now
becomes

ou 0 (Ou O*u
(¢tt - G%Vng)% - 2&%@510‘% (@Qﬁ) - CL%W =0 (2227)

(03 «
The quantities ¢y — a3V2¢ and ¢,, appearing in the coefficients
above can be expressed as function of ¢ and x’. We write

b — agVie = M(X,9), ¢n, = N (X, 0) (2.2.28)

Differentiating (2.2.27) with respect to ¢ and denoting uge by v, we
get

(et — a3V2p)v + Myuy —2a3 ¢, Vg,

—2a%Néa)u¢x/a - a%um:}% =0
(2.2.29)
We note that the first order derivative us and hence its tangen-
tial derivatives ugg , Ugqr o7, are continuous across the characteristic
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surface ¢ = 0. Also, all the coefficients in (2.2.29) are continuous
across it. Writing the equation (2.2.29) on two sides of 2 and taking
the difference we get

3}

(010 = aBs,m luz) — 208 (6n, 57 ) lwl =0 (2230)
where wy = [v] = [ugg]. Using L for the bicharacteristic derivatives
as in (2.2.17) we finally write this equation in the form

dlw
212 4 (g1 — a3V 20) ] = 0 (22.31)

or using (2.2.22 - 24) and the relation between do and dl as given by
the relation there, we get
d[ws]
dl

We can also write this relation in terms of the ray tube area A (using
(2.2.23)) so that on integration, we get

A?[wsy] = constant = A2[ws]o (2.2.33)

= Q(1)[ws)] (2.2.32)

Any one of the last three equations gives the transport equation for
the propagation of the discontinuity in the second derivatives of the
solution. As mentioned earlier, (2.2.33) implies that the amplitude
[w] of the discontinuity is inversely proportional to the ray tube area.
As we approach a point of a caustic, where neighbouring rays tend
to meet, the ray tube area A tends to zero, the amplitude [w] of the
discontinuity tends to infinity.

An important consequence of a transport equation for the prop-
agation of a singularity along a ray for a linear hyperbolic equation,
such as the wave equation, is the fact that the magnitude of the
singularity remains finite at any finite distance along the ray unless
either a singularity of the rays (such as a caustic) is encountered
or a singularity of the coefficients (in a general linear system the
coefficients are functions of x and ¢) is encountered.

2.3 Hyperbolic system in more than two in-
dependent variables

To start with, we shall not distinguish between the spatial variables
Ta,a = 1,2,..., m and time ¢t. Our aim is to suitably identify a
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time-like variable for a hyperbolic system and then use symbol ¢ for
it. Readers not interested in the detailed discussion of space-like
surface and time-like direction may skip the subsection 2.3.1 and go
to the subsection 2.3.2.

2.3.1 Space-like surface and time-like direction

Consider a system of n first order partial differential equations in the
form

m+1
0
Yy BP L o—0 (2.3.1)
— ox
p=1 P
for n dependent variables u;,i = 1,2,...,n forming the components

of u € R"™. Note that the range of the suffix pis 1,2,...,m,m + 1.
The system may be linear, semilinear or quasilinear. In the last case,
we shall first take a known solution ug(z,) and substitute it for the
function u in the matrices B®). However, we shall have to remem-
ber that our results are true only for the particular solution under
consideration. The characteristic equation of (2.3.1) is a nonlinear
first order partial differential equation

m+1
Q(zp, ¢s,) =det | Y BPg, | =0 (2.3.2)

p=1

where ¢ = constant is a one-parameter family of characteristic sur-
faces. We set
Gz, =kp, p=1,2,...,m+1 (2.3.3)

We shall discuss the algebraic property of the characteristic poly-
nomial as a function of ¢, at a fixed point (x,0) of (x,)-space. There-
fore we shall denote the characteristic polynomial Q(xy0, ¢,) simply
by Q(¢z,). Using (2.3.3) we see that the characteristic equation

m+1

Q(ky) =det | > BPk,| =0 (2.3.4)
p=1

is a homogeneous algebraic equation of degree n in k and represents
the equation of a conoid (in k space) which is called normal conoid
at the point (zp). The characteristic conoid at (z,0) is obtained as
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the envelope of planes which are orthogonal * to the generators of
the normal conoid i.e., planes

k1 (1‘1 — .’Blo) + kg(l’g — 1‘20) + ...+ km($m+1 — $m+170) =0 (2.3.5)

where k satisfies (2.3.4). For the wave equation with m = 2 and
Tm+1 = t, the normal and the characteristic conoids are circular
cones with upper and lower sheets. In higher dimensions these are
generalizations of circular cones. For other hyperbolic equations the
two cones may have complicated geometrical features (see Courant
and Hilbert, 1962). For example, the normal conoid of

(3_8) <8+5)2_32<25+5) w=0
Oxrz  Oxo Orz  Oxo 0z2 \"Oxs  Ozo N

has branches extending to infinity and its characteristic conoid is not
convex (see Prasad and Ravindran (1985) for details).

Definition of hyperbolicity: The first order system (2.3.1) of n
equations is said to be hyperbolic in a domain of (z1,. .., Zmy41) space
if, at each point P(x,), there exist directions ¢ = ((1,- .., (m, Gmt1)
such that all straight lines (except the one passing through the ver-
tex) parallel to the vector ¢ intersect the normal conoid in exactly n
distinct points.

We shall extend later in the next subsection the definition of
hyperbolicity to include characteristics of higher multiplicity.

Algebraically, the above definition is equivalent to the following
one. If @ = (01,02, ...,0,,4+1) is a nonzero vector not parallel to ¢,
then the equation

QINX+60)=0 (2.3.6)
in A must have n real and distinct roots.

Space-like surface If a vector ¢ satisfying the above condition
exists, the plane element at P orthogonal to ¢ is called a space-like
element. A surface in m+ 1 dimensional space is defined to be space-
like if its surface elements are space-like.

The vectors of the type ¢, which are orthogonal to space-like
elements at P, form the inner core of the normal conoid bounded

*Two vectors x and y in s-dimensional Euclidean space IR° are said to be
orthogonal if (x,y) = z1y1 + ... + zsys = 0.
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by the inner sheet of the conoid. It can be proved that this inner
core of the normal conoid is convex. Geometrically then, the normal
conoid may be visualized as one consisting of the closed inner sheet
bounding the inner core into which normals to space-like surface
elements point, and of further sheets which form subsequent shells
around the core (Duff (1960)). The outer sheets may be closed or
may extend up to infinity. We can also prove that the boundary
of the cone supported by the planes orthogonal to the generators of
the convex inner sheet of the normal conoid is the convex hull ' of
the local characteristic conoid; more specifically, it is the hull of the
outer shell of the characteristic conoid.

Time-like direction and curve : Every direction from a point P
into the convex hull I' of the outer shell of the characteristic conoid
at P is called time-like. A curve in the (m + 1) dimensional space is
called time-like if its direction is everywhere time-like.

Now we notice that if a system (2.3.1) is hyperbolic at a point P,
then there exist m dimensional space-like surface elements at P and
time-like directions through P. We can choose a local coordinate
system at P such that the direction of the x,,4+1 axis is time-like and
the m-dimensional sub-space spanned by the unit vectors along z,,
coordinate axes (o = 1,2,...,m) is space-like at P. So far we have
presented a local description at a point P. We now move to a global
discussion. We assume that we have a first order system of equa-
tions which is hyperbolic in a domain D of the m + 1 dimensional
(x1,x2,...,Tm+1)-space and it is possible to introduce a coordinate
system such that the x,,1 coordinate axis is time-like and the other
axes lie in a space-like surface S at every point of D. We now des-
ignate the time-like coordinate x,,+1 by ¢, the matrix Bm+1) by A
and write the system (2.3.1) in the form

ou (@) ou .

A@t + B oz, +C=0 (2.3.7)

We note that the spatial coordinate system x = (x1, 22, ..., Tm)

in the space-like surface ¢ = 0 at any point P may be chosen to be
orthogonal but the coordinate system (x,t¢) at P is not necessarily
orthogonal. We take a vector ¢ orthogonal to the space-like t = 0
at P and resolve it into two components one {; parallel to the t-axis
another ¢, in the tangent plane to S at P. Similarly, we resolve a
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vector @ into two components 8; and 6., and combine A ¢, and 6,
to form a new arbitrary vector 6. Then

QO+ ) =Q(0+ N\, + 6y) (2.3.8)

In the coordinate system (x, t), we note that the last (i.e., (m+1)th)
component of # is zero and the first m components of A(; + 0; are
zeroes. We denote

0= (ni,...,ny,0) and A, +0; = (0,0,...,0,—c) (2.3.9)

Hyperbolicity of the system (2.3.7) implies that Q(@+ A{) = 0 has n
real and distinct roots for A for an arbitrary @ which implies n real
distinct roots for ¢ satisfying

QO+ X, +6;)=Q(n,—¢c) =0 (2.3.10)

where n = (n1,n2,...,7,). As @ is arbitrary, 6 is also arbitrary
(even though it contains \). Hence, hyperbolicity of (2.3.7) implies
existence of n real and distinct values of ¢ from the equation

Q = det [na B — cA] =0 (2.3.11)

with arbitrary values of ny,no, ..., nm.
Since the equation (2.3.7) is homogeneous of degree n in n, and
¢, it is sufficient if we choose

In| =1 (2.3.12)
In this case, we denote the n values of ¢ by
C1,C2,...,Cp (2.3.13)

which are called eigenvalues or characteristic velocities. Our assump-
tion of 1 hyperbolicity implies that the real roots ¢;(i = 1,2,...,n)
are finite in D. The necessary and sufficient condition for finiteness
is that the matrix A is nonsingular in D, i.e.,

detA#0 in D (2.3.14)

In all physical systems which evolve with time and which are gov-
erned by the hyperbolic equations, the time variable ¢ is always time-
like and the physical space containing the spatial coordinates x is



2.3. Systems in more than two independent variables 67

always a space-like surface in space-time. However, there are exam-
ples of time-independent physical systems which are governed by hy-
perbolic equations and where the time-like directions and space-like
manifolds are not immediately clear. An example of such a system
is the three-dimensional steady supersonic flow of a compressible gas
where the Mach cone at a point plays the role of the characteris-
tic cone. In this case, the direction of the axis of the Mach cone is
time-like.

2.3.2 Explicit definition of a hyperbolic system

Consider a first order system (2.3.7) of n equation in m + 1 inde-
pendent variables. We assume that the matrix A is nonsingular i.e.,
(2.3.14) is valid in a domain D of the space-time. We define the
system (2.3.7) as hyperbolic in D with t as time-like variable if given
an arbitrary unit vector n, the characteristic equation (2.3.11) hasn
distinct real roots (which we denote as c1,ca,. .., c,) at each point of
D.

For the simple root ¢; of the characteristic equation (2.3.11), the
matrix nq B(®) —cA has rank n—1 and there exist unique (except for a
scalar multiplier) left and right eigenvectors 1 and r® respectively
satisfying

1D (ngB@) = 1WA, (ngBNr® = ¢;Ar® (2.3.15)

Unlike the case of the two independent variables, the eigenvalue ¢;,
the left eigenvector 19 and the right eigenvector r® not only depend
on the position (z4,t) in space-time, but also on the m arbitrary
numbers 1y, na, . .., N, satisfying (2.3.12).

Hyperbolic system with characteristics of uniform constant
multiplicity > 1

For a system given in the form (2.3.7) satisfying (2.3.14), we can
easily extend the definition of hyperbolicity even if the eigenvalues
€1,C2,...,C, are not distinct. Suppose an eigenvalue ¢; is repeated
pi times in the set (2.5.13), then the system (2.53.7) is defined to be
hyperbolic if eigenspace of ¢; is complete i.e., the number of linearly
independent left eigenvectors (and hence also right eigenvectors) cor-
responding to ¢; 1S p;.
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Example The Euler’s equations, governing the motion of a poly-
tropic gas in two and three space variables, represent an elegant sys-
tem of hyperbolic equations with multiple eigenvalues. We presented
one space variable case in the section 2.1.1 where all eigenvalues were
simple. In three-dimensions, the equations are

pt+(a,Vp) + p(V,q) =0 (2.3.16)
1

a: +(a, V)a + ;Vp =0 (2.3.17)

Pt + (a, V)p + pa*(V,q) = 0 (2.3.18)

where a is given by (2.1.17). It is a system of 5 first order equations.
Taking u = (p,q = (q1,¢2,¢3),p)", we find A = I and the matrix

[ Ga  poa  pd2a PO3a 0
0 ¢ 0 0  p toa
B = | 0 0 o 0  p L
0 0 0 G P '03a
| 0 padia pa*den  pa*dsa Qo |

The five eigenvalues are
1 = <n7 Q> —a, 2 =C =C = <n7q>7 Cs = <l’l, q> +a (2319)

We can easily check that there are three linearly independent left (or
right) eigenvectors corresponding to (n, q) so that the system (2.3.16
- 18) is hyperbolic.

The system of conservation laws representing conservation of
mass, the three components of momentum and energy of gas ele-
ments from which the equations (2.3.16 - 18) can be derived, are

H; + (V,F) =0 (2.3.20)
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P rq
pul p(a +p, ©1q2, q1q3)
H=| pus . F=| pleqr, 3 +p, q2q3) | (2.3.21)
puis plasqr, @32, 43 +p)
ple+3a%) pale + %+ 34%)

The specific internal energy (denoted by e) and the relation be-
tween pressure, density and specific entropy (denoted by o) for a
polytropic gas are given by

- P = A(o)p” .3.
6_(7—1)p d p=A(o)p (2.3.22)

where A is a function of o and ~ is a constant.

2.4 Bicharacteristic curves, rays and compat-
ibility condition

Consider a system of first order equations (2.3.7). Its characteristic
equation (2.3.11) written in terms of the derivatives of the function

¢
Q(x,t; Ve, ¢y) = det(Ady + B Mg, ) =0 (2.4.1)

is a first order nonlinear partial differential equation for the func-
tion ¢. The characteristic curves of (2.4.1) are called bicharacteristic
curves of (2.3.7). These are curves in space-time whose paramet-
ric representation is obtained after solving the ordinary differential
equations

dt 1 dr, 1
—— =3 — == 2.4.2
do ~ 29 g ~fm (242)
and J . p .
q 1 Pa _
do - 2Qt7 do 2Qxa (243)
where
4=t DPa=z., @=12,....m (2.4.4)

The solution p(co), q(c),x(c),t(c) of these equations along a bichar-
acteristic curve must satisfy the relation Q(p, ¢,x,t) = 0. From the
theory of a first order partial differential equation, it follows that a
bicharacteristic curve lies in a characteristic surface. Further, a char-
acteristic surface ¢ = 0 is generated by a (m — 1)-parameter family
of bicharacteristic curves.
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As explained in section 2.2, rays are the projections of the bichar-
acteristic curves on the hyperplane ¢ = 0. These are curves in x-
space.

If the coefficient matrices A and B(®) are constant matrices, then
Q: = 0 and @, = 0. This implies that p and ¢ are constant along
the bicharacteristic curves or rays. The equations (2.4.2) imply that
bicharacteristic (or rays) are straight lines in space-time (or in (x)-
space).

Lemma on bicharacteristics: Consider a characteristic surface
given by ¢(x,t) = constant, of the first order system (2.3.7) corre-
sponding to an eigenvalue ¢. For the validity of the lemma below, it
is not necessary to assume that (2.3.7) is hyperbolic but only that ¢
is a simple real eigenvalue. The statement of the lemma is

Lemma Along a bicharacteristic curve, variation of x and

Vo _ p
= — == 2.4.5
™ (249
is given by
dr, 1By
H 1Ar = Xa, say (246)
and
dne, 1 { < dA aBW))}
— =———ling | —cr% +ny—7— r=VY,, say (2.4.7)
dt 1Ar ong ong
where 9 9 5
_ . 2.4.
ong nﬁ@xa " Ozg (248)

Note: The first part of the lemma i.e., the equation (2.4.6), is avail-
able in Courant and Hilbert (1962). When we choose n as in (2.4.5),
the relation (2.3.12) is satisfied. The eigenvalue c is given by

c=—¢t/|V (2.4.9)

Proof :

Post-multiplication of the first relation in (2.3.15) by r (dropping
the subscript i from ¢, 1 and r) gives another relation satisfied by ¢
and ¢,

Q(x,t, V¢, ¢r) = (14r) ¢y + (1BWr)p,, =0 (2.4.10)
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From (2.4.5), (2.4.9 - 10), it follows that the eigenvalue ¢, which is a
root of (2.3.11), is given by

1B(@)p
1Ar

C=Ng = NaXa (2.4.11)
It follows that the factor of the left hand side of (2.4.1), which makes
it vanish is the expression on the left hand side of (2.4.10). Therefore,
in the equations (2.4.2 - 3), it is sufficient if we take the expression
of @ as given in (2.4.10). The equations (2.4.2) immediately give the
result (2.4.6). Equations (2.4.3) give

dpa - _il
dt 1Ar

(Azaq + B pp)r (2.4.12)

T

From (2.4.5)

dna_l{| 2%a _ ( dm)}
at  pP VP e P \PPy

which after some rearrangement of terms gives
dng 1 dpa dpg ) }
— = — — — Pa—— 2.4.13

Substituting (2.4.12) in (2.4.13) and using n = p/|p| we finally get
the result (2.4.7).

Relations between bicharacteristic curves, rays, characteristic sur-
faces and wavefronts have been explained for the wave equation in
the previous section. We note here that for a quasilinear system A
and B(® are functions of x,¢ and u. From (2.4.11), ¢ is a function
of x,t,u and n. Since the elements of the matrix gA + poB® are
linear homogeneous expressions of ¢ and p,, it is possible to express
the left and right null vectors 1 and r of this matrix only in terms
of n in addition to their dependence on x,¢ and u. Thus, the right
hand sides of (2.4.6 - 7) are functions of x,¢,u and n. These ray
equations do not form a closed system because of their dependence
on u. In this case the hyperbolic system (2.3.7) is linear, u is no
longer present in these equations and the rays can be traced once for
all without any reference to a solution u.
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Compatibility condition on a characteristic surface :
Multiplying the system (2.3.7) by ¢l and using clA =1 (naB (O‘)) ,
we get

0 0
(a) _
1B (naat + C@xa) u+clC=0 (2.4.14)

The unit normal n and the eigenvalue ¢ are related to the func-
tion ¢(x,t) by (2.4.5) and (2.4.9) respectively. Therefore, equation
(2.4.14) becomes

o 0
15@ (%& _ ¢tax> u+ | Vo[IC = 0 (2.4.15)

For a given «, the expression qbgca% — qbt% represents a tangential
differentiation in the characteristic surface. Hence in (2.4.15) and
also in (2.4.14), only tangential derivatives with respect to a char-
acteristic surface appear. Therefore, equation (2.4.14) or (2.4.15)
represents a compatibility condition on a characteristic surface.

A canonical form of the compatibility condition:

Through any point on a characteristic surface, there exists a
bicharacteristic direction tangential to the surface. Therefore, the
tangential derivatives appearing in the compatibility condition can
be written as linear combinations of a derivative along a bicharacter-
istic curve and other m — 1 independent tangential derivatives. We
shall derive such a form of the compatibility condition on a charac-
teristic surface ¢ = constant.

The first part (2.4.6) of the lemma on bicharacteristics gives the
direction of the bicharacteristic curves in space-time. The operator

d 0 0

«
appearing in the lemma represents the time-rate of change when one
moves along a bicharacteristic with the ray velocity

X = (X17 X255 Xm)7 Xa = (IB(a)r)/(lAr) (2417)
A linear combination of the scalar equations in (2.1), containing
only tangential derivatives in ¢ = constant of the components

u;(i =1,2,...,n) of u, is obtained by pre-multiplying by 1 : 1Au; +
1B(®)u,, +1C = 0 which reduces to (2.4.14). Using (2.4.16), we can
write it in the form
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du Ou
1A— + (B — y,A)=— +1C =0 2.4.18
W AR — o) (24.18)
The derivative 5j = s;’% = li(Bl-(]q) - XaAij)% on u; in the

second term is a special tangential derivative with respect to the
characteristic surface, it is a tangential derivative also with respect
to the wavefronts ;. This follows from

nas§ = LiAij(c = naxa) = 0, foreach j (2.4.19)

since ¢ = ngXa-

The form (2.4.18) of the compatibility condition has a very special
feature. The derivative % in the bicharacteristic direction is the only
derivative in this equation which contains %. The other n tangential
derivatives 5]- (j =1,2,...,n) contain only spatial derivatives and can
be expressed in terms of any m — 1 of the m tangential derivatives

L, appearing in (2.4.7), where

a — ﬁang
(2.4.18) is important in formulating numerical methods using bichar-

acteristic curves (Reddy, Tikekar and Prasad (1982); Lukacova-

Medvidova, Morton and Warnecke (2000)).
We state all the results in this section in a form of a theorem.

L ,a=1,2....m (2.4.20)

Theorem: The bicharacteristic curves in a simple characteristic field
of (2.3.7) satisfy (2.4.6 - 7). Along a bicharacteristic curve the com-
patibility condition (2.4.18) holds.

We note that the operator L, can also be written in the form

F R
a = U B@:ca a@xg

_ 9 _ R
 Oxg, fta nﬁ@:ﬁﬁ

L= (L,Ly,...,Ly) =V —n(n,V) (2.4.21)

i.e., L is the projection of the gradient V on the tangent plane of the
surface Q; : ¢(x,t) = 0, for each constant ¢.

so that
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Example: compatibility condition for the Euler’s equations
of a polytropic gas

We consider here the eigenvalue ¢5 = (n, q) + a of the system of
equations (2.3.16 - 18). Left and right eigenvectors 1 and r corre-
sponding to c; can be chosen to be

1
1=(0,n1,n9,n3,—), r=(p/a,ni,na,nsg,pa) (2.4.22)
pa

The characteristic partial differential equation (2.4.10) correspond-
ing to this eigenvalue is

Q= ¢+ (q, Vo) +a|Vo| =0 (2.4.23)

The bicharacteristic equations (2.4.6 - 7) become

—— =q+na (2.4.24)

and
— = —La —ngLqs (2.4.25)

Multiplying the equations in (2.3.16 - 18) by components of 1
and adding the results, we derive the compatibility condition on the
characteristic surface as

dp dq B
a—y + p(n, a) + pa(L,q) =0 (2.4.26)

This is the form of the compatibility condition (2.4.18) for the Euler’s
equations (2.3.16 - 18).

2.5 Propagation of discontinuities of first or-
der derivatives along rays

In this section we shall extend the results of the section (2.2.4) on
the propagation of discontinuities in a solution of the wave equation.
Consider a linear hyperbolic system of n equations for u € IR"

Lu = A(x, t)u, + BY(x,t)u,, + F(x,t)u = f(x, ) (2.5.1)
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where A, B, F' are n x n matrices with sufficiently smooth elements
and f € IR" is also sufficiently smooth vector function (for the dis-
cussion in this section, they need to be only C! functions in a domain
of space-time). We shall first show that a surface of discontinuity in
the first derivatives of a generalized solution of (2.5.1) is a charac-
teristic surface and then we shall derive a transport equation for an
amplitude of the discontinuity. This transport equation will be given
in terms of an ordinary differential equation along rays.

Let us take a generalized solution u(x,t) of (2.5.1) which is C*
in a domain D of (x,t) -space except for discontinuities in the first
order derivatives of u across a surface 2 : ¢(x,t) = 0 which divides D
into two subdomains D; and D,. In terms of the coordinate system
(2, ¢) introduced in (2.2.15) (see relations (3.4.14 - 16)), the equation
(2.5.1) reduces to

(Age + B¢, Jug + B@uy, + Fu=f (2.5.2)

Since u itself is continuous in D, we can follow the arguments pre-
sented in the section 2.2.4 to show that ug must be discontinuous
across S, but u,s is continuous across it and further

(Agy + B@g, )ug] =0 (2.5.3)

This implies that Q : ¢(x4,t) = 0 is a characteristic surface and the
jump in the transversal derivative uy is given by

[ug] = rwr (2.5.4)

where r is a right eigenvector corresponding to an eigenvalue c¢(=
—¢¢/| grad ¢|) and w; is a scalar function defined on 2. Multi-
plying (2.5.2) by the corresponding left eigenvector 1, using 1(A¢; +
B(O‘)qua) = 0 and differentiating the result with respect to ¢ we get

(1B)4uy + (1B)ugy + (1F)pu+ (1F)uy = (If)g  (2.5.5)

In the equation (2.5.5), all quantities except uy are continuous
across (). Hence, taking the jump across 2, we get (using Hadamard’s
lemma, see (3.3.39))

(AB)fuglay + (LF)ug] = 0 (2.5.6)
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Substituting [ug] from (2.5.4), we get
(B r)wigy + (1B@ry, +1Fr) wi =0 (2.5.7)
Using the lemma on bicharacteristics i.e., the result (2.4.6) and

changing from (z, t) coordinates to (z.,, ¢), we find that the operator
giving the rate of change along the bicharacteristic curve is

d 0 0 0
2L~ a4an 2 4+ aB@p L 1@y 2 2.5.
3o~ r) g + (1B )5 - " o, (2:5.8)
We also note that
0 0 0
1A= B(O‘)> = 1B _~_ 2.5.
( ot " ora o, (2:5.9)

Therefore, the equation (2.5.7) can be written as

% +1(Lr)w; =0 (2.5.10)
where L represents the linear differential operator appearing on the
left hand side of (2.5.1).

Along a bicharacteristic curve the function Lr can be expressed
as a function of o. Therefore, the equation (2.5.10) is a linear, ho-
mogeneous, ordinary differential equation for an amplitude w; of the
discontinuity and gives the rate of change of w; along the bicharacter-
istic curves on the characteristic surface. It follows immediately that
if there exists a discontinuity in a transversal derivative of u at some
point of a characteristic surface, it persists (i.e., it remains non-zero)
at all points on the bicharacteristic curve through that point. Inter-
preted in the language of wave propagation, discontinuities propagate
along rays.

We have seen in this chapter that the propagation of discontinu-
ities is a remarkable feature of hyperbolic equations. The analysis
of propagation of discontinuities gives rise to the concept of gener-
alized solutions which are the physically meaningful solutions. The
structure of solutions of a hyperbolic equation is dominated by char-
acteristic surfaces and rays. The main features of the solution can
be analysed using the essential character of the differential operator
along the characteristic manifolds.



Chapter 3

Simple wave, high -
frequency approximation
and ray theory

3.1 Simple wave

We shall discuss in this section a class of solutions, known as simple
waves, which are the only known exact solutions (except for some
solutions of particular equations) and which can be easily evaluated
numerically. These are plane or one-dimensional wave solutions of
what is known as a reducible system of equations, in which the coeffi-
cient matrices A and B’s (either in (2.1.1) or (2.3.7)) are functions of
u only and the nonhomogeneous term is absent i.e., C' = 0. Simple
waves form the building block of more general solutions. For exam-
ple, for a reducible pair of equations, any solution in a characteristic
quadrilateral type of domain bounded by two pairs of intersecting
characteristic curves of different families can not only be obtained
as a result of interaction of a pair of simple waves but can also give
rise to such a pair. We shall also see later in this chapter that a
large class of solutions which are obtained in high frequency limit
are extensions or modifications of simple wave solutions. We start
with an example of a simple wave.

7
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3.1.1 Example of a simple wave in gas dynamics

Let us consider the motion produced by a moving piston in an ini-
tially undisturbed polytropic gas in a uniform state and contained in
a semi-infinite tube bounded on the left by the piston. Equations of
one-dimensional motion, written in the matrix form are

1 0|0 |p g p| 0 |p]|
o tlale)els dE ] e

p

where p is the mass density, ¢ the particle velocity and a the sound
velocity satisfying

a’> =a*(p) = k*p"~!, k® = constant, = constant > 1 (3.1.2)

4
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(a) Accelerating piston produces (b) Decelerating piston produces
a compression wave an expansion wave
Fig. 3.1.1: Waves produced by a piston starting with zero velocity.

Equations in (3.1.1) form a reducible hyperbolic system with distinct
characteristic velocities

ci=q+a, c2=q—a (3.1.3)

Let the characteristics of the first and second family be denoted by
Cr and Cfyp, respectively.
Let the equation of the piston be given by

v =X,(t), X,(0)=0 (3.1.4)
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where we assume that initially the piston starts with zero velocity
i.e.,

X,(0)=0 (3.1.5)

For an accelerating piston motion we have

X, (t)>0 (3.1.6)
and for a decelerating motion

XI(t) <0 (3.1.7)

The problem is to find the solution of the system (3.1.1) in the
region on the right of the piston, i.e., in the domain D of the (x,)-

plane:
D:z>X,(t), t>0 (3.1.8)

Initially the gas in the tube is at rest with constant density, so the
solution must satisfy the initial conditions

p(z,0) = constant = pg (say), ¢(x,0)=0, >0 (3.1.9)

At the piston the fluid velocity is equal to the particle velocity, so
the solution must satisfy the boundary condition

q(Xp(t),t) = X, (), t>0 (3.1.10)

Since the initial and boundary values are continuous with a continu-
ous value of ¢ at (0,0) (see the condition (3.1.6)), the solution is also
continuous at least in a small subdomain of the domain D near the
origin (0,0).

The characteristic equations and the compatibility conditions are

d 1
along d_j; =q+a, dg+dl=0o0rw= §(q+l) = constant (3.1.11)
and
dx 1
along prim dg—dl=0orm= i(q—l) = constant (3.1.12)

where p 5
adp a
p)= | — =
p -1

(3.1.13)
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Solving (3.1.11-12) for ¢ and [ in terms of w and 7, we get
g=w+7n, llp)=w—m (3.1.14)

Since [ is a monotic function of p, we can use (3.1.14) to solve p in
terms of w and 7.

An important property of a hyperbolic equation is the finiteness
of the speed of propagation. We can observe it in this case from
the following consideration as long as the solution is smooth. At
every point of the z-axis i.e. initially, ¢ = 0 and the sound velocity
has a constant value ag. This implies that C; and C}; characteristics
starting from the points on the z-axis carry constant values t+aq/(y—
1) of w and m, respectively. Consider now the characteristics Crg of
the first family (i.e., that given by (3.1.11)) and starting from the
initial position of the piston i.e., the origin in the (z,t)-plane. The
characteristics of the two families, which meet at a point (x,t) in a
domain on the right of Cyg, are those which start from the points of
the z-axis and hence have values +a/(y—1) of w and . This implies
that in the domain on the right of the characteristic C'rg, ¢ = 0 and
a = ag and Cpq itself is a straight line. Thus, the effect of piston
motion is not felt at those points in the (z,t)-plane which can be
reached from the points of the x-axis by moving with a velocity
greater than and equal to ag i.e., the signal propagation velocity is
finite.

Further, the Cj; characteristics from the points of the z-axis
continue beyond the Cyg as t increases and carry the same constant

value of m = —%lp = —ag/(y — 1) which means that in the domain S
bounded by the piston path and Cpg, the relation
= —2—(a(p) — ao) (3.1.15)
q= 0= N1 P 0 -1
is valid or using (3.1.14) with 7 = —1l, we get
1 I .
q:w—ﬁlo, l:w+§l0 in § (3.1.16)

A nonconstant solution of the form (3.1.15 or 16), in which all
members of the dependent variables of a reducible system are ex-
pressed in terms of a single function w(x,t) € C*(S), is called a
stmple wave. In this particular case, we shall determine w and hence
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g and [ in S as functions of x and ¢ from the piston motion. (3.1.11)
shows that along Cfy i.e., the first family of characteristics, the func-
tions ¢ and [ in (3.1.16) satisfy one more relation ¢ + [ = constant
i.e., w constant. Thus, in S both ¢ and a are constant along a Ct
characterlstlc and since its slope d—x = ¢ + a also becomes constant,

a CT characteristic is a straight hne given by
x = (q+ a)t+ constant (3.1.17)

We can evaluate the constant with the help of the boundary con-
dition (3.1.10). Let the characteristic through the point (x,¢) meet
the piston path at a time 7 at the point (1, X,(n)). Then on this
characteristic ¢ = X, and from (3.1.15) a = ao + 15 1q ie.,

-1
ala.t) = X;(n) , ala,t) = ao+ Lo—X;(n) (3.1.18)
and its equation (3.1.17) becomes
v+1
= Xp(n) +{ao + ——=X, ()}t —n) (3.1.19)

Since the function X,(n) is given, (3.1.19) can be solved to give n
as a function n(z,t) of  and ¢. The simple wave solution in S is
completely determined by substituting n(x,t) in (3.1.18)

When the piston is accelerating i.e., XZ/; (n) > 0,a in S is greater
than its value ag in the constant state in which the wave is running,
and a increases (and hence p and p also increase) with ¢ at a fixed x (a
point with fixed = keeps on meeting characteristics of C7 family with
larger values of X (1)), therefore, the simple wave is a compression

wave. Similarly, when the piston is decelerating i.e., X;D/ < 0, it
produces an expansion wave. For a detailed discussion, reference may
be made to part B, chapter III of Courant and Friedrichs (1948).

The main aim of discussion in this section is to give an example
of a simple wave that is governed by a single first order quasilinear
partial differential equation. The compatibility condition (3.1.11)
was obtained from the differential form of it

0 0 q a
2 =0 3.1.20
{8t (q+a)8x}{2+7—1} ( )
Eliminating a from this equation with the help of (3.1.15) we get
0 +1 .0
T @+ 1= H =0 (3.1.21)

ot 2 ox
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which is nothing but the Burgers’ equation (1.1.6), for u = 'YTHq
in a coordinate system moving with the constant velocity ag. For
a simple wave in a polytropic gas, Burgers’ equation appears as an
exact equation.

Consistent with the definition 2.1.1, we call a variable w which
remains constant on the first family of characteristic curves in a sim-
ple wave of the first family to be a characteristic variable * of the first
characteristic field. The variable 7 is called the Riemann invariant
of the first characteristic field. In the particular case of a hyperbolic
system of two equations, 7 is a characteristic variable and w a Rie-
mann invariant of the second characteristic field. A definition of these
variables for a general hyperbolic system of quasilinear equations will
be given in the next subsection.

Let us consider a particular case of the decelerating piston. Given

q; > 0 and v > 0, we take

(3.1.22)

&

Fig. 3.1.2: When the piston path decelerates and attends a constant
velocity after t > %, there are constant states on the two sides of
the simple wave region.

The piston decelerates until % when it reaches a velocity —gq,
then it continues to move with this constant velocity (Fig.3.1.2).

*The characteristic variable w here is different from that for a polytropic gas
used later, see (3.1.68).
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The solution consists of the constant state ¢ = 0,a = ag in = > agt;
another constant state g = —¢q;,a = (ao — ”’T_lql) = q; say, between
the piston and simple wave i.e., —qt+4- <z < (aj —q)t — & for t >
%, and a simple wave in the domain bounded by the characteristics

r=apt,r = -4+ (ao - 7TJrqu) t and the piston path z = —3qut>.

Fig. 3.1.3: when v — o0, the simple wave in Fig.3.1.2 approaches
a centered simple wave.

An interesting limiting solution of the above solution is obtained
by taking the limit as v — oo as shown in Fig. 3.1.3. The starting
points of all the diverging C7 family of characteristics collapse to
the origin 0. The solution now consists of a centered simple wave
bounded by two constant states on the two sides of it. It is easier to
get this centered simple wave solution by substituting

¢=Qw) , w= n (3.1.23)

in the equation (3.1.21) and noting that Q" # 0 in S. This gives
Q= %(% — agp). Therefore, the solution of the piston withdrawing

with a constant velocity —g; is given by (note: a; = ag — %ql)

-q —qt<z<(a—q)t
q= %(% — a,O)7 (al — q1) t<x<apt (3124)

0, apt < x < 00
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ag — %Ql , gt <z <(aq—q)t
2 —1
a=1q 770+, (w—aq)t<z<aot (3.1.25)
agp , agt < <00

This is one of the rare examples of an exact solution in a very
simple explicit form representing an important physical phenomenon.
It is important also form another aspect. When the piston speed
—q; is such that —%ao < —q; < 0i.e.,a > 0, there is always a
constant state separating the piston and the tail of the simple wave
on z = (ag — 7;—1ql)t. When the piston velocity —¢; is equal to
—%ao, there is a complete simple wave in the sense that at the tail
of the simple wave i.e., at the piston, the sound velocity a (and hence
density and pressure) vanish. When the piston withdraws even faster
ie., —q < —%ag, there is no more change in the simple wave but
a vacuum is created between the piston and the tail of the simple
wave.

3.1.2 Simple wave in one space dimension

Consider a reducible hyperbolic system of n equations

OJu Ju
A(u)— 4+ B(u)=— = 1.2
() 4 B2t =0 (31.26)
Definition 3.1.1 A simple wave solution of (3.1.26) is a genuine
solution in a domain S such that all components u; of u can be
expressed in terms of a single function w(z,t) € C(S):

u(z,t) = Uw(, 1)) (3.1.27)

Substituting (3.1.27) in (3.1.26) and assuming that w, # 0, we

get
au

dw

For a nontrivial solution of % we require that —w;/w, = ¢ i.e.,

B(U) — (w;/uw,) A(U)] 5= = 0 (3.1.28)

wy + c¢(U)w, =0 in S (3.1.29)
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where c is an eigenvalue of (3.1.26). Since U is a function of w alone
and does not explicitly contain  and ¢, ¢(U) is a function of w alone.
Therefore, the equation (3.1.29) implies that in S, w=constant i.e.,
U = constant along each line, x — ¢(U)t = constant. The straight
lines x — ¢(U)t = constant, are characteristic curves of the system
(3.1.26). The derivative ili—g is parallel to the corresponding right

eigenvector:

dU

dw

This is a system of n ordinary differential equations and it can

be integrated with n — 1 arbitrary constants (n — 1, because it is an
autonomous system): 7 = (71, m2,...,Tp—1). Thus,

=r(U) (3.1.30)

U = U(w, 7) (3.1.31)

where 7 remains constant in S. Assuming that the mapping

u = U(w,7), (W, 1y 1) — (UL, .oy Up) (3.1.32)
is one to one, we can express w,71,...,Tn—1 as functions of uy,...,
Un

w=w(u), 7w5=ms5(u), 6=12,...,n—1 (3.1.33)
Since w and my,...,m,—1 are independent variables, % = 0. But,
n 67'['5 811,1

ong
v ; ou; Ow
Using (3.1.30) we get
rVums =0, §=1,2,....n—1 (3.1.34)

This relation can be treated as a first order nonlinear partial
differential equation

ri(a)my, +re(@)my, + ...+ rp(a)my, =0 (3.1.35)

From the theory of a single first order quasilinear partial differential
equations, it follows that (3.1.35) has a set of n—1 independent solu-
tions T = (m1,...,m,—1) and any other solution 7, can be expressed
in terms of these solutions i.e., m, = m,(m1,...,m—1). This leads to
the definition of a new set of variables (Lax (1957)).
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Definition 3.1.2 A solution of (3.1.35) is called a Riemann invariant
of the characteristic field associated with the eigenvalue c(u).

It follows that there are only n — 1 independent Riemann invari-
ants associated with a given eigenvalue c¢(u) of the hyperbolic system
(3.1.26). Any other Riemann invariant associated with c¢(u) can be
expressed in terms of these n — 1 functions. An example of Riemann
invariants in a system of more than two equations is given at the end
of this subsection.

We are now in a position to extend the Definition 2.1.1 of a
characteristic variable for linear hyperbolic system to a quasilinear
system.

Definition 3.1.3 A function w(u) such that

8(w,7r1,7r2, e ,7Tn_1)

O(ug,ug, ..., upy) 70 (3.1.36)

in a domain of u-space, is called characteristic variable of the char-
acteristic field associated with the eigenvalue c(u).

In a simple wave associated with the eigenvalue ¢, all Riemann
invariants w1, 72, ..., T,—1 have constant values everywhere but the
characteristic variable w has different constant values on different
members of the characteristic curves z — ¢(u)t = constant, which
are straight lines. This is true for each one of the n eigenvalues
€1,C2,...,cn, which, for simplicity, we assume to be distinct. Thus,
associated with the kth eigenvalue cix(k = 1,2,...,n) we can have a
stmple wave of the kth family in which the kth characteristic variable

w®) is constant along the straight line characteristics of the kth field
k (k) (k)

ie. x —cp(w®,m’,...,m,~)t = constant and, in which, the kth
Riemann invariants 7% = (W%k), ...,mF_) are constant throughout

the simple wave region in the (z, t)—plane.T In what follows, we shall
discuss a simple wave the kth family, however, we shall suppress the
superscript k& from w and 7. The value of 7 in the simple wave can
be determined from the boundary of the simple wave, except for this

TUnlike the case of linear equations, in general, it is not possible to reduce
a hyperbolic system of more than two quasilinear equations to a canonical form
in which in each equation derivatives of only one characteristic variable appears
Lax(1963), see also the comment at the end of this subsection.
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7 plays no role. Therefore, we shall not show the dependence of ¢
on 7 and we shall write ¢ (w, T) = ci(w).

The equation governing the evolution of the characteristic vari-
able w in the simple wave is a single first order quasilinear partial
differential equation (3.1.29), where U = U(w). Writing ¢(U(w))
simply as c(w), we write (3.1.29) as

w + c(w)wy =0 (3.1.37)

where ¢ is a known function of w as we found in the example (3.1.21).

Consider a constant value wq of w along a particular characteristic
curve of the kth family in a kth simple wave. In the neighbourhood
of this characteristic curve, we have

c(U(w)) =¢o + {(Vu ¢, 2—5}}0 (w — wp) + 0{(w — wp)?}

Using the result that % is parallel to rg, we find that, to the first
order in (w — wp), the characteristic velocity ¢ in (3.1.37) varies
linearly with w if {(Vyc, 1)} # 0.

Definition 3.1.4 If
(Vye,r) #0, Yue€ D, (3.1.38)

where D, is a domain in (uq, ug, ..., uy)-space, we say that the char-
acteristic field under consideration is genuinely nonlinear. Otherwise,
the characteristic field is called linearly degenerate.

If a characteristic field is genuinely nonlinear, the shape of the
pulse in a simple wave will deform with time (possibly leading to the
formation of a shock). By retaining only the terms up to the first
order in w—wy in the Taylor’s expansion of ¢, we find that for a small
amplitude simple wave the equation (3.1.37) can be approximated by
the Burgers’ equation. Note that in the case of equations (2.1.12 -
14) governing the one-dimensional motion of a polytropic gas, the
characteristic fields corresponding to the eigenvalues ¢; = ¢ —a, c3 =
q + a are genuinely nonlinear, whereas the corresponding to co = ¢
is linearly degenerate.

The following two results, which are simple to prove (Courant and
Friedrichs, (1948) for a system of two equations; and Lax (1963) for
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a general system), show that a simple wave occurs in a most natural
way. We state these results without proof.

Theorem 3.1.1 If a section of a kth characteristic carries constant
value of u, then in a region adjacent to this section, the solution is
either a constant state or a simple wave of kth family.

Theorem 3.1.2 The solution in a region adjacent to a region of
constant state is a simple wave solution.

It is quite easy to produce a simple wave of kth family from an
initial value problem or a boundary value problem (see section 3.1.4).

Now we proceed to discuss a special class of simple wave solu-
tions, namely the centered simple wave, which is of great importance
in the solution of a fundamental problem called Riemann’s problem.
A centered simple wave, more appropriately called a centered rar-
efaction wave, is a genuine solution of (3.1.26) for ¢ > ¢y, in which u
depends only on the ratio (x —xz¢)/(t —to); (zo, to) being the center of
the wave. Choosing (x —x¢)/(t —to) to be the variable w in (3.1.27),
it follows that such a solution is a simple wave with one of the n
families of characteristics, say kth, being straight lines represented
by (x — x0)/(t — to) = constant, all of which pass through the point
(zo,t0). Now we state a theorem without proof.

Theorem 3.1.3 Let a constant state w; on left! be connected to
another constant state u, on right by a centered simple wave of the
kth family, then

cx(ug) < ex(uy) (3.1.39)

Noting that the characteristic curves through the origin in Figure
3.1.3 are given by = = ci(u)t, we see that the inequality (3.1.39) is
a necessary condition for the existence of a centered simple wave for
t>0.

The inequality (3.1.39) is of great importance to us. Let us ex-
plain it with a particular choice of the parameter §:

0= ck(u,,) - ck(ul) (3.1.40)

In general, for an arbitrary simple wave (not necessarily centered)
the parameter ¢ could have both positive and negative values.

With respect to the reader.
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However, the inequality (3.1.40) permits only positive values of 0,
i.e., “rarefaction simple waves” in a centered wave.

Example from gas dynamics

We first mention a few general results in fluid flows. The system
of 3 equations (2.1.12 - 14) together represent conservation of mass,
momentum and energy in a continuous flow of the gas. They are
equivalent to the three conservation laws (2.1.8) with (2.1.20), which
are valid also for discontinuous solutions. The equations (2.1.12 -
14) imply (pp~7)t +u(pp~")z = 0 which states that pp™” is constant
as we move with a fluid element. pp~7 is a function of the entropy
and hence the entropy of a fluid element also remains constant in
a continuous flow as we move with the fluid. The system (3.1.1) of
two equations is derived from (2.1.12 - 14) by making an additional
assumption that the entropy has the same constant value throughout
the fluid flow.

For the equations (2.1.12-14), we shall find the expressions for
a pair of Riemann invariants corresponding to the third eigenvalue
¢3 = ¢ + a. The Riemann invariants satisfy (3.1.35) which, in this
case, reduces to

gwp + 7 + pam, =0 (3.1.41)

Using the theory of characteristics for the first order equation
(3.1.41) and the expression a?> = yp/p, we find a pair of independent
solutions

1 a

7T1:§q—m7

Ty =pp ! (3.1.42)
These form a pair of Riemann invariants we are looking for. We note
that m; is the Riemann invariant 7w used in the previous subsection.
But, now we get a new Riemann invariant s, the function of entropy
discussed above. It also follows that @ = (71, m2) = constant leads
to the same simple wave which we discussed in the section 3.1.1.

There is an important difference between the system of three
equations (2.1.12-14) and its particular case (3.1.1) of two equations.
In the case of the former, the compatibility condition (2.1.19) can
not be expressed in terms of a characteristic variable w, however,
this can be done for the latter, where the compatibility condition
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can be expressed in the form (3.1.11 or 20) i.e.,

0 0
(—+(q+a)—>w:0, w=24_1¢

1.4
ot Oz 2 -1 (3.1.43)

In the case of a simple wave of the system (3.1.1) we get a relation
m=constant and that of the system (2.1.12 - 14) of three equations
we get two relations 7 = (71, m2) = constant so that both equations
(3.1.43) and (2.1.19) can be reduced to the same single first order
partial differential equation (3.1.21) in one dependent variable. In
this case (3.1.21) is of the form (3.1.37) with ¢ as the characteristic
variable. Similarly, we can get an equation for the characteristic
variable w = q + Vﬂ}l

3.1.3 Simple wave in multi-dimensions

As explained in the beginning of this section, a simple wave is a plane
or one-dimensional wave of a reducible system of equations. In this
section, we shall look for such waves as solutions of equations in more
than two independent variables

A(w)u; + B (u)u,, =0 (3.1.44)

where matrices A and B(®) are functions only of a dependent variable
uec R".
We look for a solution of the form

u(t,x) =u(t, &), &=mnx1+nera+...+npmTm, [nj=1 (3.1.45)

where ny,ng,...,n,, are constants. The equation (3.1.44) becomes
A(u)u; + B(u)ug =0 (3.1.46)
where the matrix
B(u) = naB@ (3.1.47)
depends also on the m parameters ny,no, ..., n,, satisfying |n| = 1.

The system (3.1.46) is a reducible system in two independent
variables £ and . Following the discussion in the previous section, a
simple wave solution of (3.1.46) is given by

u(&,t) = U(w,n, ) (3.1.48)
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where the scalar w satisfies the equation
w + c¢(U)w, =0 (3.1.49)
and the components of the n — 1 vector 7
T=7(n) = (m,m2,...,Th-1) (3.1.50)

are n — 1 Riemann invariants depending on n. The simple wave
velocity ¢(U) = ¢(u, n) is an eigenvalue satisfying

det[B — cA] = det[na B — ¢(u,n)A] =0 (3.1.51)

which is exactly the same as (2.3.11). Thus ¢ is an eigenvalue of
(3.1.45) with parameters ny, no, ..., npy.

All results of the previous section on the simple wave are valid
for this simple wave in which the role of the x-coordinate is played
by the variable £, which is the distance measured in the direction of
the constant vector n.

Example from gas dynamics
Consider the Euler equations of motion (2.3.16 - 18). Substituting
(3.1.45) in these equations we get

pt +anpg + pane =0 (3.1.52)
1
qt + qNQe + ;Vp =0 (3.1.53)
pi+ qNpe + pa’que =0 (3.1.54)
where
gy = (n,q) , n= constant vector (3.1.55)
is the fluid velocity normal to the planes given by { = (n,x) =

constant. Taking the inner product of (3.1.53) with n gives
1
qNt + qNgNe + ;pg =0 (3.1.56)

The set of 3 equations (3.1.52, 54 and 56) are exactly the same as
the system of equations (2.1.12 - 14), when we identify gn with q.
Corresponding to the eigenvalue

c=qn+a=(nq)+a (3.1.57)
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of this set, the two Riemann invariants are

1 a
m = — —
1 2QN 7_17

Ty =pp ! (3.1.58)

To find a complete set of Reimann invariants of (2.3.16 - 18), we
take a right eigenvector r corresponding to the eigenvalue (3.1.57)

r= (p/aa ni,n2,ns, PG)T (3159)

and solve the equation (3.1.35) i.e.,
gwp + nidgy + nadga + nadgs + padp = 0 (3.1.60)

The characteristic equations of (3.1.60) are

d d d d d
Q2P 0 _ 29 443 9P (3.1.61)
P ni no ns pa

We note that each segment of this ratio is also equal to dgpy, since
In| = 1. Therefore, two first integrals of this system are

1 a

7T1:§QN_’Y_1 )

Ty =pp ! (3.1.62)

Other first integrals of (3.1.61) can be obtained by solving

dqa
Yo _ ggn , a=1,2,3 (3.1.63)

(6%
which gives 7], = ¢o — Naqn , @ = 1,2,3. From the expressions of
71 and 7], we get some more first integrals 74, where

1 1 N

Tla = (naﬂ'l + _77'101) = 5qa — - 1

.1.64
5 5 (3.1.64)

We have a wide choice of a set of Riemann invariants — any set
of four independent functions from the set 7}, 714, T2 (@ = 1,2,3)
can be chosen to be a set of Riemann invariants. However, we can
not include all three 7}, 7}, and 7} in a set since 32 _; nam, = 0.
Keeping symmetry in mind, we choose

1 Na G
T = — —_
la 2Qa N - 1

,a=1,2,3; m=pp " (3.1.65)
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as a set of four independent Riemann invariants corresponding to
the eigenvalue (3.1.57). There is also a wide choice for the character-
istic variable w, it can be chosen to be any function of p, q,, p which
can not be expressed as a function of 71, w2, T13, m2. We choose

ao

w = %(P = po) (3.1.66)

where ag and pg are two constants. With this choice of w, it is simple
to express p,q and p in terms of w and 7 = (711, 712, 713, T2):

2N4,
p= ol + /o). p=map)(1+w/ao), 4o = 2ma+ T Aw)
(3.1.67)
where
a=Aw) = \/’W‘l'gpgil(l + w/ag)V/? (3.1.68)

Multiplying the system (2.3.16-18) by a left eigenvector [ = [0, pan, 1]
with n constant, we get

pa{gnt + (qn + a)gne} + {pe + (gn +a)pe} = 0 (3.1.69)
Substituting (3.1.67 - 68) and

3
N =2 (Z nama> + ilA( ) (3.1.70)
a=1

n (3.1.69), we derive the partial differential equation governing the
3-D simple waves in a polytropic gas as

wy + { (Z nama> + 21 i 1 (w )} (n,V)w =0 (3.1.71)

or d
w
— =0 3.1.72
o (3.1.72)

% { (Znama> JJ*i (w)}<n,v> (3.1.73)



94 Simple Wave and High Frequency Approximation

The equation (3.1.71) or equations (3.1.72 - 73) imply that the am-
plitude w of the wave remains constant along the rays of the plane
waves with constant normal n:

3
C;—)t( =n {2 ((; nama> + ::—iA(w)} (3.1.74)

Since w is assumed to be constant on the wavefront at any time,
the second set of ray equations (2.4.13) are automatically satisfied in
the form

dn

T 0 (3.1.75)
The equation (3.1.71), with constant values of n and 7, gives a 3-D
simple wave. Such a wave is one-dimensional, propagating in the
direction of n. A high-frequency wave, which we shall discuss in this
monograph, is a simple modification of such a wave in which n and
7 vary slowly.

