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Preface

This book is based on a one-term course in fluid mechanics originally taught
in the Department of Mathematics of the University of California, Berkeley,
during the spring of 1978. The goal of the course was not to provide an
exhaustive account of fluid mechanics, nor to assess the engineering value
of various approximation procedures. The goals were:

e to present some of the basic ideas of fluid mechanics in a mathemat-
ically attractive manner (which does not mean “fully rigorous”);

e to present the physical background and motivation for some construc-
tions that have been used in recent mathematical and numerical work
on the Navier—Stokes equations and on hyperbolic systems; and

e to interest some of the students in this beautiful and difficult subject.

This third edition has incorporated a number of updates and revisions,
but the spirit and scope of the original book are unaltered.

The book is divided into three chapters. The first chapter contains an el-
ementary derivation of the equations; the concept of vorticity is introduced
at an early stage. The second chapter contains a discussion of potential
flow, vortex motion, and boundary layers. A construction of boundary lay-
ers using vortex sheets and random walks is presented. The third chapter
contains an analysis of one-dimensional gas flow from a mildly modern
point of view. Weak solutions, Riemann problems, Glimm’s scheme, and
combustion waves are discussed.

The style is informal and no attempt is made to hide the authors’ bi-
ases and personal interests. Moreover, references are limited and are by no
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means exhaustive. We list below some general references that have been
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1
The Equations of Motion

In this chapter we develop the basic equations of fluid mechanics. These
equations are derived from the conservation laws of mass, momentum, and
energy. We begin with the simplest assumptions, leading to Euler’s equa-
tions for a perfect fluid. These assumptions are relaxed in the third sec-
tion to allow for viscous effects that arise from the molecular transport of
momentum. Throughout the book we emphasize the intuitive and mathe-
matical aspects of vorticity; this job is begun in the second section of this
chapter.

1.1 Euler’s Equations

Let D be a region in two- or three-dimensional space filled with a fluid.
Our object is to describe the motion of such a fluid. Let x € D be a point
in D and consider the particle of fluid moving through x at time ¢. Relative
to standard Euclidean coordinates in space, we write x = (z,y, z). Imagine
a particle (think of a particle of dust suspended) in the fluid; this particle
traverses a well-defined trajectory. Let u(x,t) denote the velocity of the
particle of fluid that is moving through x at time ¢. Thus, for each fixed
time, u is a vector field on D, as in Figure 1.1.1. We call u the (spatial)
velocity field of the fluid.

For each time ¢, assume that the fluid has a well-defined mass density
p(x,t). Thus, if W is any subregion of D, the mass of fluid in W at time ¢
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2 1 The Equations of Motion

trajectory of fluid particle

u(x,r)

F1Gureg 1.1.1. Fluid particles flowing in a region D.

is given by
m(W.0) = [ px0)av,
w

where dV is the volume element in the plane or in space.

In what follows we shall assume that the functions u and p (and others to
be introduced later) are smooth enough so that the standard operations of
calculus may be performed on them. This assumption is open to criticism
and indeed we shall come back and analyze it in detail later.

The assumption that p exists is a continuum assumption. Clearly, it
does not hold if the molecular structure of matter is taken into account.
For most macroscopic phenomena occurring in nature, it is believed that
this assumption is extremely accurate.

Our derivation of the equations is based on three basic principles:
i mass is neither created nor destroyed,

ii the rate of change of momentum of a portion of the fluid equals the
force applied to it (Newton’s second law);

iii energy is neither created nor destroyed.

Let us treat these three principles in turn.

1 Conservation of Mass

Let W be a fixed subregion of D (W does not change with time). The rate
of change of mass in W is

d _d B ap
Cm(w,t) =4 /W p(x, ) dV = /W e t)av.



1.1 Euler’s Equations 3

Let OW denote the boundary of W, assumed to be smooth; let n denote
the unit outward normal defined at points of OW; and let dA denote the
area element on OW. The volume flow rate across W per unit area isu-n
and the mass flow rate per unit area is pu - n (see Figure 1.1.2).

portion of the
boundary of W

FIGURE 1.1.2. The mass crossing the boundary OW per unit time equals the
surface integral of pu - n over OW.

The principle of conservation of mass can be more precisely stated as
follows: The rate of increase of mass in W equals the rate at which mass is
crossing OW in the inward direction; i.e.,

d

— pdV:—/ pu-ndA.
dt Jy ow

This is the integral form of the law of conservation of mass. By
the divergence theorem, this statement is equivalent to

/W [% + div(pu)] dv = 0.

Because this is to hold for all W, it is equivalent to

ap

T + div(pu) = 0.

The last equation is the differential form of the law of conservation
of mass, also known as the continuity equation.