3.1.4 An initial value problem leading to a kth simple
wave

Consider the reducible hyperbolic system (3.1.26) in two independent
variables and assume that the eigenvalues satisfy

cg<c<...<cy (3.1.76)

for all u under consideration. We now consider an initial value prob-
lem for the system with the initial condition

uy , >0
u(z,0) = (3.1.77)
u(z) , =<0

where ug is constant and u; is a smooth function with an additional
restriction that all the n — 1 Riemann invariants w1, 72, ..., T,_1 of
the kth family of characteristics satisfy

7(ui(x)) =7(ug) , <0 (3.1.78)

Thus, this initial data # = (71, 72,...,m,—1) is constant to the left
of the point x = 0 even though u; need not be constant. Now three
cases arise.
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Case (a) Let u; be also a constant but the data has a discontinuity
at x = 0 ie., [u(z,0)]z=0 = up — u; # 0. When this discontinuity
does not satisfy the Lax entropy condition for the kth shock,

ck—1(u1(0)) < S < ex(ur(0)), cx(ug) < S < cgg1(up) (3.1.79)

suitably modified for £ = 1 and n, the initial discontinuity at z = 0
will immediately get resolved into a kth centered simple wave. In
this way we have produced a kth centered simple wave running into
a constant state ug:

u(z,t) = a+ b% . er(wi(0) < % < ep(ug) (3.1.80)

where

o~ Cr(u0)ui(0) — Ck(ul(o))uo7 b

¢k (o) — cx(u1(0))

o —w(0) 54 gy
1

e (o) — cx(u1(0))

The first derivatives of u will, in general, be discontinuous across the
leading and trailing fronts of the simple waves i.e., across = cx(ug)t
and = = cx(u1(0))t, respectively.

Case (b) If the smooth function u;(x) is not a constant function
but [u(z,0)]z=0 = 0, the solution will have a simple wave of the kth
family bounded on the right by the kth characteristic © = cx(ug)t.
The solution will be valid for all time if all characteristics of the kth
family starting from the points x < 0 on ¢t = 0 diverge. Otherwise,
the solution will be valid only until a finite critical time.

Case (c) Let us assume now that uj(z) is not a constant function
[u(z,0)]z=0 # 0, and the Lax entropy condition (3.1.79) is not sat-
isfied. The initial data now leads to a simple wave in the domain
x <t cx(ui(0)), a centered simple wave given by (3.1.80 - 81) and a
constant state in the domain x > t ¢x(up). This solution may also
be only locally valid depending on the convergence of the kth family
of characteristics starting from the negative values of = at t = 0.

We have shown above how to produce, at least locally in ¢, a
simple wave of the kth family running into a known constant state.
We could have produced the most general form of this simple wave
covering the whole of strip 0 < ¢ < ¢, of the (x,t)-plane by choosing
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a piecewise smooth initial data u(z,0) for z € IR such that the kth
Riemann invariants 7 (u(z,0)) = constant and the discontinuities in
u(z,0) do not satisfy Lax’s entropy condition. The solution will have
a number of centered simple waves each bounded by more general
simple waves on the either side.

3.2 High-frequency approximation, wavefront,
Huygens’ method and Fermat’s principle

In this section we shall first give a formal definition of a wavefront
which requires high-frequency approximation. We shall show that a
wavefront in a continuous solution of a hyperbolic system satisfies the
characteristic partial differential equation. Using this result, we shall
discuss Huygens’ method of wavefront construction for a hyperbolic
system of linear equations. This method, initially stated for light
waves, is one of the most powerful methods in the theory of wave
propagation. We find that the original statement of Huygens, pro-
posed more than 300 years earlier, remains valid and unchanged for
a wave governed by a general hyperbolic system provided we extend
the meaning of spherical waves appropriately. We shall show this to
be true also for a nonlinear wavefront and a shock front in subsequent
chapters. In the last three sections of this Chapter we shall discuss
another powerful mathematical tool for wave propagation, Fermat’s
principle, and its application to the derivation of weakly nonlinear
ray theory in the simplest case.

3.2.1 Definition of a wavefront

Waves form an all pervading phenomena. They involve transfer of
energy from one part of a medium to another part without trans-
fer of material particles. When we use such a general idea for the
definition of waves, we may not be in a position to identify some
special propagating surfaces which we would like to call wavefronts.
Intuitively, a wavefront can be recognized as a propagating surface
across which abrupt or rapid changes in the state of a medium takes
place. We first extend this observation into a formal definition of a
wavefront.
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Definition 3.2.1 When the state u(x,t),x € IR™,t € IR of a con-
tinuum medium is expressed in the form

u—u(f,ﬂ,@,...,%> (3.2.1)
€ €1 € €p
where ¢ and 1, are functions of x,t; ¢ > 0, €, > 0 and
<l a=1,2...p (3.2.2)
€a
we call the surface
O : ¢(x,t) = constant, t = fixed (3.2.3)

in (x)-space to be a wavefront. When the constant in (3.2.3) takes
all real values, we get a one parameter family of wavefronts.

The above definition for a wavefront involves an approximation:
there is a more rapid change in the solution of the system of governing
equations as we cross a wavefront transversely as compared to more
gradual changes as we move along the wavefront. Thus, we can see
a short wavelength variation in the value of the solution at a given
time when we examine the state (represented by u) of the continuum
system in the direction transverse to a wavefront. We also notice
it as a high-frequency variation in u with respect to time when we
remain at a fixed point during the period the wavefront transverses
the point. One of the reasons for the slow variation with respect
to variables 1, 9,...,1, could be that the state of the ambient
medium in which the wave is propagating may vary with length and
time scales associated with the larger parameters €1, €2,. .., €.

We can visualize a wavefront without any approximation pro-
vided the condition (3.2.2) becomes €¢/e, = 0, « = 1,2,...,p. This
can happen when there is a surface of discontinuity ¢ = 0 in the
state u (such as a shock front) or in the partial derivatives of u (in
which case ¢ = 0 becomes a characteristics surface, see section 2.5).
The condition €/e, = 0, a = 1,2,...,p, is also satisfied when ¢ =
constant surfaces are plane and the state of the medium, in which
the wave is running, is uniform i.e., ¢, = oo for @ = 1,2,...,p.
The last condition is satisfied by the multi-dimensional simple wave
discussed in subsection 3.1.3 provided there are constant states on
the two sides, say for ¢ < ¢; and ¢ > ¢, of the simple wave. The
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high-frequency assumption (3.2.2) is also satisfied if we perturb the
simple wave solution such that the unit normal n and the Riemann
invariants 7 vary slowly compared to the variation of u with respect
to the phase function ¢ = (n,x). In any case, the high frequency
approximation implies that all state variables can be expressed ap-
proximately in terms of a single variable. We have seen it to be true
for a simple wave solution and we shall show it to be true approxi-
mately in all other cases.

3.2.2 Huygens’ method of wavefront construction

Much before the nature of the light waves was understood, Christiaan
Huygens found in 1676-78 a method of construction of successive
positions of a wavefront starting from its initial position. This, known
as Huygens’ principle § in physics, appeared in 1690 in “Traite’ de la
Lumiere” and can be stated in a very simple language: all points of a
wavefront can be considered to be point sources of spherical secondary
wavelets and after a time t the new position of the wavefront is an
envelope of these secondary wavelets. Huygens’ method does not tell
about which of the two envelopes is to be chosen as the wavefront.
Both are possible but once the direction of propagation is initially
decided depending on the source which created the wavefront, we
have to follow that direction. Today, this method is the source of
derivation of many properties like laws of reflection and refraction of
waves in a first course on light. Huygens’ method, stated more than
three centuries ago only for light waves, is valid also for the waves
governed by a general system of hyperbolic equations (Courant and
Hilbert, 1962). We present in this section its proof for a linear system
and later, we shall show it to be valid also for a nonlinear wavefront
and a shock front.

We shall show in the next chapter that successive positions of a
wavefront € : ¢(x,t) = 0 in a system governed by the linear hyper-
bolic system (2.5.1), is given by the characteristic partial differential
equation

Q(x,t; Vo, ¢y) = det(Ady + By, ) =0 (3.2.4)

$In mathematics, by Huygens’s principle, we mean today a different property
of wave propagation (Courant and Hilbert (1962)).
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If we solve ¢(x,t) = 0 for ¢ in the form t = 1 (x) so that ¢(x, P (x)) =
0, the wavefront ; at time ¢ is represented by

Qo P(x) —t=0 (3.2.5)

Since ¢, = —¢dtp5, and @ is a homogeneous function of ¢, and V¢,
1) satisfies the equation

Q(x,9; Vap) = Q(x,(x); Vap, —1) = det(By,,—A) =0 (3.2.6)

Let Py(x? = (29,29,...,29%)) be a point on the wavefront Oy, at the
time ¢ = t3. The coordinates of the point Py can be expressed in
terms of the surface coordinates (n1,m2,- .., Nm—1)

XO = Xo(ﬁ) ) ﬁ = (7717 2, .- ,77m—1) (327)

The unit normal n°(7) to Qy, can be determined from (3.2.7). Our
aim is to construct €2; knowing the position of €);,. We assume that
Q) corresponds to the kth characteristic family so that the appropri-
ate mode of propagation is fixed once and for all and no ambiguity
as to which of the two or many envelopes is to be considered.

Consider the solution of the ray equations (2.4.6 - 7) with ¢ =
cr(x,t;ng), the kth eigenvalue, with initial values x = x° at t = tg
as given in (3.2.7) and with n = ng, where ng is an arbitrary unit
vector (n” being only a particular value of ng obtained from (3.2.7)
at x"). This gives a set of rays of the kth family

x = x(t,x°, ty, ng) (3.2.8)

which, as ng varies subject to |ng| = 1, generates a characteristic
conoid at the point (x%,¢y). We denote the equation of the convex
hull of the characteristic conoid in the form

t —to = w(x;x°, to) (3.2.9)

Since (2.5.1) is hyperbolic, for ¢ = constant, this equation represents
a spherical wave front (a closed surface) centered at the point x° on
the wavefront at the time tg. This spherical wave may even pass
through x° as is the case for the eigenvalue ¢ = (n, q) of the Euler’s
equations (2.3.16-18).

For the wave equation, the rays are lines given by (2.2.14) with
n = ng. The spherical wavefronts are spheres of radius ag(t — to),
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which, according to the original statement of Huygens’ wavefront
construction, touches the wavefront €2; at the tip of the ray, which is
in the direction n® to Oy, at x°.

We consider now two cases:

Case (a) When A and B(® are independent of ¢, the function w is in-
dependent of ¢y and satisfies the partial differential equation (3.2.6).
Now w is a m parameter family of complete integrals of (3.2.6), the
parameters being components of x’. When x° lies on €y, we get
an m — 1 parameter subfamily of complete integrals with parameters
N1,M2, -, Mm—1. From the theory of first order partial differential
equations, it follows that the envelope of this m — 1 parameter fam-
ily will also be a solution of the (3.2.6). We denote this solution by
1 (x). Then

t—to=P(x) (3.2.10)

represents the wavefront {}; which coincides with ), at time to.
Thus, we have proved the Huygens’ method of wavefront construc-
tion at the time ¢, the wavefront {; is given by the envelope of the
spherical wavefronts of radius t — ty, defined in terms of the metric
determined by the given hyperbolic system, whose centers are the
points of the wavefront €2, at time to.

Case (b) When A and B(®) depend on t, the coefficients in the par-
tial differential equation for ©¥» now depend explicitly on ¢. Therefore
the function w satisfies (3.2.6) not as a partial differential equation
but on the surface (3.2.9) i.e., when ¢ is expressed in terms of x.
Therefore, we take the equation of the characteristic conoid at the
point (x°,%p) in the space-time (the locus of (3.2.8) as ng varies) in
the form

W(x,t;x% ) =0 (3.2.11)

where the function W satisfies (3.2.4) as a partial differential equa-
tion. Moreover, the spherical wavefront function w in (3.2.9) depends
on tg and

W (x,to +w(x;x°,t); x", tg) = 0 (3.2.12)

The solution W depends on m — 1 parameters 7 in x°. We form
the envelope of the conoids (3.2.11) with respect to the parameters
n1,M2, - --,Nm—1, the envelope being represented by

p(x,t;t9) =0 (3.2.13)
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From the theory of first order partial differential equations it follows
that the envelope also satisfies the equation (3.2.4) and would give
the wavefront 2; at time ¢. This wavefront 2; will be the envelope
of the spherical wavefronts (3.2.9). Thus, we have deduced the Huy-
gens’ method of wavefront construction with the help of spherical
wavefronts which depends not only on x" on €, but also on t.
The construction of the spherical wavefront (3.2.9) with the help of
rays establishes also the role of rays: the wavefront €2; can be ob-
tained as the locus of the tip of rays starting from the points Po(x°)
with the unit normal n° of €;,. The spherical wavefront at x° touches
the wavefront §2; at this tip. The characteristic conoid at (x°, ) will
touch the characteristic surface Q2 : ¢(z,t) = 0 in space-time along
the integral curves (3.2.8) (with ng = n°) of the ray equations (2.4.6
- 7). Thus, the Huygens’ method of construction of the wavefront is
equivalent to a construction with the help of rays.

It is an irony that Huygens’ method was rejected by all 18th century
scientists and even far into the 19th century. Acceptance of Huygens’
method required abandoning the idea that rays have much intrinsic
physical significance and very few people were willing to do so (Lang,
1992). As we have shown above, construction of the wavefront with
the help of spherical wavefronts is equivalent to that with the help of
the rays. Our proof is valid only when the spherical wavefronts have
centres at interior points of the wavefront €2;, and when the spherical
wavefronts and rays are not intercepted by an obstacle. It is known
that the ray theory fails to explain diffraction, which is bending of
light (or waves) around an obstacle such as the edge of a slit. How-
ever, Huygens’ method using the spherical wavefront is valid even
when a wavefront passes round corners. Fresnel’s successful applica-
tion of Huygens’ method in 1819 to explain diffraction phenomenon
was responsible for the acceptance of the wave theory of light and
Huygens’ important method. In this monograph, we discuss wave-
front propagation only in free space, where the construction of the
front 2 at a later time ¢ can be achieved with the help of an enve-
lope of spherical wavefronts as well as locus of the tip of a ray as the
starting point of the ray moves on the initial wavefront ,.
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3.2.3 Huygens’ method and ray theory

Because of the development of the theory of partial differential equa-
tions, we understand the relation between a wavefront and the rays
associated with it. However, Huygens’ method does not postulate
the existence of rays — even in the construction of the spherical
wavefront. Let us assume that the matrices A and B(®) do not
explicitly depend on t and we further assume the existence of the
spherical wavefronts satisfying the equation (3.2.6) without any ref-
erence to rays. With only this much data we shall now deduce from
Huygens’ method the simpler method of wavefront construction us-
ing rays obtained from the characteristic partial differential equation
(3.2.4). We first establish that the rays obtained from the character-
istic curves of the equations (3.2.4) and (3.2.6) are the same. This
result is expected since (3.2.6) is also a partial differential equation
for @ which gives the wavefront €); in the form v = ¢t. However, it
is not obvious.

Instead of the characteristic partial differential equation (2.4.1),
we take the alternative equation (2.4.10) satisfied by the phase func-
tion ¢(x,t):

Q(x,t; Vo, ¢;) = (14r)¢; + 1B@r)g,. =0 (3.2.14)

The characteristic curves of this equation are given by the bicharac-
teristic (or ray) equations (2.4.6-7).
The equation satisfied by 1(x) is

Q(x,v; Vp) =1BWry, —1Ar =0 (3.2.15)
The characteristic curves of this equation are given by
Cf;;“ = —Q% = %13@% (3.2.16)
and . . )
e Qe e Q (3:217)
W o Gy, (3.2.18)

The eigenvectors 1 and r depend on x,t = 1) and n (i.e. V). Since
1(B®,, — A) =0 and (B®, — A)r =0, it follows that

Qfﬁa = 1<B£€)w$g - Al‘a)r (3219)
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The unit normal n and the eigenvalue ¢ are given in terms of the
first derivatives of ¥ by

Vap 1

Using the result (3.2.17) and following the procedure of the derivation
of (2.4.7) with p replaced by Vi, we get

dne 1 OA B
=21 - 2.21
3 {ﬂ< “ong " ong >} (3221

Using the expression for ) in (3.2.18) and noting that t = 1), we get

dt  dyp 1

1
5 5 - (a) = —
7o = 37 = 5B Y)Y, = SlAr (3.2.22)

where we have used the equation @ = 0. This result, when com-
bined with (3.2.16) and (3.2.21), lead to the bicharacteristic equa-
tions (2.4.6) and (2.4.7)

Thus, we have shown the expected result that the rays of the
hyperbolic system are exactly the same as the characteristic curves
of the partial differential equation (3.2.6). These rays in (x)-space
are given in parametric form x = x(¢) with ¢ as the parameter. But
if we view the rays in space-time they are the bicharacteristic curves
of the hyperbolic system or the Monge curves of the characteristic
equation (3.2.6) since t = 1(x) is an integral surface of (3.2.6).

We now assume that the wavefront €2 : t —tp = 9 (x) is obtained
as the envelope of m — 1 parameter family of spherical wavefronts
t —to = w(x,x%) with x° = x°(n1,7m2,...,mm_1) lying on the wave-
front €2, at time to. When we look at these surfaces in (x, 9)-space or
(x,t)-space, t —tp = (x) represents the integral surface Q of (3.2.6)
and t — tg = w(x;xp) represents an m — 1 parameter family of inte-
gral surfaces (characteristic conoids) which envelops €2 in this (m+1)
dimensional space. We can show (Courant and Hilbert (1962), page
104) that the curves of contact of a member of the complete integral
surface (in (x,) or (x,t)-space) of (3.2.6) and the envelope € in
(x,%) or (x,t)-space is a Monge curve (called a characteristic curve
in Courant and Hilbert - we reserve the name characteristic curve for
the curves in the space of independent variables) of the partial dif-
ferential equation (3.2.6). Now, as shown above, these Monge curves
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are nothing but the bicharacteristic curves of the original hyperbolic
system. Thus, the wavefront €y obtained by Huygens’ method can
also be obtained as the locus of the tips (at time t) of the rays start-
ing from the various points of the wavefront .

3.2.4 Fermat’s principle

Twenty-seven years before Huygens stated his method of wavefront
construction, another powerful principle was proposed by Fermat in
1650. It concerned itself with finding the path which light must take
in travelling from one point of space to another point. The fact that
nature economizes its resources during an evolution of a system is
of profound importance in developing either techniques or theories
in applications of mathematics. The economy in resources leads to
minimization (or finding a stationary value) of certain quantities as-
sociated with the system. In the case of the propagation of light,
this quantity is the transit time between two fixed points in space.
Fermat’s principle states that a light ray going from one point Py to
another point Py in space chooses a path such that the time of tran-
sit is minimum (or more precisely stationary) with respect to small
variations in the path.

The Fermat’s principle defines the ray joining the two points Fy
and P;. In this approach the wavefront is a derived concept. For
Huygens’ method, the wavefront plays the main role and the con-
cept of rays can be derived from it: as the loci (when ¢ varies) of the
points of contact of the spherical wavefronts (3.2.9) with the wave-
front (or the envelope) 2. We showed that these rays are merely
the rays obtained from the bicharacteristic curves of the hyperbolic
system. An important mathematical problem is to show that the
ray obtained by Fermat’s principle is the same as the ray derived
from Huygens’ method. Like Huygens’ method, Fermat’s principle is
also a very important tool for ray tracing in many practical problems
such as those found in geophysics. In the next two sections we wish
to discuss equivalence of the rays obtained from Fermat’s principle
and Huygens’ method for an isotropic wave governed by the wave
equation.

Before we take the particular case of the wave equation, we give
a general formulation of Fermat’s principle for a wave propagation in
(21,...,xm)-space. We assume that at any point P(x) on a wavefront



3.2. Huygens’ and Fermat’s methods 105

Q) at time t with unit normal n, there exists a ray velocity ‘é—’; =x=
(X1,---5Xm) such that x = x(x,t,n). The refractive index of the
medium is inversely proportional to the ray speed A = |x/|, which, in
general, depends on x,t and n. Assume that it is possible to solve the
relation x(x,t,n) = x for n and write n = n(x, ¢, x). In an isotropic
medium the two vectors n and y are in the same direction. Let us
write the equation of a path between the two fixed points Py(x") and
Py(x!) in the form

x =x(0); x(0)=xY x(1) =x! (3.2.23)

where o is a parameter. For example, if x1 varies monotonically on
this path, we may choose o = (z1 — 20)/(x1 — 2Y). Once the path
is chosen we may move along this path with the speed A (which
depends on x,t and the direction x of the path), then the arrival
time ¢ at any position P on the path will depend on ¢ (and also on
to )

t= t(O’, to); t(O,to) == to, t(l,to) == tl (3224)

The time of transit I = t; — tg from Py to P is given by

t1 1
_ [ ¥ _/IXI
to 0

where we used the symbols

dx
== 2.2
X =— (3.2.26)
and
dx
‘= —— 3.2.27
x=— ( )

and A is a function of x,x’ and ¢ or x,x and .

According to Fermat’s principle, for a path from Py to P, to be
a ray, it should be chosen so that the first variation of I = t; — tg
should be zero with respect to small variations in the path. In all
applications of Fermat’s principle, the medium was assumed to be
stationary i.e., A was independent of t : A = A(x,x’). A formulation
of Fermat’s principle for a nonstationary medium is given in Courant
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and Hilbert (1962) on page 117 (see the expression of F'). In this
monograph, we shall use the second expression for I in (3.2.25) i.e.,

1
I:/F@xima (3.2.28)
0
where %
x
F(x,x,t) = ———— 3.2.29
%0 = Roxn) (3.2.29)
In this variational problem, the boundary values x(0) = x° and
x(1) = x! are fixed. Since we need to make I = t; — ty to be

stationary, the boundary values ¢ty = t(0) and ¢; = (1) are free.

The question of the equivalence of rays obtained from Fermat’s
principle and those from the bicharacteristic curves of the govern-
ing equations is not yet settled in the most general situation. The
equivalence has been shown for elasticity equations by Epstein and
Sniatycki (1992) and for Euler’s equations of a polytropic gas by
Prasad and Russo (1993). We shall discuss this question in the next
two sections for the simplest case i.e., in the case of the wave propaga-
tion in an isotropic medium, where the governing partial differential
equation is the wave equation

ug — a*Vu =0 (3.2.30)

In this case the rays are orthogonal to the wavefront i.e., n = x" |x/|,
|x'| = A = a(x,t). These results imply

x' =na (3.2.31)

We discuss the case of a stationary medium and medium with a time
dependent refractive index separately.

3.2.5 Fermat’s principle in a stationary medium

The variational problem

%]

a(x)

1
I:/Hxﬁw,Fm@: (3.2.32)
0
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has been discussed in all standard text books. The boundary values
x" and x! at ¢ = 0 and ¢ = 1 are fixed. The condition that I be
stationary is that x(¢) must satisfy the Euler’s equations

d (O0F oOF
— === 3.2.33
do <85va> 0%q ( )
These equations lead to
dng o d X
i—”——“—@aw a=2....m (3.2.34)

do  a do a

where we have used #/|%X| = no. We have written the Euler equa-
tions only for a = 2,...,m since we have indicated in the previous
section a choice of o as o = (x1 — 29) /(21 — 2Y). Since x = dx/do,
we replace the differentiation with respect to o by ¢ along the ray
(see (3.2.26-27)) and get

dne, negda |X/|

—_— = — —y, ,0x=2,...,m 3.2.35

dt a dt q (o ( )
Since |x'| = a along a ray and the medium is assumed to be stationary

so that % =ay o Nga— 8 , the last equation becomes

dna
dt

Differentiating ny = /1 — > o ,n2 and using the above equations
we get

I (% _ na<n’ v>) a, a= 27 cee,m (3236)

2 2
@:_Za L T SN VA (3.2.37)

ni

Using n3 +...+n2, = 1 —n?, in the last term, we can show that the
equation (3.2.36) is valid also for n = 1. The equations for n, can
be written together in the vector form
dn

i —(V—=—n(n,V))a (3.2.38)

Thus, the ray equations obtained from Fermat’s principle in an
isotropic stationary inhomogeneous medium with a given sound speed
a, form a system of equations (3.2.31) and (3.2.38). These are ex-
actly the same as the ray equations derived from the bicharacteristic
equations of the wave equation (3.2.30).
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3.2.6 Fermat’s principle in a nonstationary medium

The variational problem is

%]
a(x,t)

1
/F (x,t,%,t)do, F = (3.2.39)
0

where we note that ¢ does not appear in the expression form F. As
mentioned earlier, the boundary values of x at ¢ = 0 and o = 1 are
fixed but ¢(0) = top and ¢(1) = ¢; are free. The Euler equations are

d [ OF oOF
—(%) —% s a—2,3,...,m (3240)
and d (OF\ OF x|
X
% (E) = E = 0= —gat (3.2.41)

with the natural boundary conditions (Courant and Hilbert, 1953)
Fi=0at c=0and o=1 (3.2.42)

The boundary conditions (3.2.42) are automatically satisfied since
t does not appear in F. However, the equation (3.2.41) implies that
a¢ = 0 i.e., the medium is stationary. Thus, the Fermat’s principle in
terms of the variational problem (3.2.39) is not properly formulated
for a nonstationary medium.

The inconsistency observed in the above formulation of Fermat’s
principle is due to the following reason. Fermat’s principle was first
formulated for a stationary medium in which any two points could
be connected by a ray and hence also the end points Fy and P
could be connected by a ray. The formulation (3.2.28 - 29) given in
Courant and Hilbert (1962) for two arbitrary points Pg(x tg) and
P(x t1) in space-time requires examination whether Py and P; can
also be connected by a ray. This is not true for an arbitrary pair
(Py, Py) in space-time. This was observed by Kovner (1990) followed
by a demonstration by Nityananda and Samuel (1992) in general
relativity who restricted the points Py and P; to points which can
be joined by null curves. The point noted by Kovner is relevant not
only in general relativity but in a system governed by any hyperbolic
system. We should consider only those points Py and P, in space-
time which can be connected by a bicharacteristic curve i.e., the P,
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should be a point on the forward characteristic conoid of the point
Py. When Py and P; are such points, it is now clear that the value
of I should be stationary with respect to paths which lie on the
characteristic conoid at 150; such paths need not be bicharacteristics
but the path which makes I stationary should turn out to be the
bicharacteristic curve joining Py and P;.

Now we give a general formulation of the Fermat’s principle,
which we call the extended Fermat’s principle in a nonstationary
medium governed by a hyperbolic system. Let the equation of the
characteristic conoid of the point PO(X to) be given by

t = p(x) (3.2.43)

and let Py(x', 1) be such that t; = ¢(x'). We now define a function
F' on the characteristic conoid by

Flx,%) = 2

2 a(x) = a(x, ¢(x)) (3.2.44)
Extended Fermat’s principle says that a ray is defined to be a
path which makes the integral

X[

1
O/ x,%)do, F = a(x) (3.2.45)

stationary with respect to variations in the paths, which now obvi-
ously lie on the characteristic conoids at the point Fy.

The Euler’s equations corresponding to the variational problem
(3.2.45) are

Ot 0xy

di<a_F>:8_F a=23,....m (3.2.46)

As in the case of the stationary medium in section 3.2.5, these equa-

tions lead to
dn

= = —(V—n(n,V))a =-La (3.2.47)
where n = V¢/|V¢| and L is defined by (2.4.21). Since the operator
L = V — n(n, V) represents a tangential derivative with respect to

the characteristic conoid ¢t = ¢ so that L¢ = 0, we get
La = La(x, ¢(x)) = La(x,t) + a;L¢ = La (3.2.48)
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Therefore, the rays, which make the integral I stationary, are given
by
Ccli—): =na, Z—I; = —La (3.2.49)
which are again the ray equations obtained from the bicharacteris-
tic equations of the wave equation (3.2.30). Thus we find that the
extended Fermat’s principle in terms of the variational formulation
(3.2.45) is not only well-posed for a nonstationary medium but gives
correct rays. It is now a simple matter to use the rays to construct
successive positions of a wavefront, which we present below.
Consider now a surface Qo in (x)-space and let n” denote the
unit normal of Qq at a point Py(x°) on Q. Solving the system of
equations (3.2.49) with the initial condition x =x% n=n% at t =0
we get,
x = x(t,x"), n = n(t,x") (3.2.50)

The locus of the points x at a fixed time ¢, when x° varies on Qg, is a
surface ;. This surface is the wavefront at time ¢ having initial po-
sition . The ray (3.2.50) from the point Py at time ¢ = 0 is the ray
associated with the common bicharacteristic curve on the character-
istic conoid at Py(x’, 0) and the characteristic surface € in space-time
whose t-level surfaces are ;. The section of the characteristic conoid
by t= constant is the spherical wavefront which touches §2; at the
point P(x,t) given by x = x(¢,x") in (3.2.50). The unit normal to
the wavefront at the point P is given by the second expression in
(3.2.50).

We can use the same procedure to formulate the extended Fer-
mat’s principle in the general case i.e., the case (3.2.28 - 29), where
the ray speed A, obtained from the ray velocity x of a hyperbolic
system, depends explicitly on ¢.

3.2.7 Weakly nonlinear ray theory (WNLRT) in an
isotropic medium using Fermat’s principle

Consider the propagation of small amplitude waves in the form of
a continuous pulse in an isotropic medium in high-frequency ap-
proximation so that the disturbed region due to the waves can be
characterized by a one parameter family of wavefronts. We assume
that the state ahead of the leading wavefront to be a constant state
with sound velocity ag. The velocity a of propagation of any one of
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these wavefronts would differ from the constant value ag by a small
quantity eagkw so that

a = ap(1l+ ekw) (3.2.51)

where k is a nonlinearity constant of the medium. The perturbed
amplitude w in the wave would depend on x as well as ¢ so that in this
case we come across a situation in which the refractive index or the
front velocity is time-dependent. Now we consider the propagation of
one of these one parameter family f nonlinear wavefronts. We denote
this wavefront by €2;.
In terms of the unit normal n of €, the ray velocity in the
isotropic medium is given by
dx
dt
We now use the extended Fermat’s principle with F' = |%x|/{ao(1 +
ekw(x,t)} and derive from the second equation in (3.2.49)

d
d—’: — —capkLad (3.2.53)

(3.2.52 - 53) form a system of ray equations for a weakly non-
linear ray theory. Since (n,L) = 0, equation (3.2.53) implies that n
satisfies the consistency condition |n| =1 for all time if it is initially
so. Thus, there are 5 independent ray equations for 6 quantities: 3
components of x, only 2 of the 3 components of n and w i.e., the
system of equations (3.2.52 - 53) is under determined. To close the
system we need a transport equation for w or the equation for the
propagation of energy along the rays. In many physical systems,
such as gas dynamics, the energy crossing per unit ray tube area A
is proportional to the square of the amplitude w. In the case of a
continuous wave profile along a ray (as is the case of a nonlinear wave
which is not a shock wave), the energy propagating in a ray tube is
conserved. Hence, from the consideration of conservation of energy
in a ray tube, we get

= x = nao(l + ekw) (3.2.52)

d
—(Aw?) =0 3.2.54
= (Au?) (3251)
Using relations (2.2.22 - 23), we get the following transport equation
for w along a ray

— = Qagi (3.2.55)
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where (), the mean curvature of the nonlinear wavefront is given in
terms of its unit normal n by the expression (2.2.22).

Equations (3.2.52 - 53 and 55) form the complete set of equations
of the WNLRT. A formal derivation of the energy conservation law
(3.2.54) along a nonlinear ray tube and its extension to a general
hyperbolic system forms a difficult mathematical problem which will
be discussed in the next chapter. This problem is quite simple for
linear waves where one derives the transport equation along linear
rays, Sommerfeld and Runge (1911). However, for WNLRT we need
to have a perturbation scheme in which the amplitude appears in the
coefficients of the leading order approximate equation so that the w
appears in the eikonal equation itself (Prasad, 1975, 1994, 2000).
The use of the extended Fermat’s principle presented here makes the
derivation of the ray equations (3.2.52 - 53) not only very simple
but justifies the perturbation scheme used in the derivation of the
WNLRT in sections 4.3 and 4.4, where the transport equation for a
general hyperbolic system has been derived.

3.3 Kinematics of a propagating curve

In this section we continue the discussion of results which are geo-
metric in nature and which do not depend on dynamic equations of
the medium. We discuss first a few general properties of linear wave-
front propagation and then present a new set of conservation laws in
two space dimensions (Morton, Prasad and Ravindran (1992), and
Prasad (1995)) based on the conservation of distance in two inde-
pendent directions. These conservation laws lead in a natural way
to a new phenomenon of kinks, which are images in the (z,y)-plane
of geometric shocks in the ray coordinate system (these coordinates
will be introduced in section 3.3.2). The idea of kinks was first in-
troduced by Whitham (1957), who called them shock-shocks as they
appeared in his theory of shock propagation. Our discussion in this
section shows that a kink is a geometric result which is common to
more general propagating surfaces.

3.3.1 Caustic, wavefront folding and some other gen-
eral properties

Singularities on wavefronts are very common physical phenomena.
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A kink appears on the surface of tea or coffee in a cup when the
cup is placed on a suitable place relative to a source of light.
It also appears when the rays of light pass through a gravitational
lens causing a cosmological phenomenon. In both these examples
the converging rays envelope a surface, called caustic, on which the
successive positions of the wavefront have a cusp type of singular-
ity. Usually, a caustic starts with a cusp type of singularity, called
aréte, and its two branches (in two-space dimensions) bound a re-
gion in which the wavefront folds and crosses itself (Fig.3.3.1). An
interesting example of a caustic appears during the propagation a
two-dimensional wavefront, which is initially given by

2 = <z <
yo=dw ) 0—”3—1} (3.3.1)

y=x(x+1) , x>1

The central part of the initial wavefront is a parabola extended by
its tangents beyond x > 1. It has a continuously turning tangent
even at the points (1, £2).

We take the wavefront to be the one which satisfies the charac-
teristic equation (2.2.2) with ag = 1. The ray, starting from a point
represented by (n?,2n) for 0 <7 <1 and (29— 1,2n) for n > 1, on
the upper part of the initial wavefront, is given by

z=n? +\/1+—2 LYy =2n— \/—’7=for 0<n<1
and (3.3.2)

x:2n—1+%t,y:2n—%t for n > 1

respectively. The caustic i.e., the envelope of the rays, is represented
parametrically by

r=2+37,y=-2n3,0<n<1 (3.3.3)

The aréte of this caustic is at (2,0) (Fig.3.3.1). The two branches of
the caustic end at a finite distance from the aréte, the lower branch,
enveloped by the rays from the upper part of the initial wavefront
extends from (2,0) to (5,-2).

The wavefront reaches the aréte at ¢ = 2. A parametric rep-
resentation of equations of one half of the wavefront at any time
t is given by (3.3.2) with ¢ = constant and 7 as the parameter.
For 2 < t < 44/2, this half has a cusp type of singularity where

le_ic? -0, ZW =0 i.e. at (z¢, y.) where
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Fig. 3.3.1: Linear wavefront propagation in an isotropic homoge-
neous medium with speed of propagation unity.
—————— : wavefront, ——— : caustic, .......... : rays

f2- (1)},

(3.3.4)

For t > 44/2, this cusp type of singularity moves to (27,y.) be-

yond a point where the two parts of the wavefront, given by the two
different expressions in (3.3.1), meet

Nl

re= {8 -1} + (1) e = {9 -1}

for2 <t < 4v/2

t t
x’:1+_,yé=2——,fort>4\/§ (3.3.5)

‘ V2 V2
An interesting part of this example is the existence of a cusp type
of singularity for the wavefront for t > 4\/2 even though there is no
caustic. This singularity on the wavefront results from the disconti-
nuity in the curvature of the initial wavefront at the point B.

In a very special case when all rays converge to a point, the
caustic degenerates onto a point which is called focus.

We now present another interesting result associated with a linear
wavefront propagation. This concerns the appearance of singularities
on a wavefront as the wavefront enters into a caustic region and the
resolution of these singularities as the wavefront emerges out of the
caustic region.
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Fig. 3.3.2: Caustic on the surface of tea in a cup, neglecting the
multiple reflections of the rays; and seven typical shapes of the
wavefront after a plane wavefront is reflected.

Fig. 3.3.2 represents the successive positions of a plane wavefront
after it is reflected from the interior surface of a circular cylinder
(neglecting multiple reflections). The brightly illuminated side of
the caustic is the domain bounded by the reflecting surface and the
caustic. Soon after the reflection, at a time t < t., the wavefront
develops a pair of cusps both of which approach the aréte at a critical
time t. after which the singularities disappear and the wavefront
becomes smooth at a time ¢ > t.. This represents a phenomenon in
which the transition at the aréte takes place in reverse order of that
depicted in Fig 3.3.1 when the smooth wavefront meets the aréte.
This is an important observation and verifies that the propagation
of a linear wavefront is a reversible process.

We note here three fundamental properties of a linear wavefront
propagation.

1. Self propagation. This means that a linear wavefront is de-
termined by the information only on the wavefront at any previous
time and is not influenced by the wavefronts which follow or pre-
cede it. For a linear wavefront, the information required is simply
the position (and hence the geometry) of the wavefront and not the
amplitude of the wavefront.
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2. Local determinacy. This means that the motion of an arbitrary
small arc of a linear wavefront is independent of the neighbouring
arcs.

3. Rewersibility in time. According to linear propagation, where
the amplitude of the wave has no influence, if a wavefront {2, at
time t; leads to a wavefront ), at time t3(> 1), then by reversing
the direction of propagation velocity we can get €2, from €,.

We shall examine later in this monograph which of the above
three properties are valid for a nonlinear wavefront and a shock front.

In 1957, Whitham developed a theory of shock front propagation
using intuitive arguments and discovered a new type of singularity on
the front. Since such a singularity was an image in the (z,y)-plane
of a shock of the equations of his shock dynamics in a ray coordinate
system, he called it shock-shock and interpreted it as the trace of a
triple shock interaction (the third shock is missing in this theory) on
the shock front. The shock strength and the direction of the normal
to the shock are discontinuous across this singularity and the sin-
gularity physically appears as a kink. The first experimental result,
showing formation and propagation of a kink on a shock front in
a gaseus medium, was obtained by Sturtevant and Kulkarni (1976)
although the Mach reflection and the triple shock interaction are
phenomena that were observed long ago (see Courant and Friedrichs
(1948)). Even today, it is a great mathematical challange to ver-
ify the various experimentally observed properties of the flow field
containing these kinks (Tabak and Rosales (1994); Hunter (1997)).
Kink is a singularity which appears not only on a shock front but
also on a nonlinear wavefront. It is a more general geometrical prop-
erty associated with a moving curve in two-dimensions or a moving
surface in three-dimensions. It manifests itself on a moving curve or
surface when a very special type of dynamical property of a medium
is available. This special dynamical property of the medium is the
genuine nonlinearity of the mode of propagation under consideration.

The basic kinematical equations of a propagating surface, de-
rived on simple geometrical considerations, have been available in
the form of differential equations in a ray coordinate system for a
very long time (Thomas (1961)). Since kinks are shocks in this co-
ordinate system, the partial differential equations are inadequate to
describe the kinks, for which we need physically realistic conservation
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forms. Appropriate conservation laws for the propagation of a two-
dimensional wavefronts in an isotropic medium were first derived by
Morton, Prasad and Ravindran (1992) and for a three-dimensional
wavefront by Giles, Prasad and Ravindran (1996). In the next sec-
tion we shall present an extension of the work of Morton, Prasad and
Ravindran based on the work of Prasad (1995).

Singularities on wavefronts were first discovered by Huygens in
1654. In a theory of linear partial differential equations, singularities
have been studied in detail (Garding (1980)) but these are related
to the characteristic of multiplicity higher than one. We are inter-
ested in problems in which the multiplicity of the characteristic is
uniformly equal to one. General classification of a singularity on
the wavefront is provided by the catastrophe theory, Arnol’d (1993).
However, we are interested not in classification but in the formation
and propagation of kinks starting from a given wavefront at an ini-
tial time. Only the kink type of singularities seems to appear on a
nonlinear wavefront and a shock front of moderate intensity.

3.3.2 Ray coordinate system and kinematical conser-
vation laws

Let €; be a curve, representing a wavefront which occupies different
positions at different times. For discussion in this section, a wavefront
refers also to a shock front. The distinction between a wavefront
across which state variables are continuous and a shock front needs
to be taken into account when we consider dynamical equations.
Associated with a wavefront ), there exists at every point on it a ray
velocity x = (x1,x2). This gives a one parameter family of curves,
called rays, each one of which is traced by a point on ; moving
with the velocity x. Expression for x can be obtained only from the
properties of the medium in which €2; propagates and depends also
on the unit normal n = (ny,ng) of ;. We write the equation of €2
in the form

Q:x=x(t), y=y( 1) (3.3.6)

where constant values of ¢ give the positions of the propagating curve
Q; at different times and £ = constant represents a ray. In the case
of isotropic wave propagation, rays are orthogonal to the family of
wavefronts €);. When the equation of €); is represented in terms of a
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ray coordinate system (£,t) asin (3.3.6), the ray velocity x = (x1, x2)
is given by
(z,yt) = (X1, X2) (3.3.7)

C, the speed of propagation of §2; is
C =<n,x >=n1x1 +na2xe (3.3.8)

and the component T of the ray velocity in the direction of the
tangent to €2 is
T = —nox1 +ni1x2 (3.3.9)

Consider the curves ; and ;4. Let P’ and Q' be the positions
at time ¢ + dt of P and Q, respectively on two rays at a distance gd¢
on € (Fig.3.3.3). PN = Cdt is the normal displacement of €; in
time dt. Thus, ¢ is the metric associated with £ and C' is the metric
associated with ¢ in the ray coordinate system. If the coordinates of
Q' are (x4 dx,y + dy) then (dz,dy) is a displacement in the (z, )
plane corresponding to a displacement (d¢, dt) in the ray coordinate
plane, so that

dx = (Cdt)ny — (gd€ + T'dt)ns
dy = (Cdt)ng + (gdé + Tdt)ny

Let 0 be the angle which the normal to €); makes with the x-axis
(n1 = cosf,ny = sinf). The above relation gives the Jacobian ma-
trix of the transformation from (,t)-plane to (z,y)-plane

xe x¢ \ _ [ —gsin@ Ccosf —Tsinf
(yE Z/t) B ( gcosf Csinf+ T cosf (3.3.11)

(3.3.10)

The Jacobian, i.e., the determinant of the Jacobian matrix, is —gC,
which shows that the transformation between (£, ¢) and (z,y) is non-
singular as long as ¢ and C' are non-zero and finite.

A little care is required while interpreting the transformation be-
tween (x,y)-plane and the ray coordinate plane of (£,¢). In this case

0 0 0 0
prie (Cny — Tng)% + (Cn2 + Tny)

nos— +N1—

dy' goe o oy
(3.3.12)
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where we note that % the time-rate of change along a ray, is same

d 0 o) 9
as ;= 7 T X1z, + X27.; in (z,y,t)-space.

R

Q' (x +dx, y +dy)

Fig. 3.3.3: P/ and Q' are the positions on Q4 of P and Q,
respectively, on two rays at a distance gd€§ on €.

Following Morton, Prasad and Ravindran (1992), we derive a pair
of relations in the conservation form by equating z¢; to x4 and yg
to Yge:

(gsinf); + (Ccosf — T'sinf)e =0 (3.3.13)

(gcosB)y — (Csinf + T cosf)e =0 (3.3.14)

We call (3.3.13 - 14) kinematical conservation laws. From these, we
deduce the following partial differential equations

gt = Clc +1T¢ (3.3.15)

1 1
0 = ——Ce+ =-T6 3.3.16
t g 13 g 13 ( )

as kinematical relations for any propagating curve ;. Equations
(3.3.15 - 16) or their conservation forms (3.3.13 - 14) represent a
system of two equations involving four quantities g, #, C' and T'. For
a wavefront, which can be defined only in the high frequency limit,
the quantities C' and T can be expressed in terms of an amplitude
w of the wavefront €; and its unit normal n. Therefore, to get a
determined system of equations, we must add to these equations
another evolution equation for w. Such an equation turns out to be
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a transport equation along a ray, which we shall discuss later in this
chapter.

We shall now show the equivalence of the equations (3.3.15 - 16)
to the ray equations (or the bicharacteristic equations) of a hyper-
bolic system

Au; + BWu, + BPu, + F =0 (3.3.17)

when 2 is taken to be the projection on the (z,y)-plane of the
section of the characteristic surface Q : ¢(z,y,t) = 0 by ¢t = constant
plane. Here u and F'(z,y,t,u) are n dimensional column vectors and
A(z,y,t,a,), BN (z,y,t,u,) and B®(z,y,t,u,) are n x n matrices.
In this case C' is an eigenvalue ¢, C = ¢ = —¢/|V¢| and n =
V¢/|V¢|. The ray equations (2.4.6-7) become

de 1BWy dy 1B@r
T A N a T A S (3:3.18)
and
df 1 HA oBW oB(2)
o~ g(lA) <a_g M T Jr (3319)

where 1 and r are left and right null vectors of A¢;+ BM ¢, + B(2)¢y.
Since

c(1Ar) = 1(m BY + ngB@)r, ny = cosb,ny = sinf

1 1
Cg = —ml (CAg—nlBél) —HQB?))I‘ + ml (—HQB(l) +nlB(2))I‘9£
(3.3.20)

where we have used
cAr = (1B + nyB®)r, 1eA = n BY + 1y B?

Using (3.3.9), (3.3.18), and noting that % becomes the partial deriva-
tive % in (&, t)-plane, we find that (3.3.19) reduces to (3.3.16) with
c = C. To deduce (3.3.15) from (3.3.18), we differentiate g2 = w?—i—yg
with respect to t to get

99t = TeXer + Yeler = Tg Tee + Ye Yug

Substituting in the above the expressions for z; and y; from (3.3.18)
and noting that x¢/g = —na, y¢/g = n1 we get



3.3. Kinematics of a propagating curve 121

g = —na(x1)e +n1(x2)e
= (—nax1 +nix2)e + (nix1 + naxz2)be

which is the relation (3.3.15).

We can deduce a pair of kinematic equations in conservation form
also in (z,y)-plane. The Jacobian of the transformation from (z,y)-
plane to (&,t)-plane is given by

& &\ —g%(CsinG—&—TcosQ) g%(Ccos —T'sin0)
ty ty o % cosf % sin 0
(3.3.21)
Equating the partial derivatives £,y to &y, and t;y to ty;, we get the
conservation forms

(cosG—(i/C)sin@)x n (sin9+(ilg’/0)cos€

(), - (%) =0 52

These conservation forms with T=0 were obtained by Whitham (1957).
However, they are not suitable to study the propagation of the sin-
gularities. We shall show later that the two sets (3.3.13 - 14) and
(3.3.22 - 23) are equivalent in the sense that both lead to the same
jump relations across a kink.

) —0 (3.3.22)

3.3.3 Two types of singularities and jump conditions
across a kink

We start with an observation which we can take as a basic assump-
tion: rays are neither lost nor created. Thus, the variable £ intro-
duced on a wavefront varies continuously even if a singularity appears
on a wavefront, which may get folded or suddenly bent. Now two
cases arise.

Case a: In the first case, 0,g9,C and T remain smooth functions
satisfying the partial differential equations (3.3.15 - 16) but the Ja-
cobian d(z,y)/(&,t) given by the determinant of the matrix (3.3.11)
vanishes in (€, t)-plane. This can happen at an isolated point in the
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(&, t)-plane or along a curve m in the (&, t)-plane. We consider only
the situation when the Jacobian = —gC' vanishes along a curve m.
The situation is again complicated. —gC can vanish when C' van-
ishes, an example of which is a sonic line in a steady flow of a gas
(section 5.1) where not only C' but T" also vanishes for wavefronts
which are orthogonal to the stream lines. We restrict our considera-
tion to the case in which the Jacobian vanishes due to the vanishing
of the metric g and that C' # 0. The image of m in the (z,y)-plane
is an edge. Consider now a point P on m. It can be proved (Courant
and Friedrichs, 1948) that at P there exists an exceptional direction
in the (&, t)-plane such that the image of any curve passing through
P in the exceptional direction has a cusp on the edge in the (x,y)-
plane. This direction given by (£,7) is the right null vector of the
Jacobian matrix at P. Since g = 0 at P, we get & #£ 0,1 = 0 showing
that the wavefront (t = constant) itself is in the exceptional direc-
tion at the points P of m. Thus, the wavefront at any ¢ remains
in a domain only on one side of the edge and has a cusp on it. A
ray is not tangential to the wavefront in (&, t)-plane. Hence, the ray
through P is not in the exceptional direction and is mapped into a
curve which is tangential to the edge in the (z,y)-plane. This shows
that when ¢ = 0 and C' # 0, the edge is an envelope of the rays
i.e., a caustic and a wavefront §2; has a cusp type of singularity on
t. Such singularities appear frequently in linear wave propagation.
This discussion does not rule out that a cusp will not appear on a
nonlinear wavefront.

Case b: We shall show in section 6.1.2 that the equations (3.3.15
to 16) along with the transport equation for the amplitude in high
frequency approximation, imply that the quantities 6,¢g,C and T,
though continuous functions of £ at ¢ = 0, may become discontinuous
at a point L (§,(t),t). For a fixed t, limits of these quantities (denoted
by subscripts — and +) as we approach L from lower and higher
values of & to &,(t) are finite so that the jumps [0] =04 —0_, [g] =
g+ —g—, [C]=Cy —C_ and [T]=T, —T_ are also finite. Since
the jump [f] is found to be non-zero, the curve €, suffers a sudden
change in the tangent direction at a point P which is the image in
the (z,y)-plane of L in the (§,¢)-plane. Because [f] # m (which can
be seen from the results in a particular case — curves S7 and S in
Fig. 6.2.4), the point P is not a cusp of € but is a new type of
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singularity, which we call a kink. When we move on €); the Jacobian
—gC of the transformation also suffers a finite jump as we cross a
kink and neither of the values (—gC')_ and (—gC) is zero. Fig.3.3.4
represents a kink phenomenon in the (x,y)-plane. The kink at P on
Q) occupies a position Q" on Q¢1qr- The kink path PQ' separates
two states represented by subscripts + and —. PN’ and Q'N are the
normals from P and Q’ to the —ve side of ;4 and +ve side of €},
respectively. N'P' = T_dt is the displacement of a ray along Q44
due to the tangential velocity T and g_d¢ is the distance along €2 4
between P and Q'. Corresponding quantities g4+d& and T dt on the
positive side are PQ and QN, respectively.

Fig. 3.3.4: Geometry of wavefront and rays on the two sides of a
kink.

Using the Pythagoras theorem we get
(9o d€ + Tydt)? + (Cydt)? = (g_dé + T_dt)* + (C_dt)? (3.3.24)

which shows that the kink velocity K = d§,/dt satisfies the quadratic
equation

(2 —93)K?+2(g-T-—g: T) K+(C2—C3)+(T2~T7) = 0 (3.3.25)
This equation has real roots if

(9-T4 — g+ T-)* + (CF = C2) (92 —g3) > 0 (3.3.26)
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The kink velocity K in the (§,t)-plane can also be deduced from the
conservation forms (3.3.13 - 14). The jump relations obtained from
these are

—Klgsin0]+[C cos 0 —T'sinf] = 0, K[gcosf]|+[Csinf+T cosf] =0

(3.3.27)
Eliminating 6 from these two we get the equation (3.3.25). This
shows that the two conservation laws (3.3.13 - 14) represent conser-
vation of distance in the (z,y)-plane as explained below and hence
are physically realistic conservation laws.

We shall now make a precise statement on the conservation of
distance and give a more explicit proof for it. The jump relations
(3.3.27) imply conservation of distance in x and y directions (and
hence in any arbitrary direction) in the sense that the vector dis-
placement (dr)y of a kink in an infinitesimal time interval dt when
computed in terms of variables (g—,C—,T_,0_) and (9+,C+,T+,04)
on the two sides of the kink path are the same. This explicit proof was
given by Giles, Prasad and Ravindran (1996) in a more general con-
text of the propagation of a three-dimensional nonlinear wavefront
but in an isotropic medium. In the two-dimensional case (3.3.10)
gives expressions for the displacement (dr)y in terms of quantities on
both sides of the kink

(dr)r, = {(cosf_,sinf_)C_ + (—sinf_,cosO_)T_}dt
+ {(—sinf_,cosh_)g_}d¢

= {cosfy,sinf)Cy + (—sinby,cosy)T, bdt
{(—sinf4,cos b4 )g4 }dg (3.3.28)

_|_

Taking the first component of the above relation, dividing by dt and
using % = K, we get the first jump relation in (3.3.27). Similarly,
the second jump relation in (3.3.27) also follows.

Eliminating K from (3.3.27), we get the following Hugoniot curve

Cg-+Cigy 94T —g-Ty
Cog++Crg- 9+C-+9-Cy

Let S be the slope of the path of the kink in (z,y)-plane i.e., S =
(dy/dx)gink. The jump relations derived from conservation laws
(3.3.22 - 23) give the following expressions for S:

cos(0_—04) = sin(0_—64) (3.3.29)

_ C_cosO —Cycost_

5= Cysinf_ — C_sinfy

(3.3.30)
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g_ 9+ sinf_ —g_sinfy + (T_g4+/C_)cosO_ — (Tyg—/Cy)cosb
g+ cosO_ —g_cosO + (Tyrg-/Cy)sinfy — (T_g4/C_)sinb_
(3.3.31)

respectively. Equating the two expressions for .S, we get the relation
(3.3.29). Without any loss of generality, we assume #_ = 0, which
can be achieved by choosing the direction of the z-axis to be instan-
taneously coincident with the normal of front in the — state. This
only simplifies steps required to derive some results below. Then the
kink velocity K from the first relation in (3.3.27) satisfies

K = (C+ COS 9+ — T+ sin 0+ — C_)/<g+ sin 9+) (3332)

In (3.3.10), we take the differentials dz and dy along the kink line in
the + state, then the kink velocity S = (dy/dx)xink is given by

(Cysinfy + Ty cosby)+ g K cosby g,
(Cycosfy —Tysinfy) —g Ksinf, =~ dt

S:

Substituting the expression for K from (3.3.32) we get
S=(Cy —C_cosf;)/(C_sinfb) (3.3.33)

which is exactly the same as the expression (3.3.30) with 6_ = 0.
These results show that the two sets of conservation laws (3.3.13 -
14) and (3.3.22 - 23) are equivalent in the sense that both lead to the
same Hugoniot relation across a kink and both give the same kink
line in the (x,y)-plane.

The conservation laws (3.3.13 - 14) are consistent with all geomet-
rical features which may result from the propagation of the two wings
of the front meeting at a kink. As above, assume that there are two
straight wings, W9 and W9 with (C_,6_ = 0) and (C.,6) respec-
tively. We further assume that initially at the origin in (z,y)-plane.
At a later time ¢, when the two wings propagate independently, they
are given by

W_ :x=C_t (3.3.34)

and
W+ . I COSs 9+ + ySil’l 9+ = C+t (3335)

Note that 7'y does not appear in this equation. The point of inter-
section of W_ and Wy is (C_t, (Cy — C_cosfi)t/sinf,), which



126 Simple Wave and High Frequency Approximation

should be the position of the kink at time ¢. This can be verified by
noting that the shape of the line joining the origin and this point is
(Cy — C_cosfi)t/(C_sinf;) which is the same as the expression
(3.3.33). Thus we get a very simple method of determining of the
position of a kink “calculate the positions of the two portions of the
front on the two sides of the kink as if they propagate independently
and determine the point of interaction.” This method, although it
can not be continued accurately for a long time in a numerical com-
putation, was indeed used by Kevlahan (1996).

It is possible to get one more interesting result using only the
kinematical conditions. Consider a wavefront with z-axis as the
line of symmetry (Fig.3.3.5) with two kinks P; and P, joining a
straight disk (with 6_, C_, T_) of the wavefront and two wings
(with 04, C4, T'y). The question arises: “Do the kinks move away
from or tend to approach one another?” To answer this, we note
that the slope S of the upper kink path in (z, y)-plane is negative if
S < 0. We consider the whole configuration of the wavefront to be
moving in the +ve z-direction, then C_ > 0 and since §_ = 0 and
0+ < 0. (3.3.33) with S < 0 gives

C_cosfy < Cy (3.3.36)

Fig. 3.3.5: The two kinks approach one another if S < 0.
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Setting #_ = 0 in (3.3.29) and then eliminating 6 from (3.3.29) and
(3.3.36), we get required necessary and sufficient conditions for the
two kinks to approach each other. This condition takes a particu-
larly simple form in the case of the wave propagation in an isotropic
medium i.e., if "= 0. Eliminating 64 between (3.3.29) with _ =0
and T'= 0 and (3.3.36) we get

C_<Cy (3.3.37)

This condition was first derived by Kevlahan (1996).

For a discontinuous solution, different conservation laws with &, ¢
as independent variables are, in general, not equivalent. = Hence
(3.3.13 - 14) are the only physically realistic conservation laws, which
conserve distance as explained above.

3.3.4 Kinematical compatibility conditions on a sur-
face of discontinuity in multi-dimensions

The results of the section 3.3.2 on the kinematical conservation laws
have been extended for a propagating surface in three-dimensional
space by Giles, Prasad and Ravindran (1996). They have derived the
conservation laws and explicitly shown that these conservation laws
represent conservation of distance in two independent directions on
the propagating surface with a kink curve on it. We shall not discuss
these recent developments but present some other results (Thomas,
1961; Truesdell and Toupin, 1960), which are required for further
development of a theory to study propagation of discontinuities along
rays associated with a propagating surface.

Let Q : ¢(x,t) = 0 be the locus in space-time of a propagating
m-dimensional surface € : ¢(x,t) = 0, ¢ = constant. We assume
that the function ¢ is smooth. The unit normal n of the surface €);
and its velocity of propagation (see (2.2.3)) are given by

n=Ve¢/|Vh| and ¢ = —¢;/|V| (3.3.38)

Let © be a surface of discontinuity of a function u(x, t) and its deriva-
tives, which we assume to tend to finite limits as they approach the
surface ) from either side. We call such discontinuities as discon-
tinuities of the first kind. A tangential derivative % on €); of any
function is completely determined by the distribution of the function
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on . If we apply this to the limiting values of u on both sides of
Q: and take the difference, we get Hadamard’s lemma

a%[“] _ B_;] (3.3.39)

where, as in section 1.3, the symbol | ] implies jump of a quantity as
we cross {); from one side of €2 to the other side. Let % represent
the normal derivative on € i.e., 8% = (n, V) then

[6u} i [8u] (3.3.40)
— | = Ng | =— .3.
on = 0y

These are general results. In particular, if the function u is con-
tinuous across (2, [u] = 0 which implies that [0u/0T] = 0. Now
we note that for each «, 8 from 1,2, ..., m, the differential operators
Oz, % — gbt% and ¢, % — g ﬂ% are tangential derivatives on 2.

Therefore, we get

Gao 0] — Pt[Uz,] = 0, da, U] — by [Ue,] = Owhen[u] =0 (3.3.41)

Using (3.3.38), we express these results in the form

[u] = —c¢ [g—z} , [um} =ng [g—z] , when [u] =0 (3.3.42)

3.4 Breakdown of the continuity of a solution
of a quasilinear system

In the very first section of this monograph we started with the dis-
cussion of the most important property of a solution of equations
with genuine nonlinearity. Even if a solution itself remains finite,
its derivatives may tend to infinity in a finite time called, critical
time i.e., the continuity of an initially continuous solution may break
down. The problem of determination of the critical time for the blow
up of the derivatives of smooth solutions of systems of more than
one equation, especially in three or more independent variables, is
not easy. For some results on a special pair of equations (namely
p-system) in two independent variables, one may consult Smoller
(1983), chapter 20, section A.
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A related problem, discussion of growth and decay of discontinu-
ities in the derivatives of a solution, is a much simpler problem —
this is more so if the state ahead of the characteristic surface across
which the discontinuity exists is known. The problem in this form
for two independent variables was dealt with in a very simple way
by Whitham (1959a) by writing an expansion of the solution behind
the curve of discontinuity (i.e., the characteristic curve). Pack (1960)
discussed this problem more rigorously in regards to Euler equations
of a compressible gas for a radially symmetric low and mentioned
an interesting conclusion of Burton (1893) for a flow in a space of
arbitrary dimension m. This result is physically meaningful only
when m = 1,2 and 3. However, it beautifully brings out the result of
competition between the shock formation tendency of genuine non-
linearity and its opposing effect of the increase in the surface area
of a wavefront with diverging rays. In the next section, we shall use
Whitham’s method to derive these results.

The general problem of evolution of discontinuities in the first
derivatives of a solution of a quasilinear hyperbolic system in any
number of independent variables was solved by Varley and Cum-
berbatch (1965). We shall present a generalization of the results of
their work in section 3.4.2 for a curved wavefront (across which the
discontinuities exist) running into a known state.

3.4.1 Combined effect of genuine nonlinearity and ge-
ometrical divergence

In section 2.2.4 we showed that geometrical convergence and diver-
gence of rays have significant effect on the growth and decay of the
amplitude of a singularity (in that case, a discontinuity in a second
derivative) of a solution of the wave equation. Genuine nonlinearity
also causes growth and decay in the amplitude of a singularity. In
this section we shall study their combined effect when both processes
are simultaneously present in the equations. The effect is best seen
by considering radially symmetric isentropic motion of a polytropic
gas (see also section 3.1.1)

Aui+ Bu, +C =0 (3.4.1)
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where

u=|?1, a=1,B=| 2 7], c=]|*| a=0,1,2,...
q o a 0

(3.4.2)
and the sound velocity a satisfies a® = g—?, p = ApY where A and
~ are constant. The eigenvalues of the system are ¢ — a and ¢ + a.
Here « =0,1,2,...,m,... correspond to radially symmetric flow in
one, two, three, ...,m + 1, ... dimensional space.

Let us consider a diverging (i.e., moving away from the origin)
wave running into a uniform state given by uy = (pg,0)”. Assume
that the state of the gas varies continuously from the uniform state
ahead to the disturbed one behind. The leading wavefront is given
by Q : r —apt = constant = rg, say. We further assume that
the first order derivatives of u suffer discontinuity of the first kind
across §2. To derive the transport equation for the amplitude of
the discontinuity, we use Whitham’s method, in which the solution
behind the leading wavefront can be expressed in the form

w= g+ (- rfao)m(r) + 3 (6 - r/a)tuslr) +.. (343)

Here u; represents the value of u; just behind the leading wavefront
Q. Since u; = 0 in the uniform state ahead of €2, u; represents the
jump in uy across 2.

Substituting (3.4.3) in (3.4.1) and equating coefficients of powers
of t — % on the left equal to zero, we get

p1 = (po/ao)q1 (3.4.4)
p2 — (po/ao)g2 — 2p1q1/ao + pogy + apogqi/r =0 (3.4.5)

and

(3.4.6)

Eliminating p1, p2 and ¢o from the above relations we get
— +—q ———q =0 3.4.7
dr + 2r @ 2a3 i ( )

As explained above, ¢q; represents the jump in the time rate of
change of the fluid velocity g across the leading wavefront. (3.4.7) is
the final transport equation for ¢;.
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The solution of the equation (3.4.7) satisfying ¢1 = q1p at 7 = rg
is
! <r>a/2{1 - } Tt fora#£2 (3.438)
S —t —————719 ¢ — ——T, fora 4.
¢ To a0 (2- @)a (2 - a)ag

and

1 { 1 v+1
——p —
q1 q1070 2a?

The solution given above is valid also for a converging (i.e., mov-
ing toward the origin) wave and can be obtained proceeding exactly
in the same way except that we need to write the expansion (3.4.3)
in powers of ¢ + r/ag instead of t — r/ag. An expanding compres-
sion wave implies jump ¢; > 0 and a converging compression wave
q1 < 0. As long as ¢ is finite (either in a compression or expansion
wave), the velocity ¢ of the gas (and so density p and pressure p) is
continuous across the leading wavefront r + agt = rg. A shock wave
appears at the leading wavefront when ¢; tend to infinity i.e., at a
point r = R given by

log i} , fora =2 (3.4.9)
To

l—o/2 _ 1-a/2 (2 — a)ag }
R 0 {1 + A+ Daoro for ao # 2 (3.4.10)

and

2a2
R= — -0 fi =2 3.4.11
ro exXp { T 1)q107’0} , for « ( )

where 79 > 0 (without loss of generality, we can make this assumption
even when a = 0).

Consider now the two cases:

Case a: Diverging wave.

When the diverging wave is an expansion wave, g9 < 0. Expres-
sions (3.4.10 - 11) show that in all cases i.e., in one, two, three, four ...
dimensions R < rg which is not possible because the diverging wave
moves in positive direction from rg. Thus, in this case, ¢; can not
become infinite and no shock is ever formed at the leading wavefront
of an expansion wave.

When the diverging wave is a compression wave q19 > 0, expres-
sions (3.4.10 - 11) for « = 0,1, 2 give values of R > ry. Thus every
diverging compression wave ends into a shock wave in one, two and
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three-dimensions. Whenever 2 < o < 24(v+1)gqi070/ao is satisfied, a
shock is again formed in every compression wave in this mathemat-
ically (only mathematically and not physically) meaningful higher
dimensional space.

To understand the significance of the purely mathematical result
stated at the end of the last paragraph, we note that there are two
physical processes present in the equation (3.4.7). The second term
containing « represents the effect of geometric increase or decrease
in the area of o + 1 dimensional sphere and the third term con-
taining ¢7 represents the effect of the genuine nonlinearity present
in the equations (3.4.1 - 2). For a = 0, 1,2 the genuine nonlinear-
ity dominates over the geometric decay for a diverging compression
wave and a shock is eventually formed. For oo = 3,4, ..., whenever
a < 2+ (v 4+ 1)qoro/ap the genuine nonlinearity continues to dom-
inate but when a > 2 + (v + 1)qi070/ap the geometric damping on
the diverging wave is too strong. It can be easily checked that in
this case ¢; remains finite even when the leading wavefront reaches
infinity.

Case b: Converging wave

As expected, for every converging wave (with an exception of
the case @ = 0 i.e., plane wave) ¢ tends to infinity as r tends to
zero. Hence we consider below only the case when ¢; blows up at a
non-zero value of r.

When we have converging compression wave q19 < 0, expressions
(3.4.10 - 11) show that for all values of o, R < r9. Thus, a shock is
always formed.

For a space of sufficiently high dimension, we may think that a
shock may be formed at a finite distance less than rg due to rapid
convergence at the head of an expansion wave. But this is not possi-
ble since ¢; — oo would violate the entropy condition. For example,
(3.4.10 - 11) give R > 1o for « = 0,1,2 and

(v + 1)qioro
ag

2<a<2+ (3.4.12)

When « > 2 + (v + 1)qior0/ao, (3.4.10) does not give any positive
value of R.



3.4. Breakdown of the continuity of a solution 133

3.4.2 Transport equation for discontinuities in deriva-
tives for a system in multi-dimensions

Consider the hyperbolic system of equations in the form
A(x, t,u)uy + B (x,t,u)u,, + C(x,t,u) =0 (3.4.13)

where A, B(® and C are smooth functions of their arguments. We
assume that u is continuous across a surface Q : ¢(x,t) = 0 but its
first derivatives have discontinuities of the first kind across €.

We also assume that the solution on one side of €2, say the di-
rection in which the normal n points, is known and is denoted by
o (X, t).

In this section we shall first show that 2 is a characteristic surface
and then we shall derive a transport equation to study growth or
decay of the strength of the discontinuities in the first derivatives of
u along the bicharacteristics on €.

We assume ¢ itself to be smooth and introduce a new coordinate
system

(x,t) = (x/,0); X =x,¢=0d(x,1) (3.4.14)
Then P o o 0 P
ot = ¢ta_¢7 % = a—x,a + ¢xaa—¢ (3.4.15)
and
0 _10 0 _ 0 9wl _ 0 0 (3.4.16)

06 ot Oz, Ora & Ot Oza  c Ot

where n = V¢/|Ve| and ¢ = —¢1/|V|. As noted in section 2.2.3,
% represents a derivative in the direction of a tangent to the surface
Q) in space time and 8@ represents it in a transversal direction. The
equation (3.4.13) transforms to

(At + ¢z BYug + By +C =0 (3.4.17)

We make a slight departure from the usual convention by writing
(3.4.17) in a mixed coordinate system (x’,t)

<A - 1%3(&)) w + BYu, +C =0 (3.4.18)
C
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Since u is continuous on €2, the jump [u,, | = 0. But according to
our assumption, the transversal derivative ug or u; are discontinuous
across € i.e., [ug] = ¢¢[ug] # 0. Further jumps of A, B C, ¢ and n
across §) are zero. Taking jump of (3.4.18) across {2 we get

(naB(o‘) — CA)O [w] =0 (3.4.19)

where the subscript 0 represents the value when u = uy and we define
the jump
[ue] = uor — (ue)s (3.4.20)

with the subscript [ denoting the value on the negative side of the
direction of n i.e., the state behind the wavefront.
Since [uy] # 0, this equation implies that on

det (n, B — cA) = [Vo| det (¢, B + ¢14) =0 (3.4.21)

i.e., we get an extension of the result of the section 2.5, the surface
of discontinuity 2 of the first derivatives is a characteristic surface
when [u] = 0. In the section 2.5 for a linear system [u] = 0 is not
required. We assume that € is a characteristic of the kth family.Y We
denote, as usual, the left and right eigenvectors on {2; corresponding
to the kth eigenvalue ¢ (assumed to be simple) by 1y and rg (note that
we have suppressed the superscript k on 1 and r and the subscript &
on ¢). The equation (3.4.19) implies

[ut] = 1I)1 Iro (3.4.22)

where w; is a scalar defined on . Next we derive the transport
equation for ;.

As in section 2.5, we could have worked with the function w;
related to the jump in ug instead of that in u;. The transport equa-
tion for w; would have been simpler than (3.4.27) below for w;. The

jump [u;] has a better physical interpretation than [ug). [u] is related

to the jump {%} in the normal derivative by the relation (3.3.42),

where as [uy] contains a term ¢;, which has no simple physical inter-
pretation.

YWe have already shown in section 3.1.4 how to produce kth family of simple
waves for a reducible system of equations.
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Differentiating (3.4.13) with respect to ¢ we get

0
Auy + B(a)%ut + (A + (VuA - wyp))uy

«

+(B§a) + (VuB@ -u))ug, + (Cr + (VuC-wy)) =0 (3.4.23)

where we have used uy, ; = Uy, in the second term. We note that
the partial derivatives with respect to z/, and ¢ do not commute
i.e., Ugr ¢ # Uger . Using (3.4.16), we write this equation in terms of
derivatives in a mixed coordinate system (x',¢):

() JUt
oz’

(67

(A - %B(O‘)> uy + B + Apuy + Bga) (u% - Em)
c c

Ne

+Ot + (VuC' . Ut) + (VUA . ut)ut — ?(VMB(OZ) . ut)ut

+(VuB@ cup)u, =0 (3.4.24)

We note that all functions appearing in (3.4.24) except uy, Uy,
and uy are continuous on 2. We also note that a jump of a product
fg of two functions on 2 can be expressed in the form

[f9] = —[1lg] + folg] + go[h] (3.4.25)

Taking a jump of the equation (3.4.24) across (2, we get the following
relation

o o o) O
(A _ T g >> ] + B =L ] + Ad[uy]
0

c ox!,
Na (@)

*aBto (] + (VuC)o - [we)) + (VuB™)o - [ur])uos,

+((Vud)o - uor)[ug] + ((VuA)o - [ur])uo

=2 { (VB0 - o) ] + (TuB)o - ]}
~(u)o - [ ] + 2 (VuB)o - [u) ] = 0 (3.4.26)

where n,, is the unit normal of €.
Premultiplying this equation by ly (when the first term vanishes)
and substituting (3.4.22) for [u], we get

dui o i )
bk, {(1035 ) ar0> + M} i + K2 =0 (3.4.27)

do ox!,
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where d/do is related to the time rate of change d/dt along the rays
associated with the wavefront €2; by

d 1 d (@)
— = — = (1B
dt loAQI‘O do ( 070 I‘0>

o (3.4.28)

M = 1o{Awro + (VuA)o - uos)ro + ((VuA)o - ro)ugs }

N
" ((qu@)o 10) 00z, — )

_Z—:{Bt(g) + ((qu(a))o . uOt)}r0> + lo((VuC’)O . I'O) (3'4‘29)
and

K =lo{ 2 (VuB)o o) = (Vud)o, 7o) }ro (3.4.30)

(3.4.27) is the final form of the transport equation for the amplitude
w1 of the jump [u;] across a wavefront €2; running into a known state
up. The transport equation (3.4.27) can be solved along a ray only
if the ray path associated with the wavefront 2; is known from the
solution of the equations (2.4.6 - 7). Since u is continuous across
Q; on which the tangential derivatives appear in (2.4.7), the right
hand sides of the ray equations (2.4.6 - 7) are to be evaluated at
up(x,t) which is the value of u on ;. Thus, the position x(¢) of
a point moving on a ray and the normal n(¢) of the wavefront at
that point can be determined by solving the 2n nonlinear ordinary
differential equations (2.4.6-7) with u replaced by ug. Once x(t)
and n(t) are determined along rays as functions of ¢ and the surface
coordinates on the initial wavefront g, all coefficients appearing in
the transport equation (3.4.27) can be expressed in terms of ¢ (or o)
and hence can be solved in principle. This gives the amplitude w;
of the discontinuity in u, across ; along a ray if the value of w; is
known at any location on the ray.

The left and right eigenvectors lp and rg are known only on 2.
Therefore, the coefficients loBéa)%i in (3.4.27), which contain tan-
gential derivatives on the wavefront ), can be evaluated. This term
corresponds to the second term in the equation (3.4.7) for the Euler’s
equations of gas dynamics and in many applications it is found to
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be proportional to the mean curvature of the surface €2;. See Varley
and Cumberbatch (1965) for details of two cases of wave propagation
which are not radially symmetric.

Unlike the result in section 2.5, the equation (3.4.27) is the non-
linear containing second power of w on the right hand side. This
implies that the discontinuity [u;] may tend to infinity in finite time.
This happens often in many interesting physical situations as we saw
in the case of a compression wave in a polytropic gas.

The particular case of the transport equation of Varley and Cum-
berbatch is obtained by taking the matrix A to be the identity matrix
and B(® and C to be independent of t. We further assume the state
ahead of ; to be steady: up(x). Many terms in (3.4.29-30) drop
out. We first notice that

81‘0 . 61‘0

ax/ - ax bl uO.Z’Ia — uOSL‘a
le% (63

(3.4.31)

The coefficients M and K in the transport equation now become
M=1, (((qu(a>)0 - 10)Uos, + ((VuC)o - ro)) (3.4.32)

and
K =1 <%((vu3(a>)0 : rg)) ro (3.4.33)
0

3.5 Jump conditions on a curved shock

A shock wave is a beautiful example of a solution in high frequency
approximation. As mentioned in section 3.2.1, the approximation is
satisfied exactly across a shock front. In this section we shall present
the jump conditions on a shock for a system of n first order equations
in conservation form in m + 1 independent variables. For simplicity
we shall consider a system of n conservation laws
aH_(u) +(V,F(u)) =0 (3.5.1)
ot
where n components of the density vector H and the flux vector F
are independent of x and ¢t and u : R* — R™. We present here a
derivation of the jump conditions following Maslov (1980).
For a weak or generalized solution of the system of conservation
laws (3.5.1), the derivatives of H and F in the equation are treated
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as derivatives of a distribution or a generalized function (Gelfand
and Shilov (1964)). To be more specific, a weak solution of (3.5.1) is
a bounded measurable function u which satisfies

/((gpt,H>+(V<p,F>)dxdt — 0 (3.5.2)
R4

for all test functions ¢ : R* — R™ such that ¢ € C§°(R?).

For a derivation of the jump conditions across a shock surface,
we assume that a weak solution is represented by functions which are
C>(R?) except for a smooth surface €2 : s(x,t) = 0. We also assume
that the solution suffers only a discontinuity of the first kind on €,
i.e., the limiting values of the solution and its partial derivatives, as
we approach ) from either side of it, exist and are bounded. Such a
function g¢ is represented in the form

g = gO(Xv t) + H(s)gl (X7 t) (353)

where gy and g; € C°°(R?) and H(s) is the Heaviside function. The
jump in the function g on 2 as we cross it from the domain s < 0
into the domain s > 0 is ¢g;.

ie, [g]=g1 on Q (3.5.4)

The representation (3.5.3) of a piecewise smooth function g is not
unique since the function go(= ¢ in s < 0) is uniquely determined
only in the domain s < 0 and gg + ¢g1(= ¢ in s > 0) is uniquely
determined in the domain s > 0.

Let us denote the space of functions representable in the form
(3.5.3) with go,g1 € C®(R?*) by Rq. Then Rgq is closed under
addition, multiplication and substitution as arguments in smooth
functions. The last one implies that if ¢ : R — R (or ¢: R" — R")
be such that ¥» € C*°(R) and g € Rq, then ¥(g) € Rq. Thus, for
the solution of (3.5.1) with a shock manifold €2, the density function
H and the flux function F belong to Rgq.

Let e = (e, e, e3,e4) € R* be a constant vector and

o o0 0 0
V=|+—+— — d Vg =V, = 3.5.5

(89@1 6.%2 6.%'3) an ot ( 8t> ( )
By D, we denote a set of generalized functions obtained by differ-
entiating a member of R in the direction of e, i.e., h € D, if there
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exists a function g € Rq such that
h = (e,Vaui)g (3.5.6)

The derivatives in (3.5.6) are to be interpreted as derivatives of a
generalized function.

Now define a class Dq of generalized functions representable as
a finite sum of functions belonging to various sets D, o for different
vectors e € R*. Thus, h € Dq if there exists an integer m > 0,

vectors e!, e2, ..., e™ and functions ¢!, ¢°,...,¢™; ¢' € Rq such that
m .
h(x,t) = Y h'(x,t) (3.5.7)
i=1

where h' =< €', Vg > ¢' € Do g.

It is now interesting to note that, for the weak solution under
consideration, the left hand side of each equation of the system of
conservation law (3.5.1) (written explicitly) is an element of D, .
For example, the conservation law for mass of a compressible fluid is
of the form

p = pg)
at +; afL'Z =0

which can be written in the form
<e1, th>gl + <e2, th>g2 + <83, th)g?’ + <e4, th>g4 =0 (358)
where

e' =(1,0,0,0), e*=(0,1,0,0), €’ =(0,0,1,0), &' =(0,0,0,1)
(3.5.9)
and
1_ 2 _ 3 _ 4 _
g =pq, 9 =pa, g =pg3 and g° =p (3.5.10)
Thus the system of conservation laws (3.5.1) consists of a system
of equations of the form

m
hx,t) = Y <€, Vu>g =0 (3.5.11)
i=1
where e are constant vectors and ¢* € Rq, i = 1,2,...,m. Let H

be the domain in space-time which corresponds to s > 0, i.e., the
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region behind the shock and let v(x,t) |o be the unit normal to the
surface Q) directed into the domain H; then

. ths
o Vs

v(x,t)

(3.5.12)
Q

Let us denote the shock front in the physical space (i.e., (z1, x2, x3)-
space) by ; then € is represented by s(x,t) = 0 with ¢ as a pa-
rameter. Let C|q be the velocity of propagation of the shockfront
and N|n be the unit normal to the shock front, then

Vs

St
N = +—
Q Vs

Cl = F=
9) V|

(3.5.13)

)
Q Q

where the upper or lower sign is to be taken according to the choice
of s.

Theorem 3.5.1 If the functions

g'(x,t) = gh(x,t) + H(s)gi(x,t), i=1,2,....m
belonging to Rq satisfy the conservation law (3.5.11), then the jumps
dilq in g* across ) satisfy

m

Yo gilxt) <€ vz t)>lg = 0 (3.5.14)
=1

and the generalized function h(x,t) is representable in the form

h(x,t) = ho(x,t) + H(s)hi(x,t) (3.5.15)

Proof Let ¢ : R* — R belong to C§°(RY). If the equation (3.5.11)

is satisfied in the sense of distribution, then

0 = /h(x,t)@(x,t)dxdt

R4
m

= Z/gp(ei,vxt>gidxdt
Z:1R4

m
= - Z / g' (€', Vi) pdxdt, from definition of a weak solution
i=1
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— —Z {/ gh(e’, Vi) odxdt
=1

R4
+/H(s(a:,t))g’i(ei,th)gpdxdt}

Using Green’s theorem to both terms (and noting that ¢ vanishes
outside a closed bounded set and H(s) = 0 outside the domain s >
0), we get

0= - [ /(p (€', Vi) gbdxdt
i=1
— /ng s){(e’, Vi) gidxdt
R4
/ g’iw<e’}1/(x,t)>dxdt}
Q

where v is the unit normal to  directed into the domain s > 0.
Then

- / wi {gi<ei,u<x, ) b
+/ { Vo)l + H(s i Vat gl}dxdt(3.5.16)

Since ¢ is an arbitrary function, it follows that

m
Zg’i<ei,u(x,t)> =0 on 0
i=1

which is the result (3.5.14). Now it follows that

/h x,t) @(x,t)dxdt

m
= /@{Z <e' V> gl

R4 i=1

m
+ H(s)) <€ V> gi}dxdt (3.5.17)
=1
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The equality is true for all test functions ¢, hence we get

h(x,t) = ho(x,t) + H(s)h1(x,t) (3.5.18)
where
ho(X,t) = Z(ei, Vzt>gé 5 hl(X,t) = Z(ei, Vﬁ)g% (3.5.19)
i=1 =1

This completes the proof of the theorem.

Equation (3.5.14) is the well-known jump condition across a shock.
A more familiar form of it is obtained by replacing the components
of v by Nl and —C|q with the help of (3.5.13). This gives

{3 gieic o + {
1=1 %

m

gL (6 N1 + €Ny +egzv3>}|g — 0.
1

(3.5.20)
For the conservation law of mass in gas dynamics, i.e., for the
equation (3.5.8), the relation (3.5.20) becomes

—p1Cla + p1q11N1 + p1g21 N2 + p1g31 N3 =0 (3.5.21)

Let us now write the jump relations (or RH conditions) for the
vector conservation law (3.5.1) in a more familiar form

—CloH(u)] + > N;[F(u)] =0 (3.5.22)
=1
For a system of conservation laws in one spatial dimension
(H(u))e + (F(u))z =0 (3.5.23)
the RH conditions become

—S[H| +[F] =0 (3.5.24)

where S = x(t) is the shock velocity in +ve x direction. This is an
extension of the relation (1.3.6) for a single conservation law.



Chapter 4

Weakly nonlinear ray
theory (WNLRT):
derivation

4.1 A historical account

Extending Fermat’s principle, we derived in section 3.2.7 the nonlin-
ear ray equations and then using the conservation of energy along a
ray tube, we derived the transport equation for the amplitude along
the nonlinear rays for an isotropic wave propagation. This lead to a
set of coupled equations of a weakly nonlinear ray theory for such a
system. Extension of the theory to a more general system is quite
difficult.

In this chapter we shall discuss derivation of the transport equa-
tion for the amplitude of a high frequency wave for a general hyper-
bolic system of quasilinear equations in multi-dimensions assuming
amplitude to vary continuously (in fact as smoothly as required in the
analysis) on a curved pulse which is characterized by a one parameter
family of wavefronts. We shall take up three different derivations.

The first derivation (Choquet-Bruhat (1969)) in section 4.2 is
formal and quite elegant but uses linear rays and hence is valid only
over a small distance of propagation since these rays may deviate
significantly from the exact rays of the nonlinear system. The sec-
ond and the third derivations give the same transport equation as
Choquet-Bruhat’s theory but now along nonlinear rays so that the

143
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results obtained from it are valid over very long distances of propa-
gation. The second derivation (Prasad (1975, 1994)) is simple and
uses beautiful geometrical ideas following Gubkin (1958). The third
derivation also credited to Prasad (2000) is formal and complex but
helps in analysing clearly the order of magnitude of different terms
in the approximate equations. It is also important because an ele-
gant and computationally efficient shock ray theory can be derived
from it. Derivation of shock ray equations and a new theory of shock
dynamics are the subject matter in the last two chapters of this
monograph.

A few words on the historical account of attempts on the cal-
culation of the amplitude of a wave under high frequency approx-
imation are in order here. Amplitude amplification due to conver-
gence of rays (see also sections 2.2.4, 3.4.1 - 2) have been known
for a long time. A formal derivation of this for the wave equation
was given by Sommerfeld and Runge in (1911). Keller (1954) at-
tempted to deal with the nonlinear effects and the geometrical effect
together in order to discuss propagation of a curved weak shock.
While following the propagation of weakly nonlinear waves along
linear rays, Whitham (1956) proposed a nonlinearization technique
following Lighthill (1949) which took into account the nonlinear de-
formation along linear rays of a curved pulse due to amplitude de-
pendence of the speed of propagation in the direction of rays. This
technique was used to calculate the sonic boom signature — an im-
portant application for which no other method was available. Almost
simultaneously Whitham (1957, 1959) developed intuitive arguments
for shock dynamics which gave finite amplitude of the shock in the
region where caustic existed; the amplitude remained of the same or-
der as that on the wavefront away from the caustic region. However,
efforts to develop mathematical theories to understand the solution
of linear equations in the caustic region continued (Buchal and Keller
(1960) and Ludwig (1966)). In this attempt the amplitude in the next
approximation did change from an infinite value to a finite but still
remained too large to be realistic for small amplitude assumption to
be valid for equations with genuine nonlinearity. A formal and sys-
tematic expansion procedure to deal with this type of nonlinearity
in a general hyperbolic system was given by Choquet-Bruhat (1969)
and independently by Parker (1969, 1971) who included many other
physical processes in this discussion. Choquet-Bruhat’s and Parker’s
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perturbation scheme leads to an eikonal equation (the eikonal equa-
tion turns, out to be the same as the characteristic equation for a
hyperbolic system) which is independent of the wave amplitude w
and therefore, gives a transport equation for the amplitude along
the linear rays. The nonlinearity is taken into account by stretch-
ing the linear rays in the longitudinal direction due to dependence
of the ray velocity on the wave amplitude. Thus, in essence, this
theory is exactly the same as Whitham’s nonlinearization technique
(Whitham’s shock dynamics is a very different theory) and we may
refer to Whitham’s, Choquet-Bruhat’s and Parker’s work by a short
name — CPW theory.
The CPW theory does not satisfy Fermat’s principle because when
we apply the CPW theory to the nonlinear waves in a polytropic gas,
the right hand side of (3.2.53) is absent. Alternative derivations of a
generalization of (3.2.53), given in sections 4.2 and 4.3 in this chap-
ter, require special perturbation schemes in which the amplitude of
the wave appears in the eikonal equation itself (Prasad (1975, 1994,
2000)). This leads to a system of ray equations coupled with the
transport equation. The equation (3.2.52) is exactly the same as that
in CPW theory and implies the already mentioned effect of nonlin-
ear longitudinal stretching of rays but the equation (3.2.53), derived
from Fermat’s principle, adds a new dimension to the propagation of
a curved nonlinear wavefront. The equation (3.2.53) implies that the
rays turn their direction or the wavefront rotates due to nonuniform
distribution of the amplitude on the wavefront. This leads to a sig-
nificant deviation of the nonlinear rays from linear rays over a length
(and also time) scale on which the new perturbation scheme is valid.
Extensive numerical results for converging nonlinear wavefronts show
that the assumptions (high frequency and small amplitude) remain
valid on distances much larger than the distance of the aréte (i.e.,
the caustic region) from the initial wavefront. The two effects, elon-
gation of rays contained in the equation (3.2.52) and the deviation
of the rays from linear rays contained in the equation (3.2.53) are
jointly responsible for the resolution of the caustic (Ravindran and
Prasad (1985)) and the formation of kinks introduced in the section
3.3. This implies that this new weakly nonlinear ray theory (which
we shall denote by WNLRT) gives a topologically different shape of
a wavefront from that of the linear theory.

The difference between CPW theory and WNLRT disappears
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when wave propagation in one space dimension is considered. In
this case, rays are in the direction of one-dimensional propagation,
say the x-axis and hence the question of lateral deviation of the rays
from linear rays does not arise. The only affect of nonlinearity is the
longitudinal stretching of the rays. We should have discussed the
CPW type of perturbation scheme in one-space-dimension first but
it is too simple, it will be taken up briefly in section 5.2, where it will
be needed for application to study the stability of one-dimensional
steady transonic flows. It was extensively used by Tanuity and his
collaborators, who called it the reductive perturbation method, to de-
rive KdV type of equations (Gardner and Morikawa (1960), Tanuity
and Wei (1968) and Tanuity (1974)).

With these brief remarks we now proceed to a description of
Choquet-Bruhat’s theory in the next section mainly to analyze the
reasons which explain why the expansion involved in it fails to cap-
ture the correct nonlinear rays.

4.2 Derivation of CPW theory

We consider a system of first order quasilinear equations
A(u,x, t)uy + B (u, x, t)u,, + Clu,x,t) =0 (4.2.1)

where u € R", A € R, B(® ¢ R"™" and C € IR". In this
section, we do not assume that the system is hyperbolic. We assume
that the system has one real simple eigenvalue c(u, x, t), for all values
of its arguments, which satisfies the usual characteristic equation

det (no B —cA) =0 (4.2.2)

for n € IR™.

We present here the simplest form of a derivation of the trans-
port equation for an amplitude of a weakly nonlinear wave in high
frequency approximation. This simple derivation which looks most
natural, is important because it shows that we need to develop a
special perturbation scheme to incorporate the first order amplitude
correction in the eikonal equation or characteristic partial differential
equation for the phase function.

We consider a small amplitude wave on a basic state ug(x,?)
so that ug satisfies the equation (4.2.1). Then we redefine a new
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function v = u — ug so that v = 0 is solution of a new first order
quasilinear system v = 0. Thus, without a loss of generality, we may
assume u = 0 to be a solution of (4.2.1) satisfying

C(0,x,t) =0 (4.2.3)

Let 0 < € << 1 be a quantity of the order of the amplitude of
the waves running into a state described by u = 0. We assume

u=euy(x,t,0%) + ug(x,t,0%) + ... (4.2.4)

where

0" = ¢*(x,1) /e (4.2.5)

Here ¢* is the phase function of the wave with ¢* = 0 being one of the
one parameter family of wavefronts under consideration. The signifi-
cance of a superscript * on ¢ and 6 will become clear in section 4.4.3.
Under the high frequency approximation in an e-neighbourhood of
the wavefront ¢* = 0, ¢* is small and of the order €. For these waves
0* is of the order of unity. We further assume that the components
of V¢* and ¢; are of order of one.

We substitute (4.2.4) in (4.2.1), expand all terms in powers of €
and equate various powers of € on the left hand side equal to zero to
get

O(1) terms :  (A.¢; + Bia)(b* Juig =0 (4.2.6)

Lo

O(e) terms = (A9} + B¢ Jugy
+(A*u1t + Bia)ulza + (VUC)*ul)

+<{¢r(vuA)* - up + ¢;a (qu(a))* : 111}, u10> =0
(4.2.7)
where a subscript * on a quantity represents its value at u =0 e.g.,

A, = A0, x,t) (4.2.8)

In order that (4.2.6) gives a non-zero solution for u;g, the phase
function satisfies the linearized eikonal or characteristic partial dif-
ferential equation

det(A.¢f + B gr ) =0 (4.2.9)
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Since we have assumed that the system (4.2.1) has a real and simple
eigenvalue c(u, x,t), such a phase function ¢* exists and

e =c(0,z,t) = —¢; /|IVoT| (4.2.10)

c* satisfies
det (na. B — c.A.) = 0 (4.2.11)

with unit normal n, of the linearized wavefronts given by the lin-
earized phase function ¢* (see equation (2.4.5)) obtained in the basic
state given by u = 0. In terms of the left and right eigenvectors 1.
and r,, the linear rays of the characteristic field ¢, are given by (see
equations (2.4.6 - 7)).

dx,. 1,B%r,

7t = L Ar (4.2.12)
and
AN 1 0A. oBY) .
- — * * | —Cx 3 * T A s = Yox
dt L. A.r, s ¢ 817%‘ My 87]5
(4.2.13)

A solution of (4.2.6) vanishing outside a small neighbourhood of
¢« = 0 is given by

u; = w(x,t,0)r, , lim @=0 (4.2.14)

f—+o0

Premultiplying (4.2.7) by 1. so that the first term vanishes and sub-
stituting (4.2.14) we get

d*w

% + G + Qb = 0 (4.2.15)

where . , ; —
g = ar X g Xer = 4 (4.2.16)
Gr = Miml* {61 (Vud) xa+ 05 (VuB@). v e, (42.17)

Q=1L {A*ar* + B ot

- A axa} + {(L(VuC), 1.}/ {(LAur,)}

(4.2.18)



4.3. A geometric derivation of WNLRT 149

4" represents the time rate of change along the linear

The operator

rays.

(4.2.15) is the final form of the transport equation for the am-
plitude @w of the wave in CPW theory along linear rays given by
(4.2.12 - 13). The linear rays are determined from the base state
given by u = 0 and do not depend on the solution @ representing
the nonlinear wave. Once these rays have been drawn, G, and €,
can be evaluated along a ray as functions of ¢. Given initial distri-
bution of @ as a function #*, the equation (4.2.15) can be integrated
along different rays starting from the various points of a pulse desig-
nated by different values of 0*. In this way, the signature of a pulse
can be determined as was done in the sonic boom problem by Rao
(1956). The pulse deforms in the direction of a ray due to genuine
nonlinearity present in the second term in (4.2.15) derived from the
genuine nonlinearity of the characteristic field under consideration.
Note that we did not make the assumption that the system (4.2.1)
is hyperbolic. The linear ray geometry may have singularities like
caustic where €0, tends to infinity. The amplitude of the wave will
also tend to infinity at such points due to convergence of the rays.
Thus, much before the geometric singularities of the linear rays ap-
pear, the CPW theory breaks down and we need a new theory to
discuss the problem. This forms the aim of the discussion in the rest
of this chapter.

4.3 A geometric derivation of (WNLRT)

CPW theory is also a weakly nonlinear ray theory, in which a quasi-
linear transport equation for the wave amplitude was derived along
linear rays. By WNLRT we mean a nonlinear ray theory in which
the transport equation is derived along the nonlinear rays. In this
section we shall give a geometric derivation of WNLRT, which is due
to Prasad (1975) and was inspired by the work of Gubkin (1958). As
far as we know, this is the simplest and most beautiful derivation of
the WNLRT.

In this section we assume for simplicity that the matrices 4, B(®)
and the vector C are functions of u € IR" and x € IR™ only. Unlike
the case in the last section, the geometric derivation depends on
the assumption that the system is hyperbolic. Hence, we consider a
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hyperbolic system of n quasilinear equations in the form
A(u,x)u; + B (u, x)u,, + C(u,x) =0 (4.3.1)

We use the usual summation convention for a repeated suffix except
when the subscript or superscript is L and M. As pointed out in the
last section, we could take the undisturbed basic solution uy = 0,
however we proceed in this section with ug(x) # 0 satisfying

B (ug, X)ugq, + C(ug,x) =0 (4.3.2)

4.3.1 WNLRT for a hyperbolic system

Since the system 4.3.1 is hyperbolic with ¢ as a time-like variable,
i.e., for an arbitrary set of real numbers {n,}, there are n real char-
acteristic roots ¢; (not necessarily distinct) of the equation

det[na B — XA =0 (4.3.3)
and there exist n linearly independent left eigenvectors

18) = (10 30k

which imply existence of n linearly independent right eigenvectors

(0 = (0 oyt

satisfying
190, B = ¢ 1WA no BOrW) = ¢ ArP) L =1,2,....n (4.3.4)

If the equation of the characteristic surface {2 corresponding to the
characteristic velocity ¢, be denoted by ¢*)(x,t) = constant, the
derivatives Vo®) and ¢§’“) are proportional to the unit normal n of
the wavefront €; and —cy.

Let us introduce a new set of m+1 independent variables (27, , ¢)),
where

¢ — oD (3. 1), & = 20, (4.3.5)

L being a fixed number taken from the set (1,2,...,n). The system
reduces to

ou ou
() Y2 o
5o~ B gar +Ci=0 (4.3.6)

(4™ + B@o)
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Note that 1(5) (A(Z),EL) + B(a>¢§f}) = 0, so premultiplying this result
by 1&) we get
ou
1D — 1Hc =0 4.3.7
S+ (4.3.7)
which is the compatibility condition along the characteristic surface.
0/0z!, is a tangential derivative in the characteristic surface ¢(&) =

constant and is given by

o _ 9 md
ox!,  Ov, cp Ot

(4.3.8)

If the equation of a bicharacteristic curve lying in the characteristic
surface ¢(F)(x,t) = constant be written as

x =x(01), t=t(or) (4.3.9)

from the lemma on bicharacteristic (section 2.4) we can suitably
choose oy, such that

X _wgepm Ay g0 (4.3.10)
dor, ’ doy,

The directional derivative in the direction of the bichatacteristic
curve is given by

d . dt 0 d(L’a 0 l(L)B(a)I‘(L)) 0

—_—= et ——— = 4.3.11
dO’L dUL ot + dO’L c%ra ox! ( )

We consider a perturbation
v=u—1uy (4.3.12)

on the given steady state such that the amplitude |v| is of the order
of a small quantity . From (4.3.7) we get

ov _
o FE) = (4.3.13)

«

1L) o)

where
8110

N

Expanding the functions C; and B(® about the steady solution
ug we get

F) 10 410 Bl (4.3.14)

9wy

C + B@
+ 0%q

= Fyv + O(6%) (4.3.15)
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where the matrix Fy is defined by

8u0

Fov = (VuC)o - v+ (VuB)o - v) 5=

(4.3.16)

and the subscript 0 on a quantity represents its value evaluated in
solution ug for example

B(ga) = B@ (x,u9(x)), lg=1(x,up,n) etc. (4.3.17)

Since n is the unit normal of the exact nonlinear wavefront, 1y de-
pends also on the perturbation. From (4.3.14) we get

FEO =11(Fyv) + 0(5%) (4.3.18)

Since the set {r(l), r ,r(")} of right eigenvectors is linearly
independent we can replace v by a new dependent variables w =

(w1, wa, ..., wy)T through the transformation (see (2.1.23))
v=r®y, = Rw, say (4.3.19)

The equations (4.3.13) become

k
(D) p@)p ) W (1) () O )wk LFPW 0 L=12 . ...n

ox!, ox!,
(4.3.20)
where
FE =15 (Fyr )y, (4.3.21)
and each of wy,ws,...,w, are at most of the order of . Using
(4.3.11), we write (4.3.20) in the form
E+Zl( ) B(@)p( )871_,_1( )B(@) / wy, + FE) =0,

k£L Lo Lo
L=1,2...n (4322

If we create an arbitrary disturbance on a given steady solution
up(zq), in general, the disturbance will break into n modes prop-
agating with the characteristic velocities c¢1,co,...,c,. The locus
Q) in space-time of the wavefront €; of the part of the disturbance
moving with the velocity ¢, will be a member of the family of char-
acteristic surfaces ¢(¥) = constants. However, we consider here only



4.3. A geometric derivation of WNLRT 153

those disturbances which consist of only a single mode, i.e., in which
the disturbance stays in the neighbourhood of the characteristic sur-
face pM)(x,,t) = 0 where M is a fixed integer from 1,2, ..., n. This
means that we make a high frequency or short wave assumption, i.e.,
that the disturbance is localized in the neighbourhood of the wave-
front so that it is non-zero only over a distance of the order of € from
the wavefront where € is small compared to the radius of curvature
R of the wavefront and compared to the characteristic length H in
the steady state over which ug varies significantly. We further as-
sume, for simplicity, that the characteristic ¢() = 0 is simple (we
can easily extend the theory when ¢™) = 0 is a multiple charac-
teristic, see Bhatnagar and Prasad, 1971). We shall show now that
each wr (L # M) is small compared to wy.

We consider (4.3.22) for L # M. Then the bicharacteristic curve
along which o; varies remains in the disturbed region only over a
distance of the order of € and integrating (4.3.22) along oy, we get

€d €d
wy, =0 (R> +0 <H> +O0@e), LM (4.3.23)
Substituting (4.3.23) in (4.3.22) for L = M and neglecting all terms

of orders €0/ R, ed/H and de we get

dwar ] o) B(a)f%éM) 1) (o (M) _ 0
do T\ B T o (B o =

(there is no sum over M)(4.3.24)

and the relation (4.3.19), to the same approximation, becomes
v =r{Mwy (4.3.25)

The approximate transport equation (4.3.24) is valid whenever
0 and e are two small quantities. In applications it is usually taken
that § = € which we shall also choose in discussion hence forth.