If p and u are not smooth enough to justify the steps that lead to the
differential form of the law of conservation of mass, then the integral form
is the one to use.
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1i Balance of Momentum

Let x(t) = (x(t), y(t), 2(t)) be the path followed by a fluid particle, so that
the velocity field is given by

u(z(t),y(t), (), t) = (&(t), y(t), 2(t)),
that is,
u(x(t),t) = C;—j(t)

This and the calculation following explicitly use standard Euclidean co-
ordinates in space (delete z for plane flow).!

The acceleration of a fluid particle is given by

2
a(t) = “x(t) = Sula(t) (), 20).).

By the chain rule, this becomes

Using the notation

ou ou ;
u, = — Uy = — etc.
€T a.’IJ, t 81‘57 9
and
u($7yaz?t) = (u(‘/I’.7yvzat)7’U(I7y7zat)?w(x7yvzat)>7
we obtain

a(t) = uu, + vuy, + wu, + uy,

which we also write as
a(t) = 0u+u- Vu,

where

Ju 0 0 0
8tufa and UV7U%+Ua—y+w$

LCare must be used if other coordinate systems (such as spherical or cylindrical) are
employed. Other coordinate systems can be handled in two ways: first, one can proceed
more intrinsically by developing intrinsic (i.e., coordinate free) formulas that are valid in
any coordinate system, or, second, one can do all the derivations in Euclidean coordinates
and transform final results to other coordinate systems at the end by using the chain
rule. The second approach is clearly faster, although intellectually less satisfying. See
Abraham, Marsden and Ratiu [1988] (listed in the front matter) for information on the
former approach. For reasons of economy we shall do most of our calculations in standard
Euclidean coordinates.



1.1 Euler’s Equations 5

We call
D

—=0+u-V

Dt
the material derivative; it takes into account the fact that the fluid is
moving and that the positions of fluid particles change with time. Indeed,
if f(x,y,z2,t) is any function of position and time (scalar or vector), then
by the chain rule,

d Df

E (x(t),y(t),z(t),t) = 8tf +u- Vf = E(x(t)7y(t)7z(t)’t)'

For any continuum, forces acting on a piece of material are of two types.
First, there are forces of stress, whereby the piece of material is acted on
by forces across its surface by the rest of the continuum. Second, there are
external, or body, forces such as gravity or a magnetic field, which exert
a force per unit volume on the continuum. The clear isolation of surface
forces of stress in a continuum is usually attributed to Cauchy.

Later, we shall examine stresses more generally, but for now let us define
an tdeal fluid as one with the following property: For any motion of the
fluid there is a function p(x,t) called the pressure such that if S is a
surface in the fluid with a chosen unit normal n, the force of stress exerted
across the surface S per unit area at x € S at time t is p(x,t)n; i.e.,

force across S per unit area = p(x, t)n.

Note that the force is in the direction n and that the force acts orthogonally
to the surface S; that is, there are no tangential forces (see Figure 1.1.3).

force across S =pn

FIGURE 1.1.3. Pressure forces across a surface S.

Of course, the concept of an ideal fluid as a mathematical definition is
not subject to dispute. However, the physical relevance of the notion (or
mathematical theorems we deduce from it) must be checked by experiment.
As we shall see later, ideal fluids exclude many interesting real physical
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phenomena, but nevertheless form a crucial component of a more complete
theory.

Intuitively, the absence of tangential forces implies that there is no way
for rotation to start in a fluid, nor, if it is there at the beginning, to stop.
This idea will be amplified in the next section. However, even here we can
detect physical trouble for ideal fluids because of the abundance of rotation
in real fluids (near the oars of a rowboat, in tornadoes, etc.).

If W is a region in the fluid at a particular instant of time ¢, the total
force exerted on the fluid inside W by means of stress on its boundary is

Sow = {force on W} = —/ pndA
ow

(negative because n points outward). If e is any fixed vector in space, the
divergence theorem gives

e~SaW:7/ pe~ndA:f/ div(pe)dV:f/ (gradp) - edV.
ow w w

Thus,
Sow = —/ grad pdV.
w

If b(x,t) denotes the given body force per wunit mass, the total body

force is
B= / pbdV.
w

Thus, on any piece of fluid material,
force per unit volume = —grad p + pb.

By Newton’s second law (force = mass X acceleration) we are led to the
differential form of the law of balance of momentum:

D
pFltl = —gradp + pb. (BM1)

Next we shall derive an integral form of balance of momentum in two
ways. We derive it first as a deduction from the differential form and second
from basic principles.

From balance of momentum in differential form, we have

o
pa—? =—p(u-V)u—Vp+pb

and so, using the equation of continuity,

d
a(pu) = —div(pu)u — p(u- V)u— Vp + pb.
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If e is any fixed vector in space, one checks that

e~%(pu) = —div(pu)u-e—p(u-V)u-e - (Vp)-e+pb-e
= —div(pe + pu(u-e)) + pb - e.