We may use the operator % = %—F X %, where x is the bichar-
acteristic velocity, instead of % and also drop the subscript M from
all quantities including w, then the perturbation v = u — ug due to
waves in a simple characteristic field in short wave approximation is
given by

vV = wry (4.3.26)
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Note that @ in the previous section is of order one but w here is of
order §. The transport equation (4.3.24) can be written as

() Orp
O 9/,

(lvoro) % + (103 ) w + (lo(F()I‘o))w =0 (4.3.27)
where we have again used the result 1Ar = lgAgrg + O(e). The
relation (4.3.26) shows that the perturbation v is proportional to the
right eigenvector. Comparing this result with the result (3.1.30) we
can easily see the relation between a simple wave and high frequency
approximation (see also the comment after the equation (3.1.75)).
When we choose § = ¢, the transport equation (4.3.27) has an
error of the order €2. Since we approximated the system in a neigh-
bourhood of the exact characteristic surface or the exact nonlinear
wavefront, this equation contains the derivative % along the exact

rays and the tangential derivative 82& are along the ezxact character-
istic surface 2. We also notice that we have put a subscript 0 on 1
and r in equations (4.3.24 - 26) so as to represent the value of these
quantities for u = ug but we have used the value of n to be that
of the exact wavefront. In a nonlinear problem we have three types
of wavefronts: exact wavefront ()|exact Obtained from the equation
det(A¢; + B¢, ) = 0 with u = u(x,t) the exact solution, ap-
proximate wavefront (¢ |appr obtained from that with u = ug + row
and the linear wavefront i, for u = up(x). We postulate that
for moderately strong nonlinear waves (i.e., weak but not so weak
that Q¢|exact is very close to Q|iin), the Q¢|exact and |appr are close
but both have positions very far from €|;, and geometrical shapes
quite different from it. We shall give examples of calculated |appr
to justify the statement in chapter 6. Experimental results of Sturte-
vant and Kulkarni (1976) also support this. Thus, we assume that
for a moderately strong nonlinear wave, the unit normal n of the ex-
act nonlinear wavefront and that of the approximate one differ by a
quantity of the order of e. In this case we calculate n appearing in 1y
and ro in (4.3.27) from the ray equations (2.4.6 - 7) by substituting
u = ug + wrg and retaining terms upto order e:

& = X0+ {(Vax)o - xo}w (43.28)
My + {(Vu®)o - (o)) (43.29)

dt
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The expression on the right hand side of (4.3.29) has tangential differ-
ential operators 0/ 877% operating on rg and w. Detailed expressions
for the terms on the right hand side of these two equations will be
derived and discussed in the next subsection for waves in a polytropic
gas.

Equations (4.3.28 - 29) cannot be solved alone since an addi-
tional quantity w appears in them. The system of equations (4.3.27
- 29) form a complete system of 2m scalar equations (since |n| = 1,
only m—1 of the m equations in (4.3.29) are independent), which can
be uniquely solved for the amplitude w, the position x of the wave-
front and unit normal n, provided initial position xq of the wavefront
and the initial amplitude distribution on it are known. When we do
so, the operators %, %, and 87% are no longer in tangential direc-

tions of the exact characteristic surface but that of the approximate
characteristic surface Q|,ppr Which gives the weakly nonlinear wave-
front Q|appr- This is another weakly nonlinear ray theory, which we
claim to be more accurate than the CPW theory discussed in section
4.2, especially in the linear caustic region. In order to distinguish
this theory from CPW theory (which is also a weakly nonlinear ray
theory), we denote it as WNLRT.

We are now in a position to point out the reason for failure of
the CPW theory in capturing the correct nonlinear rays. Let us first
note that CPW theory is not an ordinary perturbation scheme, it
uses a perturbation method using multiple scales which incorporates
the nonlinearization technique of Whitham. Even then, the per-
turbation scheme is such that the eikonal equation (4.2.9) obtained
from the O(1) terms is the same as the linear eikonal equation. An
approximation of the system in the neighbourhood of the exact char-
acteristic surface gives the exact eikonal equation and hence, exact
ray equations. Later on, depending on the accuracy of the transport
equation, we approximate the exact ray equations appropriately by
equations (4.3.28 - 29). In section 4.4, we shall develop a special
perturbation scheme in which the leading order terms give again to
these ray equations.
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4.3.2 Upstream propagating waves in a steady flow of
a polytropic gas

We consider the Euler equations (2.3.16 - 18) of a polytropic gas in
three-dimensions. The system has five eigenvalues given by (2.3.19).
In this and the next section we are interested in upstream propagat-
ing waves since, as explained in the next chapter, these are the waves
which get trapped near a sonic point and determine the stability of
a transonic flow. When the angle between the fluid velocity q and
the normal n of the wavefront in a pulse in short wave approxima-
tion is acute, the upstream propagating waves correspond to the first
eigenvalue in (2.3.19). Therefore we take

c=(nq) —a (4.3.30)

for which the ray velocity is
X=9q-na (4.3.31)
The time rate of change of n along a ray given by (2.4.7) reduces to

d
di;‘ —La—ngLgz =¥ (4.3.32)
which may be compared with the result (2.4.25) for the eigenvalue
(n,q) +a.

The left and right eigenvectors corresponding to the eigenvalue ¢
in (4.3.30) are

1 p T
1=(0,n1,n9,n3,—— |, r = | —=,n1,n92,n3, —pa (4.3.33)
pa a

Following the notation of the last section, we denote the basic steady
flow (on which perturbation is created) by a subscript 0. Then, the
perturbation v given by (4.3.19) is

0
vL=p—po= —%Ow; Vat1 = Ga — a0 = NoW, & =1,2,3;
vs =p—po = —poapw (4.3.34)

Further,
lQA()I‘() =2 (4335)
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and
(a) Oro ong 1 d(poao)

—ag da0 — Qo7
O oz, ox!, poao( “ @) ox!,

1,B

Since ppap are independent of ¢, d(ppap)/dxl, = 9(poay)/0z. Fur-
ther,

Ona _ <a+”aa) - %4_}2(‘ 12)
ox!,  \Odzo c Ot fla = 0x, cOt "

The second term vanishes since |n|? = 1. Hence On, /02!, = Ona/0q.
Therefore,

a) 0 1 )
() 210 _ —ap(V,n) + —(ga0 — aona) (Podo)

1,8
0 ox, ) Oxq

(4.3.36)

When we evaluate the term 1y(Fyrp) for Euler equations, we get
lo(Foro) = v(V,qo) + (n, (n, V)qo) (4.3.37)

Using (4.3.33), the expression a? = 7—;’ and (4.3.34), we find that
perturbation in the sound velocity a is given by

a—ag= —’YT_lw + O(€%) (4.3.38)
so that
q—na=qy—na + 7T—i_lnw + O(€?) (4.3.39)
The expansion for ¥ = La — ngLgg now becomes

1
W = Lag — ngLggy — %Lw (4.3.40)

Collecting all of these results we finally get the following ray
equations correct up to O(¢€) terms

d 1

dit( =qo —nap + %nw (4.3.41)
d 1
d—rtl = Lap — ngLqggo — %Lw (4.3.42)

The approximate transport equation along these approximate non-
linear rays is

dw

= = (K —ap)w (4.3.43)
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where

— 1 (g0 — agng)2tp0a0) _ 1
2ppag o0 0T 0xq 2

K = {'Y<v7 q0> + <n7 <n7 v>QO>

(4.3.44)
and € is the mean curvature defined by (2.2.22).
Equations (4.3.41 - 44) are the equations of WNLRT for upstream
propagating waves on a steady flow of a polytropic gas.

4.4 An asymptotic derivation of WNLRT

Geometric derivation in the last section as well as application of the
Fermat’s principle in section 3.2.7 show that the ray equations of the
WNLRT contain the amplitude of the wavefront in such a way that
the nonlinear rays not only stretch in the longitudinal direction but
also deviate from the linear rays due to the rotation of the nonlinear
wavefront because of a non-zero gradient of the amplitude along it.
To achieve this we construct in this section a formal perturbation
scheme which leads for the phase function ¢ an eikonal equation of
the form

Q(Ve, o, x, 1, w(x,1)) =0 (4.4.1)

such that the leading order amplitude w (or @ used in this section)
appears in the eikonal equation itself. Then we derive the transport
equation for w along the nonlinear rays given by the characteristic
curves of the first order partial differential equation (4.4.1).

4.4.1 Derivation of the eikonal and transport equa-
tions

We consider a hyperbolic system of first order quasilinear partial
differential equations,

A, +BYu,, =0  a=1,2,...m (4.4.2)

Here x € R™ are the space variables, u(x,t) € R" are the depen-
dent variables and A and B(®(u) are smooth n x n matrix-valued
functions of u.
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We look for a generalized asymptotic expansion of solutions of
(4.4.2) of the following form:

u(x,t,€) =ev <X,t, (4.4.3)

xtd )

V(x,t,0,€) = vo(x,t,0,€) + eV (x,t,0,¢), 0=¢/e (4.4.4)

Here € is a small parameter, so this ansatz represents a small am-
plitude high-frequency solution. The function ¢(x,t,€) € R and the
functions vo(x,t,0,€) and v/(x,t,0,€) will be chosen so that (4.4.3)
gives an asymptotic solution of (4.4.2) as € — 0. In particular, ¢ is the
phase function associated with the leading order solution u = evy.
When carrying out the expansion, we assume that the derivatives,
¢, are of order one with respect to e.

This method of expansion is similar to the Chapman-Enskog
expansion.  For other work in nonlinear hyperbolic waves using
Chapman-Enskog expansions see Hunter (1995). The leading or-
der solution vy and the correction v/ depend on € explicitly. It is
therefore not necessary to include any higher order terms in the ex-
pansion (4.4.4), since they can be absorbed into v'. As a result of
this explicit € dependence, the solution v can be decomposed into a
leading order approximation, vo and a perturbation ev’ in different
ways, since terms in v/ can be absorbed into vo. One way to specify
the decomposition uniquely is to require that

1p.v' =0 (4.4.5)

where the left null vector lg is defined below. However, other choices
are possible. For example in gas dynamics we could require that v’
contains no pressure perturbations.

We now derive the asymptotic equations. We will obtain an
asymptotic solution which satisfies (4.4.2) up to terms of the or-
der €3. Higher order approximations can be derived in a similar way,
although the resulting equations rapidly become very complicated.
Use of (4.4.3) in (4.4.2) gives

{1 A(e9) + 6, BO(e9) } 99 + € {A(e9)V, + B (e9)v, | =0
(4.4.6)
Here, vy is the partial derivative of v at fixed x,t and v;, vy,
are the partial derivatives at a fixed 6.
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We note that if v(x, ¢, 0, €) satisfies (4.4.6) when 6 = e~ 1¢(x, t, ¢)
(rather than for all 6, as is usually assumed in the method of mul-
tiple scales), then (4.4.3) gives a solution of the original equation
(4.4.2). We are therefore free to regard any coefficient in (4.4.6)
which does not contain derivatives as functions of x,¢ with 8 evalu-
ated at e '¢(x,t,¢€). Using (4.4.4) in (4.4.6) and Taylor expanding
the coefficient matrices, we obtain

{&1A(e0) + 60, B (evo)}GOQ
e { |61 A(e¥0) + 2, B (e70)] ¥ + A(e¥0)¥or + B (e¥0) Vo, |
E{[61(Vud)(¥0) - ¥ + b (VuB@)(e7) - V'] Vg
+ A(evo)vt + B (ev0)¥,, } = O(e) (4.4.7)
As we remarked above, v(x,t, 0, €) is only required to satisfy this

equation when 6 = % We can therefore evaluate all the coefficients
at this value of 6 to obtain the equation

(6040 + 2 BE )00
e{($ Ao + 62 BE )Wy + Ag¥or + BS Vo, }

& {oU(Vad)y ¥ + ¢u (VuB@)g - ¥} 300 + AoV, + BV, |
= 0(é%) (4.4.8)

+
+

where the subscript 0 indicates that the coefficients are evaluated at
u = evo(x,t, € 1¢(t,x,¢€),€) so that they are functions of x,# and e.
For example,

BiY (x,t,€) = B (e79(x,1,¢ L6 (x, 1, €), €) ) (4.4.9)

Note that the meaning of a quantity with subscript 0 in the section
4.3.1 (see 4.3.17) is different from that in this section.

The three terms in (4.4.8) are not completely separated as coeffi-
cients of the powers of €', € and €2 are also dependent on e. The first
term, which is of order €, vanishes up to this order and, therefore,
we impose that it is exactly zero i.e.,

{ @140+ 62 B } 00 = 0 (4.4.10)

When we choose the leading term v in the high frequency asymp-
totic limit € — 0 to satisfy this equation, the first term in (4.4.8)
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vanishes and we get a relation

{¢tA0 + a4 B(()a) } Vo + Aovor + Béa)f’om
+ e {[B(VaA)y ¥ + b0 (VB - ¥'] Vg
+ A+ BV, | = O(e) (4.4.11)

between v and ¥/ with error of the order €. To obtain a nontrivial
solution for vg, we then require that ¢ satisfies the eikonal equation

det[ey(x,t,€)Ag(X,t, €) + b, (X, 1, ) BN (x,t,€)] =0 (4.4.12)

We note that this eikonal equation is associated with the function
u = evo(x,t,e ! ¢(x,t,¢),€) and thus we are able to incorporate
the leading order wave amplitude correction in the eikonal equation
itself. We denote left and right null vectors associated with the phase
¢(t,x, €) and the perturbed state u = evq by lp(x,t,€) and ro(x,t,€),
respectively, i.e., Iy and rg satisfy

1. (qbtAo + %Bga)) =0 (4.4.13)
and
(@AO + ¢, Bé“)) ro =0 (4.4.14)
Here
lo(x,t,e) =1(n(x,t,€),evy) (4.4.15)
ro(x,t,e) =r (n(x,t,¢),evq) (4.4.16)
where
n(x, ta 6) = éi’ b V¢ - (¢$17 ¢4E27 MR ¢Z’nz) (4417)

Also we normalize 1y so that
loAQI‘O =1 (4418)
A solution of (4.4.10) is given by

Vo(x,t,0,¢) = w(x,t,0,e)ro(x,t,¢) (4.4.19)
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where w is an arbitrary scalar valued amplitude function. Taking
the scalar product of (4.4.11) with the left null vector 1y we obtain

lo (Ao¥or + BY¥ou, )
+ elo {[$(Vud)g ¥ + 60 (VuB@)g - | %00 + Ao¥} + BV, }
= O(e) (4.4.20)
To eliminate v/ from this equation, we solve (4.4.11) iteratively for
v/ in terms of V. In order that the eliminant has an error of order €2

consistent with (4.4.20), we note that we need to solve v/ with error
of order € i.e., we consider only the leading order terms in (4.4.11)

{@140+ 62, B } ¥ + Ao¥or + BiV0u, = O(e)  (4.4.21)

We use (4.4.19) in (4.4.21). A solution of the resulting equation for
v’ is then

V/(x,t,0,€) = by(x,t,0,€)s, + bey(X,t,0, e)séﬁ) +b(x,t,0,€)s0 + O(e),

(4.4.22)
where b is the scalar amplitude such that

by = (4.4.23)

and the vectors so(x, t, €), sh(t, x, €) and so(?) (x,t, €) satisfy

<¢tz40 + <Z>zaB(()a)> Sop = — (AOI'Ot + B(()a)ro:na)

n (lo(A(]I‘ot + B(()a)ro%)) Aoro, (4.4.24)
(¢tA0 + %aBoa)) so = — (Aoro) + (loAoro) Aoro, (4.4.25)
((Z)tAo + (bg;aB(()a)> 50’6 = — (B(()B)I'()) + (loB(()B)I‘o) AQI'(), (4.4.26)

We again remind the reader that @ used in section 4.2 and the present
section is of order 1 but w in the section 4.3 is of order e(= ¢).

These equations do not have a unique solution. This is because
there is some arbitrariness in how v is decomposed into v and v'.
But if we impose the condition (4.4.5) on v/, then we can choose the
unique solutions of (4.4.24 - 26) satisfying

loso = losjy = lgso® =0 (4.4.27)
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Finally, use of (4.4.19) and (4.4.22) in (4.4.20) gives the following
transport equation for w,

B+ XaoWaq — Q0+ € [ (T + T, +Tb) g + Why + Vb,
+D° + Bb] = O(e?) (4.4.28)

Note that D contains linear terms in the second order derivatives
of b as seen below. The coefficients are functions of (x,t,€) given by

Xag

Q

r

Ft

Pa

w

Va

DB

E

Iy B(()a)ro

~ (1o Aoror +10B§ros, )

I {(6(Vud)y + dua (VuB@),) - so}rg
I {(6(Vud)g + ¢2,(VuB@), ) - s }ro
lo {(66(Vud)y + 6y (VuB@),) - 567 o
I (Aoso + Aosp; + B(()ﬂ)slom)

1 (B{Vso + Aosty’ + BYVs(5))

10 {Aoslobtt + A()S(()ﬁ) bmﬁt + B(()a) SE)btxa'i_
a) (B
B(() )Sé )bxaivfj}

10 (A()S()t + B(()Q)S()xa>

(4.4.29)

The material presented in this section is the result of collabora-
tion between J.K.Hunter and the author during the summer of 1995.

4.4.2 Ray formulation of the asymptotic equations

The eikonal equation (4.4.10) can be equivalently written in the form
(see equation (2.4.10)),

Q = ¢y(loAoro) + éz, 10BV10) =0, a=1,....m

(4.4.30)
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From the characteristic equations of (4.4.30) we obtain (see equations
(2.4.6-7))
dxq 8@ (o)

R 1.4.31
ds ~ Oy 070 TOT Xeo (4.4.31)

and a differential equation for n = V¢ /|V|

o A B
dna = —nglg <_008 + ,ya 0) ro =Y, say (4.4.32)

ds 6776 on%
where 9/0nF is defined by (2.4.8) and co = ¢¢/|V¢|. The operator
d 0 0
— == w0 E— 4.4.
ds Ot + Xao 0%y (4.4.33)

and 0/0nf appearing in (4.4.31-32), are differentiations in directions
tangential to an approximate characteristic surface ¢(x,t) = con-
stant in (x,t) space. In addition, the derivatives 6/877% are tan-
gential to a wavefront €, : ¢(x,t) = constant with ¢ = constant
in (z1,...,Tm)- space. Because of the choice (4.4.18), d/ds repre-
sents the time-rate of change along a ray and may be denoted by the
symbol d/dt. The transport equation (4.4.28) can then be written as

W _ e [(T1 + Ty, +Tb) g+ Wy + Vb,

ds
+D 4 Bb| + O(%) (4.4.34)

Equations (4.4.31 - 34) form a complete set of equations of the non-
linear ray theory with error O(e?). The amplitude u = evg = etry,
correct up to first order in €, appears in the bicharacteristic velocity
Xao (X, t, €) and the rate of turning ¥,, of the rays in a complicated
way.

To make these equations more tractable, we approximate 1y and
ro defined by (4.4.13 - 16) as follows. We now define 1 and T as

1=1(n,0) ¥ =rp(n,0)
Then
lp = 1+ e{(Vul)y - Vo} +0(e?) =1+ e{(Vul)o - o} +O(e?) (4.4.35)

where (Vyl)g is the value of (V1) evaluated at u = 0 keeping n fixed
and is a notation different from that introduced by equation (4.4.9)
for the use of the subscript 0. Similarly,
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rg=r+ 6{(vu1‘)0 . I‘(]}QIJ + 0(62) (4436)

The vectors 1 and F still depend on the leading order term vy in the
solution and the nonlinear phase ¢, through n. Also if

A, =A(u=0) and B! = g (u=0) are constant matrices

(4.4.37)
(see (4.2.8)) then we have
Ag = Ay + (V4 A), -10)iw + O(e?) (4.4.38)
and
B{® = B + ¢(VyB®), - 1)t + O(€2) (4.4.39)

where (VoB(®), is the value of (V,B(®) evaluated at u = 0. The
important point in simplifying the equations now is to realize that a
nonlinear wavefront given by the phase function ¢(x,t, €) may differ
significantly from the corresponding linear wavefront given by the
linear phase function ¢*(x,t) introduced in section 4.2. This has
been emphasized in section 4.3.1 just above the equations (4.3.28 -
29) and can be seen from the large number of results we shall present
in Chapter 6. The partial derivatives ¢,, of the nonlinear phase
and ¢; of the linear phase (i.e., the unit normal n of a nonlinear
wavefront and n, of the corresponding linear wavefront) also differ
significantly. One may think that the nonlinear ray theory which
is being considered here may be valid only on the length scale over
which the linear theory or CPW nonlinear theory are valid. But
this is not so. In the derivation of this theory we have made no
reference to the length scales associated with the linear theory. The
numerical results in chapter 6 show that this theory is valid even
in a caustic region of the linear theory where the normal n of a
nonlinear wavefront and n, of the corresponding linear wavefront
differ a great deal. In fact, the theory is valid on a much larger
length scale than the radii of curvature of the initial wavefront (see
comments in section 6.4 on wavefronts with initially sinusoidal shape
and the corresponding results in chapter 10). Therefore, while trying
to make further approximation in some of the terms in (4.4.31 -
34), we keep n and the operators 9/0n3 (tangential derivatives on
the nonlinear wavefront) unchanged and use Taylor’s expansion with
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respect to evg at 0. Following this we can approximate some of the
terms as follows:

loBé rg = IBYF+e {((Vul)o . f)Bﬁo‘)f +1((VuB), - F)F
+ IBIY(Vur), - T| @+ O(e?) (4.4.40)

= AT + e [(Val)o - 1) ATy + 1((VuA)y - T)F
+ lA (V ) ot ° r+ lA (Vur)o I't]
+ €A, ((Var)o - )i + O(€2) (4.4.41)

lgAgro;

and

loBoro,, = IBIVF+¢|((Val)o:F) B %, +1(VuB™), - D)E,,
1A, (VuF)os, - F + 1B (Vyr)o - f%} W

IBY) (Vur)o - Ty, + O(e2) (4.4.42)

+ o+

Therefore
loAoroi+10 B\ 10, = TA,F+1BYE,, +0(e) = —Q+0(e) (4.4.43)
where
Q= —(14,5 +1Br,, ) (4.4.44)

Substituting (4.4.40 - 44) in (4.4.31 - 34) and retaining terms only
up to order €, we get the full set of equations of WNLRT (note
d/ds = d/dt)

dr, 3 a7 N
% = IBF+e[(Vulo - DB +1(VuB@), - D)F+
+ 1B (Var), 7| @+ O(e?) (4.4.45)
dng pu OF oF | _
-0 —enf1 14 = wA), uB). - —
_ _ 0w
+ {-c(Vu4), - T+n,(VuB?), T} a] T
877,8
O p=1,2...,m (4.4.46)
where
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and we note that U, is zero because A, and Bia)
dﬁ
dt

are constants, and

= Qw+€[(( ul)o - F) AT +1((VyA), - )T
T4.( 7]+ e [(Val)o - T) BV,
1(Va B( >) ), + 1B (Var)o - o, | @
e {TA.((Vur)o - )iy + 1B >((vur)0 )iy, |
— [ (T"by + T, +Tb) g + Wby + V°b,, + D*? + Eb|
+ O(e?) (4.4.47)

If the terms of the order € are also neglected in the ray equations
(4.4.45 - 46), these equations decouple from the transport equation
(4.4.47) and give the linear rays. In order to retain the nonlinear
effects it is necessary to retain in the ray equations, terms at least
up to order e. The situation for the transport equation (4.4.47) is
different. The exact solution presented in Chapter 6 and numerical
results (Prasad and Sangeeta (1999)) show that inclusion of the order
€ in terms of (4.4.45 - 46) changes () by order 1 in the caustic region
leading to an order 1 change in the value of @ in finite time. This
is in contrast to what we expect in a perturbation method. But
it is not surprising when we note that the neglect of O(e) terms
(4.4.45 - 46) (i.e., linear theory) changes (2 from a finite curvature to
as infinite curvature in the caustic region which is reached in finite
time. It is different with the transport equation (4.4.47), which, with
only the first term on the right hand side, always leads to a finite
value of w everywhere whenever the terms of order € is included
n (4.4.45 - 46) and ew (i.e., w of the section 4.3) is not chosen to
be too small. During the competition of convergence of linear rays
and the opposing effect of nonlinearity, a balance is reached which
leads to a finite change in € and hence a finite change in @w. There
is no mathematical proof so far for the amplitude to be finite due
to nonlinearity but the extensive numerical computation with small
(but not very small) values of amplitude € w leads to this conjecture.
In all these cases the effect of inclusion of the terms of order € in
(4.4.47) will remain small in finite time. Thus, to get only the leading
order correction to the amplitude, it is not necessary to retain the
last four terms in (4.4.47) which are multiplied by € and then we get

dw
dt

+ o+

= Qu (4.4.48)
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These arguments convice us that we have indeed deduced a weakly
nonlinear theory (i.e., equations (4.4.45 - 47)) in which @ has error
O(€?) (i.e., the solution u has an error O(e3)). However, in the
solution of the simpler WNLRT (i.e., equations (4.4.45 - 46) and
(4.4.48)), the amplitude @ has an error O(e).

The transport equation looks exactly the same as the linear trans-
port equation but it now contains all the leading order nonlinear ef-
fects since in it dw/dt represents the time-rate of change along the
nonlinear rays and n appearing in € is the normal of the nonlinear
wavefront. The equation (4.4.48) along with the equations (4.4.45 -
46) is equivalent to the transport equation

@y + {IBYE + € [(Vul)y - TBIF + (Vo B™). F)7
HIBL (Vo - 1)oF| | iy, = Qb (4.4.49)

and , which contains derivatives of n and which is calculated using
the coupled system (4.4.45 - 46) and (4.4.48), remains finite every-
where including the points on the caustic, where the corresponding
value * by linear theory tends to infinity. The equations (4.4.45 -
46) and (4.4.48) form the final coupled system of equations of our
nonlinear ray theory. Retaining the other terms of order € in (4.4.47)
will modify the results only by effects of order €2 in the solution u
since these terms in (4.4.47) are actually of order €2 in the original
equation (4.4.7). Equations (4.4.45 - 46) and (4.4.48) are the same as
the equations obtained for a weakly nonlinear ray theory (WNLRT)
in section 4.3.

4.4.3 Comparison with other theories

The WNLRT developed in the last two sections is valid over a length
scale L over which the assumptions involved in the derivation of the
equations are valid. This length L can be determined only from
the solution of this approximate theory. One exact solution, called
the composite simple wave solution in chapter 6, and the extensive
numerical solution by Prasad and Sangeeta (1999), show that this L
is large compared to the length scale R of the order of principal radii
of curvature of the initial wavefront. The CPW ray theory is valid
over a length scale L. which is small compared to R. On this scale
L, the linear and nonlinear wavefronts are not only close but have
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the same shape and the amplitude given by the linear theory remains
small. Thus, % << 1 << % We shall show that over the length
scale L., the equation (4.4.48) reduces to the leading order equation
obtained from CPW theory in addition to some extra terms which
can be neglected. We now examine the equation (4.4.48) over a
length scale L.. On this length scale, the linear wavefront and the
corresponding nonlinear wavefront originating from a same initial
wavefront are close to one another and their unit normals denoted
respectively by n, and n differ by a quantity of order e. We denote

the rate of change along the linear ray by I Le.,

0
:l*Aa * 0 ) a) = =i, =&y dm = Im 4.4.
e B S (to)=(ro=t,x1 =2, -2 Tm) (4.4.50)

where we have not set 1Ar = 1, and used A° = A, A% = B(® and

L, =1(n,,0), r.=r7(n0) (4.4.51)

The quantities with subscript and superscript * represent the same
quantities as in section 4.2.

The summation convention in this section extends to the range
0,1,2,---,m. The rate of change d% along the nonlinear ray (see
equations (4.4.45 - 46)) for |n — n,| = O(€) can be written as

d o, O - n—n, o
i l*A*r*axa {((V 1), - ( ))A*r*

- b (. (2 =)o
+ i [((Val)s - r*)Ar*-i-l*(VAa ry) Ty

FOLAY(Var). 1) o a +0(e2) (4.4.52)
where V,, = (8%1’ s B ) The middle term in the square bracket

is important and we write it along with the first term on the right
hand side of (4.4.53). Thus,

da d* o _ 0 o O o 0
e —+e{li (Va4 )*-r*)r*}w%—i-ewS a—%—eT a—%+0( !
(4.4.53)

where

S = ((Val)s 1) ASr, + LLAS((Var)s - 1) (4.4.54)
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= ((Vni)* ‘ (n _en*)) ASr, + 1A (<an>* . (n—en*»
(4.4.55)

The second term in (4.4.53) contains in it the nonlinear stretching of
the rays as given in CPW theory. In fact, if we make a transformation
from (z4)-coordinates to (¢*, 4", ...,y")-coordinates (where ¢* is the
linear phase function)

o =" (o, 1, Tm)y Yo =Ta, @ =1,2,...10 (4.4.56)

then
0 0 0 0 0

bz~ 082y Bwa " 06" | Oya’

a=1,2,....,n (4.4.57)

Now with 6* = %*

L ((VuA®). - r*)r*}wai - g*w;g* +0(e)
G, = {L(6% (Vud®), 1)) (4.4.58)

. 9 _ 1.9
since g5z = ¢ 55+ Further,

0

e

€5 {(Vul)s-ra) (AL, 1) + (I*A‘i‘%ia)((Vult“)*lt‘*)}i +0(e)

00*
(4.4.59)
in which all terms of order one vanish because AY ¢; r. = 0, and

1LAS¢; =0.
On the length scale L., n —n, = 0(¢), so that

0

T —
¢ 0xq

0
= T¢; 4.4.
G o + 06 (4:4.60)

and here, too all the terms of order 1 vanish due to the same reason
i.e., AY¢y 1. =0 and 1,AZ¢; = 0. Thus, to the leading order, the
transport equation (4.4.48 or 49) reduces to the transport equation
of the CPW theory

%

dt*

w + Guwyx + Qw =0 (4.4.61)
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Note that the assumption |n — n*| = O(e) breaks down as soon the
nonlinear wavefront starts approaching a caustic region of the linear
theory.

One of the most interesting outcomes of this theory is a derivation
of the weak shock ray theory (Prasad (1993), p.95), from the WNLRT
consisting of the equations (4.4.45 - 46) and (4.4.49). Shock ray the-
ory consists of the shock ray (see chapter 9) equations and an infinite
system of compatibility conditions. Unlike the WNLRT, shock ray
theory is exact because € is of the order of the shock thickness which
is zero in the inviscid theory and hence the high frequency approx-
imation is exactly satisfied. But the shock ray theory is as difficult
as the original problem, in fact, more difficult due to horrendously
long expressions present even in the first few (say the second itself)
of the infinite number of compatibility conditions involved in it. An
infinite number of equations remain involved even if a weak shock
assumption is made. As mentioned here, the weak shock ray theory
can be derived from the WNLRT of this paper. This derivation is
not only simple but also much more transparent for the Euler’s equa-
tions of gas dynamics, which we shall see in Chapter 9. In passing,
we mention that an attempt has been made in showing such a rela-
tion between WNLRT and shock ray theory by Anile et al. (1993),
(pp. 85-87) without making any distinction between a linear ray,
nonlinear ray or shock ray.






Chapter 5

Stability of solutions near
a singularity of sonic type

5.1 Introduction

One of the most intriguing phenomena in fluid dynamics is the ac-
celeration and deceleration of the fluid flow through the velocity of
sound. This is mainly due to the presence of sonic singularity of the
steady flow and the genuine nonlinearity of gas dynamic equations.
Small amplitude waves are trapped in a neighbourhood of these sin-
gularities where they grow and decay for a long period during which
time the genuine nonlinearity of the governing equations start to
dominate.

Both the exact and approximate solutions of one- or two - dimen-
sional steady equations of motion of a polytropic gas have established
beyond doubt the theoretical existence of continuously accelerating
and decelerating isentropic, mixed transonic flows through the con-
verging or diverging nozzles or past solid boundaries. Theoretically
then, a fluid element should be able to accelerate continuously from a
subsonic state to a supersonic state and vice versa. Continuous flows
accelerating steadily through the speed of sound could always be ob-
tained but most of the early experiments showed that a shock wave
necessarily appeared where a continuously decelerating flow should
have existed according to theoretical predictions. Kantrowitz (1947)
studied the stability of quasi-one-dimensional steady transonic flows
by superposing unsteady disturbances and came to a definite con-
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clusion that a flow in a de Laval nozzle continuously accelerating
through the speed of sound is stable. The reversed flow is unstable
and the downstream part of the latter would be replaced by an ac-
celerating flow terminated by a shock wave. A study of the stability
of two-dimensional plane flows past an aerofoil surface was done by
Kuo (1951) and his conclusion that two-dimensional flows decelerat-
ing continuously through the speed of sound are unstable was also
not in contradiction with the early experimental results of his time.
The faith in the instability of a continuously decelerating transonic
flow grew stronger when other arguments (Spee (1971)) such as the
non-existence of neighbouring flows (Morawetz 1964) poured in.

Later, in the late 1960’s and early 1970’s, theoretical and ex-
perimental investigations at National Aerospace Laboratory (NLR),
the Netherlands (Nieuwland (1966), Nieuwland and Spee (1968) and
Spee (1971)) showed that two-dimensional continuously decelerating
transonic flows were not unstable in the strict sense. It would be
possible to obtain these flows experimentally as closely as possible if
we could reduce the model imperfections and boundary layer effects.

The reason for this transonic controversy was explained (Prasad
(1973)) by showing that the upstream propagating waves are trapped
near a sonic point due to the vanishing of all components of the ray
velocity (4.3.31) at the sonic point in the steady solution when the
wavefront becomes normal to the flow direction. Such a pulse stays
in an e neighbourhood of the sonic point (where € is a small quantity
of the order of the amplitude of the pulse) for a long time interval
during which period the nonlinear evolution becomes very important
and the perturbation remains bounded as seen in the Example 1.5.6.

The transition of a steady flow from a subsonic flow to a super-
sonic flow as we move with the fluid or the reverse transition takes
place across a sonic surface at every point of which |q|? = a®. We
note that a sonic point i.e., a point on the sonic surface (sonic type of
singular point for a general hyperbolic system) can be defined only in
a flow which can reduce to a steady flow in an appropriate Galilean
frame (or a self-similar flow in a suitable similarity coordinate system
- see later in this chapter). For such flows, there exists a frame with
the help of which |q|? = a? defines sonic surface uniquely. We choose
a sonic point P* and denote all quantities in the steady flow at P*
by a superscript * for example q* = qo(z*), then
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lq*| = a” (5.1.1)

If we consider a wavefront such that its normal n = q*/|q*|, then
X"=q" —n'a" =0 (5.1.2)

i.e., all components of the ray velocity in the steady flow vanish at a
sonic point when the wavefront is orthogonal to the stream line. In
such a flow, small amplitude upstream propagating waves with wave-
fronts orthogonal to the streamline at P* are temporarily trapped at
P* since ¢* = (n*, x*) = 0.

For a system of first order equations (4.3.1) with at least one real
eigenvalue ¢ = ¢(x,u,n), a point P*(x*) in a steady solution uy(x)
is defined to be a sonic type of singularity if all components (@ =
1B(®)r/(1Ar), of the ray velocity x (see equation (2.4.6)) vanish at the
point P* for a particular value of n = n* i.e., xq0(x*, ug(x*),n*) =
0,a=1,2,...,m.

Note that in the case of the Euler equations of motion of a gas
in one space dimension, the normal n* = q*/|q*| for a sonic singu-
larity automatically reduces to (1,0,0) since q = (g,0,0). Therefore,
in order for the above definition of a sonic type of singularity to
be consistent with that for a hyperbolic system in two independent
variables x and ¢, some restriction will be required on the hyperbolic
system (4.3.1).

In order to gain some understanding of the sonic type of singu-
larity, let us consider one-dimensional steady transonic flow in a de
Laval nozzle.

Example 5.1.1 Transonic flow in de Laval nozzle

A de Laval nozzle is a duct with cylindrical symmetry, say about
the z-axis and consists of a converging entry section and a diverging
ezhaust section. Consider a steady one-dimensional isentropic flow
of a gas through the nozzle of a cross-sectional area A(z). The fluid
velocity ¢o at a section x of the nozzle and the area A satisfy the
relation (Courant and Friedrichs (1948))

d a2 dA
(g0 — ap) S = —20

— 5.1.3
dr  A(qo + ao) dx ( )

where the subscript 0 represents the value in the steady solution.
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We assume that at the point z* the steady flow is sonic i.e.,
the characteristic velocity ¢ = q5 — aj = 0. Assuming that there
is a smooth transition of the flow at the sonic point i.e., (dg/dx)*
is finite and non-zero, from (5.1.3) we get (dA/dx)* = 0 i.e., the
cross-sectional area of the nozzle must be stationary at z*. Since the
eigenvalue cg, representing the velocity of propagation of upstream
propagating waves changes sign at which point the flow either accel-
erates or decelerates through the speed of sound, the equation (5.1.3)
also shows that A must have either maximum or minimum at z*.

Bernaulli’s equation for a steady flow is g2 + %ag = constant
throughout the flow. With the help of this equation we can express
the differential of ¢y = g9 — ag in terms of dgy as

-1
dey = (1 + M) dao (5.1.4)
2a0

so that in a neighbourhood of the sonic point dcg ~ %dqo.
Therefore, in a neighbourhood of a sonic point, an approximate
form of (5.1.3) is

dcey r—x* (v + 1)a*? <d2A> :

%:B co b= 4A* dz?

(5.1.5)
Equation (5.1.5) shows that the sonic point where co = 0 is a singular
point of the steady equation (5.1.3).

The cross-sectional area of the nozzle in the neighbourhood of
the sonic point is given by

* 1 d2A " *\ 2
A=A +§ W (.7}—$) + ...
203 9 }
A1+ —" (-2 1.
{ T e e T (5.1.6)

If B < 0, the cross-section A is maximum at £ = 0. The singular
point is a center or focus and there does not exist any continuous
steady solution through the nozzle with a sonic point at the throat.
When § > 0, the nozzle area A is minimum at £ = 0, the singular
point is a node (Fig. 5.1.1). The figure shows that there are only four
continuous steady flows represented by lof, lob, aob and aof with a
sonic state at x = 0. Apart from this, there are an infinity of subsonic
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flows such as ghi, an infinity of supersonic flows such as pqr and an
infinity of flows with weak shock waves such as pqmni and lom/n/f

C

%

0
m:
|

L

Fig. 5.1.1: Phase-plane of 5.1.5 with § > 0.

Kulikovskii and Slobodkina (1967) developed a very elegant the-
ory to discuss the stability of steady solutions passing through the
sonic type of singular points of a hyperbolic system in two indepen-
dent variables. Their special transformation of a perturbation equa-
tion in a neighbourhood of such singular points leads to an equation
which is independent of the steady solution on which perturbation
is created. Hence, the transformed equation not only governs the
perturbation of the steady solution but also the steady solution it-
self. The theory was extended by Bhatnagar and Prasad (1971) in
the case of a multiple eigenvalue of a system of first order equations
when the eigenspace of the eigenvalue under consideration is com-
plete. As far as the author knows, this is the only example of a
theory where the perturbation equation governs also the basic solu-
tion which is perturbed. We call this theory the BKPS theory. Since
the case of multiple eigenvalue involves quite difficult algebraic cal-
culations, we consider only the case of a simple eigenvalue. We first
present general results on the approximation of a hyperbolic system
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in the neighbourhood of a characteristic curve and then present the
BKPS theory.

5.2 One-dimensional weakly nonlinear wave
propagation

Consider a system of n first order partial differential equations in
two independent variables

A(z,u)us + B(z,u)u; + C(z,u) =0 (5.2.1)

where the symbols have their usual meaning. Let us assume that
(5.2.1) has a real and simple eigenvalue c¢(z,u) satisfying det[B —
cA] = 0. The corresponding left and right eigenvectors are denoted
by 1(z,u) and r(z,u) respectively. Consider a steady solution ug(x)
of (5.2.1) satisfying

and a small amplitude perturbation of this steady flow: u = u — ug
as introduced in section 4.3.

As mentioned at the end of the section 4.1, the difference between
the CPW theory and WNLRT disappears when we consider a system
of equations in two independent variables. Since, in this case, the
unit normal n of the wavefront does not appear either in ¢, 1 or r, the
quantities with a subscript or superscript * in section 4.2, those with
a subscript 0 in section 4.3 and those with a bar above in section 4.4
(see the definition just before the expression (4.4.35)) are the same.
In this section we follow the notations of the section 4.3.

Let ¢(z,t) = 0 be a characteristic (embedded in a one param-
eter family of characteristic curves) of (5.2.1) corresponding to the
solution u = ug + v, where |v| is of the order of e. We now use a
coordinate system (¢, z’)

¢=o¢(x,t), 2’ =x (5.2.3)

and approximate the system (5.2.1), using (5.2.2) and introducing
0 = ¢/e, in an e neighbourhood of (yet unknown) characteristic
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curves ¢ = 0. Following the procedure either of the section 4.2
or the section 4.3, we get

v =wrg, ro=r(z, uy(z)) (5.2.4)

where w is the amplitude of the perturbation and is O(e). The trans-
port for w is

ow ow
5 + c(x,w)% =Kw (5.2.5)
where
c(z,w) = c(z,up(z) + wry) (5.2.6)
and
K(z) = ———1 {(VC) + (VuB) +1B@} (5.2.7)
33—(1Ar)00 «C)o - To uB)o - ro +loBo—— 2.

(5.2.5) is an approximate transport equation giving the ampli-
tude of the nonlinear wave propagating with the exact eigenvalue c
corresponding to u = ug+wry. Since w is a small quantity of order e,
we can approximate (5.2.5) in the neighbourhood of the approximate
nonlinear characteristic curve. To do this, we note

¢ = co(x) + cpw + 0(€2) (5.2.8)
where
co(x) = c(x,up(x)), cw() = (Vyuc)o - ro (5.2.9)
Therefore, retaining terms up to order € in (5.2.5), we get the final
approximate transport equation
we + (co(z) + cw(z)w)wy = K(z)w (5.2.10)

The expression for ¢ in terms of A, B,1 and r is ¢ = (1Br)/(14r),
hence we get
co(z) = (lyBorop) /1o Apro) (5.2.11)
and
1

cw(T) = mlo {(VuB-1r)g —co(Vy,A-1)o}ro (5.2.12)

Example 5.2.1 Consider a reducible hyperbolic system (3.1.26) in
two independent variables x and t. Take the basic state ug(z) = 0 so
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that ¢p and ¢, are constant and K = 0. Then the equation (5.2.10)
reduces to the Burgers’ equation

ug + uug = 0 (5.2.13)

where
u=cpw and £ =z — cot (5.2.14)

Unlike the cases in multi-dimensions, the one-dimensional model
equation (5.2.10) for a weakly nonlinear wave propagation is very
simple. Given the initial shape of a pulse or boundary condition
along a moving boundary z = X,,(¢) (such as in the piston problem,
see section 3.1.1), the wave profile can be easily computed by solving
the characteristic equation along with the compatibility condition
(see equations (1.2.3 - 4) for Burgers’ equation). For certain initial
or boundary values, a shock (or a number of shocks) would appear in
a solution of (5.2.10). It is simple to deal with the shock provided we
know the correct conservation form of (5.2.10). For this, it would be
necessary to start with the original equations of the physical system
under consideration in conservation form from which the equations
(5.2.1) were derived, for example, the equations of motion of a gas:
(2.1.8) with (2.1.20). The procedure given in this section (or those in
chapter 4) may be modified (see Hunter (1995), section 3.2.2.1 equa-
tion (3.2.31)) to get the correct conservation form, say for simplicity,
of (5.2.13):

1
ug + (—u2> =0 (5.2.15)
2 Je

With an appropriate conservation form of (5.2.10), shocks can be
fitted in the solution. The conservation form (5.2.15) with the flux
function proportional to the square of the amplitude of the wave is
a general result for a weakly nonlinear ray theory. This is consistent
with the result of shock fitting in multi-space dimensions as stated
in the theorem 9.2.1 in chapter 9.

5.2.1 BKPS theory

In this section we shall study one-dimensional steady solutions and
their stability in a neighbourhood of a sonic type of singularity. A
complete study of this type (i.e., study of steady solutions and their
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stability) is possible with the help of a single partial differential equa-
tion, which is also very simple.

A steady solution ug(z) of (5.2.1) is governed by (5.2.2). We
assume that the eigenvalue ¢ vanishes at a point z* in the steady
solution i.e.,

c* = co(z”, Up(z*)) =0 (5.2.16)

Multiplying (5.2.2) on the left by ly and using 1gBy = colAy we get
dug
Co ZOAOE +10Co=0 (5.2.17)

(5.2.17) can be satisfied only if I(Cy also vanishes at z* showing that
the point where a characteristic velocity vanishes in a steady solution
is a sonic type of singular point of the steady equations (5.2.2).

The approximate partial differential equation governing the mo-
tion of weak unimodal waves on the steady solution ug(z) is (5.2.10)
where ¢, ¢, and K are functions of x only. This approximation is
valid for perturbations of the order of ¢, in an ¢ neighbourhood of
a characteristic curve given by % = ¢p and over a time-scale of the
order of unity. Let us select a characteristic curve to be the one
passing through the singular point x* at time ¢ = 0. Since ¢y = 0 at
x* = 0, this characteristic (for the solution u = ug(z)) is a straight
line in the (x,t)-plane parallel to the t-axis and passing through the
point (x*,0). Therefore, the approximate equation is valid in an e
neighbourhood of the singular point z* and over a time-scale of the
order of unity i.e., it governs the motion of those small amplitude
waves which stay in the neighbourhood of the singular point for the
time interval of order of unity. Therefore, it determines the com-
plete history of an isolated, unsteady transonic-type of pulse. In the
neighbourhood of the singular point, we expand the quantities cg, ¢,
and K in the powers of £ = x —z* and retain only the most dominant
terms consistent with our approximation. Then we get

wy + (G + uw)we = K'w , {=a—1" (5.2.18)
where from (5.2.11 - 12) and (5.2.16) we get

o= (lAlr)*l* {(Bgc)* + ((VUB)* . (Z_D) } P (5.219)
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1

Y= I B)*-r)r* 2.2
cw (IAI')* ((vﬂ ) r )I‘ (5 O)
and using (5.2.7) and noting that (1B)* = ¢*(14)* =0
K* = —;1*{(V C) 1" + (VuB)* - 1) (d—“ } (5.2.21)
= T 1Ar)” wb) ¥ W) T G -

where Q* for any quantity @ is defined by

Q" = Q(z", up(z")) (5.2.22)

Kulikovskii and Slobodkina (1967) have shown that equation
(5.2.18) is valid even if the effect of the perturbation away from the
sonic point is non-zero. They achieved this by a suitable transfor-
mation of dependent and independent variables. Therefore, there is
no loss of generality if we base our discussion of the stability of the
steady solutions on the equation (5.2.19).

We assume that the characteristic field under consideration is
genuinely nonlinear which implies

Cw # 0 (5.2.23)
The values of the constants c}, ¢;, and K* depend on u* and also
*
on the derivatives (Z—;) i.e., on the particular steady solution on

which the perturbation is considered. To remove this dependence we
replace w by a new unknown ¢ = ¢3¢ + c¢,w. Then
oc  _o¢

a7 T Oge = 0%+ ¢ (5.2.24)

where the constants o and 3 are defined by
a=K"+¢c and f=—-K"c (5.2.25)

We note that the quantity ¢ = ci(z — z*) + ¢}, w represents an
approximate value of the eigenvalue c¢ in the e-neighbourhood of the
singular point i.e.,

c=¢+0(e)? (5.2.26)

In fact, co—c* = c:¢+0(€?) and c—co = ¢ E+0(€?) so that c—c* = é.
Based on this Kulikovskii and Slobodkina (1967) reach a remarkable
result that the equation (5.2.24) governs not only the perturbation
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of the steady solution ug but also the steady solution itself in the €
neighbourhood of the singular point. An explicit proof of this impor-

*
tant result that these constants are indeed independent of (Z—‘;) was

given by Bhatnagar and Prasad (1971) in a more general case: the
case when the eigenvalue c¢ is multiple. Thus, the coefficient « and
(8 depend only on the value u, i.e., the sonic state of the physical
system governed by the equations (5.2.1).

Therefore, the equation (5.2.24) describes also the steady solution
in the neighbourhood of the singular point. To evaluate the constants
« and 3, we do not have to work out the complicated algebra of the
general theory. They can be determined from an approximate form
of the ordinary differential equations describing the steady solution.
For example, in the de Laval nozzle problem, equation (5.1.5) gives
a =0 and 5.

It is a simple matter to write the general unsteady solution of
(5.2.24) with the help of the characteristic equations

Egza5+b§ (5.2.27)
and
dg
dt
However, any steady solution ¢y = é(§) of (5.2.24) can also be ob-
tained from a solution of (52.27 - 28) in the form ¢y = ¢o(t), & = &o(t).
The general solution of equations (5.2.27 - 28) is

—¢ (5.2.28)

¢ = prieMt 4 vhge?t | € = peMt 4 pe?! (5.2.29)

where 1 and v are arbitrary constants and Aj, A2 are the two roots
of the equation
N—_—a\—8=0 (5.2.30)

When the two roots of this algebraic equation are complex (as
in the case of Example 5.1.1 describing flow through a nozzle of
maximum area where a = 0 and [ < 0), the singular point (0,0) in
(¢,&)-plane is a center and no continuous steady solution can exist.
Hence a necessary condition for the existence of a continuous steady
solution through the critical point is that the two roots A1 and Ao are
real. We assume that A\1 > As.
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The behaviour of the integral curves of (5.2.27 - 28) in the (&, ¢)-
plane for various real values of A1 and Ao has been shown in Figures
5.2.1 - 4 where arrows indicate the direction of the increasing t. When
A1 and Ag are real and distinct, the singular point ¢ = 0,& = 0 being
either a node or a saddle point, there are two important continuous
steady solutions ¢ = A€ and ¢ = o€ with a sonic transition. If it
is a node, there are an infinity of such steady solutions. However,
we can construct an infinity of discontinuous solutions also, such as
AA{ BB in Figs. 5.2.1 - 3, where a shock A;B; has been fitted by
finding points A; and Bj such that ¢(A4;) + ¢(B1) = 0. Multiplic-
ity of all such steady solutions with shocks have been discussed by
Prasad (1969) and their stability has been discussed by Bhatnagar
and Prasad (1971).

We establish an important relation between the equation (5.2.24)
and its characteristic equations (5.2.27 - 28). From equations (5.2.27
- 28) we derive

dc  ac+ BE

d_§ == (5.2.31)
which governs the steady solutions of (5.2.24). The equation (5.2.24)
interpreted as a directional derivative in (§,t)-plane, means that the
space rate of change of ¢ as we move along a characteristic curve
is %ﬁ{ From the equation (5.2.31), it follows that the space-rate
of change of ¢ in a steady solution has the same value % Any
steady solution ép(x) consisting of a segment of an integral curve
(single valued in ) of (5.2.27 - 28) can be taken as an unperturbed
steady solution. At any instant, a disturbance of the steady solution
will be represented by a curve é = ¢o(z) + Aé(x) as shown in Fig.
5.2.1. We shall consider only those disturbances which are bounded
in space and, therefore, any disturbance will be represented geomet-
rically by an area bounded by a closed curve in the (&, ¢)-plane, a part
of the boundary being a segment of the curve representing the steady
solution. During the propagation, different points of the boundary
curve of the disturbance will move along the integral curves of the
characteristic equations. The direction of propagation, shown by the
arrows in the figures, can be easily obtained.

Consider on the (¢, ¢)-plane, an arbitrary part of an area S boun-
ded by a closed curve whose points move in accordance with equa-
tions (5.2.27 - 28). Since the vector field given by the right-hand side of
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Fig. 5.2.1: Phase-plane for 0 < Ao < A1, a > 0.

S

&
N\ -
°¢
B

Fig. 5.2.2: Phase-plane for As < A\; <0, a <O0.
these equations has a constant divergence

0 [d¢ 0 [d¢ 1dS

(= — =)l =a=X A+ X= =— .2.32

6§<dt>+8é<dt> a=MtA=g (5.2.32)

it follows that S = Spe® where Sy is the value of S at t = 0.
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Fig. 5.2.3: Phase-plane for As <0< A1, a <O0.

Fig. 5.2.4: Phase-plane for A\s <0< A1, a > 0.

With the help of the above results we are now in a position to
follow the motion, the growth or decay and the change in the shape of
a disturbance as it moves in the phase-plane of the equations (5.2.27
- 28). We discuss briefly the various particular cases.
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When A1 > Ay > 0, we have a singularity in the form a node
with positive characteristic directions as shown in Fig. 5.2.1. There
are an infinity of steady solutions through the critical point. Since
a = A1 + A2 > 0, any perturbation grows with time without bounds.
The leading and trailing fronts always move away from the singular
point with increasing velocity of departure from the origin. In the
Fig. 5.2.1 we have shown by the broken lines a typical disturbance
with positive values of Vc on an initial steady solution ¢ = Agz. 1 and
2 represent the position at two instances and we can easily see that at
the second instance a shock wave has developed in the perturbation
on the right hand side front. This shock will move towards right with
increasing velocity and increasing strength.

Thus, any steady state solution (Fig. 5.2.1) passing through the
singular point is unstable when A1 > Ay > 0.

In all other particular cases, namely A2 < A\ < 0 (Fig. 5.2.2) and
A2 < 0 < A1 (Figs. 5.2.3 - 4), it is not difficult to discuss the stability
of a steady solution. We just state the final result, the details are
given in Kulikovskii and Slobodkina’s original paper.

When a = A1 + Ao < 0, all steady solutions are stable near the
singular point. When o > 0, all steady solutions are unstable with
the exception of the solution represented by an integral curve passing
through a saddle point singularity with % > 0.

Example 5.2.2 Neutral stability of an accelerating transonic
flow

We consider the steady transonic flow in the de Laval nozzle near
its throat where the cross sectional area is minimum. The steady
solution is given by (5.1.5). Hence, the equation (5.2.24) reduces to
¢t + €, = Px where [ is given by (5.1.5) and o = 0. In this case
A2 < 0 < A\; = v/ and the phase-plane is given in Fig. 5.1.1. This
is a special case in which the area S of a perturbation of a steady
solution remains constant (see equation (5.2.32)). The continuously
accelerating flow aob is stable. The continuously decelerating flow
lof is neutrally stable. A perturbation of it will get trapped near
the sonic point O and the flow lof will be replaced by lom/'n’f. The
position of the shock m’n’ will depend on the initial area of the
perturbation which will be equal to the area of the triangle Om/n/.
This explains the difficulty in obtaining a continuously decelerating
transonic flow experimentally. The stability of all other solutions
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including those with shocks can also be discussed (see Bhatnagar
and Prasad (1970)).

It is now a simple matter to use the above theory to discuss
the stability in the case of particular problems as shown in the above
example. Kulikovskii and Slobodkina (1967) have used it to study the
stability of magnetohydrodynamic flow of a fluid through a channel,
where they have met all types of singularities depending on the values
of the flow variable in the critical state. Bhatnagar and Prasad (1970)
have shown that all one-dimensional steady flows of a polytropic gas
when the thermal effect of radiation is considered are stable at the
sonic point.

5.2.2 Sonic type of singularity in self-similar solutions

Self-similar solutions and one-dimensional steady solutions in fluid
dynamics share a common interesting feature in that, sometimes, a
singular point or a singular surface appears in the phase-space of the
flow variables. The one-dimensional steady solutions, where the flow
variables depend on just one spatial coordinate, form a particular
case of self-similar solutions. The singularities of the system of ordi-
nary differential equations describing these solutions can be classified
into two groups. The singularities of the first group represent equi-
librium states or uniform flows and they generally form the starting
points or end points of the steady flows at infinite distance. Ex-
amples of such singularities are the Rankine-Hugoniot points in the
steady flows (Ludford (1951); Prasad (1969) and von-Mises (1950))
describing shock structure. We can call them natural singularities
since their appearance is independent of the dissipative terms such
as viscosity or heat conduction terms included in the equations of mo-
tion. The appearance of the other group of singularities depends on
the dissipative terms included in the equations of motion and hence
we call them pseudo-singularities. A singularity of the second group
in the case of steady solutions corresponds to those points where an
eigenvalue of the original equations of motion becomes zero; in the
case of a self-similar solution it corresponds to the states on one of
the characteristics of the equations. For example, in the steady so-
lution through a Laval nozzle, a singularity appears at the critical
point where the particle velocity equals isentropic sound velocity. If
we consider any steady solution with viscosity as the only dissipative
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mechanism, no singularity of the second group will appear, because
the equations of motion with the viscous terms included are parabolic
in nature with infinite speed of propagation for disturbances. Thus,
the singularities in the second group depend on our physical assump-
tions. However, they play a very important role in determining the
existence and uniqueness of a possible steady or self-similar solution.
Zel’dovich and Raizer (1967) offer an illuminating discussion of the
self-similar solutions of the second kind and also of the role played
by pseudo-singularities in determining the unknown but unique ex-
ponent § of the similarity variable & = r/t%. In these self-similar
solutions of the second kind, the equations of motion and the initial
and boundary conditions contain only one independent dimensional
constant so that they are not sufficient to determine the exponent;
however, it can be uniquely determined from a necessary condition
that the integral curve representing the solution must pass through
the singular point.

In this section we shall discuss the extension of the method of
the last section to study the stability of self-similar solutions near
pseudo-singularities as developed by Bhatnagar and Prasad (1970).

Consider the equations of motion of a polytropic gas in the form

op Op ou (v—1)pu

ou Ou 10p

and

=0 (5.2.35)

ot ug_i E—'—u@r

where v = 1,2 and 3 correspond respectively to one-dimensional,
axi-symmetric and spherically symmetric motions. We introduce the
nondimensional variables 7, g, v, ¢ and 7 defined by equations

Op | Op w(ap 8/))

p(,t) = m(&)R2(O)n(,1), pla,t) = m(B)g(p, 7)
‘ (5.2.36)
u(e,t) = Rt)lp,7), ¢ = 7.7 = 3 In R(2),

where m(t) and R(t) are two positive functions of time with dimen-
sions of density and length, respectively and J is a dimensionless
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constant. In terms of these new variables, equations (5.2.27 - 5.2.29)
become

19g . 99 v  (v—lug (mR) _
587+(v Sp)ﬁgo—i_g@go—i_ - mR g=0 (5237)
1 0v v 10r RR
A PP PR T (523
and 10 9 19 9
Lom )9 am)log N9
587+(v (p)&p g {587’+<U 80)&0}
RR mR
{ R? (o )7TLR}7r ( )

It is well known that similarity solutions are possible for the equations
(5.2.33 - 5.2.35) and, in such cases, 7, g,v are functions of only one
variable, called the similarity variable ¢, so that g, = v, = 7, = 0.
This implies that the functions m(t) and R(t) satisfy

RR nR
—— = constant = A, say ; MT _ constant = B, say (5.2.40)
R? mR

Therefore, if my(¢), go(P), vo(¢) give a self-similar solution, they
satisfy

- 1

Y—¢dgo  dvo  =—Dw  p_, (5.2.41)
go dp dp
dvo 1 dﬂ’o
— )20 2P0 L Ay =0 5.2.42
(vo — ) do + 70 do + Awg ( )
and
(v — ) (dm - de()) F2A-(y—1BY=0  (5.2.43)
de  go dy

As discussed by Sedov (1959), the set of equations (5.2.41 - 5.2.43)
has many pseudo-singular points and there are a large number of
physically realistic solutions (Zel’dvoich and Raizer (1967)) for which
the integral curves pass through a singular point, where the value ¢*
of ¢ is, in general, not zero. We can immediately apply Kulikovskii
and Slobodkina’s method to study the stability of these self-similar



5.2. One-dimensional weakly nonlinear wave propagation 191

solutions in the neighbourhood of the singular points. Here ¢ — ¢*
take the role of the spatial coordinate £ and 7 that of time ¢. Finally
the self-similar solutions, being independent of the new time variable
T, take the role of the steady flow. We also find that when m(t) and
R(t) satisfy (5.2.40) the coefficients in the equations do not contain
the new variable 7.

Example 5.2.3 Stability of a flow behind an imploding shock

Let us now take a simple example and apply the above method to
it in order to study the stability in the neighbourhood of the singular
point. We imagine a spherically symmetric flow (v = 3) in which a
strong shock wave travels to the center of the symmetry through a
gas of uniform initial density py and zero pressure. Whatever may
be the origin of the wave, the above limiting motion (i.e., when the
shock radius is very small) must be self-similar (Zel’dovich and Raizer
(1967)). This problem was first studied independently by Landau
and Stanyukovich (see Stanyukovich (1960) and Guderley (1942)),
and has been discussed in detail as one of the self-similar solutions
of the second kind by Zel’dovich and Raizer. The origin of time is
taken to be the instant of collapse when R(t), the radius of shock, is
zero. Thus, the time ¢ up to the instant of collapse is negative and

we can take
m = constant = py, R(t) = A(—t)° (5.2.44)

Instead of working with variables 7w, g and v we use a new system
of dependent variables V,G and Z and a new spatial coordinate n
defined by

n=Ine¢, G(n,7)=g(® ),

(5.2.45)
Vn,7) =640, Z(n,7) = ra*Tlg),
The equations (5.2.41 - 44) transform to
Vo Vo —9dG
04 0 "0 431, =0, (5.2.46)

Tn+ Go dn
o | Zo dGo | 1dZy | 27

Vo —0)— + — — +WVy(Vy—1)=0 (5.2.47
Vo )dn+'yG0dn ,de+7+o(o ) ( )
and
(’7—1)Z0dG0 dZ() [5—1 :|
- — -2 11 Zyg=0 5.2.48
Go  dn _dy  lw—o A (5248)
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We notice that when equations (5.2.37 - 39) are expressed in terms of
G,V,Z nand T, the independent variable 1 does not appear explicitly
in the coefficients and hence the value n* of n at the singular point
will not appear explicitly in our results.

The characteristic of the equations (5.2.37 - 39) in (7, 7)-plane
are

d d
Doy Dow-_s)xvVz (5.2.49)
dr dr
We define the Mach number p by
V-0

Solving equations (5.2.46 - 48) for dVy/dn, 1/GodGo/dn and dZy/dn
and using the relation (5.2.50) we get

dpo __[0=D/7]+2W+6  (v+ 1DV —9) f(W)

= — + (5.2.51)
dn V2 QZO% pd —1
and
27 —1 2
Do _ V2o dio {37 Vo — } (5.2.52)
dn  y+1 dn y+1 v+1
where
206 — 1
f(Vo) = (7)(% —0) + Vo (2Vp + 1 — 39) (5.2.53)

In order that the solution of equations (5.2.46 - 5.2.47) satis-
fies correct boundary conditions at the shock and at infinity it is
necessary (Zel’dovich and Raizer (1967)) that the integral curve in
(Zo, Vo)-plane must pass through the singular point (Z*,V*) deter-
mined by the equations

Z* =0 —-V*%and f(V*) =0 (5.2.54)

and this determines a unique value of the exponent 4. The equation
f(V*) = 0 has two roots and V* is the larger of the two roots. At
the critical point ug = p* (= —1 in this particular problem) and
f(Vo)/(u¢ — 1) is of the form 0 + 0. Therefore, we differentiate the
numerator and denominator of f(Vp)/(u3 — 1) and use the relation
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(5.2.52). This gives us the following equation for dug/dn at the crit-

ical point )
dMO dIU()
<dn) - ( dn > b= (5.2.55)
where
alzKé—n#gjm”+6{vlza_vfﬁ+jv*;2$;5®
(5.2.56)
and
ﬁl__(fig*i) {2((57— 1) _’_4‘/—*_’_(1_35)}{(37_1) _2}
' (5.2.57)

Therefore, the eigenvalue (in (7,7)-plane)
C=V-5+VZ,

which vanishes at the critical point in the case of the self-similar
solution, satisfies the approximate equation

oC ocC
i 2.
p +C on =aC+ fB(n—n") (5.2.58)

in the neighbourhood of the critical point, where the constants o and
G are given by

* 1
a=mVZ = —5(55 -1) (5.2.59)
and
—1 1-— —1
ﬁ—lzﬁlz*z—{5+2v*+ 35}{37 V*—l}
vy 2 2
(5.2.60)

since u* = —1 and \/Z* =6—V*

In our particular problem we have § = 0.638 for v = 3 and tends
to 1 as v tends to 1. Thus, for all physically realistic values of v we
have a < 0. The time 7 decreases from oo to —oo continuously as ¢
increases from —oo to 0 up to the instant of collapse.

For v = 1.4, we have § = 0.717, V* = 0.469, a = —1.29 and
6 = 0.0397, A = 0.030, Ay = —1.322 and the singular point
n = n*,C = 0 of the characteristic equations dn/dr = C, dC/dr =
aC + B(n —n*) is a saddle point. The phase-plane will be similar to



194 Stability of Solutions Near a Singularity of Sonic Type

that in the Fig. 5.2.3 with the only exception being that the origin O
will correspond to the point (n*,0). If we integrate equations (5.2.46
- 48) numerically from the shock boundary, we can easily verify that
in the neighbourhood of the critical point, the self-similar flow is rep-
resented by the line lof. In order to study the growth of perturbations
with time we must reverse the direction of all arrows on the integral
curves since, as time increases to zero, 7 decreases to —oo. After re-
versing the direction of arrows we get the direction of propagation of
waves as t increases. Owing to this change in the direction of arrows,
our case now corresponds to that of a > 0 of the previous section
where only one of the four steady flows passing through the saddle
point is stable. Since o < 0, the area of a perturbation S = Sye®”
increases without limit as 7 tends to —oo, i.e., as ¢ tends to zero
from negative side. The leading and trailing fronts of a disturbance
of the solution represented by log moves away from the critical point
and even though the area of disturbance in (7, C')-plane increases, its
boundary tends to coincide with lof as ¢t tends to —0 or 7 tends to
—o00. Therefore, our self-similar flow is stable in the neighbourhood
of the critical point for radially symmetric disturbances bounded in
space.

Thus, we have proved that the spherically symmetric flow behind
an imploding strong shock wave moving into a gas of uniform density
po and zero pressure (Guderley (1942)) is locally stable at the singular
point.

Some other results have also been proved using the above method.
One of them is:

All similarity solutions by Hunter (1963) for the flow into a cavity
in a liquid, with the variable speed of the cavity boundary are unstable
(Tagare and Prasad (1970)).

The BKPS theory discussed in these sections, gives a local non-
linear stability of steady and self-similar solutions. If a steady or
self-similar solution is unstable in the neighbourhood of a singular
point, we come to a definite conclusion that the solution is globally
unstable. However, we can not make a definite conclusion about the
solution when it is stable in the neighbourhood of a singular point
because the source of instability may be at points away from the
singular point.
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5.3 Waves in a multi-dimensional steady tran-
sonic flow

Consider a two- or three-dimensional steady transonic flow with den-
sity po(x), fluid velocity qo(x) and pressure po(x) and let P*(x*) be
a point on the sonic surface. We wish to consider an upstream prop-
agating small amplitude trapped pulse in short wave approximation
in an € neighbourhood of the point P*. Equations of such upstream
propagating waves in a general steady solution (i.e., not necessarily
in a transonic region) have been derived in section 4.3.2, which we
use now.
We use a local coordinate system (¢, &, 11, 12) defined by

t'=t, {=(n*,x—x%), = (a(p),x -x", p=1,2 (53.1)
where
n" =q"/|q"| (5.3.2)

and the matrix

N=|d" oV af! (5.3.3)

NN

is orthogonal. Short wave assumption for the pulse implies the
derivative of the amplitude w with respect to & to be O(e™!) but
those with respect to 71 and 7y need to be of order 1. Therefore, we
need to introduce a variable £ by

& =¢/e (5.3.4)
We note that £ is the local value of 6* defined by (4.2.5).
The fluid velocity qg in the steady flow near P* is given by
qo = (a* +ea’qno, €a*qrio, €a”qra) (5.3.5)

where the first, second and third components are the components of
the fluid velocity in steady flow in &, 11 and 7y directions, respectively.
Using the Bernoulli’s equation, we get the following expression for
the sound velocity

ap =a*{1 — %(’y — Degno} + O(€?) (5.3.6)
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Now we use the equations (4.3.41 - 43) of the WNLRT derived in
the section 4.3.2. The time-rate of change of w along the nonlinear
rays is given by

dw Ow vy+1
@~ g 9~ maot end Vyw
ie.,
dw  Ow v+1

=2 {a, Vyw - (

eﬁ)) (n, V)w (5.3.7)

where we have used w = ew in some terms. w is of the order unity.
Using the transformation (5.3.3), we get

CS?‘%Z)JF{(QO,H*) - (ao—’y;lﬂfo (n,n )}ZZU

i {<0m,a(p)> — (ao — V;F 1671)) (n, a(p)>} Ow (5.3.8)

p=1 8np

As the trapped nonlinear wavefront moves slowly near the sonic point
P*, its normal n will differ from n* = q*/|q*| by a small quantity.
We assume that |n — n*| = O(e).

Since the expression for qq is given by (5 3.5), the terms of order
1 in the curly brackets in the coefficients of and Vamsh leaving

only terms of the order e. But, in short wave approx1mat10n %—2’ =

O(1) and 881(‘1’,) = O(1), so that

2o~ 00t Lo~ (a0 - T n) )} 22+ 00

Using (5.3.5-6) and n — n* = O(e), we get

d 1
w 5w+a*{7+

dt ot 2

ow

e(gno +w) — (n — n*, n*)} % (5.3.9)

For future reference, we approximate gng also in the neighbourhood

of the P*(x*)

qNozaie{(aq‘))g Z( ) }+O<e>
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where ¢ is the fluid speed in the steady flow along a stream line (so
that ¢* = (n*,q*) = a*) and &, 7, are of the order of e. Thus, we
finally get

dw Ow ow
E = E + (Cgf i + CppM2 + wa) 875 + O(E) (5310)
where

v+1 <0qo)* y+1 (g0 y+1
_ 99 _ o+l (%% _ 3.11
ce 5 o ) Cn,y 5 ) Cw 5@ (5.3.11)

and we note that all quantities £, 7, and w are of the order € in a
neighbourhood of the point P*.

We shall now approximate the term K — apf) on the right hand
side of (4.3.43). In the neighbourhood of the sonic point for a wave-
front with normal n such that [n—n*| = O(¢) and |qo/qo—n*| = O(e),
the first term of K is of the order of ¢, so that
v0qa0 1 J30

2 Or 2"y, O

_ 794900 _ 14a0g80 9950
2 0x, 2 qg 0xq

where we are reminded that gy = |qo|-
From the equation of continuity for a steady flow, we get

div q 1 dpo 1 9dpo
W qo=——19805 | =905
po \ 0z po’ Os

+O(e) (5.3.12)

where % = ((q0/q0), V) is the spatial rate of change along a stream

line. Hence
% _9po
poai s

div qo = —

Further )
go0qp0 9qp0 1 Olaol* _ Jqo

@ Oro 2q0 Os s

Taking the inner product of the momentum equation with qq for a
steady flow, we get

dontao o0 4 90 9P
0950 Oxrg  p Os

=0
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Hence,
. 1 9900\ _ 48 Oqo0
d = — | qa = =5— 5.3.13
Vo= o7 <q 09580 &Uﬂ) 02 s ( )

Therefore, the expression for K in a neighbourhood of P* becomes

2
1

2(13 0s 2 0s

Using the result that in the transonic region ¢3 = a2 + O(e), we get
an approximate expression for K

v+ 1 6q0
= 5.3.14
2 0Os ( )
For future reference we give the value of K at the sonic point
. v+1 (8(1)*
K'=——[(= 5.3.15
> \ac ( )

Now we pass on to an approximation of the equation (4.3.42) in
a neighbourhood of the sonic point P* assuming |n —n*| to be of the
order of e. We denote by Wg the expression consisting of the first
two terms on the right hand side of (4.3.42) i.e.,

‘Ilo = LCLO - ’I’LﬁLqBO (5316)
Then p +1
n Y
v =P,— 1, 3.1
7 0 5 w (5.3.17)
We write

430 430
W) = Lag — “2Lqgo — (5 - n5> Lqso
q0 q0

q * *
= Liao = a0) = (L2 =) Lgso ~ (ms = )L (5.3.19

From (5.3.5) we get
qo = a* (1 + eqno) + O(e?) (5.3.19)

which, when combined with (5.3.6), gives

1
a0 — @0 = —A—ea*qno + O(e2) (5.3.20)

2
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To evaluate the second term in (5.3.18) we choose an instantaneous
coordinate system such that x;,x2 and x3 axes are in the directions
of &1,m and 7. Then n* = (1,0,0) and %0 = {a*(1 + eqno) } /{a*

(1 4+ eqno)} + O(€?) = 1 + O(€?) so that qq% —n} = O(e?) and

(%To_nf> Lqgio = 0(63), Similarly (%—HE) Lgo = 0(62) and

(‘]3—0 - n§> Lgso = O(e?). According to our assumption |n — n*| =

0
O(e), so that the third term (ng —nj)Lqg, = O(€?). Therefore, the

most dominant term in (5.3.18) is the first term and is of the order of
e which is also the order of the term Lw in (5.3.17). To the leading
order terms, the equation (5.3.17) reduces to

d 1

o —iL(ea*qNo +w), w=0(e) (5.3.21)

dt 2
The first term in the bracket on the right hand side of (5.3.21) looks
deceptive. L is the differentiation over the length scale of order 1
and the approximation (5.3.5) is valid in a spherical neighbourhood
of P* of radius of the order of €. Hence,

L(ea*qno) = L(qo) (5.3.22)

the order of which needs to be carefully examined, it may be of the
order of 1. However, if the approximation (5.3.5) is valid over a
distance of order 1 in a direction transverse to the streamlines, then
this term is indeed of order € as in the case of a thin aerofoil discussed
below in Case 2.

When all components of the ray velocity x given by (2.4.6) vanish
at some point P* with a special choice of n = n*, it is not necessary
that the time-rate of rotation ¥ of the wavefront given by (2.4.7)
will also vanish simultaneously. To obtain a deeper understanding of
the influence of non-zero turning on a trapped wave, we consider a
model which consists of a pair of ordinary differential equations

dz dn
ik +n, i 1, = constant # 0 (5.3.23)

with the initial condition
z(0) =0, n(0)=0 (5.3.24)

The solution of this problem is = v, (e! — (t + 1)), n = 1,t. For
small times 2 = 1¢,#2+O(#3). Thus, we notice that the displacement
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x in time of the order €!/2 is ¢, where € is small. This implies that it

takes considerably a longer time (say 0.5) in order to make a small
displacement (say 0.25). Thus, there is a considerable trapping of
a quantity whose displacement is x due to the nonvanishing rate of
rotation .

We consider now three cases:

Case 1: Pulse in an arbitrary three-dimensional transonic
flow
We note that, in general, the value ¥* of ¥y at P* with n = n* is
not zero and is of the order 1. Since w = O(¢) and also Lw = O(e), we
may neglect the term containing w in the equation (5.3.17). Trapped
transonic waves are possible only when |n—n*| is small i.e., for small
time t. Hence,
n=ng+ ¥t , t=0(e) (5.3.25)

where n|;—9 = ng such that |[np — n*| = O(¢). Compared to one-
dimensional transonic waves discussed in the previous section, there
is an additional complication. The question of rotation of a wavefront
did not arise in one space variable problem. When co(z*, u(z*)) =0
at the sonic point and |w| = O(e), the wave was trapped at the
sonic point. Therefore, even a small amplitude pulse is not strictly
trapped at a sonic point in multi-dimensions but as seen from the
model equations (5.3.23 - 24) it stays there for a considerable time.

Using (5.3.10, 15 and 25) and setting ap = a*, we get an equation
for the amplitude

wy + (ce€ + cpm + e + cpw)we = (K — a*Quw (5.3.26)

where € is the value of the initial mean curvature, calculated using
n = ny. We note an important relation

e = —K* (5.3.27)

The equation (5.3.26) needs to be solved only for a small time
t = O(e). When the initial geometry of the wavefront is given, ng is
known and € appearing in (5.3.26) can be calculated. Then (5.3.26)
can be solved by solving both the ray equations

d§
-, — C¢ f + Cm M + Cna 712 + cyw,

dm . dnp
dt 0

=0, TE-0 (5328)
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and the amplitude equation

dw _ (K* — a*Q)w (5.3.29)
dt

Equation (5.3.29) shows that the wavefront propagates in & direc-

tion. Since &,7,, and w are of order €, during the time O(e) the

displacement in ¢ direction is O(€?). Since n and ng (the initial unit

normal) are close to n*, the curvature 2 remains small compared to

K and hence the equation (5.3.28) finally becomes

dw

— =K* 5.3.30
o w ( )

Ravindran (1979) analyzed this case in detail for small time and
investigated propagation of a transonic pulse with a slightly differ-
ent mathematical model which included the effect of rotation of the
wavefront on a trapped plane pulse in a transonic flow.

Case 2: Waves in a two-dimensional transonic flow pro-
duced by a thin aerofoil

Consider a two-dimensional steady transonic flow produced by
a thin aerofoil with 7 as the camber i.e., the ratio of its maximum
thickness to its length [. Then 7 is a small nondimensional quan-
tity. Assume a free undisturbed flow with high subsonic speed in the
direction of the aerofoil, which is chosen as the x-direction. The y
direction is perpendicular to the aerofoil. The steady transonic flow
with an embedded supersonic flow around the thin aerofoil can be
represented by (Guderley (1962))

Q10 =a* +7a G0 , qo0 =7"%a"G0, q30 =0 (5.3.31)

where ¢10 and ¢o¢ are quantities of order 1 and are functions of nondi-
mensional variables

T=ux/l, =17/, T=ta*r/l, (5.3.32)

From Bernoulli’s equation, we get the following approximate expres-
sion for the sound speed in terms of g,

a0 = a*{1 - %(’y 7o — é(v C )y + D2} + O(F) (5.3.33)
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Using the above scaling it is possible to derive a simpler form of
the equations for WNLRT for the upstream propagating small am-
plitude waves assuming the amplitude parameter € to be same as 7
(see Prasad and Krishnan (1977) for an introduction). It is easier
to numerically integrate these equations, which we shall write below.
What is more important theoretically is that the scaling (5.3.31 - 32)
gives a flow field in which (i) waves, which are almost perpendicular
to the x-axis, are trapped so that the angle 8, which the normal to
the wavefront makes with the z-axis, then is small and will have to be
appropriately scaled; (ii) the first two terms in (4.3.42) i.e., Lag and
ngLggo become small and of the same order as the third term Luw
so that unlike Case 1 discussed above, the wavefront turns slowly
and remains trapped in the transonic region for a time interval of
the order 1; and (iii) we are able to follow the complete history of
the nonlinear wavefront as it transverses the transonic region which
extends over a length scale of the order of [. Due to the last con-
sideration, we need to ignore in this case some of the results such as
(5.3.10) which are valid only locally. In this case, K and 2 on the
right hand side of (4.3.43) are also of the same order as that of w.
We introduce a scaled angle 6 and scaled amplitude w by

0=0r"% w=uw/(ra") (5.3.34)

We note that n; = cos and no = sin 6.
The approximate equations which can be derived, following the
procedure in Prasad and Krishnan (1977), are

dz 1 1, 1 )
o 5(7 + 1)qio + 59 + 5(7 + 1w (5.3.35)
dy
L=y (5.3.36)
a9  ~y+1 (/-0 0\ _ _
A (G o AR BECER S
and di
w _ _
_— = K — 0 ..
7 ( Q)w (5.3.38)
where

_ 1 (-00 1 _ 10q
Q:2{989_6?}, K= 2190 (5.3.39)
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Some results based on the local analysis of the approximate equa-
tions have been discussed by Prasad and Krishnan (1977), neglecting
the term containing w in (5.3.37) but they are too cumbersome to
be discussed here. Now that the numerical solution of partial dif-
ferential equations has become routine work due the availability of
faster computers and better computational algorithms, it may be
worthwhile to compute the full history of transonic pulses using the
equations (5.3.35 - 39).

Case 3: Quasi-one-dimensional transonic waves

In Case 1, the gradients of the steady flow in directions perpen-
dicular to the stream lines were of order 1, which resulted in a finite
rate of turning of the wavefront. In Case 2, the gradient in y-direction
was of the order of €, which resulted in the trapping of waves in the
transonic region for a time interval of the order 1. The approxima-
tion of the transport equation by expanding the quantities in the
steady flow at a sonic point P* (see (5.3.10) and (5.3.15)) results in
(5.3.30).

Now we make an additional assumption that the wavefront re-
mains plane and perpendicular to the stream lines passing through
a sonic point P*. Then ©Q = 0. The equation (4.3.42) for n is no
longer relevant. With this assumption, the rate of turning of the
wavefront is absent. Hence, the wavefront now stays near the sonic
point for a time interval of the order 1. The approximate equation
with this additional assumption for a general hyperbolic system in
four independent variables was derived by Prasad (1973) in the form

ow 2 ow .
N + (05 13 —{—pz::lcnpnp + cw w) € = K'w (5.3.40)

where c¢,cp,, ¢y and K* are constants and depend on the steady
flow. In the particular case of gas dynamic equations, from (5.3.11)
and (5.3.15), we note that

_ _gro 21 9@0)*
=K =" ((% (5.3.41)

where (0qo/0&)* represents the space rate of change of the fluid speed
at the point £* as we move with the fluid in the steady solution and
hence is equal to the acceleration of the fluid elements at the sonic
point P* divided by a*.
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The relation (5.3.41) is very simple to deal with in (&1, t)-plane,
where & = §—|—(Z}2,:1 ¢y, Mp)/ce- The transformation from (&, 71,72, 1)
to (&1,m) = m, nh = m2,t’ = t) reduces the equation to

8;; + (ce &1 + cw w)gz = K*w (5.3.42)
The relation (5.3.41) is crucial and was responsible for the simplicity
of Example 5.2.2 and led to @ = 0 in the case of the de Laval noz-
zle problem. It is this relation which makes a pulse bounded in &;
direction to attain a stationary state near the sonic point as seen in
Example 1.5.6. By assuming the wavefront to be plane and perpen-
dicular to the flow direction at P*, we have neglected the rotation
of the wavefront, which we hope will not affect qualitatively the sig-
nature of the pulse along a ray. The effect of rotation is basically to
make the trapped pulse free to move away from the sonic point but in
a duration O(e'/2). However, the simplification involved in critically
examining the results with the help of (5.3.42) is so great that it is
worth considering this model equation. For a complete analysis of
this equation and description of the full history of the trapped waves,
reference may be made to the work of Prasad (1973).



Chapter 6

WNLRT in a polytropic
gas

6.1 Basic equations

Consider Euler equations (2.3.16 - 18) governing the motion of a
polytropic gas. In section 4.3.2 we derived the equations of WNLRT
for an upstream propagating wave (i.e., the wave corresponding to
the eigenvalue ¢; = (n, q)—a) on a given study solution (po(x), qo(x),
po(x)). In this section we shall derive the equations of WNLRT for
a downstream propagating wave §2; (corresponding to the eigenvalue
¢5 = (n,q) + a) running into a uniform state at rest (pp = constant,
q = 0 and pyp = constant). These equations can be deduced from
those in the section 4.3.2 by taking pg = constant, qp = 0 and py =
constant and then changing the sign of ag everywhere. This gives
the ray equations

p—po = (po/ag)w, q=nw, p—py= poaow (6.1.1)

=(ay+—F—w =— —Lw (6.1.2)

dx ( y+1 )n dn v+1
dt 2 T odt 2

and the transport equation for the amplitude w (which is assumed

to be small)

e Qagw (6.1.3)

205



206 WNLRT in a Polytropic Gas

where d 9 Vi1
pT + (ao + Tw) (n, V) (6.1.4)
Q= —%(V, n) = mean curvature of (6.1.5)
and
L=V —n(n,V) (6.1.6)

We note the expression (2.4.20) for the components of L in terms of
the tangential derivatives % defined by (2.4.8). Another expression
B

for the mean curvature of €; is

8711 anz
Q=—|—+ — 1.
(8?7% " 377%) (6.1.7)

We would like to emphasize once more (see derivation of 5.2.13)
that the system (6.1.2 - 4) is a true generalization of Burgers’ equa-
tion (1.1.6) to multi-dimensions for the propagation of a multi-
dimensional nonlinear wavefront. Some other equations (Hunter
(1995) or section 10.4.2) have been called two-dimensional Burgers’
equations but they are valid neither for an arbitrarily curved wave-
front nor do they account for nonlinearity in directions transversal
to the direction of propagation (Prasad and Ravindran (1977)).

Since |n| = 1, only two of the three equations in (6.1.2) are
independent. Therefore, equations (6.1.2 - 3) from a system of six
coupled equations for determination for successive positions x of the
nonlinear wavefront, the unit normal n and the wavefront intensity
w. The linear theory of Sommerfeld and Runge (1911)

dx dn dw

— _— _— = Q .1.
7 aopn, o o aow (6.1.8)

follows from the equations of WNLRT if we drop w from equations
(6.1.2) so that the ray equations decouple from the amplitude equa-
tion. In this case, the rays and the successive positions of the wave-
front can be constructed without any reference to the amplitude of
the wave. This corresponds to the original statement of Huygens’
wavefront construction, a generalization of which to a linear hyper-
bolic system was presented in section 3.2.2. In our weakly nonlinear
theory, the amplitude is related to the curvature of the wavefront (or
the ray tube area) by the same equation (i.e., the last equation in
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(6.1.8)) but the nonlinear rays stretch due to the presence of w in
the equation for x in (6.1.2) and the wavefront turns due to the non-
uniform distribution of the amplitude on the wavefront (represented
by Lw in (6.1.2)). Thus, the amplitude of the wave modifies the rays
and the wavefront geometry which, in turn, affects the growth and
decay of the amplitude. Further, we note that only the tangential
derivatives on €2; of w and n appear on the right hand sides of the
equations (6.1.2 - 3). Therefore, given the initial position £ of the
wavefront and the distribution of the amplitude on it, all quantities
on the right hand sides of (6.1.2 - 3) can be completely determined
at t = 0. Hence, as in the case of a non-characteristic Cauchy prob-
lem, the evolution of the nonlinear wavefront and the distribution
of the amplitude on it at later times can be determined from these
equations. This implies that, in the short wave approximation, the
nonlinear wavefront is self-propagating as explained in section 3.3.1.
The Huygens’ method of wavefront construction (its ray formulation
is shown in 3.2.3 in free space) has now been very elegantly extended
to the construction of a nonlinear wavefront in the short-wave limit,
in this extension the amplitude also affects the position of the wave-
front (Ramanathan (1985)). Finally, we mention that this theory can
be easily extended to waves of arbitrary amplitude in the short-wave
limit (Srinivasan (1987)). However, in this case, the equations can
not be put in the elegant form of (5.1.2 - 3) and they will be valid
for a time interval of the order of e.

6.1.1 Non-dimensional form of equations of WNLRT
in two-space-dimensions

In two dimensions, the components ni, no of the unit normal can be
expressed in terms of 6, the angle which the normal to the wave-
front makes with the z-axis (using z for x; and y for x9): ny =
cost,no = sinf. The mean curvature is now given by the expres-
sion Q = % <sin 9% — cos 9%). We non-dimensionalize the x and
y coordinates by a typical length L in the problem (say the radius
of curvature of Qy at a particular point), w by the sound velocity
ap in the undisturbed state and time by L/ap and denote the non-
dimensional quantities also by z,y,t and w. The equations (5.1.2 -

3) reduce to
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dz v+1
ity B 1.
yr ( + 5 w) cos (6.1.9)
dy y+1 :
prie <1 + Tw) sin 0 (6.1.10)
do v—10w
dt 2 9x (6.1.11)
and d 1 99
w
P L (6:1.12)
where 5 1 P 9
oA~ smot T sty Tsinbas (6113

The symbol 6% stands for an operator defined by (6.1.13). There is
no well-defined variable A. In order to overcome this difficulty, we
used the ray coordinate system which will also allow us to use the
two conservation laws (3.3.13 - 14) with 7' = 0. We define a variable
¢’, such that ¢’d¢’ is an element of length (non-dimensional) along
the wavefront at time ¢. Then

0

)
12 I
o~ T ax

g° = :rgl + ygl, (6.1.14)

t = constant gives the successive positions of the wavefront and £ =
constant represents the family of associated rays in the (z,y)-plane.
t and &' can be treated as new independent variables. % in (x,y,t)-
space becomes partial derivative % in the ray coordinate system.
Then % and a%, commute. Using

(We)e = (y)er = — { <1 + VTHw> xf//g/}g,

(@) = (we = { (1+ 5=w) ve /s |

we deduce from (5.1.14)

é‘/

1 v+1
gl{ = —gTQ (]_ + —2 ’w) (yE/{L‘E/E/ — 1‘5/?/5/5/)

1
= - <1+ %w) 95/
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_ WO DO o 6.112)  (6.1.15)

Let m denote the Mach number of the wave intensity relative to
the sound speed ag in the undisturbed state, then

1
m = 1+%w (6.1.16)

Integrating (6.1.15), we get ¢’ in terms of m as

’_ f€)
 (m—1)2e2(m — 1)

(6.1.17)

where f is determined from the distribution of the intensity m on the
initial wavefront. Using (6.1.14) and (6.1.17) we can transform the
pair of equations (6.1.11 - 12) with ¢ and £’ as independent variables.
However, the coefficients in the equations would depend not only on
m but also on £. To get rid of the dependence of the coefficients on
&', we introduce a new variable & by & = fél f(&€)d€', so that

0 0
- = — 6.1.18
5 = 9m 3 (61.15)
where
g(m) = (m —1)"2e=20m=1) (6.1.19)
The equations (6.1.9 - 12) finally reduce to
xy =mecosf, y = msinf (6.1.20)
1
(9,5 + Emg =0 (6.1.21)
and )
my + %65 =0 (6.1.22)

The system of four equations (6.1.20 - 22) is hyperbolic provided
m > 1. One eigenvalues of the system is double and equal to zero
so that the corresponding characteristic curves are the rays: £ =
constant. The other two eigenvalues, denoted by ¢y and co are

fm—1 Im—1
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The condition m > 1 or w > 0 for ¢y, ¢y to be real implies (with the
help of (6.1.1)) that the pressure p due to the wave is greater than the
constant pressure pg in the undisturbed region, i.e., the wave under
consideration is a compression wave. By compression wave we mean
a curved pulse with nonlinear wavefronts on which the value of w > 0.
The pulse, which is of finite extent in the direction of the normal to
the wave, may be in the shape of a single hump and will deform in
the direction of the normal. Therefore, a part of the pulse will have a
compression phase and a part an expansion phase interpreted in the
usual sense. In the case of an expansion wave in a pulse with pressure
p less than pg i.e., m < 1, these two characteristics are imaginary.

The equations (6.1.20 - 22) of WNLRT give successive positions
of a nonlinear wavefront in a curved pulse. Consider now a curved
pulse in short wave approximation constituted of a one-parameter
family of initial wavefronts at ¢ = 0

33:-750(575)7 y:y0(£>s) (6124)

where s is a parameter identifying a self-propagating wavefront and &
varies along the wavefront. Let the distribution of the wave intensity
at t = 0 on these wavefronts be prescribed as

m=m(&s) >1 (6.1.25)

The initial value 6y(&, s) of § can be obtained from (6.1.24)
Solving the hyperbolic system (6.1.20-22) with initial data (6.1.24-
25) we get
z=ux(&,t,s), y=y(&t,s) (6.1.26)

and

0=0(&,t,s), m=m(t,s) (6.1.27)

These four expressions give the position of a nonlinear wavefront
(designated by a value of s) at time ¢ and the distribution of the
amplitude m on it. In the case of an expansion wave, i.e., m < 1,
the system of four equations is not hyperbolic. However, the initial
value problem could still be solved numerically to get a complete
description of a nonlinear expansion wave (Ramanathan, Prasad and
Ravindran (1984)).

It is interesting to note that on a given wavefront s = constant,
the two equations (6.1.21 - 22) decouple in the (£, ¢)-plane from the
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other two equations (6.1.20). The characteristic form of (6.1.21 - 22),
with ¢ and £ as independent variables, is

m—1
2g2

d
Q =0—,/8(m —1) = constant along d—§ =— (6.1.28)

and

d m—1
R =60+ 4/8(m — 1) = constant along d—f = BT (6.1.29)

It follows that changes in the value m on the compression wave-
front and the slope 6 of the normal to the wavefront propagate on the

wavefront with velocities + .,/ T;g_zl in the (&,t)-plane. As m — 1+ 0,
both characteristic velocities tend to zero and for an expansion wave
(w < 0) they become complex showing that no waves propagate on
the wavefront. However, care is necessary in interpreting the results
in the physical (z,y)-plane since ¢ — 0o as m — 1 so that a small

arc of the wavefront corresponding to fixed d¢ is gd€ which — oo.

6.1.2 A simple wave solution

We now discuss an interesting exact solution of the weakly nonlinear
wave equations (6.1.20 - 22). This solution represents a simple wave
moving on the wavefront. Consider a simple wave solution of (6.1.21
- 22) in which the Riemann invariant @) is constant i.e.,

0—1/8(m—1)=60—2,/(y+ 1)w = constant = Qo, say (6.1.30)

in a domain in (¢, ¢)-plane. In such a simple wave, 6 can be eliminated
from the compatibility condition (6.1.29), so that m or w satisfies

m—1
me + 292 m§ =0 (6.1.31)
or )
ow vy+1 \2 0w
s (Tw) =0 (6.1.32)

or in terms of ¢, x and y as independent variables it satisfies

dw v+1 v+1 N2 . ) Ow
Bt + {(1+ Tw)cos@— (Tw) sm@} e
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1
v+1 . v+1 )5 ow
+ {(1 + 5 w)sm@ + ( Y cost 3y =0(6.1.33)

where w and 6 are related by (6.1.30)

We call a characteristic curve of this simple wave, either in the
(&, t)-plane or in (z,y,t)-space, a “characteristic curve on the wave-
front” or briefly CCWF. For the simple wave under consideration,
these CCWFs are given by

1
dr v+1 vy+1 \2 .
E_<1+ > w)cos@—( 1 w) sin ¢ (6.1.34)
dy—<1+7+1w>sin9—<7+1w)%0089 (6.1.35)
dt 2 4 o
and J "

w

-~ — — = .

o 0, o 0 (6.1.36)

where w and 6 satisfy (6.1.30). We shall get another family of
CCWFs by taking the Riemann invariant R = Ry in (6.1.29) to be
constant on the moving wavefront. Thus, in the case of a compres-
sion wavefront, a linear wave moving along the ray: 6 = constant,
T =1x9+tcosh, y =yy+ tsinf, breaks due to nonlinearity into two
waves, one moves along the CCWF (6.1.34 - 36) and the other, given
by taking the second Riemann invariant to be constant, moves along
the second family of CCWFs.

Consider now a solution of (6.1.31) in the (&, t)-plane. Since the
eigenvalue \/(m — 1)/(2¢%) = {%(m— 1)5/2¢2(m=1D1 is an increasing
function of m, any initial distribution mg(§) with m{(£) < 0 will end
up in a multi-valued solution m(&,t) after a critical time t.. It is
simple to find the time ¢, from the implicit form of the solution

m—1

m:m0(§0)7 60 :é_ 292

t (6.1.37)

which relates the derivative m¢ at (§,t) to the derivative mg(§o) of
the initial data connected by the characteristic curve £ — ”57_2175 = &p.
This relation is

mg (€o)

L+ 55(mo — 1)372e20m0- D (€0) (5 + 4(mo — 1))

TrLg = (6.1.38)
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It shows that for m > 1, if m{, < 0 on a point set S (which is a union
of open intervals) of the initial line, there exists a time ¢, where
limy ., o m¢ = oo for some value of :

to = 2v2 minfmo — 1) 2270 D mf ()] (5-+4(mo 1))} ™ (6.1.39)

(6.1.39) was first derived by Ramanathan, Prasad and Ravindran in
1984.

The appearance of a multi-valued solution beyond ¢, means that
the simple wave solution of (6.1.21 - 22) breaks down and one needs to
consider a property defined weak solution containing discontinuities
in m and 6. A discontinuity in 6§ means that a kink on the wavefront
would appear in the solution.

6.2 Geometrical features of a nonlinear wave-
front

In this section we shall use the equations of WNLRT to study all
the possible shapes which a nonlinear wavefront can have. Some of
these shapes involve kinks (see section 3.3.3). Hence, we need to
consider the kinematical conservation form of the equations (6.1.21
- 22), which can be obtained from (3.3.13 - 14) by choosing 7" = 0
and C'=m

(gsinf); + (mcosf)e =0 (6.2.1)

(gcosB)y — (msinf)e =0 (6.2.2)

where g is a function of m given by (6.1.19):
g=(m—1)"2e2m=1) (6.2.3)

Let us denote the kink velocity in (§,t)-plane by s. Then either
directly from (6.2.1 - 2) or from (3.3.25) we get (setting K = s, T' =
0, C=m)

2_ml2—m2

5= = (6.2.4)
92 — g}

where the subscripts [ and r on any quantity represent the limiting
values of the quantity as we approach the kink from lower and higher
values of £ at a fixed time. Similarly, from (3.3.29) we get
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migr + mygy

0, —6,) =
cos( % mMugr + Mgl

(6.2.5)

6.2.1 Elementary wave solutions and their interpreta-
tion as elementary shapes

Elementary wave solutions of (6.2.1 - 3) are solutions of the form
m(&,t) = m(§/t), 0(&,t) = 0(§/t). These are centered rarefaction
wave solutions with the center at the origin of the (§,t)-plane and
shock waves passing through the origin.

We denote centered rarefaction waves of the first and second char-
acteristic family by 1-R and 2-R, respectively. In a 1-R wave the
corresponding Riemann invariant is constant i.e., 8 ++/(8(m — 1)) =
constant. Suppose the constant state on the left of the 1-R wave in
the (&,t)-plane is (mg, 6;), then by rotation of the coordinate axes
we can always choose 0; = 0 i.e., for 1-R wave we have the relation
(6.1.29)

6+ /(8(m — 1)) = \/(8(m — 1)) (6.2.6)
y
¢ A
A 4 v
\0 3 ("v’ 006/,,-" ’
Z 0 1’-’93";‘“9(\ v '0009

g, / -
co%l Stage 07),0) %

77 P2

—— Wavefront

Fig. 6.2.1(b): Geometrical fea-
tures of the front associated

Fig. 6.2.1(a): An example of a
1-R wave i.e., centered simple

wave of the first family in (&, ¢)-
plane. The fan of characteristic
curves are shown in the figure.

with the solution in Fig. 6.2.1(a).
Elementary shape R; is a part
of the front in Rq-zone.
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If the state on any straight characteristic in 1-R wave in (,)-
plane is (m, @), then A\; (m;) < A(m) which implies m; > m. Then
the relation (6.2.6) gives 6 > 0. At the trailing end of the 1-R wave
in &-space, the wave merges into a constant state (m,,6,) and these
inequalities remain valid i.e., m, < m; and 6, > 0. Fig. 6.2.1(a) rep-
resents a typical 1-R wave solution in (&, t)-plane and Fig. 6.2.1(b)
represents its image in the (z,y)-plane. Similarly, Fig. 6.2.2(a) rep-
resents a typical 2-R wave solution in (§,t)-plane and Fig. 6.2.2(b)
its image in (z,y)-plane, where we note that m, > m; and 6, > 0.
We call a geometrical shape of a front in (z,y)-plane obtained from
an elementary wave solution in (§,t)-plane an elementary shape. We
observe that the elementary shapes in Figs 6.2.1(b) (we denote it by
R1) and 6.2.2(b) (we denote it by R9) are convex smooth wavefronts
and look almost the same geometrically but R; in Fig. 6.2.1(b)
propagates downwards on the wavefront whereas Ry in Fig. 6.2.2(b)
moves upwards. Note that the rays in Fig. 6.2.1(b) cross the Ry
region denoted by Rj-zone from below whereas in Fig. 6.2.2(b) they
cross Ro-zone from above.

Fig. 6.2.2(a): An example of a  Fig. 6.2.2(b): Geometrical fea-
2-R wave i.e., centered simple tures of the front associated
wave of the second family in (£, )- with the solution in Fig.6.2.2(a).
plane. The fan of characteristic = Elementary shape Ro is a part
curves is shown in the figure. of the wavefront in Rs-zone.
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When (my,0) and (m,,0,) satisfy a jump condition, (6.2.5) we
get one of the two shocks 1-S and 2-S joining two constant states
(my,0) and (m,, 6,) and passing through £ = 0 at t = 0. The jumps
in 6 and m across a shock satisfy (since 6; = 0)

(mygr — mugr)
(mugr + mygp)

Since the Lax shock inequality implies A\j(m,) < A1(my) for 1-S and
Aa2(my) < Aa(my), for 2-S, we get m, > my for 1-S and m, < my for
2-S. From the expression for g it follows that when we move with the
ray velocity g decreases after crossing the shock (g, < g; for 1-S and
gr > g; for 2-S). The jump relations from (6.2.1 - 2) give

cos 0, = (6.2.7)

s, sin 0, = g.(m2 — m?)(myg, + meq1) (6.2.8)

where s is the shock velocity in (&,t)-plane which is negative for
1-S and positive for 2-S. This relation shows that for both shocks
0, < 0. The images of 1-S and 2-S in (,t)-plane to (z,y)-plane are
elementary shapes of a front, which are 1-kink (denoted by K;) and
2-kink (denoted by K2) as shown in Fig. 6.2.3(a) and Fig. 6.2.3(b),
respectively.

05

05

Wavefront

-——— K, Kinkpath

Fig. 6.2.3(a) and (b): Rays are neither created nor lost across
a kink but suddenly change their direction and since g decreases
after it crosses the kink line, they emerge compressed.
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6.2.2 Solution of the Riemann problem and interpre-
tation

In this section we briefly review unpublished works of Baskar, Potdar
and Szeftel (1999). A Riemann problem for the system (6.2.1 - 2)
consists of solving the system with following initial conditions

(my,0;) , wechoose 0, =0,£ <0
(m,0)]i=0 = (6.2.9)
(mr‘a 97”) ) f > 0

where m;, m, and 6, are constant.

We define curves R, and S, (o = 1, 2) as loci of the points (m,, 6,)
which can be joined to the point (m;,0) by a-R and a-S waves. Fig.
6.2.4 shows these curves for the typical value of m; = 1.2. We note
that nonlinear ray theory is valid only for small values of m — 1, say
for 0 <m —1 < 0.25.

Fig. 6.2.4: R, and S, (o = 1,2) curves in (m, 6)-plane for m = 1.2.

If we do not go into the question of the existence® of the curves
into consideration, the method of solution is simple. Suppose (m, 6,.)
lies in the domain A bounded by curves Ry and R as shown in Fig.
6.2.4. We draw a curve R;2 which represents the set of points joining
(my,6;) by 2-R wave to an intermediate state (m;, 6;), which lies on

*Existence of curves joining appropriate points have been worked out for a
system more general than (6.2.1 - 2) in a yet unpublished paper by Baskar and
Prasad.
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the Ry curve. Thus, in this case, the solution consists of the state
(my,0) on the left of a 1-R wave continuing up to an intermediate
constant state (m;,6;), which ends into a 2-R wave to the right of
which we have the final state (m,, 0,) (see Fig. 6.2.5(a)). The shape
of the wavefront at ¢ = 0 and ¢ = ¢; > 0 is shown in Fig. 6.2.5(b).
Since (my, 0) is a state on the left, it can be joined to an intermediate
state (m;,6;) on its right only if (m;, ;) lies on R; and not on Rp.
We describe this result symbolically as

(m,ﬁﬁ €A — RiRs (6.2.10)

which means that when (m,,6,) is in A, the resultant wavefront
has an elementary shape R propagating below, and Rs propagating
above and these two are separated by a section of plane (or straight)
front. Similarly, we get the result

(my,0,) € B — K1Ry (6.2.11)
as shown in Fig. 6.2.6. Other results are

(my,0,) € C — K1Ko (6.2.12)

(my,0,) € D — R1Ko (6.2.13)

An asymptotic shape as t tends to infinity, of a nonlinear wave-
front when the initial wavefront is as in Fig. 3.3.1 can be easily
obtained. We note that when we observe the wavefront from a very
large length scale, the central curved part of the initial wavefront
tends to a point and the wavefront takes the shape of a wedge. We
also prescribe the same amplitude m; on the two parts of the wedge.
Therefore, we seek a solution of (6.2.1 - 2) with an initial condition

m(€,0) = { m%l) g i 8 (6.2.14)

Choosing the direction of the z-axis perpendicular to the lower part
the wavefront, solving the corresponding Riemann problem and ro-
tating back the z-direction, we get the following solution of (6.2.1 -
2) and (6.2.14)

(ml,el) f < —st
m(§,t) =< (mi,0) —st <& < st (6.2.15)
(ml, —91) st < f
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y
A\
N4
4
0% _..-¥
.
"\0 ()
0, 2

. ~ 5]~
2 -10"@;&;,;{;;;

_0:04 002 d 0.&2 0.64= § Wavefront Ry-Zone

........ » Rays Ry - Zone

Fig. 6.2.5(a): Solution of the Fig. 6.2.5(b): Shape of the wave-
Riemann problem when (m,,0,) frontatt=0andt=1¢>0

is in A. when (m,,0,) is in A.
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-2 | Constant state zone (m0)

W R2-Zone
Wavefront - —— Kink path

Fig. 6.2.6: When (m,,0,) is in B, the front consist of a K
propagating upward and Rs propagating upward.
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where m; is given by the equation
migm, + migm, = (migml + mlgmi) COs 91 (6216)
and

(6.2.17)

This solution when mapped into the (z,y)-plane gives the shape of
the wavefront as shown in Fig. 6.2.7.

Transition from one shape of the wavefront to another shape, e.g.
from R1R2 to K1Ra, as the point (m,., 0,) crosses curves Ry, Ra, Sy
and S5 have also been discussed. The results of the transition lead
to beautiful geometrical patterns.

15 A Constant state zone (m;,0) <+—

10F

0
5l

a0t e
Constant state zone (m,,0,)

-15

— Wavefront , ------- > Rays, ———-Kink path

Fig. 6.2.7: Limiting shape, as t tends to infinity, of the nonlinear
wavefront originating from an initial front as in Fig.3.3.1.

6.2.3 Interaction of elementary shapes

Elementary shapes on a nonlinear wave propagate on the front. Two
elementary shapes, separated by a plane portion of the front, may or
may not interact. The process of interaction if it takes place, may
take finite or infinite time depending on the strengths of the two el-
ementary shapes. It is not possible to visualize the shape during the
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process of interaction without a full numerical solution of the conser-
vation laws (6.2.1 - 2). However, when the interaction period is finite
we can easily obtain the final results, which will again consist of a
pair of elementary shapes. All these geometrically beautiful results
can be studied from the corresponding results on the interaction of
simple waves and shock waves in (&, t)-plane (Courant and Friedrich
(1948), Smoller (1983)). We can use Fig. 6.2.4 for this purpose,
where we note that the curve Ry, Ro,.51 and S5 are meaningful for
more general simple waves (not just for centered waves) and shock
waves (not necessarily passing through the origin in (¢, ¢)-plane). No
distinction has been made between the waves, in which characteris-
tics converge (corresponding to compression waves in gas dynamics)
and a corresponding shock. This is justified because we are consider-
ing only small changes in m. We use the symbols introduced in the
previous section with a slight modification. Xs/C; would mean a kink
of the second family on the lower part of the front (smaller values of
&) separated by a plane part (mj,6;) of the front from a kink of the
first family on the upper part of the front. To reach a state (m,, 6, )
from (my,0) through K2K; we need to move along So from (my,0)
up to (m;, #;) and then move along S;; from (m;, 6;) up to the point
(my, 0,). Clearly (m,,6,) is in the region C, which implies

KoKy — K1Ko (6.2.18)

with obvious physical interpretation. Such interactions of kinks are
clearly seen in the case of propagation of an initially sinusoidal front,
for example, see Fig. 10.3.4.

All possible interactions of elementary shapes, namely 1K,
ICQ’CQ,RIICl, RQ}CQ,ICIRl, ’CQRQ, RQRl, RQ’Cl and ICQRI in addi-
tion to Ko/K; mentioned above, have been discussed. A geometrical
representation of one of these cases, namely

R1K1 — KiRo

when ; is strong compared to R1 has been shown in Fig. 6.2.8. Note
that the scales for z and y used in (a) and (b) are very different.
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Fig. 6.2.8(a): The front R1K; Fig. 6.2.8(b): The front 1R,
before the interaction. after the interaction.

6.3 Exact solution of an initial value problem

Given an initial position {2y of a nonlinear wavefront and amplitude
distribution on it, we have already indicated how to use the equations
of the WNLRT to find the successive positions of the front €2 for
t > 0 as long as the front remains smooth (see equations (6.1.24 - 27)
where s = constant identifies a front. Let us collect all equations and
initial conditions here to describe the evolution of a two-dimensional
nonlinear wavefront with kinks.

Ray equations:
xy =mcosf , yy =msinf (6.3.1)

Equations of a wavefront at a fixed time ¢ (obtained from (3.3.11)):
e = —gsinf , ye = gcosd (6.3.2)
Kinematical conservation laws:
(gsin®); 4+ (mcos@)e =0, (gcosf); — (msinf)e =0 (6.3.3)
Energy transport relation along a nonlinear ray :

g=(m—1)"2e2m=1) (6.3.4)
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Given an initial position of a nonlinear wavefront:

2(§,0) = z0(§), y(&,0) = yo(§) (6.3.5)

The initial values of the angle  (obtained from (6.3.5)), the ampli-
tude m and the metric g is obtained from (6.3.4):

e(fa 0) = ‘90(5)? m(ga 0) = mO(g)v 9(570) = 90(5) (636)

There are two ways to set up the initial data xo(£) and yp(§) in
terms of &.

Procedure 1 An initial position of the wavefront is generally given
in terms of its arc length n measured from a fixed point: = =
Zo(n), y = Jo(n) on which rg(n) is prescribed. y(n) is calculated
from (Zo(n),90(n)). Initially, we choose a variable & = n so that
g =1 at t = 0 (see the description leading to (6.1.14)). Then we
calculate f(£') from (6.1.17). Finally, we introduce & = fogl f(&)dg
(see the discussion leading to (6.1.18). Now we convert the data
given as functions of n(= ¢’) in terms of &.

Procedure 2 First prescribe mg(€) and 0y(§). Then calculate go(§)
from (6.3.4) and finally z(§) and yo(§) by integrating (6.3.2) with
respect to £. Using this procedure, we have no control on the shape
of the initial wavefront. Distribution of 6(§) only tells whether the
initial front is concave or convex.

When prescription of the initial data is completed, we solve the
system of conservation laws (6.3.3). To get a particular ray, say
starting from a point &y on the initial front, we integrate (6.3.1) with
respect to ¢ with initial condition (&, 0) = x0(&o), y(£0,0) = yo(&o)-
To get the nonlinear wavefront at any time, we first trace a partic-
ular ray, say corresponding to &, up to the point (z(&o,t),9(&o,1t))
and then integrate (6.3.2) with respect to £ with condition z (&, t) =
Z(&o,t) and y(&o,t) = 7(&o,t). A shock in a solution of (6.3.3) will
be mapped onto a kink. A ray (or the wavefront) will have a discon-
tinuity in its direction at the kink.

In section 6.2.1, we discussed elementary wave solutions corre-
sponding to a centered wave, which is a particular case of a simple
wave solution of (6.3.3). Here, we continue discussion of a general
simple wave solution, which we left incomplete in section 6.1.2. Let
us consider an initial wavefront with a distribution of mg and 6y
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such that @ in (6.1.28) is constant on it. The solution of (6.3.3) with
this initial data is a simple wave of the second family. Consider a
characteristic of the ¢y family passing through & = &y at ¢t = 0. Here

—1
m = constant = mg(&y) along i 7%27 (6.3.7)
The equation of this characteristic in (&, ¢)-plane is
1
& — —=(mo(&o) — 1)°Pte?tmolto)= — ¢, (6.3.8)

V2

If the members of this family of characteristics are non-intersecting,
then for a given value of £ and ¢, we can find the unique character-
istic through (¢, t) and the corresponding value of &; is unique. This
implies that there exists a function H(&,t), such that

€ = H(E,1) (6.3.9)
The solution at (£,t) is given by

m(&,t) = mo(&o) = mo(H(&,1)),0(&,t) = bo(So) = Oo(H (&, 1))
(6.3.10)
The time t., when a shock appears in the above exact solution,
is given by (6.1.39). After that, it is not possible to get an exact
solution. However, in initial stages the shock is weak. In addition
to this our theory WNLRT is valid only for 0 < m —1 << 1 and
we can prescribe only such an initial data. In this case we can easily
continue the exact solution valid up to t. beyond this time as an
approximate solution by fitting the shock into the above simple wave
solution on both sides of the shock or get a numerical approximation
of the exact solution by solving the conservation laws (6.3.3) using a
suitable finite difference scheme.

Composite simple wave solution Of special interest are compos-
ite simple wave solutions in (&,t)-plane, which we define to be two
simple waves (not necessarily centered) separated by a constant state.
An example is the solution depicted in Fig. 6.2.5(a). Here, we choose
each of the two simple waves to be of finite extent in &-direction. The
initial value of #(&,t) is prescribed in the following way

Bsin((7k§)/2) -, [¢§] <
b0(§) = (6.3.11)
B¢/IE] 1€l >

=

=
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where k is a non-zero constant. It is curved in its central part and
extended on its two sides by the tangents at points corresponding
to & = £1/k. Now we prescribe the value of mg(§) such that @ is
constant on the upper part (§ > 0) of the initial wavefront, R is
constant on the lower part (£ < 0) and mg(€) is an even function of
¢ and continuous at £ = 0. Fixing of the value mg(0) = m* uniquely
determines mg(§). Now we use a procedure to construct the initial
wavefront which is symmetric with the z-axis as the line of symmetry
and having continuously turning tangent. Then we solve the problem
(Sangeeta (1996)).

The values of 6y at £ = :t% are £ B. Let the value of m at £ = £tk
by m. Then

m_é{u <B+\/8(m*—1))2} (6.3.12)

We also introduce notations

—_

_ m — _ y my — 1
Cy = 2§2 = —C1, Cp = CQ(m*) = 2g—*2 (6313)

g=(m), g =g(m") (6.3.14)

The composite simple wave solution in (£, ¢)-plane, valid till a shock
appears, consists of

(i) a constant state (m, B) to the left of the characteristic £ = ¢t
(i.e., £ = —@Cat), a second constant state (m, —B) to the right of the
characteristic £ = ¢at and a third central constant state (m*,0) in
—cyt < € < cit; and

(ii) two simple waves (with diverging characteristics for B > 0
and converging characteristics for B < 0), one belonging to the first
characteristic family in —cat — % < & < —cat and another belonging
to the second characteristic family in c5t < & < éat + %

The central constant state between the two simple waves in (, t)-
plane is mapped onto a central region in (x,y) where the nonlinear
wavefront is a straight line and rays are parallel to the z-axis. A
figure representing such a solution in (x,y)-plane is Fig. 6.1 on page
114 of Prasad (1993).

Case 1: B = 0.3 and £ = 2.5. This corresponds to an initially
convex wavefront (Fig. 6.3.1). The nonlinear rays become straight
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Fig. 6.3.1: B=10.3, k= 2.5, m* = 1.2628.
— — — Linear wavefront and linear rays
Nonlinear wavefront and nonlinear rays.

lines parallel to the z-axis as soon as they enter into the central con-
stant state region and the nonlinear wavefront also becomes straight
and perpendicular to the x-axis in the central region. The front
remains smooth and without any kinks.

Case 2: B = —0.3 and k = 2.5. This corresponds to an initially
concave wavefront (Fig. 6.3.2). The nonlinear rays are initially close
to the corresponding linear rays; they then deviate significantly and
ultimately become parallel to the z-axis. The linear caustic (see also
Fig. 3.3.1) is completely resolved. The nonlinear wavefront emerges
flattened without any fold but a pair of kinks appear. The asymptotic
shape of the nonlinear wavefront is the same as that in the Fig. 6.2.7.

6.4 Conclusion and validity of WNLRT

The most important feature which the exact solution in the section
6.3 shows is that the amplitude of the wave (which tends to infinity
in the linear theory at the caustic) on the central flat part remains
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Fig. 6.3.2: B=—-0.3, k =2.5, m* = 1.2628
— — — linear wavefront and linear rays
linear wavefront and nonlinear rays.

constant equal to m* until it starts getting modified by the reflected
waves (on the wavefront) from the kinks. Since the kinks appear
on the nonlinear wavefront only a little before the front reaches the
aréte, the wave amplitude at the focus is m*. Slowly, as it increases
further, the value at the center of the front changes to m; (given by
(6.2.16)) which is another finite value of the order of m* or m. These
results lead to a conclusion that the WNLRT gives an amplitude
m — 1 of the wavefront which remains small and of the same order
as that of the amplitude of the initial wavefront. This is in contrast
to the linear theory where the amplitude tends to infinity in the first
approximation and remains large in the next approximation (Buchal
and Keller, 1960). This conclusion agrees with the results obtained
in a large number of examples worked out by Prasad and Sangeeta
(1999) using numerical integration of initial value problems of the
conservation laws (6.2.1 - 2). Thus, the condition of small amplitude
required in the derivation of WNLRT remains valid as the nonlinear
wavefront propagates.

The reason for m — 1 to be of the order of the initial value of
the amplitude can be seen from the following argument. Suppose
m — 1 becomes large on a small part of the nonlinear wavefront,

then we shall have a large gradient %Lg either on that part or near
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it. Then the equation (6.1.21) will imply a significant change in the
direction of the rays which would immediately cause the amplitude
m — 1 to change from a large value to a small value. This has been
clearly observed in the numerical computation (see chapter 10) when
we prescribed minimum value at the center of a dent. This would
have caused the nonlinear rays to converge more strongly. But it did
not happen. The value of m — 1 at the center of the dent increased
rapidly and attained a local maximum so that the rays soon stopped
converging. Since m — 1 remains small, we also notice that g can not
become zero on any part of the nonlinear wavefront.

Some of the cases worked out by Prasad and Sangeeta (1999)
show that though the nonlinear rays ultimately tend to become par-
allel, there are intermediate stages when the converging rays are so
much pushed away that they start diverging before converging again.
This is more clearly seen when the initial wavefront has sinusoidal
(or periodic) shape and has periodic amplitude distribution on it.
We shall discuss such cases in chapter 10 in context of weak shock
propagation and point out the property of corrugational stability of
a nonlinear wavefront and a shock front.

Now an important question arises. In the geometric derivation
of the WNLRT, we used the ratio of § (the short wave length of the
perturbation) to a length scale R of the order of the principal radii
of curvature of the wavefront. We note that except at the kinks,
the nonlinear wavefront tends to become plane so that ultimately
R tends to infinity. We have also seen from the exact solution of
section 6.3 that the initial radii of curvature play no role because the
distance of the aréte of a caustic from the initial wavefront plays no
role in the solution. Thus, the WNLRT is valid over a very large
distance of propagation. We observe this when the initial wavefront
is periodic. Prasad and Sangeeta (1999) compute the solution for a
very long time and the solution seems to remain valid. Thus, the
validity of WNLRT is far beyond what was initially expected.



Chapter 7

Compatibility conditions
on a shock: single
conservation law

7.1 Derivation of the infinite system of com-
patibility conditions

Consider a solution u(x,t) of the single conservation law (1.3.1)

1
u+ (5u')e = 0, (2,t) ER X Ry (7.1.1)
with initial condition
u(@,0) = ¢(z), z€R (7.1.2)

such that the solution is sufficiently smooth, except for a single shock
curve

The solution can be represented in the form *

u(z,t) = wg(x,t) + H(s)(ur(z,t) —up(z,t)), s=x— X(t) (7.1.4)

“We make a little departure from the notations used in chapter 1, definition
(1.3.7), where u,(t) and u,(t) represent the limiting values of u from the two sides
of the shock. From now onwards, ue and w, represent functions defined on R?;
and the limiting values from the two sides are denoted by wu¢(X(t),t) (or ue|q)
and u,- (X (¢),t) (or ur|a).

229
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where H is the Heaviside function, and uy, and w, are sufficiently
smooth functions defined on R x Ry. The state u, on the right of
the shock (s > 0), the state uy on the left of the shock (s < 0) and
the shock path X (¢) are uniquely determined by the initial condition
(2.2). The jump condition (1.3.10) across the shock gives

dX(t 1

dt() = §{Ug(X(t),t)+ur(X(t),t)} = C, say (7.1.5)
The solution on the left of the shock x < X(t) satisfies the partial
differential equation (1.1.6) which we write in the form

Ooup 1 Ooup, 1 Ouy

e Taluetu g, =gl ug,
Taking the limit of this equation as z — X (t) — 0 we get
dug(X(t),t 1 ou
OO _ L x).0) - wx@.n 2, 719
where p 9 9
= —+C— (7.1.7)

dt ot ox
(2.1.6 - 7) is the first compatibility condition along the shock path.
This equation giving the time-rate of change of uy along the shock
path contains 8“‘ ~|q. To get an equation for this new quantlty La,
we need to derive the second compatibility condition. We d1fferent1—
ate (1.1.6) with respect to = and write the result in the form

0 [(Ouy 1 0 (Oup\ c'?w>2 1 0%y
ot (8x> Tyluet gy (m) __<a:c Tyl ) G
Taking the limit as * — X (¢) — 0, we get the second compatibility
condition

d [ Ouy . Ouy 2 1 aQUZ
dt<8m9> _<8mﬂ) +2{<“T‘W>axz l, (7-18)

which also contains a new quantity, namely, ax Lo

To derive the ith compatibility conditions, we differentiate (1.1.6)
1 times, arrange the terms appropriately and take the limit as x —
X(t) — 0 to get

Ky CATI R O a4
dt \ oz ) T g\ T gt (19
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L Qg 9y,

J=1

where ‘C; = i!/(j!(i — 4)!). The number of compatibility conditions
which we can derive on the shock path depends on the degree of
smoothness of the solution in the left subdomain of the shock. For
solutions which are infinitely differentiable, we get an infinite system
of compatibility conditions. However, if the solution in the left sub-
domain has a Taylor’s series, the infinite system of equations can be
derived by substituting the Taylor’s series

wg(z,t) = Z% (%Z‘fm) (@ — X(8)) (7.1.10)

=0

in the equation (1.1.6), equating the coefficients of the various powers
of (z — X (t)) equal to zero and using (7.1.5).

Let us denote the value of the ith spatial derivative at the shock
divided by i! by v;(t) i.e.,

1 du
il Ozt

and let ug(t) = ug(X(t),t) represent the state just behind the shock.
The equation for the shock path and the compatibility conditions are

vi(t) = lo,i=1,2,3,... (7.1.11)

dX 1
du 1
dTO — —i(ug — )y (7.1.13)
and
dv; i+1 i1 .
dt:_( 5 )(UO_UT)'Ui—i-l_ B E vjvi_j+1,z:1,2,3,...

j=1

(7.1.14)

In the derivation of the second term on the right hand side of (7.1.14)
we have used the identity

! i1
Z(l —Jj+Dvjvi_j = 5 Z VjVi—j+1 (7.1.15)
J=1 j=1
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The compatibility conditions (7.1.13 - 14) were derived independently
by Grinfel’d (1978) and Maslov (1980). The shock position X (¢),
the shock strength ug and the spatial derivatives ilv; , ¢ > 1 can be
obtained if we can solve the infinite system of ordinary differential
equations (7.1.12 - 14).

The initial values of X,ug and v; are given by the initial data
(7.1.2)

X(0) =Xo ; uo(0) = ¢(Xo—0)=ug, say
(7.1.16)

v;(0) = zl%fo {%Z;‘f} = w0, say, 1 =1,2,3,...
where X is the value of = at which ¢(z) has the discontinuity.
Equations (7.1.13 - 14) form a coupled system. The ith equation
for 4! v; contains (i + 1)!v; 41 and hence is coupled to the next equa-
tion. The coupling coefficient in the equation, namely —(ug — u,)
is the same for all equations. The theory of an infinite system of or-
dinary differential equations (an infinite-dimensional problem) is not
necessarily simpler than that of a partial differential equation. How-
ever, unlike in the original initial value problem (7.1.1 - 2), we have
to deal only with smooth functions in the new initial value problem
for (7.1.12 - 14). The coupling coefficient is small for a weak shock.
It is interesting to note that when w, is a constant

A 1
s oi(t) =/,
Vit t+ «
is an exact solution of the infinite system of compatibility conditions

for all values of A and o > 0. It represents the solution of an initial
value problem in which the initial data behind the shock is linear.

U,o(t) = Uy +

vi(t)=0,1>2 (7.1.17)

A formal solution of the system approaching (7.1.17) with u, =0

as t — 0o can be obtained in powers of (t + a)'/? as
_Bo_
uo(t) = M Tira T (t+a)3/2 +-
vi(t) = - + + G4
1 t+a (t+a)3/2 (t+a)? (7.1.18)
U’L(t): Aiz’ 1 + Bii+3 + Ciprs +,Z:2,3,
(t+a) 2 (t4a)2
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where A;, B;,C;,...,i > 1 can be uniquely determined successively
in terms of Ag, Bg, Cop,.... This formal series, giving higher order
terms, shows that as t — oo the higher order spatial derivatives of u
at the shock tend to zero faster than the lower order derivatives.

7.2 Existence and uniqueness of the solution
of the infinite system

Let us first mention a theorem on the existence and uniqueness of
the weak solution of the initial value problem (7.1.1 - 2). This result,
which we call “theorem on entropy solution” (Smoller, 1983, Chapter
16) requires the initial data ¢(x) to belong to a very general class
of functions : Lo (R). Then the theorem asserts that the initial
value problem has a unique solution which is stable with respect to
perturbations in the initial data, which exists for all ¢ > 0 and for
which all discontinuities are shocks. Further, at any fixed time t > 0,
the solution is of locally bounded total variation with respect to x
and |u(z,t)] <||pol|| for (z,t) € R x R4.

Let us apply this theorem to two problems when the initial data
is sufficiently smooth except for a single discontinuity at x = 0

1for <0
P olz) = {0 prorse (7.2.1)

and

1
{ l1—ez for <0 (7.2.2)

0 for >0

The solution (1.4.7) of the problem P; valid for ¢ > 0 has already
been discussed. The application of the theorem on an entropy so-
lution shows that the solution of the problem P also exists for all
t > 0 and since the state behind the shock satisfies ¢'(z) > 0, no
shock other than the one starting from Xg = 0 appears in the solu-
tion. If we use £ = x — ut and t as independent variables instead of
x and t, then the value £(t) corresponding to the shock is given by
&o(t) = X(t) — tup(t). We note £y(0) = 0 and &y(t) < 0 for t > 0 and

2—(l—tu)g—il 2
or 2o T 1+ 1/ (€) O€
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Hence, differentiating the relation u = ¢(z — ut) successively we
deduce

lim 0w _ ilvi(t) = lim {(1(9)11 90/(5)}
e-X(t)-0 0z e=6o(t) | \ 1+ 1! (€) € 1+t (€)

(7.2.3)
The expression (7.2.3) is a polynomial in ¢ of degree i — 2 and the
derivatives of o at &y(t) divided by (1 + /(€))% =L, Since ¢/(£) > 0
for £ < 0, all derivatives of ¢ at &y(t) are finite and hence all v;(t)
remain finite for £ > 0. This result shows that the solution of P,
guaranteed by the theorem on the entropy solution, has the property
that the functions ug(t) and v;(t),7 = 1,2, 3, .. ., derived from it exists
for all ¢ > 0. Since the initial data behind the shock in P; and P
are different, the functions ug(t) and v;(t),i = 1,2,3,... obtained
from the solution of the problems P, and P» are different for all
t > 0. Thus, each of the two distinct sets of functions uo(t) and
v;(t) obtained from these problems contain C'*° functions (since ¢ is
smooth except at x = 0) and satisfy the infinite system of equations
(7.1.13 - 14), and the same initial condition

up(0) =1, v;(0) =0 (7.2.4)

Now we have finished showing that the infinite system of compat-
ibility conditions with initial data (7.2.4) does not have a unique
solution in the class of C*° functions.

The non-uniqueness of a solution of the initial value problem in
the class of C"*° functions appears to severely restrict our capacity to
use the infinite system of equations for many practical problems. It
is now necessary to find a suitable function space in which uniqueness
can be guaranteed. This class is the class of analytic functions.

Theorem 7.2.1 Let the initial data

o(r) = ¢r(z) + H(Xo — x)(pe(z) — r (7)) (7.2.5)

be such that ¢y(z) and ¢,(z) are analytic functions in a neighbour-
hood of the point Xy. Then the initial value problem (7.1.12 - 14
and 16) has a unique analytic solution in a neighbourhood of ¢t = 0.

Proof Given the functions ¢/(x) and ¢,(z) to be analytic in
a neighbourhood of the point Xy, the Cauchy—Kowalesky theorem
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gives unique analytic solutions uy(x, t) and u,(x,t) of the initial value
problem (7.1.1 - 2) with ¢ = ¢, and ¢ = ¢,, respectively. We can
always choose a neighbourhood of (X, 0) in the (x,t)-plane where
both solutions are analytic.

Integrating the ordinary differential equation (7.1.5) subject to
the condition X (0) = Xy, we get a unique analytic function X (¢) for
small . Then we find the analytic functions ug(t), v;(t) from the
expressions

1 O%uy

ug(t) = ug(X(t), 1), vi(t) = i Ot

S le=x) > 1=1,2,3,... (7.2.6)
Thus, we have determined analytic functions which satisfy the in-
finite system (7.1.12 - 14) and the initial conditions (7.1.16) prov-
ing the existence of an analytic solution for small ¢t. To prove the
uniqueness of the analytic solution, we substitute the Taylor’s series
expansion at t =0 :

Z tﬂ ot Z%t]’, Zv”tﬂi—wg
=0 =0 J° j=0
" (7.2.7)
and o e
t) = Z Z ainitj (7.2.8)

i=0 j=0

in the system (7.1.12 - 14) and equate the coefficients of powers of
t on the two sides in each equation. Note that we assume a;; to
be known. This provides a system of equations from which the co-
efficients X, ug; and v;5,j = 0,1,2,... can be uniquely determined
step-by-step (see also the proof of Theorem 7.3.1). The unique de-
termination of the coefficients in (7.2.7) in terms of the initial values
Xo,upp, vio and the coefficients appearing in the expansion of the
known function u, proves the uniqueness of the analytic solution of
the initial value problem.

Theorem 7.2.1, combined with the theorem on the entropy solu-
tion, provides a method for finding an approximate solution of an
initial value problem for the single conservation law (7.1.1). Assume
that the initial value (7.1.2) is such that the function ¢(z) can be
approximated by an analytic function ,(z) in an open interval con-
taining (Xo — m, Xo) and by another analytic function ¢, (z) on an
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open interval containing (X, Xo + m), where m > 0. Then, from
the continuous dependence of the solution on the initial data guar-
anteed by the theorem on the entropy solution, it follows that by
solving the initial value problem with the initial data (7.2.5) we get
a local approximate solution in the L, norm of the original solution.
This approximate solution, which we call the first approximation to
the original problem, can be obtained by summing the Taylor’s se-
ries (7.2.7) after the analytic solution X (t),ug(t), v;(t) of the infinite
dimensional problem (7.1.12 - 14 and 16) has been obtained:

u(z,t) = ug(t) + 3 vi(t)(x — X (1))’ (7.2.9)
=1

The solution of an infinite system of ordinary differential equa-
tions, even numerically, is not simple. Our problem is now reduced to
finding a function @(z,t) which is an approximation to the function
u(z,t) in (7.2.9). We expect that in the construction of u(x,t), which
we call the second approximation to the original problem, the com-
patibility conditions (7.1.12 - 14) would play an important role. This
leads to our new theory of shock dynamics (Ravindran and Prasad
(1990), and Prasad and Ravindran (1990)).

7.3 A new theory of shock dynamics: ana-
lytic considerations

If we set v511 = 0 in the nth equation in (7.1.14), then the first (n+1)
equations in (7.1.13-14) form a closed system. Let X (t),uo(t),v; (%),

i = 1,2,3,...,n is the solution of the truncated system of n + 2
equations. -
dX 1 _
E = 5(710 + UT), Up = 'UJT»(X,t) (731)
du 1
dTO = — (0 — 1) (7.3.2)
dv; i+1, _ (i4+1) <o
= =3 (U — uy)Vip1 — > Ui 41,
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and
dt

VjUn—j+1 (7.3.4)

with initial conditions for these n + 2 quantities as in (7.1.16), i.e.,
X(0) = Xo, tp(0) = ugo, 9;(0) =wvi0, i =1,2,3,...,n  (7.3.5)

We assume that the function w,, giving the state ahead of the
shock to be a known function. The right hand sides of (7.3.1 - 4)
are entire analytic functions of u,,ug,v;(i = 1,2,3,...,n). Hence,
the existence and uniqueness of a local solution of the initial value
problem (7.3.1 - 5) (now a system of a finite number of ordinary
differential equations) requires a very mild condition on u.(X,t), a
common requirement being the continuity of u,(X,¢) in a neighbour-
hood of (Xg,0) and its Lipschitz continuity with respect to X. We
have seen in section 1.7 that a shock, once formed, persists for all
time. Hence, it would be interesting to study the conditions under
which a local solution of (7.3.1 - 5) can be continued for all time. For
ur = 0, a sufficient condition for this is that ¢j(x) > 0 which implies
vp > 0. This has been shown by Ravindran, Sunder and Prasad
(1993). In the case where ¢ (z) < 0 on a sub-interval of z < Xy, the
situation is complicated and the new theory of shock dynamics has
to be carefully used even if the solution can be continued for all time
(Sunder, Prasad and Ravindran (1992)). In the following discussion,
we require analyticity of u,.(X,#) in a neighbourhood of (X, 0).

When u,(X,t) is analytic in a neighbourhood of (Xp,0), we can
use Cauchy’s existence theorem (Goursat (1917)) to prove the exis-
tence of a unique analytic solution of the initial value problem (7.3.1
- 5) valid in a neighbourhood of t = 0. This solution can be expressed
in the form

[e.9]

X(t) =) =7 uo(t) Zuo]t] o Zi{tﬂ,z‘:l,z&...,n
=0 I =0 =0 J°

(7.3.6)
Having obtained the solution of the problem (7.3.1 - 5), we construct
a function u(z,t) by

u(z,t) = ' (7.3.7)
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We claim that this function is an approximate solution of the partial
differential equation (7.1.1) in the left subdomain = < X (¢). Substi-
tuting (7.3.7) in (7.1.1) and using the equations (7.3.1 - 5) we get

u +uty, = (x— X(t))”“h(x, t), x < X(t) (7.3.8)
where
n—2 n+24+i B ) n
Wz, t) = > T(;c — X)) D Vnjrisaby
i=1 j=i+2

This shows, at least in a formal way, that the equation (7.1.1) ap-
proximately satisfies near the shock x = X and the accuracy with
which it is satisfied increases as n increases. If we set

u(z,t) = u(z,t) + Rz, t) (7.3.9)

then the error function R satisfies the non-homogeneous partial dif-
ferential equation

Ri + RRy + (2, )Ry + Uiz (v, )R + F(z,t) = 0 (7.3.10)

where

F(z,t) = (z — X ()" h(z, ) (7.3.11)

All these results are still local and are valid as long as no other shock
appears in the solution.

For small ¢, we can make a more precise statement regarding the
manner in which the function u(x,t) given by (7.3.7) tends to u(x,t)
given by (7.2.9). We express this relation not so much between the
functions u(z,t) and u(x,t) but between the coefficients wu;(t) and
4;(t) in the expressions for these functions.

Theorem 7.3.1 For small ¢, the analytic solution of the initial
value problem (7.3.1 - 5) tends to the analytic solution of the initial
value problem (7.1.12 - 14 and 16) as n tends to infinity.

Proof We have already seen that when oy(z) and ¢, (z) in the
initial data (7.2.5) are analytic in a neighbourhood of X, the infi-
nite system has a unique analytic solution (7.2.7) for small ¢. The
finite system (7.3.1 - 5) also has a unique analytic solution (7.3.6)
for small ¢. Substituting (7.2.7) in the infinite system and (7.3.6) in
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the finite system and equating coefficients of like powers of t/, we
get a recursive system of algebraic equations for the coefficients. A
step-by-step evaluation of the coefficients shows that the values of
X, and X; depend only on the initial value ugg, and the values of
Xo, X5 and ug1, G depend only on the initial values wugg,vig. In
general, the values of X;11, Xj11, uoj, Uoj, Vags Vap (@ + B = )
depend only on the initial values ugg, vi0, v20, ..., vjo for all j.

Further, for j = 1,2,...,n, the expressions for X, and Xj+1; Uoj
and o;; and veg and Ta(a + § = j) are exactly the same functions
of ugp, v10, V20, - - ., Vjo. It follows that

Xj+l:Xj+1 s a()j:qu , j:0’1727'”7n
and (7.3.12)
@zjzvlj,(121,2,,n,l+j§n)

Thus, if the n + 2 equations in the finite system are considered, then

X — X =0(t""2), ug — g = 0(t"+1)
and (7.3.13)
v — T =0t i =1,2,...,n

for small t. This proves the statement in the theorem.

We call the procedure of constructing the function u(z,t) by
(7.3.7) after solving the initial value problem (7.3.1 - 5), the “new the-
ory of shock dynamics (NTSD)”. The theorem (7.3.1) shows that the
new theory of shock dynamics will certainly give a good approximate
solution for small ¢ and the result (7.3.8) shows this approximate so-
lution is quite likely to remain a good approximation near the shock
even for large values of t. A convincing proof of this statement will
require an analysis of the partial differential equation (7.3.10) with
an appropriate initial data.

7.4 A new theory of shock dynamics: com-
parison of numerical results with the ex-
act solution

The infinite system of equations reduces the problem (7.1.1 - 2)
to a new problem in which the quantities involved are the values
of u and its spatial derivatives on the shock path. In the case of
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a single conservation law which we shall consider, something more
can be achieved. It is possible to reduce the problem to a finite-
dimensional problem of integrating two first order ordinary differ-
ential equations on the shock path or an integral equation, which
in an important particular case reduces simply to an algebraic or
transcendental equation. This also leads to exact solutions.

Exact solution The solution of the initial value problem in
the left subdomain is given by wu(x,t) = pp(x — ugt). This gives

__ ¢ne)
(%] (t) = 1 T tgo’e(ng) (7.4.1)
where
ne(t) = $_l)i}(n_g(m —upt) = X(t) — tup(t) (7.4.2)
Also
uo(t) = ue(X(t),t) = pe(ne) (7.4.3)

Using (7.1.12 - 13) in

die _dX
dt — dt 0 dt
we get
dne— ur(X (1)) — @e(ne)

= 7.4.4
a = 20+ tefn) ()
We write (7.1.12) in the form
dX 1
e 5(802(776) + ur(X(1),1)) (7.4.5)

The function ¢g(n,) is given and the solution u,(x,t) ahead of the
shock is assumed to be known solution by the method characteristics.
Thus, the right hand sides of the above two equations are known
functions of X,t and 7y. Therefore, these two equations with the
initial conditions

X(0) =X, and 7(0) = X (7.4.6)

can be solved to give 7y(t) and the shock position X (¢). The shock
amplitude uo(t) is then given by (7.4.3).
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Multiplying (7.4.4) by 2¢,(1 + ty}) and integrating we get

ne(t)

2 [ eulo)ds +tgtn®) = [wle()edmlr)ar  (747)
Xo 0

From (7.4.5) we get

X(t)=Xo+ ;/WE(W(T))dT + ;/ur(X(T),T)dT (7.4.8)
0 0

Equations (7.4.7 - 8) form a pair of integral equations for 7,(t) and
X(t). In the particular case, when the state ahead of the shock is
u, = 0, the equation (7.4.7) becomes

ne(t)
2/W@®H%W®Fﬂ (7.4.9)
Xo

which decouples from the second equation. Equation (7.4.9) is no
longer an integral equation but an algebraic or a transcendental
equation for 7y for a given value of ¢ depending on whether ¢ is
an algebraic or a transcendental function.

Let us consider two examples with u, =0 :

2
(%) , r€[-0,1], - 1<d <
Ey:p(x) = (7.4.10)

0 elsewhere

The initial data is non-zero only on a closed bounded interval.
There is a shock at x =1 and

2 1
0 =1, upo =1, v10 = 37 7¢; V20 (1+5)2,Uo 0,72>3
(7.4.11)
The equation (7.4.9) reduces to
T]e+5>4 2 (ne+0)* — (140)3
t - =0 7.4.12
(5+1 T3 (1+0)? (74.12)
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ael® | <0, a,8>0
Es : p(x) = (7.4.13)
0 , z <0

Without loss of generality, we can set & = 1, 3 = 1 because a change
of variable z — fz,t — ft/a,u — au leads to this result. Hence,
we take

Xo == 0, upo — 1, Vi0 = f',’L' 2 1 (7414)
i!
The equation (7.4.9) becomes
te?m 4+ 2(e™ — 1) =0 (7.4.15)

It is simple to solve numerically the equations (7.4.12) or (7.4.15)
for my(t). Then the exact value of the shock strength is found easily
from (7.4.3) where ¢y is given by (7.4.10) or (7.4.13).

It is interesting to note a few properties of the partial derivatives
g;f{\g and v, (t) for the solution with initial data (7.4.10). Since
Oy _
(%f -

3iu| _ (1 (20 — 2)1t72(¢" (ne)) 1
ori ' T 2i=1(7 — 1)I(1 + e/ () ) 21

0 for i > 3, the expression (7.2.3) reduces to

i>2  (7.4.16)

Using Stirling’s formula for the factorial of a large integer ¢ : 4! ~

1
iitlem (27”) ?, we get

8iu (_1)i\/§ 2“0// . i—1 »
- |q ~ -1 1 7.4.17
021 1~ Y1+ 1) {(Hw)%“ )| oilerge (T417)

The formula (7.4.16) verifies that for a fixed i > 3, %QHQ — 0 as

t — 0. Since ¢'(ny) > 0, the formula also shows that g;qf

t — oco. However, the approximate result (7.4.17) for large ¢ shows
that

d'u
ozt

o — 0 as

lo| w00 as i— oo forafixed t and ¢"(n) #0 (7.4.18)

since for any fixed ¢ (including arbitrarily small values of t) we can
always choose n so large that ’%(n — 1)‘ > constant > 1. This
result is indeed curious and interesting for the initial data (7.4.10),
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especially when we know that for a linear ¢y = g+ ¢1(x —1) behind
the shock,

1
8% =0 fori>2
ozt
This was observed in numerical computation by the new theory of
shock dynamics. However, it is simple to see that for a fixed small ¢,
v; = %g;lﬂg tends to zero as ¢ — oo.

We give now an alternative derivation of the result (1.7.5). In
deducing (7.4.7), we assumed the state u,(x,t) to be known and con-
centrated on the variable n,(t) = X () — us(X(t),t)t. However, the
functions wuy(z,t) and wu,(x,t) appear symmetrically in the problem
(see (7.1.2) and (7.1.4)) and it is interesting to use the variable

() = X(O) —u (X, 60 = X()—or(n)t (7419

(where we have used the fact u,(X(t),t) = ¢(n,)) and deduce some
further results. We can write (7.4.7) in the form

¥0 1 ®1
1+to1 1419

(x —1) ie,

’U,g(fIJ, t) -

ne(t)

2 [ eulo)ds +tefn(®) =
Xo

Nee(ne())dr  (7.4.20)

o\“

Similarly, we can deduce
nr(t)
2 [ prlo)ds +temn(0) =

Xo

Subtracting (7.4.20) from (7.4.21), we get the relation (1.7.5)

r (0 (7)) e(ne(r))dr (7.4.21)

o\#
©

Xo - (t)
2
- ©2(ne(t)) — 2 (nr(t)) W{) pe(s)ds + )4 or(s)ds|  (7.4.22)

where we note that 7,(t) < Xo and 7,(t) > X for ¢ > 0. Any two
of the three relations (7.4.20 - 22) can be used to solve 7, and 7, as
functions of ¢. The shock path € : x = X (¢) can be obtained from
(7.4.8), i.c

t t

=X +%/w(m(7’))d7'+ %/wr(m(T)dT (7.4.23)

0 0
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The shock strength and all other quantities on the shock path can
now be easily obtained.

Numerical solution In the case of the initial condition (7.4.10),
the state behind the shock approaches a constant state u = 1 as
0 — o0. For § close to —1, ¢ increases rapidly from 0 to 1 over a very
short distance; thus the spacial derivatives of u play an important
role in this case. In Table 7.4.1 we present numerical computation
only for 6 = —0.5. For § = 1 and = 50, the result obtained from the
new theory of shock dynamics were very close to the exact solution
even for n = 2.

Tables 7.4.1 and 7.4.2 give the values of u for initial values corre-
sponding to (7.4.11) and (7.4.14), respectively. The results are given
at t = 1,t = 5 and t = 10. The result for n = k assumes that
vj for j > k + 1 are set equal to zero and k + 2 equations (7.3.1 -
4) with (7.3.5) are considered. For n = 1, the percentage of error
(10071) x (@p — up)/ | uo | is sizeable, but even for n = 2, the error
drops rapidly (to less than 1% in case Es); while for n = 3, it is
uniformly small, as for n = 5, 8, 25 as well. Computation was done
for By witha =1, g=1.

Table 7.4.1: Solution with initial value Eq,6 = —0.5

t=1.0 t=5.0 t = 10.0
Uo % error uo % error ug % error
Exact .47390445 - .24231081 - 17572092 -
n=1 .44721360 -5.6  .21821789 -9.9  .15617376 -11.0
n=2 .47171239 -.46  .23787367 -1.8  .17140803 -2.5
n=23 .47366942 -.50x107! .24120493 -46 17440411 =75
n=>5 .47390183 -.56x1072 .24221465 -.40x10"! .17554484 -.10

n=28 .47390560 .24x107% .24230783 -.12x1072 .17570887 -.68x1072
n =25 47390561 .24x107% .24231136 .24x107° .17572129 .22x1073

Table 7.4.2: Solution with initial value Fr,a=1,6=1

t=1.0 t=5.0 t = 10.0
Uo % error Uo % error uo % error
Exact .73205081 - 46332497 - .35825757 -
n=1 .70710678 -3.4  .40824829 -12 .30151134 -16
n=2 .73372900 -.23 46777169 9.6 .36157950 9.3
n=23 .73200502 -.63x1072 .46355666 -.50 x10~! .35872978 .13
n=>5 .73205096 .26x107* .46331988 -.11x1072 .35825020 -.21x1072
n=238 .73205081 0  .46332497 0  .35825765 .22x107*

n =25 .73205081 0  .46332496 0 .35825757 0
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7.5 Conclusion

Theoretical justification in the previous section and comparison of
numerical results with an exact solution show that the new theory
of shock dynamics is a good theory for computation of the shock po-
sition and the shock strength. This is especially so if the initial data
is such that ¢’(£) > 0 on the z-axis behind the shock and as long as
the shock under consideration does not interact with another shock.
Unlike a finite difference method, the shock position is determined
exactly, as the shock transition is not spread over a few mesh points.
In addition to this, the new theory of shock dynamics also gives a
number of spatial derivatives. Since the infinite-dimensional problem
is replaced by a finite-dimensional problem of integrating only 4 or
5 equations for reasonably good accuracy, the new theory of shock
dynamics achieves a lot of computational efficiency.

It may be tempting to compare the new theory of shock dy-
namics with the original shock dynamics of Whitham developed in
1957 and 1959 (see Whitham (1974)). For a single conservation law,
Whitham’s shock dynamics is equivalent to the new theory of shock
dynamics for n = 0, which is exact only when the state behind the
shock is uniform. Whitham’s shock dynamics is based on intuitive ar-
guments and cannot be justified theoretically (Srinivasan and Prasad
(1985), Prasad (1990)). It has also been shown that Whitham’s shock
dynamics can give very large errors if the state behind the shock is
not uniform (Prasad, Ravindran and Sau (1991). Comparison of re-
sults obtained for a converging shock by Whitham’s shock dynamics
and NTSD is given in Chapter 10.






Chapter 8

One-dimensional piston

problem : an application
of NTSD

In this chapter we shall present an application of the new theory of
shock dynamics (NTSD) to a physically realistic problem, namely
the one-dimensional piston problem in a polytropic gas. With this
application we wish to study two aspects of the NTSD: (i) is the the-
ory applicable to a wide range of velocities and accelerations of the
piston? and (ii) what is the computational efficiency of the theory?
In spite of the fact that the NTSD appears to be of doubtful accu-
racy for a single conservation law (Sundar, Prasad and Ravindran
(1992)) when the initial data behind the shock has negative gradi-
ents the results in this chapter show that the theory gives a very
good result when the piston is accelerating. This is achieved by a
special formulation of the equations of the NTSD (Lazarev, Prasad
and Singh, 1995). Though the equations of the NT'SD with just three
compatibility conditions have quite lengthy expressions, the theory
has very high computational efficiency — it takes less than 0.5% of
the computational time (for large times) of a typical finite difference
method applied to full Euler’s equations of the gas dynamics. In sec-
tion 3.1.1, we discussed the piston problem when the piston velocity
gradually increased or decreased from zero initial velocity. The re-
sulting motion of the fluid was given by a simple wave solution (valid
only up to a critical time in the case of an accelerating piston). We

247
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can also get an exact solution to this problem when the piston starts
suddenly with a non-zero velocity and then moves with a constant
velocity. However, when the piston moves into the gas on the right
and its initial velocity is positive and non-zero and it has a non-zero
acceleration or deceleration, there is no way to solve this problem
other than a finite difference numerical method applied to Euler’s
equations or the NTSD developed here. Therefore, a comparison of
these two methods following Lazarev, Prasad and Singh (1995) is
important.

8.1 Formulation of the problem

Consider the one-dimensional motion of a gas in a shock tube pro-
duced by an accelerating or decelerating piston starting with a non-
zero initial velocity. The medium is assumed to be an ideal gas with
constant specific heats. It is well known that the disturbed flow in
front of the piston moving into the gas with non-zero initial veloc-
ity is separated from the undisturbed flow by a shock front. Unless
the piston velocity is very small, the shock is quite strong and the
weak shock theory of Chandrasekhar and Friedrichs (see Courant
and Friedrichs (1948)) is not applicable.

Since the shock produced in the flow may be strong, the flow can
not be assumed to be isentropic as in section 3.1.1. Therefore, we
use the equations of motion in the form (2.1.12 - 14). Let the piston
position at time t be X, (t). We take without loss of any generality
X,(0) = 0. Thus, we are looking for a solution of (2.1.8 - 20) in the
domain (x > X,(t),t > 0) of the (z,t)-plane satisfying the following
initial and boundary conditions

q(z,0) =0, p(z,0) =po, p(x,0) =py for x >0 (8.1.1)
and
q(X,p(t),t) = X,(t)(= piston velocity), fort > 0. (8.1.2)

When the initial velocity of the piston is non-zero and positive:
X'(0) > 0, the solution contains a non-constant state in a domain
G : X,(t) < x < X(t), where the shock path x = X(t) separates
this domain from the undisturbed region > X (t). We assume that



8.2. Dynamical compatibility conditions 249

the piston velocity is such that no other shock is produced in the
domain G. The functions u,p and p and their partial derivatives as
we approach the shock from the domain G approach finite limits.

We note the kinematical compatibility conditions in section 3.3.4
and start now with the derivation of the dynamical compatibility
conditions on the shock path.

8.2 Dynamical compatibility conditions
We introduce the following notations

Do = [p], Ho = [q], So = [p] (8.2.1)
where [ ] on a quantity h denotes the jump across the shock front
Q:x=X(t),ie., [h] = h.(t) — he(t). For the shock moving into the
uniform medium at rest ¢, = 0, p, = pg and p, = pg, the Rankine—

Hugoniot conditions give the following expressions for Hy, Sg and the
shock velocity C' in terms of a single parameter Dy:

Hy = DoC(po — Do), So = poDoC?(py — Do)~ *

2(po — Do) }é
C=a {
0 2p0+D0("}/—1)

(8.2.2)

where ag is the local sound velocity in the state ahead of the shock.
The derivatives of the quantities on the shock satisfy the following
relations

dhg, Oh Oh
T2 , 07
a ot |t tr
d ONh ON+1p aN+1p
it (w ‘fﬂ") = awev |, tCOqriler  (823)

for N =1,2,3,..., where h is any one of ¢,p and p and the relation
is valid either with the subscript £ or r. From these we derive

&) —at-o[5
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8N+1h d 6Nh 8N+1h
- | = - 24
[OtﬁxN] dt [83}1\7] ¢ [8$N+1] (8.2.4)

We can express the relation (8.2.4) in terms of

oNp oNg oNp

by choosing h = p, g or p.

We consider the jump of the expressions on the left hand side of
(2.1.12 - 14) on the shock front ; and equate them to zero. This
leads to the vector form of the first set of compatibility conditions

d
=l + PUL=0 (8.2.6)

where we have used the matrix notation

Dy —(C+Hoy)  po— Do 0
Uv=| Hy |, P= 0 —(C+ Ho) (po—Do)™*
SN 0 Y(po — So) —(C'+ Ho)

For the derivation of the second set of compatibility conditions, we
differentiate the equations (2.1.12 - 14) with respect to = and take
its jump across §2 to get

%Ul + PUz = f1 (8.2.7)
where
2D H;
fi=| Hi —D1Si(po — Do)~ ? (8.2.8)
(1+~)H15

For the derivation of the third set of compatibility conditions, we
differentiate (2.1.12 - 14) twice with respect to = and take its jump
across §). This gives

d
aUz + PU;s = fo (8.2.9)
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where

3DsH, + 3D1Hy
fo=| 3H1Hy— (2D1S2 4+ D2S1)(po — Do) ™2 — 2D3S1(po — D)3

S1Hy + 2S9Hy + ~(SaH1 + 251 Ho)
(8.2.10)
Proceeding in this way, we can derive an infinite system of the vector
form of dynamical compatibility conditions.
The infinite system of the compatibility conditions in vector form
can be reduced to an infinite system of compatibility conditions in
scalar form. We first note that the eigenvalues of the matrix P are

M =—(C+Hoy), o3=—(C+ Ho)*+ay (8.2.11)

where ay is the sound velocity behind the shock. As the shock
strength Hy tends to zero, the shock velocity C' and the local sound
velocity tend to a common value ag (note go = 0), hence Ay tends
to zero. Also, in this limit, the first set of compatibility conditions
(8.2.6) must lead to the scalar form of the characteristic compati-
bility condition in which the first order derivative terms arising out
of PU; must be zero. Hence, we choose the left eigenvector of P
corresponding to the eigenvalue \o. This eigenvector is

po—Do 1 )
L =0, ———, — 8.2.12
< 2 2ay ( )
We now introduce scalar variables mg, w1, 2, ... on the shock
po — Do

1
H, +—5;,1=1,23,...

mo(t) = Do , m;(t) = LU; =
0( ) 0 ( ) 2 2ay
(8.2.13)

which are functions of time ¢ only.
Using the Rankine-Hugoniot conditions in (8.2.6), we get

1 dm
A dTO — —PU, (8.2.14)
B
where
0Hy . Cpo(4po + mo(y — 3))

A (8.2.15)

Oy 2(po — m0)(2p0 + mo(y — 1))
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2.2

05 _ 440 (8.2.16)
omo  (2po + mo(y — 1))?

It is possible to eliminate d{% from (8.2.14) and express any two of
D1, Hy and S in terms of the third or we can express all of them
in terms of m1. We shall do this a little later. We first note that
pre-multiplication of (8.2.14) by L gives the scalar form of the first
compatibility condition

B

dmo
where
G = 2{A(po — 7o) + Ba, '} (8.2.18)

Pre-multiplying (8.2.14) by P~! we get

dm 1
Uy = _dTOP_l A
B

in which we substitute dd% from (8.2.17) to deduce
D1 = d17T1, H1 = hlﬂ'l, Sl = 8171 (8.2.19)

where dy, h1 and s; are functions of 7y only :

dy = G(Aa2A3 + poCA+ B)/(A1)3) (8.2.20)

h1 = =G(poCA + B)/{A3(po — m0)} (8.2.21)
and

S1 = —G{a?ao(po — 7T0) — )\1B}//\3 (8.2.22)

Following the procedure of the derivation of (8.2.17), the equation

(8.2.7) leads to

% = KWz — \omy (8.2.23)

1 _
KO = 2 {(po— mo)l — (po — 7o) Ydysa + (7 + g sah
+G>\2(h1 - 681>} (8.2.24)
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with

e —q2 dag 1 yC4pd
agag(po —mo)?

- 1} (8.2.25)

—a - 0 =
t g 2a4(po — )

The expressions for Dy, Hy and Sy in terms of w9 are
Dy = 517’[‘% + domo, Hoy = wlwf + womy, Sy = 0'171'% + 0omo (8226)

where

51 2d1hy + dyGhy — KWd,
wp | = p1 h% — (po — 7T0)72d181 + hllG)\Q — K(l)hl
(’)/ + 1)81h1 + SllG)\Q — K(l)sl

o1
(8.2.27)

5o d
wo | =P Ry (8.2.28)
g9 S1

/ dd1 ; dhl ;o dSl

d_ Sl—diﬂ_o

- E—— 2.2
1 d7TO ) 1 d7T() ) (8 9)

In the above expressions, K, 81,89, w1, ws and oy, o9 are functions
of my only.
Proceeding in the same way, we get the following equation for mo

drz

7 = K{Q)Wil)’ -+ K§2)7T17T2 — A\oT3, (8.2.30)

where

1
K = JGha(wi = eo1) + (po — o)

{3h1w1 —2(po — ) 2dis1 — (po — m0) *(2d1o1 + 8151)}

+ ag' {(y+2)hior + (14 29)s1w1 } ] (8.2.31)
and
k2 — Liga
2 T 5 [GA2(w2 — eaa) + (po — o)

{3h1W2 — (po — 7l'0)72(2d10'2 + 31(52)}

+ a; (v +2)hiog + (27 + 1)s1wa} ] (8.2.32)
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The coefficients K £2) and Kém are functions of my only.

The new theory of shock dynamics, using compatibility condi-
tions up to the third, is obtained by setting 73 = 0 in (8.2.30). The
equations (8.2.17 and 23) and (8.2.30) with 73 =0, i.e.,

dm

dTQ = KP4+ KPrm, (8.2.33)
form a closed system of equations for the shock strength 7, a quan-
tity m (which is a linear combination of the jumps in the first deriva-
tives) and a quantity 7o (a linear combination of the jumps in the sec-

ond derivatives). The coefficients G, KV, K £2) and KéQ) are known
functions of my. The shock position X (t) is determined by numeri-
cally integrating the expression

X () = Xo+ /0 "t (8.2.34)

where C'is a known function of 7y from (8.2.2) with Dy = m9. We can
also determine the values of jumps in the first and second derivatives
of the density, velocity and pressure : Di, Do; Hy, Hs; 51,52 from
(8.2.19) and (8.2.26). These can be used to find the values of the
density, velocity and pressure near the shock by using the first three
terms of the Taylor’s series.

In order to find a solution of the equations (8.2.17, 23 and 33),
we need initial values of 7y, 71 and my. We obtain these values for
the piston problem in the next section. However, before we derive
these values we shall make a few comments on the existence and
uniqueness of the solution.

As in the case of a single conservation law, it is simple to verify
that the solution of an initial value problem for the infinite system of
compatibility conditions is non-unique in the class of C'* functions.
The proof given in section 7.2 of the existence of an analytic solution
of the infinite system for a single conservation law is no longer valid.
In the case of a system of conservation laws, the shock influences
the solution behind the shock and hence cannot be determined only
from the initial data behind the shock. However, assuming that
an analytic solution of the infinite system exists for small ¢, it is
possible to show that it is unique by determining the coefficients
in the expansion successively. As in section 7.3, it is also possible
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to show that the analytic solution of the truncated finite system of
equations of the new theory of shock dynamics for small ¢ tends to
the analytic solution of the infinite system as the order of the finite
system tends to infinity. It is also interesting to note from results in
the next section that the new theory of shock dynamics gives good
results for a shock of arbitrary strength.

8.3 Initial conditions for the piston problem

In this section, we shall obtain initial values of 7g, 7 and my for the
piston problem for which the initial and boundary conditions are
given by (8.1.1 - 2). We first introduce non-dimensional variables
(denoted by a bar above the variables) by

_ L _ _ _ A
r=1z, t= ol 4= a0l p=pops P =1Pob; C=ayC (83.1)

where the characteristic length L is the distance travelled by sound
in unit-time in the undisturbed medium ahead of the shock.

The piston motion starting from x = 0, is prescribed such that it
is representable as a power series in t

Xp() = Xpit + wpot? + Xpst® + ... (8.3.2)

The flow field in the region X,(t) < z < X(t) is infinitely differ-
entiable and it is assumed that the solution in this region is also
representable by the power series

B(f, 7?) = Bgo + h11ZT + hiot + hgli‘Q + hoot + h237§2 + ... (833)

where h stands for any one of ¢, p, p. We note gy = 0. From X'(t) =
C(X,t) and (8.3.3), it follows that the shock path has a power series
expansion

X(1) = Xit + Xot? + X38° + ... (8.3.4)

Given the coefficients X1, Xp2, Xp3, ... in (8.3.2), we need to find
the coefficients in (8.3.3) for h = p,q and p and those in the shock
position (8.3.4). This is quite simple and straightforward, though
it involves lengthy algebraic calculations. We first substitute the
expansion (8.3.3) in the differential equations (2.1.12 - 14), collect
the coefficients of various powers and products of x and ¢ and equate
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them to zero. This leads to an undetermined system of equations for
the coefficients in (8.3.3). The expansion (8.3.3), with Z replaced by
the expansion for X (f), is then substituted in the non-dimensional
form of Rankine-Hugoniot conditions

pe(d@—C) = =C, o+ pe(Ge — C)? = L + C?
d%/(V—l)}+(qE—C') /2=1/(y —1)102/ } (8.3.5)

Equating the coefficients of various powers of ¢, we get further equa-
tions. However, the system of equations still remains undetermined.
Finally, using the expansion (8.3.3) with h = g and the expansion
(8.3.2) for X, (%) in the boundary condition (8.1.2) and equating vari-
ous powers of t, we get additional equations with the help of which all
unknowns are uniquely determined in terms of pg, po; Xp1, Xp2, .. ..
For our purpose, to get initial values of 7y, 71 and 79, we need only
the values of p11 and po;. The expressions giving these quantities are
very long and are not given here.
The initial values of 7y, 71 and 7o are finally given by

o (R0 = B0) o P e 2091+ 0173(0)
70(0) = e, MO = 0 = %
(8.3.6)

where k? = 1—;} and Jl,gl and d, are non-dimensional forms of the
quantities dj, d; and Jy defined by (8.2.20, 27 and 28) and evaluated
at 0(0).

This completes, for the piston problem, the formulation of the
new theory of shock dynamics using the first three compatibility
conditions. We now have to solve numerically the non-dimensional
forms of the three ordinary differential equations (8.2.17, 23 and 33)
using the initial values (8.3.6). In principle, it is possible to take
account of an arbitrary analytic path of the piston. However, we
consider piston motion with only constant acceleration (X2 > 0) or
deceleration ()_(pg < 0). Then )_(pg # 0 and all )_(pi =0,7>3.

This is the first application of the new theory of shock dynam-
ics to a realistic practical problem. Therefore, we shall present a
detailed discussion of the numerical results. Further, it would be
interesting to compare the results with the solution obtained by an-
other method. However, there is no exact solution with which the
results can be compared. Hence, the problem has been solved also
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by a finite difference method using the Lagrangian form of the equa-
tions of the motion. The numerical method we use is Harten’s high
resolution TVD scheme (Harten (1983); Yee, Warming and Harten
(1985)). The finite difference method has its own difficulty, since it
becomes unstable for a large number of cases when the acceleration
becomes even moderately large.

8.4 Results and discussions

We take v = 1.4. The ordinary differential equations formulated in
section 8.3 were numerically integrated using the Runge-Kutta-Gill
method with the initial conditions (8.3.6).

Some of the results for the accelerating piston are shown in Figs.
8.4.1 and 8.4.2. The shock grows from the initial value of the shock
strength 7y (corresponding to the case of uniform piston velocity)
to the strong shock limit 79 = 5.0. The time taken to reach this
limiting value depends on the values of X, and X,.
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®
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£ 2.00 4+
e
w 4
@
» 5
« 1.00 /
3] ol
£ _
= =00
0.00-F————— :

0 20 40 60 80 100
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Fig. 8.4.1: Growth of the shock when the initial piston velocity is
small X, =0.1

The results for a decelerating piston motion (X, < 0), though
worked out for many cases, has been shown in only two cases in Figs.
8.4.3 and 4. The shocks beginning with different initial values of 7
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decay to the minimum value g = 0; the rate of decay depends on
the values of X, and X,,,.
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Fig. 8.4.2: Growth of a shock calculated until the shock becomes
very strong, X, = 0.5.
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Fig. 8.4.3: Decay of a weak shock, X,, = 0.1.

The results obtained by Harten’s finite difference scheme (FDM)
for accelerating and decelerating pistons are shown in Figs. 8.4.5 and
6. The shock strength and the flow behind the shock as obtained by
NTSD have also been plotted for a few points. The dots indicate the
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values of 1y = p;% obtained by NTSD at and behind the shock front:
‘0’ indicate the shock front and ‘1, 2, 3, 4 and 5’ stand for the points
behind the shock front at the distances given by (z — X (t))/X(t)
= (.05, 0.10, 0.15, 0.20 and 0.25, respectively. It is observed that
at the shock front, there is very good agreement between the results
obtained by NTSD and the finite difference scheme, but there is some
deviation for the flow behind the shock which increases with time.

5.00

M,
I~
o
i

3.00

SHOCK STRENGTH

Bl e
0 20 40 60 80 100
TIME

Fig. 8.4.4: Decay of a strong shock, X,,, = 50.0.

This is, of course, expected because according to the equation for the
error (7.3.8), the NTSD need not give good results away from the
shock.

The results obtained by NTSD and FDM for the shock strength
o are given in the Tables 8.4.1, 2 and 3. Three values for the pis-
ton velocity X, : 0.1, 0.25 and 0.5 have been considered and for
each value of X, three values of acceleration and deceleration X,
40.01, +£0.025 and £0.05 have been chosen.

We define an error as

e = ((mo)rpm — (To)NTsD)/ (T0) FDM

In some of the results by FDM, considerable error is observed initially
i.e., up to t < 1 but disappears after some time. The FDM scheme is
assumed to have failed if the algorithm fails due to some numerical
instability when A (where A = At/Ax) is continuously decreased to
the value 0.001.
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The following trends are observed comparing the results by NTSD
and those by FDM:

(a) Accelerating piston

(i) For X;,, = 0.1, NTSD and FDM show very good agreement.
For X,, = 0.01, the error ¢ < 0.04% for all ¢ < 10.0, whereas for
Xp, = 0.025,¢ < 0.08% , for t <5.0,e < 1.2% upto t = 7.0, beyond

0.40-

m

o

W

o
[

0.20+

SHOCK STRENGTH

8.0

Fig. 8.4.5: Growth of a shock using Harten’s high resolution TVD
scheme for X, = 0.10, X,, = 0.025 at the indicated times.

which FDM fails. For X, = 0.05, FDM fails after ¢t = 4.0 and except
for the initial errors, e < 0.1% which grows to 1.5% at the point of
failure.

(ii) For X,, = 0.25 and X,, = 0.01,& < 0.05% for ¢ < 10.0. For
Xp, = 0.025, FDM fails for t > 5.0 and € < 0.02% up to failure point.
For X,, = 0.05, failure of FDM occurs after ¢t = 3.0 and ¢ < 0.06%
up to this point.

(ili) For X, = 0.5 and X,, = 0.01,e < 0.4% upto t < 6.0,
beyond which FDM fails. For X, = 0.025, FDM fails after ¢ = 4.0
and € < 0.8% up to this point; whereas for X, = 0.05, the failure of
FDM occurs after t = 2.0 and € < 0.75% up to the point of failure.

(b)Decelerating piston

(i) For X,,, =0.1 and X,,, = —0.01, ¢ increases continuously from
1.7% to 5.9% in the time interval 1 < ¢ < 10 and for Xpy = —0.025,
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the error grows from 4.4% to 13%; whereas for X, = —0.05, € grows
from 9.2% to 20.8% during the same time interval.

o

SHOCK STRENGTH

-0.10—

: : . | —
0.00 2.00 4.00 6.00 8.00
X

Fig. 8.4.6: Decay of a shock using Harten’s high resolution TVD
scheme for X, = 0.10, X,, = —0.025 at the indicated times.

Table 8.4.1

Growth and decay of the shock strength my(t) for X, = 0.1 and
Xy, = £0.01, £0.025, 0.5

(a) Acceleration case Xp, =0.10 70(0) = 0.10397

Xp, 0.01 0.025 0.05

T NTSD FDM NTSD FDM NTSD FDM

1.0 0.10521 0.10509 0.10710 0.10705 0.11031 0.11025
2.0 0.10646 0.10643 0.11031 0.11040 0.11700 0.11718
3.0 0.10773 0.10774 0.11361 0.11358 0.12407 0.12419
4.0 0.10901 0.10902 0.11700 0.11696 0.13154 0.13351
5.0 0.11031 0.11032 0.12048 0.12044

6.0 0.11162 0.11165 0.12407 0.12422

7.0 0.11294 0.11297 0.12775 0.12923

8.0 0.11428 0.11430

9.0 0.11563 0.11564

10.0 0.11700 0.11705
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(b) Deceleration case

Xp, -0.01 -0.025 -0.05

T NTSD FDM NTSD FDM NTSD FDM

1.0 0.10275 0.10451 0.10093 0.10563 0.09798 0.10793
2.0 0.10153 0.10350 0.09798 0.10323 0.09231 0.10322
3.0 0.10033 0.10024 0.09510 0.10063 0.08695 0.09840
4.0 0.09915 0.10128 0.09231 0.09814 0.08188 0.09398
5.0 0.09798 0.10020 0.08959 0.09571 0.07709 0.08987
6.0 0.09682 0.09847 0.08695 0.09479 0.07258 0.08439
7.0 0.09567 0.09841 0.08438 0.09251 0.06832 0.08081
8.0 0.09545 0.09837 0.08188 0.09144 0.06429 0.07813
9.0 0.09342 0.09815 0.07945 0.09005 0.06049 0.07491
10.0 0.09231 0.09805 0.07709 0.08867 0.05690 0.07187

(ii) For X,,, = 0.025 and X, = —0.01, € grows from 0.7% to 2.8%
for 1.0 < ¢t < 10.0 and for X, = —0.025, € grows from 2% to 9%
whereas for X, = —0.05, € grows from 3.8% to 21.6% in the same
time interval.

(iii) For X, = 0.5 and X,, = —0.01, € grows from 0.1% to 2.8%
for 1.0 < ¢t < 10.0 whereas for X,, = —0.025, it grows from 0.43% to
8.2% and for X, = —0.05 it grows from 1.2% to 20.6% in the same
time interval.

When X, # 0, we do not have an exact solution of the problem
to compare results obtained from NTSD and FDM. However, there
is every reason to believe that the NTSD would give more accurate
results for X,, < 0, since this corresponds to the case where the
density versus x-coordinate has a positive slope. Therefore, strong
deviation in the results by two methods in Tables 8.4.1(b), 8.4.2(b)
and 8.4.3(b) is probably due to some deficiency in FDM.

A careful observation of large errors (as in the decelerating piston
cases) and failure of the FDM algorithm (as in the cases with large
acceleration ) indicate that FDM gives good and stable results only
when the perturbation from the uniform flow is small (character-
ized by small values of | X,,,/X,, | ). The algorithm requires much
smaller values of A than that prescribed by the Courant-Friedrichs-
Levi (CFL) condition (especially in the accelerating piston case),
thus it becomes quite difficult to obtain the solution for larger time
without an unreasonable grid refinement. Also, the performance of
the FDM in the decelerating piston case is far worse than that in the



8.4. Results and discussions

263

corresponding acceleration cases. This is most striking for the case
with small piston velocity and large deceleration (viz. X, = 0.1 and
Xp, = —0.025 and —0.05), where the first few entries in the table
show higher values of 7y than those for smaller deceleration (viz.
Xp, = —0.01), which is certainly not correct.

Table 8.4.2

Growth and decay of the shock strength 7o(t) for X, = 0.05 and

Xy, = £0.01, £0.025, £0.05

(a) Acceleration case

X

o = 0.25

7(0) = 0.27437

X,, 0.01

0.025

0.05

T

NTSD

FDM

NTSD

FDM

NTSD

FDM

10.0

1.0  0.27755
2.0 0.28076
3.0 0.28400
4.0 0.28727
5.0  0.29057
6.0 0.29391
7.0 0.29728
8.0 0.30067
9.0 0.30410
0.30756

0.27745
0.28071
0.28387
0.28728
0.29053
0.29391
0.29730
0.30070
0.30415
0.30763

0.28238
0.29058
0.29899
0.30756
0.31634

0.28257 0.2905
0.29050 0.3075
0.29899 0.3253
0.30761
0.31638

8 0.29051
6 0.30744
5 0.32516

(b) Deceleration Case

X

-0.01

-0.025

-0.05

p2
T

NTSD

FDM

NTSD

FDM

NTSD

FDM

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0

0.27122
0.26810
0.26500
0.26194
0.25891
0.25591
0.25293
0.25000
0.24707
0.24418

0.27314
0.27025
0.26748
0.26489
0.26225
0.26086
0.25870
0.25632
0.25386
0.25131

0.25898
0.25891
0.25146
0.24419
0.23709
0.23018
0.22343
0.21685
0.21044
0.20419

0.25426
0.26463
0.25807
0.25224
0.24655
0.24455
0.24065
0.23581
0.22911
0.22442

0.24444
0.24419
0.23018
0.21685
0.20420
0.19221
0.18082
0.17003
0.15981
0.15014

0.24422
0.25608
0.24461
0.23434
0.22504
0.22050
0.21131
0.20582
0.19780
0.19151

On the other hand, we never encounter such odd situations in
NTSD, where even in the cases of large accelerations there is a
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smooth profile for the growth of the shock strength leading to 79 =
5.0; whereas the large deceleration cases give equally smooth profiles
for decay of the shock strength leading to 7y = 0.0. From the com-
putational point of view, NTSD proves to be far more economical.
The NTSD takes less than 0.5% of the computational time (for a
large time range ) of the finite difference method.

Table 8.4.3

Growth and decay of shock strength 7o(t) for X,, = 0.50,X,, =
+0.01, £0.025, £0.05

(a) Acceleration case

X

b = 0.50,

70(0)

= 0.59240

X,, 0.01

0.025

0.05

T

NTSD

FDM

NTSD

FDM

NTSD

FDM

1.0
2.0
3.0
4.0
5.0
6.0

0.59879
0.60523
0.61171
0.61823
0.62480
0.63144

0.59780
0.60507
0.61002
0.61694
0.62327
0.62888

0.60847
0.62481
0.64141
0.65827

0.60520
0.61987
0.63964
0.65764

0.62481 0.62018
0.65827 0.65791

(b) Deceleration case

Xp2

-0.01

-0.025

-0.05

T

NTSD

FDM

NTSD

FDM

NTSD

FDM

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0

0.58604
0.57973
0.57346
0.56723
0.56105
0.55491
0.54881
0.54276
0.53675
0.53078

0.58535
0.58235
0.57792
0.57273
0.56663
0.56395
0.55795
0.55377
0.55016
0.54626

0.57659
0.56106
0.54579
0.53080
0.51608
0.50165
0.48748
0.47358
0.45997
0.44663

0.57912
0.56434
0.55625
0.54358
0.53251
0.52857
0.51415
0.50607
0.49541
0.48664

0.56106
0.53081
0.50164
0.47358
0.44663
0.42086
0.39612
0.37248
0.34993
0.32844

0.56805
0.54772
0.52831
0.50968
0.48681
0.47563
0.46003
0.44341
0.42885
0.41393

We conclude that the NTSD is an extremely efficient and quite
accurate method for solving difficult problems, especially up to the
intermediate time range (i.e., not too large t). Since it takes very
small computational time, it may be combined with a FDM scheme

for shock fitting.



Chapter 9

Compatibility conditions
on a shock manifold in
multi-dimensions

For simplicity, we shall consider only the case of a two-dimensional
shock. A discussion of the results of a shock front in 3-dimensions
makes very heavy use of tensor analysis and can be found in a paper
by Lazarev, Ravindran and Prasad (1998).

9.1 Shock rays

Since a two-dimensional shock front is also a propagating curve, all
relevant results of the section 3.3 are applicable here. We ask here
a more basic question. What are shock rays? The answer to this
question is unambiguous for a shock front in a gas, where we can
take the ray velocity to be

xX=q,+NA (9.1.1)

where ¢, is the fluid velocity ahead of the shock, N the unit normal
to the shock front and A is normal speed of the shock relative to
the gas ahead of it. If we represent the shock surface ) in space-
time by s(x,t) = 0, then (9.1.1) can be derived from the Charpit
(i.e., Hamilton canonical) ordinary differential equations of a shock
manifold partial differential equation (SME)

si+ {ar, V)s + A|Vs]2 = 0 (9.1.2)

265
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When we try to derive (9.1.2) from the jump relations or Rankine
— Hugoniot (RH) conditions, we run into difficulty. There are many
other jump relations which can be derived from (3.5.22) and each one
them would lead to an SME. For example, the well-known Prandtl
relation for a curved shock, when expressed in terms of s, is

{{a, V)s} {{ar,V)s} —aZ|Vs|* =0 (9.1.3)
where a, is the common critical speed on the two sides of the shock
a = (pr —p)/(pr — p1) (9.1.4)

The Charpit equations of (9.1.3) give a different expression for the
shock ray velocity xx. The question arises: “are the shock ray ve-
locities (or more precisely the complete set of shock ray equations)
obtained from different SMEs the same?”

The concept of SME and their equivalence in the above sense
was first discussed by Prasad (1982). Making further use of the RH
conditions, it was shown that the shock ray equations given by the
two SMEs (9.1.1 and 2) are equivalent. This result was generalized
by Roy and Ravindran (1988) for almost all SMEs.

9.2 Shock manifold equation for a weak shock

It is possible to write (Ramanthan, Prasad and Ravindran (1984))
in a very elegant form the approximate SME for a weak shock in a
solution of a general system of hyperbolic conservation laws

OH 9F©@

—_— =0 =1,2,... 9.2.1

at axa b (0% 9 b ’m ( )
where H and F(® are functions of u = (u1,uz,...,up)’. For a

genuine solution, this system is equivalent to

ou ou
A— + B@ = = 2.2
ot + 0z, 0 (9-2.2)
where
A=VyH and B® =vV,F©® (9.2.3)

The characteristic surfaces ¢(z,,t) = constant satisfy

Qe (W 95, , &) =| Ay + B, =0 (9.2.4)
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Now, consider a weak solution of (9.2.1) containing a shock surface
Q: s(x,t) = 0, across which the jump conditions are

H]s; + [F*]sz, =0ons=0 (9.2.5)
For a weak shock, the Euclidean norm || u, — uy ||= € is small and
hence
[H] = {A(£+r)/2}(ur —uy) + O(e%) (9.2.6)
[F°] = {B{;) (e1ry/2} (W —ue) +O(e) (9.2.7)
where
Ay = A (uf er uT) . ete. (9.2.8)

Neglecting the terms of order O(€®), (9.2.5 - 8) combine to give a
system of linear homogeneous relations in the components of the
vector u, —uy. The condition, that a non-zero vector u, — uy, satisfies
these relations, leads to the desired approximate condition on the
manifold s =0

Qs = ‘A(g_l_r)/gst + B((Z)—r)/Zsffa =0, on (929)

Using the embedding theorem (see theorem 4.1, Prasad 1993) we
can treat (9.2.9) as a partial differential equation for s. On compar-
ison of the expressions in (9.2.4 and 9), we see that SME for a weak
shock can be written down easily from the form of the characteristic
partial differential equation:

Quh = Qan (ue J; ur,st,sg;) —0 (9.2.10)
Following the procedure of derivation of (2.4.6 - 7), we can use
the Charpit equations of the first order partial differential equation
(9.2.10) to give the equations for the shock position X and unit nor-
mal IN of the shock giving shock rays. Neglecting terms of the third
power in the shock strength €, we can deduce the following results
from the shock ray equations.

Theorem 9.2.1 For a weak shock, the shock ray velocity compo-
nents are equal to the mean of the bicharacteristic velocity compo-
nents just ahead and just behind the shock, provided we take the
wavefronts generating the characteristic surface ahead and behind to
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be instaneously coincident with the shock surface. Similarly, the rate
of turning of the shock front is also equal to the mean of the rates of
turning of such wavefronts just ahead and just behind the shock.

If we choose the characteristic partial differential equation of the
gas dynamic equations in the form

Qch = ¢t +uapz, +a| Ve |=0 (9.2.11)

then (9.2.10) gives the following SME for shock fronts in two-space
dimensions in the form

1 1
st 4 i(ur + ug)sy + i(vr + vp) Sy

—}—%(ar +ag)(s2+52)7 =0 (9.2.12)

Assuming the shock strength to be small, we can derive (9.2.12)
also from the SME (9.1.3). The equation (9.2.12) (not interpreted as
SME) was first derived by Kluwick (1971).

When a shock is weak, the effect of the waves reflected from it
into the region behind it can be neglected. In this case, the solution
behind the shock is approximately independent of the shock and can
be calculated from the initial data behind the shock. Then the SME
(9.2.12) can be used to fit the shock into the known solution ahead of
and behind the shock. Ramanathan, Prasad and Ravindran (1984)
have solved a problem using the shock rays of the SME (9.2.12).

9.3 Geometrical and kinematical compatibil-
ity conditions

In this section we continue the discussion of results in section 3.3.
Some of the results are a rederivation of those in the earlier section
but we now need them in forms written here.

9.3.1 Preliminary geometrical ideas for a moving curve
in two-space-dimensions

Consider a smooth curve € in the (z,y)-plane depending on the
time t as a parameter. If, at any time, ¢ the position x of a point
on {2 can be expressed in terms of the arc length s measured from
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a suitable point on €2, then, in the neighbourhood of a point sg, we

can write
X(Sa t) = )1((80> t) + (5 - 80)7’(80, t)
+ 5(8 — 50)%k(s0,1)N(s0,t) + o((s — 50)?) (9.3.1)

where 7 and NN are unit tangents and normal vectors and k is the
curvature. These are defined by the formulae

1
T = XS s N = —XSS (932)
K

As explained in section (3.3), we introduce a ray coordinate system
(&,t) such that the ¢ = constant curves representing successive posi-
tions of ; and ¢ = constant curves that are suitably defined rays.
The curves with the natural parameter s = constant, in general, do
not represent rays. Hence, we choose another variable £ = £(s,t) and
define a quantity G by

G=¢", G =ai+y¢ (9.3.3)
so that ) .
7= G(ze,y¢) and N = Z(ye, —¢) (9.3.4)
From (9.3.2)
1
kN = @(xfﬁ’ yff) =+ 635(55&’ y{) (935)
Taking its scalar product first by 7 and then by N we get
§ss = —(1‘51'55 + ygygg)/GA‘ (9.3.6)
and .
k= (eeye — Teyee) /G = — 5 0% (9.3.7)

respectively, where © is the angle which N makes with the z-axis.
The derivatives of N and 7 with respect to £ are given by

N¢ = —kGT, T¢ = KGN (9.3.8)

We write down some obvious identities in matrix notations, since we
shall use them frequently in this form:

(Nl,N2)<x;> ~ 1, (71,72)@) — 1, (Nl,N2)<2> —0 (9.3.9)
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(2) (71, 72) + @;)(Nl,Nz) = (é ?) (9.3.10)

9.3.2 Geometrical compatibility conditions

and

Consider a function z(z,y, t) which could be density or pressure or a
component of a velocity vector. On either side of the moving curve
Qy, z and its partial derivatives are assumed to be sufficiently smooth.
As in the previous chapters, let [2](£,t) = z|q, — 2¢|q, represent the
jump across 2.

We introduce notations

Ao = [z], A1 = [22] N1+ [2] N2
Ay = [22)N? + 2[20y] N1 No + [2,y]| N3 (9.3.11)

The quantities Ay, A1 and Ay are functions of £ and ¢ only. Our
aim in this section is to express [24], [2y], [222), [22y] and [2y,] in terms
of Ag, A1, Ao, their derivatives, with respect to the surface coordinate
& and geometrical characteristics of the curve €.

From Hadamard’s lemma (see the result (3.3.39))

Aoe = (e, ye) sz]> (9.3.12)

2y

Taking left multiplication of both sides by the column vector (zf) =

G(7), we get
G Age <:1> _ 2 (:1> (71, 72) (%D

Using the identity (9.3.10), we finally deduce

GZD — A, (%;) + éAog (2) (9.3.13)

which is called the geometrical compatibility condition of the first
order.
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Replacing z by z, and again by z, in (9.3.13) we get

() (2) bl

()0 dal) oo

Agz) = [me]Nl + [Zmy]N% Agy) = [zyr]Nl + [zyy]N2 (9316)

where

From the definitions of Ag, Agx) and Agy); and [2gy] = [2y2], we deduce
Ay = ANy + AW N, (9.3.17)

The relation (9.3.14-15) can be written in the matrix form

[20a] 2] _ Agw) 1([%]) s
() = Gl Jovo+ 535 [ 01
Taking the transpose of (9.3.18), we get

() G 3w

Premultiplying (9.3.18-19) by (N, N3) and equating the results on
the right hand sides, we get

(Agfc)’Agy)) = AQ(N17N2) + é(Nl,NQ) (Ej) (7‘1,7‘2)
§

which, with the help of (9.3.13), leads to
1
G

Thus, the first term in (9.3.18) has been expressed in terms of Aa, Ay¢
and Ag¢. To evaluate the second term, we differentiate (9.3.13) with
respect to &, use (9.3.8) and substitute in (9.3.18) to get

<[ZM] my]) = Ay <N1> (N1, N2) + é(Alﬁ + K Aog)

[2ya] [2yy]

(A AW = Ap(Ny, No) + = (Ase + 5Age) (T1,72)  (9.3.20)
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(o« ()]

+ {G*Z(Aogg —T'Age) — /<cA1} (:;) (11,72) (9.3.21)

where

1 Teee T YeYee
G G

The relation (9.3.21) is the geometrical compatibility condition of
the second order.

I=_—G; = (9.3.22)

9.3.3 Some results in a ray coordinate system

In general, a ray, i.e., the £ = constant curve of a given moving front
Q¢, and the front ; at time ¢, do not meet orthogonally. However,
when we consider a gas dynamic shock running into a gas at rest,
the shock rays are orthogonal to the shock fronts. From now onward,
we shall assume that the successive positions of the surface € and
the rays form a pair of orthogonal families of curves in the (x,y)-
plane. Since the ray velocity (x¢,y:) is in the direction of (N, N7)
and x:N1 4+ y:No = C, it follows that the rays are given by

(1) N
(%(&ﬂ) =0 <N2> (9.3.23)

From (3.3.15) with 7'= 0 and (9.3.7) we get

Gy = —rkCG (9.3.24)
From the definition
N = G_l(y§7 —.’,Ug)
Ny = —GN/G+G (g, —(w)e)

Using (9.3.23 - 24), we get

1
N; = —EC%T (9.3.25)
Similarly, we can deduce
1
Tt = 5CcN (9.3.26)

G
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9.3.4 Kinematical compatibility conditions

Let (£,t) be a shock ray coordinate system. In this section, we shall
find expressions for [z, [zz¢] and [zy] in terms of Ag, A, As, their
derivatives with respect to ¢ and £ and geometrical-kinematical char-
acteristics of ;. Using (9.3.23), we have

Aoy = [Z(m(§7t)7y(€7t)7t)]t

= Cllz) ) (%) + L] = 410+ [21)

Hence, we get
[Zt] == AOt - CAl (9327)

Now consider [z;]; and [z,];

[ze]\  ([2at] 2ea] [2ey] ) (2t
([Zy])t a ([Zyt]> + <[Zyx] [%y}) (.%) (9.3.28)

The left hand side of (9.3.28) is (see (9.3.13))

V() o),

Using the results of (9.3.21, 23, 25 and 26 ) in (9.3.28) we get

([%t]) — (A — CAg + éCEAOE) (%;) + \%(Am —CAy)e (?)

[2y1] 2
(9.3.29)
The relations (5.3.27 and 29) are called kinematical compatibility
conditions of the first and second order.

9.4 Dynamical compatibility conditions

The kinematics of the shock front briefly mentioned in sections 9.1
and 9.2 assumes a known solution on both sides of the shock and
then describes how the shock surface propagates or fits itself into
the two known states. The theory is of little practical use since, in
all practical problems, the state behind the shock is influenced by
the shock and is to be determined as a part of the problem along
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with the shock position except for the very special case of a single
conservation law or weak shock theory (see section 9.2). However,
we have shown in the Chapters 7 and 8 that for one-dimensional
problems, an infinite system of compatibility conditions does lead
to a practical method of solving the whole problem. We called this
method a new theory of shock dynamics (NTSD).

The derivation of the compatibility conditions on a curved shock
for gas dynamics equations, called dynamic compatibility conditions,
has been quite challenging. Maslov (1980), developed a general the-
ory for a system of first order conservation laws using the theory of
distribution and gave a very elegant mathematical method to derive
the infinite system of compatibility conditions for a curved shock in
the form of transport equations. Srinivasan and Prasad (1985) used
Maslov’s method to derive the first compatibility condition for the
complete set of gas dynamics equations, including the energy equa-
tion. It was found later that Maslov’s uniqueness lemma was not
correct and this affected the higher order compatibility conditions.
Ravindran and Prasad (1993) worked out the correct form of the sec-
ond compatibility condition. This, as in the case of Maslov’s method,
involved quite complex algebraic operations and it was not easy to
derive the third compatibility condition. Finally, explicit forms of
the first three compatibility conditions were derived for gas dynamic
equations by Lazarev, Ravindran and Prasad (1998) following the
method of Grinfel’d (1978), who had used tensor analysis to work
out the conditions for the equations of nonlinear elastic materials.

Meanwhile, Anile and Russo (1986, 1988) presented a general
procedure for the derivation of the infinite system of compatibility
conditions not just for gas dynamic or elasticity equations but for an
arbitrary hyperbolic system of quasilinear partial differential equa-
tions. Anile and Russo’s method, for a general system, is very impor-
tant from the point of view of a theoretical development. However,
one cannot use this to derive explicit forms of the compatibility con-
ditions in a particular system such as the gas dynamic equations since
the algebraic operations become prohibitively complex even for the
second compatibility condition. It is in this context that Grinfel’d’s
procedure is more powerful since by its use we can deduce the higher
order compatibility conditions for a particular system in a simpler
and more systematic way. Grinfel’d’s method uses a heavy dose of
tensor analysis and an average researcher in shock propagation may
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find it difficult to master the technique in a short period. There-
fore, in this section, we present a simpler version (due to Lazarev) of
Grinfel’d’s procedure using only matrix notation for the gas dynamic
equations in two-space-dimensions.

9.4.1 The first set of dynamical compatibility condi-
tions

We consider the propagation of a shock front §2; in a polytropic gas
with v as the constant ratio of specific heats. Assume that the ve-
locity components u, v, pressure p and density p are C°°(R3) except
for a discontinuity of the first kind on €2; and assume that the shock
front propagates into a gas in uniform state at rest, so that

p’/‘:p07p7":p07 u?”:():vr (941)

Then the ray coordinate system satisfies (9.3.23).
We write the equations of two-dimensional motion in the form

pr + (u,v) ('ZI> + p(ugy +vy) =0, (9.4.2)
()= (o) 6)500)
+ + - =0 (9.4.3)
Vg Vg Uy ) \V P \Py
pt + (u,v) (]%) + vp(ug +vy) =0 (9.4.4)
Dy

We denote the jumps in density, velocity and pressure p by
Do = [pl, uo = [u], vo = [v], So = [p]
and the jump in the normal component of the velocity by
Hy = [N1u + Nov] = Nyug + Navg

These notations may be compared with those in section 8.2. The
Rankine-Hugoniot conditions on the shock €; give

uo = HoN1, vo = HoNo,  So = poCHo, Ho = ;200

Apo— Do) o adp(p— Doy 1)) (D)

“ = (00— Do)(2p0 + (v — 1) Do)

02 — CL2 ’
9900 + (v — 1)Dy
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where a2 = vpo/po. The only unknown, which appears on the right
hand side of (9.4.5) is Dy.
We introduce a number of symbols

B
Hy = (N1, N2) ( Zi >, Dy = (N1, N2) {ﬁj (9.4.6)
s-en ()
w = o (i ) ()
o= onn (el ) ()
Hy = (Ni,No) zz (9.4.7)
_ [pzz] [Pay] N
Dr = (N | L I
o= N (g )

Taking the jump of the equation of continuity (9.4.2) across
we get

(pe] — (s o) (“’”) + (po — Do) (] + [ou]) = 0
[Py]

which, after using (9.3.13) and (9.3.27), becomes

D()t — CD1 — (uo,vo) {Dl <N ) + DO&G <Tl> }
+ (po — Do) {(Ula v1) (%;) é(UO)UO)e C;) } =0

Using (9.4.5) and (9.3.8) for the evaluation of the term (ug,vo)e,
we finally get the first dynamical compatibility condition from the
equation of continuity

Do — (C + Ho)D1 + (po — Do)H1 = kHo(po — Do) (9.4.8)
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The jump of the equation of momentum (9.4.3) gives

]\ (Tua] [uy] (Tu] L (e _
<{vt]> ([vm] [%]) <M> oDy <[Py}> -

which leads to

uQ Ul 1 Nl 1 T1
—(C+ H + S + =S =0
(v())t ( 0) <U1> po — DO { 1 (N2> G * <T2> }

Multiplying on the left respectively by (N1, N2) and (71, 72) we get
the first normal and tangential components of the compatibility con-
dition derived from the equation of momentum

H()t — (C + H())Hl + (po — Do)_1S1 =0 (949)

and
hy = Gfl(C + H())*l(Sog(po — D())f1 — H[)Cg) (9.4.10)

where hy = G_l(ul,vl)(g).
Following a similar procedure, from (9.4.4) we deduce

[pe] — ([u], [v]) <[ x]> +v(Po — So)([uz] + [vy]) =0
[py]
Sot—C'S1—HoS1+7(po—5So) {(ul, a2y <]]€> + G~ (uo, o) (2) } =0

Hence we get the first dynamical compatibility condition from
the energy equation in the form

Sor — (C + Ho)Sl + ’y(pg — S())(Hl — HH()) =0 (9.4.11)

It is convenient to combine (9.4.8 - 9 and 11) into one equation
in a matrix form

Dy —(C + Hy) po — Do 0 Dy
Ho | + 0 ~(C'+ Ho) (po — Do)~ H,y
So /, 0 Y(po —So) —(C + Hy) S
po — Do
— kH, 0 (9.4.12)
v(po — So)

This contains all important members of the first set of compatibil-
ity conditions. Note that the condition (9.4.10) has not been included
in this set. This expression for hg will be useful in the derivation of
the next set of compatibility conditions.
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9.4.2 The second set of dynamical compatibility
conditions

To obtain the second set of compatibility conditions, we use the fol-
lowing procedure. We differentiate each of the equations (9.4.2 -
4) with respect to x and y, respectively, take the jump of the re-
sults across ); and finally take the scalar product of the two jump
equations with the unit normal vector. Moreover, after using this
procedure on the two components of the momentum equations, we
take once again the inner product with the unit normal vector (this
gives the normal component of the vector form of the second com-
patibility condition from the momentum equation). Now we shall
carry out the procedure in detail.
Differentiating (9.4.2) with respect to z and y, we get

Ptx + Ug Vg Px + Pxz Pxy U
Pty Uy Uy ) \Py Pyz Pyy ) \V

Ugpy + U
+  (ug +vy) Pa +pl
Py Ugy + Vyy

=0

Taking the jump across €2, we get

([Ptz]) B <[ux] [vx]> ([Pa:]) B ([pm] [ny]) <[U])
[Pty] [uy] [Uy] [Py] [Pyz] [Pyy] [v]
[pz] [Uge] + [Vay] _
—([uz] + [uy])<[ ) + (po — D)( 1+ y]> =0 (9.4.13)

Pyl [Uzy Vyy

After we multiply this equation on the left by (N7, N2), we need to
do the following calculations

1

g2 DocCe

(N1, No) <[pm}> =Dy — CDs +
pty]
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o {(3) « 20 (2))

1 1
—D
e o (u1,v1) 72

= —D1H1 — Dogho (see (9410) for h(])

_ [pza] [pay] | ([ul) _ _ [pza] [pay] | [ N1
(1, N2) ([pyw] [pyy1) (M) = (0, o) ([pyz] [pyy]> (zv)H

— —DyoHy

= —DiH —

(N ) (“’ﬂ) ([ua] + [4) = — D1 ([ue] + [o)

1 1
= —Di((uN+ auogﬁ) + (v1 N2 + GﬂogTz))

1 T1
H1 + E(Uog, ’Ugg) <7_2>>
1

R )

and now using the result (9.3.21) columnwise

1 1
= (po — Do) {UQNl + a(ulg + Kuog)ﬁ + va Ny + 5(1}15 + /17)05)7'2}

= (po — Do) {(Uz, v2) (ﬁ;) + é(ul, vy )¢ (2) + g(uO,vo)g (g) }
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= (po — Do) {Hz + é((ul,vl) <:;) )e — é(ulvvl) <2>£

+g((uo, o) (2) )e — g(uo, o) (2)5}

1

The equation (9.4.13) finally gives the second dynamical compatibil-
ity condition from the equation of continuity

Dlt — (C+H0)D2 -+ (po — Do)HQ

1

= Do¢(ho — e

05) + D1(2H1 — HH())

1
a

Now we consider the momentum equation (9.4.3). Differentiation
of the first component once with respect to x and then with respect
to y, gives

()26
Uty Uy Uy ) \Uy Uzy Uyy) \V) P \Pzy/ P Py
Taking the jump of this equation, we get
[uts] _ [uz] [va] (1] _ [uaa] [uyal\ ([u]
([%]) ([uy] w) ! (M]) ([um [uyy]> (m)
0

1 [pm} 1 [Px] —
+PO — Dy ([pary]> * m[ LE] <[py]> a

+(po — Do){x*Ho + kHy — —(Gho)¢} (9.4.14)

Since
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= — urHi — ugcho

) e el (1) _
o) o) () = e

1 [Dez] 1
po — Do(Nh ) ([ny]) po — Do {SQNI G

<

G (Slg + HSog)Tl}

and

o= 0009 (1) = s e

Left multiplication of (9.4.15) by (N7, N2) gives

uyr — (C' + Ho)ug + Uogcg —urHy — upehg

G2
1
+ {SQNl + = (515 + HSog)ﬁ}
po — G
1 1
——D N- — = 4.1
+(p0 ~ Do) 1(S1N1 + Gsogﬁ) 0 (9.4.16)

Similarly, the second component of the momentum equation gives

v — (C + Ho)vz + vogcg —v1Hy —wocho

G2
1 1
+m{SQN2 + 5(515 + K/SOE)TQ}
1 1
+mD1(S1N2 + ES[]&TQ) =0 (9417)

We combine the two equations (9.4.16 - 17) in one equation in the
matrix form

ul u9 1 Nl
—(C+ H + S
<U1>t ( 0) <U2> po — DO ’ (NQ)
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1 Uo uy DSy M
+(=Ce— ) T I e
<G2 £ <U0>g 1 <U1> (po — Do)? (NQ)
Dy 1 } 1/(n
+< ——=80e + ————(S1e + kS, — =01(9.4.18
{(Po —Do)2"% " pg - Do( 1 rSoe) G <7'2> ( )

Premultiplying this by (N7, N2) and using the formulae for N; and
N¢, we get the final form of the normal component of the second
compatibility condition from the momentum equation

1
Hy — Hy)H. = (hg — —C¢)Hye + H?
1t — (C + Hp) 2+p0_D052 (ho G2C§) o¢ + Hi
D15
- — hoC¢ (9.4.19
(oo — Dp)2 ¢ ( )

Now consider the energy equation (9.4.4). Differentiation with
respect to x and y gives

DPat + Uy Vg x + Pz sz U + ’Y(uz + Uy) x
Pyt Uy Vy ) \Py DPyax Pyy ) \V Py
Fyp Uy 4 Ugy _
Uy Vyy
Taking the jump across ), we get
U
vy

[pyt] [uy] [vy]) \[py] [pyz] [Pyy

= ([uz] + [vy]) [[zﬁ +7(po — So) %sz) - ZZ =0 (9.4.20)
Since
(Nl, NQ) (g;ij) =851 —CSs + %S@gc&

_ (Nl, N2)<[u56} {Z;]) (%;j) :_([pm]ul + [py]ful):—SlHo — Sogh(),

- (Nl,N2)<[p ”} P wy]) <“°> = Sy Hy,
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1
= —y(H1 + a(uogﬁ + vpeT2))S1

= —v51 {Hl + é((uo,vo) (:l) )5 — é(uo,vo) (2) }
3

= —vS1(H; — kHp)

7 (po — So) (N1, M) { (Wm]) n ([[“]) } A(po — o) {uzy

[Uay] Uy

1
= 4+wv9Ngy + 5((?“5 -+ liuog)ﬁ + (1)15 + /4;1)05)7’2)}

1 T1 1 1
=7(po — So) {H2 + a(ulavl)ﬁ <Tz> + 5”(”0700)5 (7_2> }
1
:’Y(p() - SO) {HQ + a(gho)g —rkHy — RQHO}

Left multiplication of (9.4.20) by (N7, No) gives

1
G
+(y+1)S1Hy — yxS1Ho

S — (C + Ho)S2 + ’}/(po - SQ)HQ = Sog(ho — Cg)

+7(po — So){x*Ho + kHy — (hoe +Tho)}  (9.4.21)

where T is given by (9.3.22).
We finally write the second set of compatibility conditions in the
matrix form

Dy —(C+ Ho) (po— Do) 0 Dy
H, + 0 (C + Ho) (po — Do)_l Ho
S1 0 v(po — So) —(C + Hp) Sa

t

DOE(hO — éCg) + D1(2H1 — I{Ho) + M,
Hog(ho — gz Ce) + H} — 245k — hoCe
Soe(ho — g2 C¢) + S1((v + 1)Hy — vxHo)

+v(po — So) M

(9.4.22)
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where

My = plo(/-@?HO + kH, — (hog + Thy)) (9.4.23)
We note that the left hand side of (9.4.12 and 22) are exactly
the same as the compatibility conditions (8.2.6 and 10) for a plane
shock propagation in one-space dimension. For a plane shock, the
curvature k = 0 and all derivatives with respect to £ vanish. Hence,
all terms on the right hand side of (9.4.12) vanish. All terms on the
right hand side of (9.4.22) except those in f; given by (8.2.10) also
vanish for a plane shock.

9.4.3 First and second set of equations in the shock
ray theory

We collect here all equations required for the calculation of successive
positions of a two-dimensional shock front and distribution of shock
strength, say Dy.

The shock position is given by (9.3.23)

oz
oy

where % represents a partial differentiation keeping £ fixed, i.e., it
represents time-rate of change along a shock ray. Let © represent
the angle which the normal to the shock front €; at time ¢, makes
with the z-direction. Then

Ny =cosO , Nj; =sin© (9.4.26)
Substituting (9.4.26) in any one of the four equations in (9.3.25 - 26),

we get

00 1

— = ——=C, 9.4.27
We note that tan® = —71/m = —x¢/ye. Curvature x and © are
related by
1
K=——0 (9.4.28)

G
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The metric g is given by (9.3.3) but it evolved according to the law
(9.3.24), i.e.,
Gy = —-rCG (9.4.29)

The set of five equations (9.4.24 - 25, 27 - 29) for x,y, 0,k and G
is not closed since the shock velocity C' depends on the shock intensity
Dy through the equation (9.4.5). The evolution of Dy and the other
two quantities Hy and Sy is given by the first set of compatibility
conditions, which is

Dy Dq PO — Dy
Ho | +P| B | =rH, 0 (9.4.30)
So S1 v¥(po — So)

t

where the matrix P is given by the expression below (8.2.6).

The set of equations with addition of (9.4.30) is again not closed
due to the presence of new quantities Dq, H1,S7. Their evolution
along a shock ray is given by the second set of compatibility condi-
tions

D, Dy
Hy + P Ho = F (9431)
S1 So

t

where the column vector F; is given by the expression on the right
hand side of (9.4.22). All quantities in F; depend on Gg, Dy, Hyp, So,
Dy, Hy, 51 and tangential derivatives of Dy, Hy and Sy. Further com-
patibility conditions can be determined.

The shock ray theory consists of solving the infinite system of
compatibility conditions along with equations (9.4.24 - 29). However,
for each i(i = 0,1,2,...) only one of D;, H; and S; is independent.
For i = 0, this is the well-known result (9.4.5) as a consequence of
the Rankine-Hugoniot conditions.

Fori=1,2,3,..., we introduced 7y, w9, 73, ... in section 8.2 and
expressed D;, H; and S; in terms of m; for each i. We can follow ex-
actly the same procedure and reduce the ith set of the compatibility
condition to a scalar equation giving evolution of m;. This gives us
an infinite set of compatibility conditions, each one of these being in
a scalar form. Let us assume that the initial position of the shock €2
(which determines z(,0), y(£,0) and ©(&,0)), the distribution of the
shock strength Do (&) (or mp(€)) on Qo and the partial derivatives of
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por u and v or p on g (so that initial values of D; or H; or S; which
would determine 7;(£,0),4 = 1,2,3,...) are known. Then the shock
ray equations (9.4.24 - 29) along with the infinite system of scalar
equations can be solved to give the successive positions of the shock
front and the distribution of the shock strength, etc., at later times.
This can be treated as an extension of the Huyghen’s construction
of the wavefront to a shock front. However, it is important to note
that a shock front is not self-propagating, since in the initial data we
need also the values of the normal derivatives, i.e., information not
just on the shock front but in a neighbourhood of €.

It is now clear how to develop the new theory of shock dynamics,
which would require setting one of the three variables D, H,, S, or
a linear combination 7, in the nth compatibility condition (in scalar
form) equal to zero. As shown in the case of a plane shock propaga-
tion in section 8.4, NTSD would be quite an efficient procedure for
solving many practical problems, at least in the intermediate time
range. The theory has been applied to two-dimensional problems
by Singh and Singh (1999) but their initial conditions for 7y and m
need improvement.

9.5 A weak shock ray theory

We use an explicit form of the first two scalar compatibility con-
ditions for a shock of arbitrary strength derived by Ravindran and
Prasad (1993), which has the advantage of identifying each term
clearly. They are expressed in terms of u, u1 and ps defined on the
shock front

pe = Po Dy
n = = T

0 pOD pg 0
[ 1 H H
_— —_——— = —_— N —_ =
N "o N o T2y~ (9:5.1)
o 01 o°u Dy
N2ZL £ ON\Ny—— 4+ N2 -2 = = =
Tp2 T2 > 0xdy T 0y? £0 H2, S8

The expression of C' in terms of p is

. 2(1 4 p) 2
C=ap {2 Sy P 1)H} (9.5.2)

In order to give the explicit form, we denote a point on the shock
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front by (X,Y) and introduce the spatial shock ray derivative

i 1(0 9 0
== (675 + MO+ MOy ) (9.5.3)

We note that here is i— of (9.4.24 - 29) where it is a derivative
in the (¢,¢)- plane The shock rays (9.4.24 - 25 and 27) become

dX dy
E == N]_C/CLO, E == NQC/CLD (954)
and de w19
Godo _ __ T o8
C ds 2(14+ p)Q 0T (9:55)
where 9 L 8 5 9
— = —— = Ni— — No— 5.
oT ~— Go¢ Yoy oz (9.5.6)
and
Q=2-(y—Du (9.5.7)
The explicit form of the first compatibility condition is
ao dp Q { 00 ~v+1
—— = — U= 2=+ — 5.
C ds W |Yar T 1 (9-5-8)
where
S=8+(5-3ypu+ (v* - 1) (9.5.9)
The second compatibility condition is
apdp 1 { 1+ 7)u 00
00 0 o
+ (4 <8T> + (55— 972 + (s <8T> (9.5.10)

where (1,2, (3, (4, (5,6 are quite complicated functions of u (see
Ravindran and Prasad (1993) where % is the negative of % used
here).

A NTSD can be formulated by dropping the term ps in (9.5.10).
Computation with this formulation in the one-dimensional piston
problem did not give very good results when the shock strength be-
came large — probably due to the vanishing of a denominator in the
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complicated expressions of the coefficients. However, as we saw in
chapter 8, the numerical results are very good in the formulation of
the previous section.

The shock ray equations take an extremely simple and useful form
for a weak shock. In this case, we assume

=0 =0, =0 (7))

€

= 0(e)

where € is a small quantity. If we retain only the terms of order e,
many terms in (9.5.10) drop out and finally we get

dX v+1 dy v+1 )
il I e RIS 5.12
I (1+ 1 ) cos ©, T (1+ 1 p)sin®  (9.5.12)
do v+1 Ou
e 1T 9 5.1
ds 4 0T (9:5.13)
du poe  (y+1)u
=B T b 5.14
ds 20T M (0:5.14)
and

duy 1 00 ~v+1 5 (y+Dpu
— = _ — 5.1
I 5M 5T 5 Hi ke (9.5.15)

Thus the shock ray theory for a weak shock provides a set of 5
equations. This set of equations can be closed in a NTSD by setting
p2 = 0in (9.5.15). It is interesting to note that the equation for
w1 is very simple; the first term on the right hand side represents
an increase or decrease in the magnitude of p; due to geometric
convergence or divergence of the rays and the second term is due to
the usual genuine nonlinearity observed in chapter 7 for the single
conservation law. These equations have been used to solve interesting
problems by Kevlahan (1996).

The assumption pg = O (%) in (9.5.11) is mathematically jus-
tified. If 4 = O(e) and the normal derivative (N, V) for quantities
of order 1 satisfying short wave approximation near the wavefront

is O (%), po = O (%) It is mathematically satisfying and physi-
cally very important that the weak shock ray theory can be derived
from WNLRT. We shall do this in the next chapter. The derivation
there is far easier because it avoids working with the complicated
expressions which we had to deal with in this chapter for a shock of
arbitrary strength and a weak shock limit.



Chapter 10

Propagation of a curved
weak shock

In this chapter, we present a derivation of the equations of a weak
shock ray theory from those of WNLRT, a physically realistic conser-
vation form of NTSD and finally, some results of numerical solutions
of these equations for converging shock fronts starting from various
kinds of initial geometry. Distributions of the shock strength p and
the normal derivative p;, defined in (9.5.1), have been varied in or-
der to bring out some interesting results. The effects of changing the
initial strength of the shock or that of the normal derivative, and
also the effect of initial curvature on the formation, propagation and
separation of kinks have been studied. Then we have studied the ul-
timate shape and decay of shocks with initially periodic shapes and
plane shocks with a dent and bulge, and interpreted these results as
corrugational stability of a shock front. Finally, we have presented a
comparison of these results with those obtained from other theories.

10.1 Governing equations of the NTSD

A system of equations of shock ray theory consists of the ray equa-
tions derived from a shock manifold partial differential equation and
an infinite system of compatibility conditions along a shock ray. We
emphasize again that unlike the well known geometrical optics theory
for the propagation of a one parameter family of wavefronts across
which wave amplitude is continuous, the shock ray theory with

289
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infinite system of compatibility conditions is exact. This is because
geometrical optics requires high frequency approximation which is
satisfied exactly for a shock front. Even under the formulation of
the NTSD with just two compatibility conditions, the equations for
a curved shock propagation are very complex and so far, only one
attempt (Singh and Singh (1999)) has been made to use them to
compute shock geometry and amplitude distribution on it at a later
time for a shock of arbitrary strength. However, much more work,
especially in the formulation of conservation laws from the two com-
patibility needs to be done. This problem did not arise in the case of
one-dimensional piston problem dealt in chapter 8 where the NTSD
was found to be very successful even in dealing with a strong shock
produced by an accelerating piston. We have seen at in the end of
the last chapter that, under suitable assumptions, these equations
for a weak shock reduce to a rather simpler set of equations (9.5.12
- 15) which we shall use in this chapter.

The derivation of the equations (9.5.12 - 15) of the NTSD for a
weak shock (we simply call it NTSD omitting ”for a weak shock”
henceforth in this chapter) is quite clear but requires extremely
complex algebraic calculations. Hence, we first present one more
derivation of these equations (Prasad (2000)) from the equations of
WNLRT, derived under short wave or high frequency assumption.
Consider a weak shock front propagating into a polytropic gas at
rest ahead of it. Then the shock will be followed by a one param-
eter family of nonlinear waves belonging to the same characteristic
field (or mode). Each one of these wavefronts will catch up with
the shock, interact with it and then disappear. A nonlinear wave,
while interacting with the shock will be instantaneously coincident
with it in the short wave assumption. The ray equations (6.1.1 - 2)
of the WNLRT in three-space-dimensions for a particular nonlinear
wavefront in notations of section 4.4 where we have used eagw for w,

are d 1
X _ nag <1+67+ w) (10.1.1)
dt
and 4 )
n_ 7+ ~
= 6 apLw (10.1.2)

where ew represents the amplitude of the wave in terms of which
perturbations due to the waves in the density p, fluid velocity q and
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pressure p are given by
p— po = €W, q=e€enagl, p— Py = epoa(z)u? (10.1.3)

The transport equation (6.1.3) for the amplitude @ on the nonlinear
wavefront is

dw (0 v+ 1\ . 1 -
a1+ o T o= —Ja@me (0L

Now we use the theorem 9.2.1.

We denote the unit normal to the shock front by N. For the
linear wavefront just ahead of the shock and instantaneously coinci-
dent with it (this is actually a linear wavefront moving with the ray
velocity N multiplied by the local sound velocity ag), w=0 and the
bicharacteristic velocity is Nag. For the nonlinear wavefront just be-
hind the shock and instantaneously coincident with it, we denote the
amplitude w by p. Then p is the shock amplitude of the weak shock
under consideration. Using the theorem and the results (10.1.1-2)
with n = N, we get for a point X on the shock ray

aX 1 T+1 A\ _ y+1
d_Q{aoN—FNao(l—Fe 5 M)}—Nao(1+6 1 M)
(10.1.5)
dN 1 1 1
=3 {0 NP aoLu} S aoLipt (10.1.6)

where T is the time measured while moving along a shock ray. We
take w = p and n = N in (10.1.4) and write it as

dp 0 vy+1
T = {8t+a0 <1+6 1 ,u)(N,V)}M

1 1
- —§a0<v,N>u—ﬂ+ WN,VYG (10.1.7)

where we note that since p is defined only on the shock front (and also
on the instantaneously coincident nonlinear wavefront behind it but
not on the other members of the one parameter family of wavefronts
following it), the normal derivative (N, V)u does not make sense
mathematically. We introduce a new variable, defined on the shock
front (u, 1 and po here are not the same as those in (9.5.11))

H1 =€ {<N7 V>U~)} |shock front (10.1.8)
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where € appears to make p; = O(1) since we wish to consider a
variation of @ on a length scale over which the fast variable 6 (in-
troduced in the derivation of (10.1.4), see expression (4.4.4)) varies.
This variable is 6 = ¢ /e, where ¢ satisfies the characteristic partial
differential equation ¢; + (¢, Vo) + a|V¢| = 0.

The equation (10.1.7) leads to the first compatibility condition
along a shock ray

dup v+1
= Qu — —— 10.1.
o7 P (10.1.9)
where )
Qs = —§a0(V,N> (10.1.10)

is the value of the mean curvature of the nonlinear wavefront instan-
taneously coincident with the shock from behind.

To find the second compatibility condition along a shock, we dif-
ferentiate (10.1.4) in the direction of n but on the length scale over
which 6 varies. On this length scale, n is constant and we get, after
rearranging some terms,

(& +a0 (14 20) (0, V) } (0, V)

X p(n, V)2 — 13 {(n, V)w}? (10.1.11)

—3(V,n)(n, V)o

Writing this equation for the wavefront instantaneously coincident
with the shock, multiplying it by € and introducing a variable us by

H2 = {<n v> } |shock front (10.1.12)
we get
dp 5 y+1 5 y+1
=Q 10.1.13

which is the second compatibility condition along shock rays given
by (10.1.5 - 6). Note that in u,pu; and pg in (9.5.11) are the same
as €u, 41 and % 12, respectively in this section. Hence the equations
(9.5.12 - 15) are the same equations as the equations (10.1.5 - 6, 9
and 13) derived in this section.

Similarly, higher order compatibility conditions can be derived.
Thus, for the Euler’s equations, we have derived the infinite system
of compatibility conditions for a weak shock just from the dominant
terms of WNLRT. Since the shock ray theory (SRT) can be derived
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from the WNLRT, the latter is more general than SRT. However,
the results obtained by SRT are quantitatively different from those
by WNLRT (see section 10.4.3).

As we have already mentioned, the shock ray theory is an exact
theory (weak shock assumption is another independent assumption)
but since there are infinite number of compatibility conditions on
it, it is impossible to use it for computing shock propagation. We
now use the new theory of shock dynamics (NTSD) according to
which the system of equations (10.1.5 - 6, 9 and 13) can be closed by
dropping the term containing ps in the equation (10.1.13).

This step is justified in the case pp > 0, which occurs very fre-
quently in applications such as a blast wave. For a single conserva-
tion law, the equation (7.2.3) shows that when ¢/(§) > 0 i.e., when
u1 > 0, the second derivative wu,, at the shock, namely, ps monoton-
ically decreases as t increases and for large ¢, o ~ t% The numerical
results presented in Tables 7.4.1 - 2 clearly justify use of a theory
with upe neglected.

When we consider propagation of even stronger shocks in gas
dynamics, the results of Chapter 8 show that neglecting the term
e in the second compatibility condition gives good results not only
when g7 > 0 but also when pu; is less than zero (as exemplified by
the accelerating piston problem after the initial push of the piston).
Thus N'TSD is quite a robust method for gas dynamics.

The final equations of the NTSD, which we use in this paper, for
the propagation of a weak shock propagation are (10.1.5 - 6, 9 and
13) with the third term on the right hand side of (10.1.13) omitted.

10.2 Conservation form of the equations for
a two-dimensional shock propagation

We first consider a non-dimensional co-ordinate system which has
been non-dimensionalised with respect to the sound speed ag of the
polytropic gas at rest ahead of the shock and a suitable length scale
L in the problem and use the same symbols x,y and ¢ for the non-
dimensional co-ordinates. Then we introduce a shock ray co-ordinate
system (&,t) such that & = constant represents a shock ray (which
for a shock moving into a polytropic gas at rest is orthogonal to
the successive positions of the shock) and ¢= constant represents the
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shock front. We denote by M the Mach number of the shock i.e.,
the shock velocity divided by the constant speed of sound in the gas

ahead of it, i.e.,

1
M=1+ E%u (10.2.1)

then Mdt represents an element of length along a ray. Let G be
the metric corresponding to the variable £ i.e., G d¢ is an element of
length, say [ along the shock front at a time ¢. We can measure [
from a suitable point on the shock front, say the point where the ray
& = 0 meets the shock front. Then

3
I= /0 Gde (10.2.2)

We choose the origin of the (z,y)-plane to be a suitable point on the
initial shock front and ray & = 0 to be the one which starts from
(0,0) at t = 0. We also define a quantity N by

1
= VI m (10.2.3)

N

Let O be the angle that a shock ray (i.e., the normal to the shock
front at time t) makes with the x—axis. In the ray co-ordinate system,
the subscript ¢t denotes the non-dimensional time derivative along the
shock ray i.e., 0y stands for % in the expression (10.1.7) with 7" now
representing non-dimensional time. Then the equations (10.1.5 - 6,
9 and 13) giving the successive positions (X (t,€),Y (¢,£)) of a weak
shock and distributions of M and N on it, take the form

Xt =McosO, Y;=Msin® (10.2.4)
O + éMg =0 (10.2.5)
M+ %é(M DO+ (M—1)N=0  (10.26)
Ny + %éz\f@g +2N? =0 (10.2.7)

where we have omitted the last term on the right hand side of
(10.1.13). To make this a complete set, we need to add an equa-
tion for G. This equation is (9.3.24) which in the notations of the
present section is

Gy — MO; =0 (10.2.8)
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The equations (10.2.4) define rays. Equations (10.2.5 and 8) are
geometric conditions. The other two, namely (10.2.6 - 7), are dy-
namic compatibility conditions along a shock ray.

We eliminate ©¢ from (10.2.6 - 8) to get two relations from which
we derive a homogeneous relation between My, Ny and G in the form

M —1)N
oM, + ¢ N, - (M —=1)N; =0 (10.2.9)

2GM

For a weak shock under consideration, 0 < M—1 << 1, we can re-
place =1 by (M—1) and get an integral of (10.2.9) in the form
G(M — 1)*N=2 = h(¢), where h(£) can be obtained from the dis-
tribution of G, M and N on the initial position of the shock front.
initially, £ is chosen to be the arc-length along the shock front at
t = 0. Therefore, initially, G = 1. By changing £ to a function of &,
(say &), it is possible to choose h(§) = 1. This gives

G=(M-1)""N? (10.2.10)

We denote &' by ¢ itself.

The system of equations (10.2.4 - 7) where G is given by (10.2.8)
forms a complete set of equations to give successive positions of a
shock front and distribution of M and N. The system (10.2.5 - 8)
decouples from the equations (10.2.4) and forms a hyperbolic system

with eigenvalues 0, £/ 1‘2/[521 in the (&, t)-plane.

The characteristic fields of the non-zero eigenvalues are genuinely
nonlinear and in the solutions of (10.2.5 - 7), shocks appear in the
(&,t)-plane. Study of these shocks which map into kinks on the
shock front in the (x,y)-plane, would require conservation form of
the equations (10.2.5 - 7).

Two physically realistic conservation laws follow from the equa-

tions (3.3.13 - 14)
(Gsin®); + (M cos©)e =0, (GcosO); — (M sin®)e = 0(10.2.11)

As argued at the end of section 3.3.3, these are the only two conserva-
tion laws which can conserve distance in two independent directions
in (z,y)-plane.

The third conservation form is obtained from the consideration
of the flow of energy along a ray tube. Eliminating ©¢ from (10.2.6
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and 8), we get

M—1
M+ —G M—-1)N=0 10.2.12
t+ s Ot +( ) ( )
Since the second term has M —1 in the numerator, we can set M =1
in the denominator as explained earlier. This leads to a form

(G - 1)2)t +2G(M —1)2N =0 (10.2.13)

In a small amplitude theory, the quantity G(M —1)? is interpreted as
the energy density along a ray tube (per unit length in £ variable).
This quantity remains constant as we move with the wave along
the ray in the linear theory i.e., (G(M — 1)?); =0. In a nonlinear
theory, there is an additional term due to dissipation through the
shock and we take (10.2.13) as the third conservation law. There
appears to be no other physically realistic guiding principle from
which another conservation law can be deduced. Since (10.2.10) has
been obtained as an integral (though an approximate one) of the
governing equations (2.5.6 - 8), we treat it as a relation valid along
a shock ray even when it crosses a kink. This is an assumption,
the function A(£) mentioned following (10.2.9) need not be the same
on the two sides of the kink. A detailed discussion of this point is
available in Whitham (1974). Thus, we take the fourth conservation
law as

(G - 1)4N‘2)t =0 (10.2.14)

The equations (10.2.11, 13 and 14) form the system of conservation
laws which with appropriate initial values, can be solved numerically
in (¢, t)-plane. By numerically integrating the two equations (10.2.4),
the solution can be mapped onto the (z, y)-plane giving the successive
positions of the shock front and distribution of amplitude on them.
Experimental results of Sturtevant and Kulkarni (1976) show that
in the linear case a complex wavefield develops near the focus of the
wavefront. If the shock wave is very weak, the wavefront emerges
from focus crossed and folded (in accordance with the predictions of
geometric acoustics theory), whereas, in the stronger shock case, the
caustic of the linear theory is resolved and the shock front beyond
the focus is uncrossed, as predicted by the theory of shock dynamics.
In both cases, the behaviour at the focus is nonlinear. Explanation
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or determination of the transition from the linear to fully nonlinear
behaviour (of uncrossed geometry with kinks) is a very important
and challenging mathematical problem. It appears that the present
mathematical formulation may not be able to describe this transition
because as M — 1, G tends to infinity according to (10.2.10) or
equivalently, (10.2.14).

We present the results of extensive numerical solutions of the
conservative form of four equations for a quite general form of ini-
tial data for M and N and also X and Y giving initial position
of shock. We are able to numerically simulate the experimentally
observed behaviour when the caustic is resolved. A total variation
bounded (TVB) scheme based on the Lax-Friedrichs flux (Shu (1987),
Cockburn, Lin and Shu (1989)) has been used to solve this system
of conservation laws. The source term in the equation was handled
through Strong splitting (LeVeque and Yee (1990)). Effect of vary-
ing the initial curvature and also the effects of varying the initial
Mach strength M and normal derivative N on the formation and
propagation of kinks have been studied.

10.3 Imitial conditions, results and discussion

We consider an initially concave shock front moving from left to right
(i.e., in the positive direction of z—axis into a gas at rest).
Let

X(£,0) = Xo(),  Y(£,0) = Yo(¢) (10.3.1)

denote the initial shock front with an initial distribution of amplitude
M and N given by

M(§,0) = Mo(£), N(&,0) = No(§) (10.3.2)

The initial value of © is obtained from (10.3.1) and that of G is
obtained from (10.2.10)

©(£,0) = 00(¢), G(&£0) = G(Mo(£), No(§)) = Go(§)  (10.3.3)

The system (10.2.11 and 13 - 14) subject to the initial conditions
(10.3.1 - 3) is solved using the finite difference scheme. For details,
see Monica and Prasad (2001).
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After solving the system of equations (10.2.11 and 13 - 14) with
initial conditions (10.3.1 - 3), we get the shock rays and the shock
position following the method described in 6.3. We present below
some main results extracted from extensive numerical computation.

10.3.1 Propagation of a shock front initially parabolic
in shape

The initial shock front is taken as
y* = bz, 1<b<8, |yl<z (10.3.4)

extended on either side by the tangents for |y|> z. My is prescribed
on the initial front as a symmetric function of ©y. We take

My = ae P95 (10.3.5)

where the parameter « is a measure of the strength of the initial
shock front and 3 is a measure of the rate of change of My along the
shock front. The distribution of amplitude on the shock front can be
varied by varying « and [.

We also prescribe the initial value of Ny. For most cases, Ny is
taken to be a constant and has been varied from 0.1 to 1.0.

(a) Effect of varying the initial amplitude distribution

The results of computations are presented for b = 2, 4, 8. For
each value of b, the initial distribution of « was varied between 1.1
and 1.2. We present below some of the representative cases. We
start with a general qualitative behaviour from one case.

Figs. 10.3.1 with b = 8, z = 1 are typical of the results of compu-
tation, the first figure showing the successive positions of the shock
front and other figures showing distributions of M, ©, N and G on
the shock at different times marked by the values of ¢t from t = 0
to 10 at time interval two. The shock rays, except the central one,
initially tend to converge but later deviate from a straight path due
to non-uniform distribution of the amplitude and become parallel to
the z-axis. Thus, the formation of the caustic (which happens in the
linear theory) is avoided and the propagating shock front becomes
plane in the central region. A pair of kinks, shown in Fig.10.3.1[a]
by dots, appear on the shock. The position of the kink on the shock
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is accurately determined by the sharp gradient from the M-I graph
in Fig. 10.3.1[b]. The ultimate shape of the shock front as ¢ tends
to infinity, consists of a plane central disc separated on the two sides
from straight wings by the two kinks. In this and all the cases con-
sidered in numerical computation, it is found that the kinks move
away from one another leaving an ever increasing shock disc. There
is, though, a definite condition (3.3.37) involving the values of M on
the two sides of the kink which, if satisfied, would cause the shock
disc to shrink. As we shall see at the end of section 10.4.3, both M —1
and N tend to zero on the wings as well as on the disc as t — oo.

The strength My on the shock at ¢ = 0 is prescribed to be constant
in Fig. 10.3.1. Due to the convergence of rays, the shock strength
in the central part increases initially but it decreases on those rays
which start from the straight part (i.e., |y| >1) of the initial shock
front. At a critical time t., depending on the values of a and [, the
shock strength M attains a maximum value on the central ray and
after that, it continuously decreases along all rays. The ©- graph
in Fig. 10.3.1[c] shows that till time ¢ = 10, © is not constant on
the disc implying that the central disc is not plane, but it tends to
be plane as time increases. The value of NV, the gradient of the gas
density (or velocity) just behind the shock has also been prescribed
to be a constant equal to 0.15. Since the nonlinear waves from behind
catch up with the shock and then disappear from the flow field, N
decreases continuously but with different rates along different rays.
The NI graph in Fig. 10.3.1[d] shows that from N = 0.15 at ¢t =0,
the value of N has decreased to less than 0.06 at t = 10. It is
important to note that the shape of the shock front is qualitatively
the same as that of the nonlinear wavefront obtained in section 6.3.
Fig. 10.3.1[e] shows that the metric G, which was constant initially
with a value of about 14, decreases significantly in the central part
of the shock front. For an efficient numerical computation, the lower
bound of G should be strictly greater than zero.

A number of computations changing the value of My all over the
initial front by changing the value of « (say 1.15, 1.12, 1.10) and
keeping the same all the other parameters in the initial data of the
case represented in Fig. 10.3.1. have been done. It has been found
that as « increases

e N decreases faster along each ray
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e the shock disc becomes larger and

e the shock front moves faster - an obvious result

=0.10

0.05F

Fig. 10.3.1: Propagation of a weak nonlinear shock front starting
from an initial shock front wherein the central part is a parabola
y? =8z for |y| < 1. The initial amplitude distribution is given
by My = 1.2 and Ny = 0.15. The dotted curves in [a] are the rays.
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It was also found that the maximum value M, which is attained
at t= t. on the central ray, always appears before the kinks appear.
Next, the initial value of My is so prescribed that it is at maximum
(minimum) at the center and decreases (increases) monotonically to
a common value on the two sides. These values of My are chosen
in such a way that they coincide on the straight line part, but are
different on the parabolic part of the initial front. In Fig. 10.3.2,
an initial shock front has been chosen with values b = 8, z = 1 and
taken @ = 1.2, § = 0.5 for My to be maximum at the center (say
Case I) and a = 1.1301, 8 = —0.5 for My minimum at the center
(say Case II). In both the cases, the My on the straight line part is
1.1645. Figs. 10.3.2[c] - [d] show the comparison of the graph of M
in the two cases. The solid lines correspond to Case I and the dotted
lines correspond to Case II. Although the maximum value of M at
a given time in Case I is more than the corresponding value in Case
IT before the critical time (i.e., the time at which the shock front
develops kinks), the behaviour is reversed after the critical time. We
note that the smaller value of My in the central region leads to a
delay in the formation of kinks and to a slight lagging behind of the
central disc initially. However, as time increases, the constant value
on the wings ultimately determines the geometry of the shock front
and the amplitude distribution. This is expected as the value of M
is changed only on a small bounded interval near the origin on the
&—axis leaving the value of My unchanged outside this interval. The
distribution of My on this outside infinite part decides the ultimate
shape and the shock strength of the shock front.

An interesting result to note from Figs. 10.3.2[c] - [d] is that as
My is decreased, the central part of the shock front remains more
concave for a longer time leading to the convergence of the rays for
a longer time which ultimately pushes the value of M to a larger
value. This unexpected result was also observed in the WNLRT
(Prasad and Sangeeta (1999)).

(b) Effect of varying the initial N

The value of N represents the gradient in the normal direction
of the gas density just behind the shock and hence is a measure of
the rate of interaction of the nonlinear waves with the shock. As we
have noted earlier, and as will be seen later, this interaction for N
>0, leads to the ultimate decay of the shock strength to zero. Larger
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Fig. 10.3.2: Comparison of the results when the amplitude
distribution is decreased on the parabolic part of the initial shock
front (b=8, z=1). [d] shows M — [ graph for t = 12,14, ..., 20.
solid lines: results for « = 1.2, 3 =0.5

dotted lines: results for a = 1.1301, 8 = —0.5

value of N means higher rate of interaction leading to faster decay
of the shock. All the calculations presented in this chapter corre-
spond to N > 0 i.e., expansion waves behind the shock. Taking
N <O initially may lead to very large and even infinite value of the
shock strength M —1 showing that the small amplitude assumption
breaks down and this theory is no longer valid. Fig. 10.3.3 presents
results of computation with Ny = 0.15 and 0.5, keeping all the other
parameters the same. We note that when Ny is increased everywhere
on the initial shock front (and not just on the curved part)
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Fig. 10.3.3: It shows the effect of increase in the value of of Ny,
on the shock position. Initial shock front is for b =8, z = 1
with « = 1.2, =0.0

solid lines: Ny = 0.15

dotted lines: Ny = 0.5

shock strength decreases everywhere on the shock front faster
as t increases (see Monica (1999), for figures showing this re-
sult))

the shock position lags behind

the shock disc becomes smaller

the kinks are formed later

 Mypaz(t) — Mpin(t) initially increases and then decreases with
time
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where we define
Mz (t) = ?ElaﬁM(Ev t)? Mmzn(t) = ggl%M(ga t)
(c) Effect of varying geometry of the initial shock front
We first consider the effect of changing z in (10.3.4), so that the
inclination to the z-axis of the wings of the initial shock front changes
without changing the curvature at the center. When z in (10.3.4) is
increased from z = 1 to z = 2, the central curved part of the front is
increased and the inclination of the wings with the z-axis is decreased
but the curvature at the center of the front does not change with z.
A comparison of the results shows that when z is increased

e the rays from the wings converge more strongly leading to a
stronger shock strength in the center,

e the shock disc between the two kinks becomes smaller

e the value of N decreases more slowly showing that the interac-
tion of the waves from behind is slower

Next, when curvature of the initial shock front at the center is in-
creased by increasing the value of b. This leads to

e a higher value of the shock strength M — 1 and the normal
derivative N near the center

e a smaller shock disc

However, as time increases, M —1 and N on the disc seem to approach
the same value when z is kept fixed. This is to be expected as the
long time behaviour of the solution is determined by the initial value
of the shock strength on the wings.

(d) Effect of increasing the shock strength on the initial
shock front

An increase of « leads to an obvious result of the shock moving
faster. It also results in an increase in the distance separating the
two kinks (see also Prasad and Sangeeta (1999), Fig. 9).
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10.3.2 Propagation of a shock front with initially sinu-
soidal shape and periodic amplitude distribu-
tion

We consider now the initial shock front to be of a periodic sinusoidal
shape

z=02-024 cos(%), where A=1,B =2 (10.3.6)

where M) is prescribed as in (10.3.5) with & = 1.2 and § = 0.0 and
Ny = 0.1. Figs. 10.3.4 show the shock fronts at successive times and
the associated rays by broken lines. The convergence and divergence
of the rays is seen quite clearly in Fig. 10.3.4[a] i.e., during the time
interval (0,10). With increasing time, the rays become straight lines
parallel to the z-axis and the shock front tends to become planar.

A pair of kinks appear in each period of the shock front at t ~ 2.
Two kinks suitably paired first move closer to one another, interact,
producing a new pair of kinks which move apart and the process
continues. After a long period of time, the amplitude M —1 decays
to zero along each ray. The total variation of M in each period keeps
on decreasing with increasing time and M—1 — 0 as t — oo. After
a long time, even when the shock front has become almost a straight
line, it is not difficult to locate the position of the kinks. At any time
t, the kinks are easily located from the (M, [)-graph as shocks (see
Fig. 10.3.5).

As before, we define Mq4(t) (Mpin(t)) as the maximum (mini-
mum) Mach number attained on the front at a given time t. M,z (t)
attains a maximum value greater than M,,,,(0) at ¢ = 2, which is ap-
proximately the time when the kinks first appear. Similarly, M, (t)
attains its minimum value at t = 6, the time when the kinks first in-
teract. The Figs. 10.3.6 show that M,,..(t) and M,,;,(t) both tend
to 1 and Mya0(t) — Mpin(t) — 0 as t — co. We note that when the
kinks interact, the values M4, (t) and M, (t) suddenly jump from
smaller values to larger values — the amount of the jump tends to
zero as t — oo.
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Fig. 10.3.4: Successive positions of an initially sinusoidal shock
front and rays plotted at ¢t = 0, 1, 2, 3, - - -, 40. Initial shock
front is # = 0.2 — 0.2 cos( % )WlthMo 12andN0:()1

The two kinks which approach each other and interact producing
a new pair correspond to shocks belonging to two different character-

istic fields with characteristic velocities £/ 1\2/[G—21. The shock speed

in (£,t)-plane is given by & {[M?]/[G?]}'/2. When these shocks
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interact, a new pair of shocks is produced, which leaves behind it a
much higher value of M as seen in Fig. 10.3.5. The corresponding
results for interaction of kinks on a nonlinear wavefront is given by
the relation (6.2.18).

1.30 [b]
113 F
1.25 - 12
1.20 1| ~
= =
1.15 110 4 ,5
1.09 | l
1.10 18
1.08 - ‘ ) 20
1.05 ' 1 ! | 1.07 |
2 1 0 1 2 i e
[ [
[c] d
1.10 1_03[]
1.09 |
=1.08F =1.07
1.07 |-
1.06 1 ] | |
e ot 0 | 7 1.06
{

Fig. 10.3.5: Variation of the Mach number with respect to [ in the
case of an initially sinusoidal shock (it should be noted that
graphs in figures [a] - [d] have different scales of M). The

value of M changes suddenly after the kinks interact.
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Fig. 10.3.6: Graphs of Mz, Mmin, (Mimaz—Mmin)
with time when the initial shock front is sinusoidal.

10.3.3 Propagation of a shock front with initially asym-

metric but piecewise parabolic shape in each
period

The initial shock front is taken as

6.4)>
06— WHOD" o< 60
0.2
*yto’ 60<y<—04
y2
r = 3 —-04<y<1.0
y—0.5
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and this configuration is repeated periodically in y. My has been
prescribed as 1.1.

4]
I

TITTT
|

14

Fig. 10.3.7: Successive positions of the shock and associated
rays starting from a periodic shock, asymmetric and with
piecewise parabolic shape in each period.

Here too, the behaviour of the shock front is similar to the sinu-
soidal case except that the shape remains asymmetric in each period
with increasing time, the rays become parallel to the x—axis and
the shock front tends to become planar. This case is shown in Fig.
10.3.7. We note that the shock front in the previous case has become
almost plane at ¢ = 30 but this is not so in this case. It is not clear
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whether it is due to the fact that the initial shock front has a bigger
oscillation in its shape or due to the lack of symmetry in its shape

in each period.

10.3.4 Propagation of a shock front with initially pe-
riodic but arbitrary shape in each period

An arbitrary periodic shape is not possible numerically but we choose
here a shape so far removed from the symmetric shape that it may
be considered practically a representative of any unsymmetric shape.
The initial shock front is formed in each period by joining a series of
parts of parabolas and straight lines, the slope being continuous at
the points where they are joined. This curve is given by

4
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2 )

4
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2 )

v
47
y—0.2
5 )

4
y—46
5 )

4

(y + 4.4)2
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(y +2.2)2

(y — 2.4)?
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+0.4,

—-50<y<—-34
34 <y< =32
-32<y<—-12
-12<y<-1.0
-10<y<04
04<y<20
20<y <28
28 <y<44

44 <y <50

in |y| <5 and extended for all y periodically. The results of compu-
tation for this case are shown in Fig. 10.3.8.



10.3. Initial conditions, results and discussion 311

[@l: t = 0 to 10
4_;
=3 [0 <

P

[B]: t =11 to 20

" " 1

0
O

14 16 18 20 22 - 24
: t = 91 to 100

&
] W [ 5 W T R |
J

oy

y
o
|

I
I
]

S6 98 100 102 104 106
[¢]: t=101 to 110

s O

| R o R R

—4
1 . 1 L 1 L 1 L
106 108 110 112 114 116
[e]l: t=111 to 120
&

= o

=i 1 . 1 | 1 . 1 .
116 118 120 122 124 126
x

Fig. 10.3.8: Long term behaviour of a shock of periodic shape but
far removed from a symmetric shape in each period.

10.3.5 When the initial shock front has a single smooth
dent or bulge

We take the initial shock front to be given by

2

z=4e (7) (10.3.7)
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where ‘+’ represents a bulge and ‘—’ represents a dent. The initial
Mach number is prescribed as

My = ae 7 (10.3.8)

Note that as y — oo, x — 0 and My — «. The value of N is taken
to be a constant equal to 0.1.
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Fig. 10.3.9: Successive positions of a shock front which
initially has a smooth dent: @ = —3 exp(—y?/4),

My = 1.12 exp(—pz?), No=0.1

(a) B =—-0.05, (b) s=0.02, (c)p=0.0.
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We first discuss the results when there is a dent. Figs. 10.3.9
and 10.3.10 give the successive positions of the shock front for some
representative cases. In Fig 10.3.9[a], initially the shock Mach num-
ber at the center is minimum, in Fig. 10.3.9[b] it is maximum and
Fig. 10.3.9[c| it has the same value everywhere on the front. The
graphs representing the distribution of M, N and © with [ at var-
ious times can be found in (Monica (1999)). The amplitude first
increases in the initially dented region, the increase being maximum
at the center. Elsewhere, it continues to decrease but it decreases
more rapidly near the outer edges of the dent (i.e., near | = +1.25).
A pair of kinks is formed which moves away from the center. The
dent tends to become plane but in this process, the center of the dent
moves faster in such a way that the central portion becomes convex
with the two kinks on its two sides contained in two dents as seen
in Fig. 10.3.9. It has also been found that as the amplitude of the
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Fig. 10.3.10: Successive positions of a shock front which
initially has a smooth deep dent:
(a) z = —F exp(—y?), My = 1.12exp(—B2?%),3 = 0.1, Ny = 0.1
(b) 2 = —exp(—y?2), My = 1.12 exp(—fB2), 3 = 0.02, Ny = 0.1.
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shock in the dent increases (i.e., 3 decreases), the shock strength M
as well as the gradient of the density NV behind the shock increases
(all measured at a fixed time, say t=1).

When the dent is quite deep (Fig. 10.3.10[b]), it appears that a
kink has developed at the center but a detailed study of (M, )-graph
at t = 1 shows that it is a pair of kinks which appear very close to
the center. At this time, the shock strength M rises very rapidly
at the center to a value about 1.45, elsewhere, it remains small and
close to the initial value near 1.1. Soon the two kinks move away, the
shock develops a convex part at the center separated by kinks from
a concave part on either side (see also the result in Fig. 10.3.9 [c]).

al: t=0 to 10
10[]

Fig. 10.3.11: The initial front has a smooth bulge: z = £ exp(—y?/4),
a=1.12, f = —0.05 and Ny = 0.1. Here also, a pair of kinks appears
on the shock front and the two kinks move away from each other.

The case of a single bulge is shown in Fig. 10.3.11, the bulge
spreads initially and tends to become plane. Later on (after ¢t = 16),
it becomes concave at the center followed by two convex portions —
one on either side. A pair of kinks (one on either side) is formed
quite early and they move away from one another.
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10.4 Comparison with other theories

10.4.1 Qualitative verification of the shape of the front
obtained by DNS to support the kink theory

As already mentioned in the introduction, numerical results of Kevla-
han (1996) provide enough justification of the validity of the present
theory. We present here just one result of numerical solution of full
gas dynamic equations.

The most important aspect of the results obtained by us is the
resolution of the linear caustic and appearance of kinks on the shock
front (also on nonlinear wavefronts in chapter 6). Numerical solution
of Euler’s equations of gas dynamics also leads to the same result:
resolution of a linear caustic and appearance of kinks. This has been
shown by computation for a curved piston problem with piston shape
given by

v =x/2  for |yl <0.2, y=+(x/0.840.1) for [y| > 2 (10.4.1)

and initial piston velocity equal to 1, piston acceleration also equal
to 1. The result of numerical computation has been shown in Fig.
10.4.1. The numbers on the contours represent the values of the
particle velocity in x-direction on the contour. We first notice that
the figure shows a leading shock front with a well-defined kink across
which the direction of the shock changes abruptly; on one side is the
central disc and the other side the wing. This clearly agrees with
the qualitative picture of the shape of the shock front obtained by
NTH. In addition, there is a rapid compression region starting from
the kink on the shock. The structure of the kink as a shock front
with continuously turning direction of the tangent, can be found on
a length scale (along the shock) much smaller than the radius of the
curvature of the piston and has been discussed below. A numerical
solution of the shock front using the shock ray theory of this chapter
takes very little computer time, say only 20% of the time of the
results shown in Fig. 10.4.1.

10.4.2 Comparison with earlier theories

The first and simplest theory of the curved weak shock propagation
to calculate the shock position is the CPW theory and consists in
fitting a weak shock in a one parameter family of nonlinear waves
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Fig. 10.4.1: A shock front with a kink has been captured in the
numerical solution of an accelerating curved piston problem
using full gas dynamic equations in conservation form. The
figure represents particle velocity contours (in the direction of
the piston motion).
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moving along linear rays. We deduced it in section 4.2. In this
theory, a caustic appears whenever the initial wavefront is concave
and amplitude becomes infinite showing that the small amplitude
theory is no longer valid. A shock front fitted in the solution obtained
by the above method can not be continued in the caustic region where
diffraction becomes important.

The diffraction effect, in the caustic region of the linear theory,
takes place on a length scale of the order of €!/2 in a direction trans-
verse to the direction of the rays. To capture the diffraction phe-
nomenon in a nonlinear wave, Hunter (1997) expanded the solution
u of the system of conservation laws for u : IR™*! — IR" in the form

EO@) + 3 () (u)), =0 (10.4.2)

u = euy(t,x,0,n) + 63/2u1(t, x,0,n) + 2uy(t,x,0,n) + 0(65/2)
(10.4.3)
where 6 is related to the phase function ¢ and 7 is a variable related
to a new function ¥ (t,x) by

0=qle, n=1p(t,x)/e? (10.4.4)

It turns out that ¢ is the linear phase function and 1 is con-
stant along the linear rays, confirming that the diffraction effects are
captured on a length scale of order €'/2 in the transverse direction.
Expressing the amplitude of ug in terms of a scalar w and that of u;
in terms of v and taking ¢ and v to be linear functions of ¢, 1, - - - , Tp;
it is possible to derive the 2-dimensional Burgers’ equation

[

wt+(§w2)9+vn =0 (10.4.5)

Wy —vg = O (10.4.6)

The numerical solution of (10.4.5 - 6) by Hunter and Brio (2000)
does show both the fish tail pattern of the very weak shock (see
Hunter (1997) figures on pp. 242-3) and the nonlinear Mach stem
pattern for a moderately weak shock (Hunter (1997), Figures on pp.
240-1) as observed by Sturtevant and Kulkarni (1976). These are
important and local solutions but it will be difficult to derive these
local results as a part of the global solution starting from a concave
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shock front, as done in this chapter. What is important to note is
that if we look at the shock front in (x, y)-plane on a length scale of
the order of 1/¢, then the finer structure containing the continuously
turning tangent of the figures on pages 237, 239 and 240 will reduce
to a point — the leading shock will become a shock with a kink.
Our theory does not give the flow behind the shock and hence the
Mach stem or rapid compression region behind the two branches of
the main shock can not be obtained by our theory. Thus, we suggest
that the Mach stem pattern solution of the two-dimensional Burgers’
equation gives the structure of a kink on a shock front. Of course,
the two-dimensional Burgers’ equation has a limitation on its own
validity for kinks which join the shocks on its two sides at angles
which are not small. The two-dimensional Burgers’ equation (10.4.5
- 6) has been derived assuming that ¢=0 represents a plane shock.
It will be interesting to study the original two-dimensional Burgers
equation without an assumption that ¢ is a linear function of 1 and
xT9.

10.4.3 Comparison with weakly nonlinear ray theory

Now we discuss a comparison of the results of Prasad and Sangeeta
(1999) using the WNLRT and the shock ray theory presented in
the previous sections. Unlike the equation (10.2.6), the transport
equation for the WNLRT is homogeneous (i.e., without a term like
(M —1)N) and the second transport equation (10.2.7) is absent. The
shapes of the converging nonlinear wavefronts and initially sinusoidal
or periodic wavefronts are almost the same as those obtained in this
paper. Looking at these shapes alone, (and also those obtained by
Kevlahan (1996)), it is not possible to say more about the asymptotic
results as t — oo. The computation with WNLRT also shows that in

the periodic case, not only does lim (mmax(t) - mmm(t)> tend to
t—00 e (e
zero, as seen here, but also that m,q.(t) and myy,,(t) both approach
constant values greater than 1. Thus for a periodic wavefront, m
approaches a constant value uniformly as ¢ — co. The work of Glimm
and Lax (1970) shows that this asymptotic value is reached as 1/¢.
The numerical results in this paper show that the Mach number M
always decays to 1 (for N >1) and © tends to a constant as t — oo.
For an initially periodic shock, © tends to zero (i.e., the shock front



10.4. Comparison with other theories 319

tends to become plane) and in the case of the initially concave shock
front, © tends to zero on the central disc and a constant value on
the wings. This implies that on a fixed ray (£ = constant), for large
t, we may set ©¢=0 in (10.2.6) and (10.2.7). This gives

M;+N(M—-1)=0 (10.4.7)
and
Ny +2N? =0 (10.4.8)

Solving these two equations, we get the usual law of decay of shocks
in one-dimensional Burgers’ equation

M* -1 N*

(2N*(t — t*) + 1)1/2’ 2N*(t—t*) + 1

(10.4.9)

where M* and N* are the values of M and N at ¢t = t* and it is
assumed that this ray does not pass through a kink during the time
interval (t,¢*). This shows that the shock strength M — 1 tends
to zero as O(ﬂ%) and N tends to zero as O(+). This is a major
difference from the results of WNLRT. A comparison of the results
obtained from NTSD and WNLRT is presented in Figs. 10.4.2 and

10.4.3.

10.4.4 Comparison with Whitham’s theory

Whitham’s shock dynamics (1957, 1959) is very simple from the point
of view of applications. Even though the theory does not properly
take into account the interaction of the shock with the flow behind
it, it has provided good results for the successive positions of a shock
and the kinks in some cases (Henshaw, Smyth and Schwendeman
(1986), Schwendeman (1988)) especially for strong shocks. For a
weak shock, the equations of Whitham’s shock dynamics expressed
in terms of the Mach number of the shock, are exactly the same as
the differential form of the equations of nonlinear ray theory, but the
relation of the Mach number M of a shock front and m of a nonlinear
wavefront to the perturbation w of WNLRT (or the corresponding
value p in this chapter) are different. We first note that p and the
non-dimensional w are related by

w‘shock = (10410)
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The relations between M, m and @ (or ) are

1 1
7: uo om=14+l g (10.4.11)

M=1+c¢

For comparison of our results in this chapter with Whitham’s shock
dynamics and WNLRT, we have taken a few cases of a converging
shock and prescribed the same value of w (or ) on the initial front in
all the three cases namely, the NTSD used in this chapter, Whitham’s
theory and WNLRT. In addition, we shall have to prescribe N for
the NTSD. The use of our conservation form of the equations makes
the calculation by Whitham’s theory very simple.
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Fig. 10.4.2: Comparison of the NTSD and Whitham’s theory
[a] This figure compares the successive positions of the shock
fronts and nonlinear wavefronts starting with the same
initial front: y? = 8z, for |y| < 1, and the same amplitude
distribution on it (. =1/6) : « = 1.1, § = 0.0.
Continuous curves: shock front by NTSD (Np=0.15),
Mg =1 + 06,u
Dotted curves: shock front by Whitham’s shock dynamics
M() =1 + 06,&
Broken curves: nonlinear wavefronts (Prasad and Sangeeta (1999))
My=1+12u
[b] The comparison of the case in Fig. 6.2[a] continues for times
that are greater. The size of the central disc varies considerably and
is much larger in the case of Whitham’s front than that given by
NTSD.
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The results show that in early stages, the nonlinear wavefront by
WNLRT is a little ahead of the shock front by NTSD and Whitham’s
theory, but all three differ considerably as ¢ increases. The nonlinear
wavefront has moved so far away from the other two that it has not
been shown after t = 20 in Fig. 10.4.2. It is true that qualitatively,
the geometry of the fronts is similar but Whitham’s theory gives
a bigger shock disc. However, the most striking result seen from
Fig.10.4.3 is that the shock strength by Whitham’s theory attains a
constant value on the disc and the wings, whereas that obtained by
the NTSD decreases with time. This causes the former to move ahead
of the latter; the separation between the kinks keeps on increasing
with time. This, of course, is expected as Whitham’s theory does
not properly take into account the interaction of the shock with the
nonlinear waves which catch up with it from behind.
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Fig. 10.4.3: Comparison of the Mach number distribution on
the fronts (at times 0,2,4,...,10) with the same amplitude
(excess density ) distribution on the initial front for the case
represented in Fig. 10.4.2 with

(a) NTSD (b) Whitham’s theory  (¢) WNLRT

Note: The Mach number at the center of the fronts rises considerably
in all three cases but it becomes constant on the central disc for
the Whitham’s shock front and nonlinear wavefront. As seen
in all previous cases with Ny > 0, the Mach number (and hence
the wave amplitude) decreases with time on all parts of the
shock front by NTSD.

Fig. 10.4.2 shows that at time ¢t = 30 the central disc of Whitham’s
shock has moved about 10% ahead of the distance travelled by the
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shock calculated by NTSD. Fig. 10.4.3 shows that the Mach number
at the center of the fronts rises considerably in all three cases but it
becomes constant on the central disc of the Whitham’s shock front
and another much higher constant on the nonlinear wavefront. As
seen in all the previous cases with Ny >0, the Mach number (and
hence the wave amplitude) decreases with time on all shock rays of
NTSD. At t = 20 the wave amplitude in terms of M — 1 on the shock
disc by NTSD has become less than half of the maximum value 1.166
attained at the center of the shock by Whitham’s theory. The shock
disc in Whitham’s shock increases in size much faster.

10.5 Corrugational stability and persistence
of a kink

Corrugational stability, by which we mean that a plane shock is sta-
ble, seems to have been discussed first by Gardner and Kruskal (1964)
in the case of a magneto-hydrodynamic shock. Though Whitham
(1974) uses his theory of shock dynamics to discuss this problem
qualitatively, he deduces important results that (i) a perturbation
like a single bulge or dent will decay as t~'/2 and (i) a perturbation
like sinusoidal shape will decay as t~!. Anile and Russo obtained
an exact stability criterion in 1986 (see Anile et al., (1993)) for cor-
rugational stability. The WNLRT and the NTSD are ideally suited
to discuss the corrugational stability of a nonlinear wavefront and
a shock front respectively. In the case of a perturbation of a plane
front into a periodic front (like the one discussed in section 10.3), we
can use results like those available in Glimm and Lax (1970) to the
WNLRT to prove rigorously that the front tends to be plane as t~!.
However, the following the method of section 6.2.3 we can show that
Glimm-Lax assumption “interaction of two shocks of the same family
always produces a shock of the same family plus a rarefaction wave
of the opposite family” is not satisfied even in the simpler system
of the pair of conservation laws of the WNLRT. In spite of this, ex-
tensive numerical computation by Prasad and Sangeeta (1999) with
WNLRT shows that a plane nonlinear wavefront is stable. Computa-
tions in this chapter indicate corrugational stability of a plane shock
front. Here we have some additional results with dents and bulges
on plane shock fronts — all these results point to the corrugational
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stability.
The corrugational stability is a result of genuine nonlinearity in

1/2
the characteristic fields with characteristic velocities £ (%) of

the system (10.2.5 - 7). The shocks in (&, t)-plane, which are mapped
into kinks, seem to cause dissipation of the kinetic energy. Fur-
ther mathematical investigation in this dissipation is required. The
equations of WNLRT are homogeneous but one of the equations of
the NTSD — namely the equation (10.2.13) has a source term. For
N > 0, as seen from (10.4.9), this additional term causes the shock
amplitude M —1 to tend to zero. This is typical of a plane shock
in gas dynamics (as can be seen from the results on model equation
ur + (%u2) = 0 in chapter 7). Combining both these features, we
interpret our results as the genuine nonlinearities in the two char-
acteristic fields cause decay of the shock amplitude and perturbation
in its geometrical shape leading to corrugational stability of a shock
but, in addition to this, the mon-homogeneous term in the equation
(10.2.12) causes the shock strength to tend to zero when N > 0. When
both these effects are included, the law of decay as pointed out by
Whitham may have to be modified. We need further investigation
on this.

The persistence of a kink is an interesting phenomenon, which
we observe from the long time computation. As we have seen in all
the cases considered by us, a kink may appear on an initially smooth
shock front, but once it is formed it persists for all the time until
it meets another kink. The persistence of a kink follows from the
similar property of a shock in a genuinely nonlinear characteristic
field: a shock, once formed can not terminate at a finite distance
in (&,t)-plane. A proof of this statement is available in section 1.7.
We further notice that the interaction of a pair of shocks (whether
the shocks belong to the same characteristic field or different char-
acteristic fields) always produces another pair of shocks (Baskar and
Prasad, - in preparation). Thus, the number of kinks on the shock
front always remains the same after some time has elapsed and when
no new kinks are being produced.
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