Therefore, if W is a fized volume in space, the rate of change of momentum
in direction e in W is

d
e — pudV:—/ (pe+pu(e-u))~ndA—|—/ pb-edV
dt Jy ow w

by the divergence theorem. Thus, the integral form of balance of momentum
becomes:

4 pudV = —/ (pm + pu(u-n))dA + / pbdV. (BM2)
dt Jw ow w

The quantity pn+pu(u-n) is the momentum flux per unit area crossing
OW, where n is the unit outward normal to OW .

This derivation of the integral balance law for momentum proceeded via
the differential law. With an eye to assuming as little differentiability as
possible, it is useful to proceed to the integral law directly and, as with con-
servation of mass, derive the differential form from it. To do this carefully
requires us to introduce some useful notions.

As earlier, let D denote the region in which the fluid is moving. Let x € D
and let us write p(x,t) for the trajectory followed by the particle that is at
point x at time ¢ = 0. We will assume ¢ is smooth enough so the following
manipulations are legitimate and for fixed ¢, ¢ is an invertible mapping.
Let ¢; denote the map x — ©(x,t); that is, with fixed ¢, this map advances
each fluid particle from its position at time ¢ = 0 to its position at time t.
Here, of course, the subscript does not denote differentiation. We call ¢ the
fluid flow map. If W is a region in D, then ¢ (W) = W, is the volume
W moving with the fluid. See Figure 1.1.4.

The “primitive” integral form of balance of momentum states that

d
— pudV = Spw, + / pbdV, (BM3)
dt Wi Wi

that is, the rate of change of momentum of a moving piece of fluid equals
the total force (surface stresses plus body forces) acting on it.

These two forms of balance of momentum (BM1) and (BM3) are equiv-
alent. To prove this, we use the change of variables theorem to write

d d
gl v =7 /W<pu><so<x, 0,67 (x,t) dV,
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moving fluid

FIGURE 1.1.4. W, is the image of W as particles of fluid in W flow for time t.

where J(x,t) is the Jacobian determinant of the map ;. Because the vol-
ume is fixed at its initial position, we may differentiate under the integral
sign. Note that

5 (0. 0.0) = (1) (.00

is the material derivative, as was shown earlier. (If you prefer, this equality
says that D/Dt is differentiation following the fluid.) Next, we learn how
to differentiate J(x,1t).

Lemma

0

EJ(X’ t) = J(X7 t)[diV u(<p(x, t)’ t)]

Proof Write the components of ¢ as £(x,t), n(x,t), and {(x, t). First, ob-
serve that

%@(X, t) = u(p(x,1),1),

by definition of the velocity field of the fluid.
The determinant J can be differentiated by recalling that the determi-
nant of a matrix is multilinear in the columns (or rows). Thus, holding x
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fixed throughout, we have

o0 o ooy (o6 0oy o)
otdxr Oxr O Oor Otdxr O
0, |00 o ac| |oc oo o
ot otdy 0y Oy Jdy Otdy Oy
ooc oy oc| e o0y
Lot 0z 0z 0z L0z 0t0z 0z

o on 0 9CT
dr dx Otox
4|98 9n 00¢
dy Oy Otdy
06 Onp 9 IC
L6z 8z Otz

Now write
008 _0909_ 0
otdr Ox ot Oz
0 0¢ 005 0

== t),t

u(p(x,t),1),

99¢_09C_ 9
9i0. ~ s 0t~ 85w 0)-

The components u, v, and w of u in this expression are functions of x,y,
and z through ¢(x,t); therefore,

_Oudf  Oudn  Oud(
ar P ) = G e 5 T ac an

D lp(x, ), 1) = L0 0 OwIn | ow I
9z P Y = e g, T an ez T B 92

When these are substituted into the above expression for 9.J/0t, one gets
for the respective terms
ou v ow

- i —J = (di . ]
8xJ+8yJ+8zJ (divu)J
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From this lemma, we get

[ mav = [ (Do) 00+ Goua ot 0.0}
‘ x J(x,t)dV

_ /Wt {D%(pu) +(pdiv u)u} av,

where the change of variables theorem was again used. By conservation of
mass,

D
Ep+p diva = % + div(pu) =0,

and thus
d Du
— dV = —dV.
dt i, /Wt "Dt

In fact, this argument proves the following theorem.

Transport Theorem For any function f of x and t, we have

Dl ppav=[ 21

p——dV.
dt Jw, w, Dt

In a similar way, one can derive a form of the transport theorem without
a mass density factor included, namely,

d B of .
g/wt fdv = w (a + d1v(fu)> av.

If W, and hence, W4, is arbitrary and the integrands are continuous, we
have proved that the “primitive” integral form of balance of momentum is
equivalent to the differential form (BM1). Hence, all three forms of balance
of momentum—(BM1), (BM2), and (BM3)—are mutually equivalent. As
an exercise, the reader should derive the two integral forms of balance of
momentum directly from each other.

The lemma 0.J/9t = (divu) J is also useful in understanding incompress-
ibility. In terms of the notation introduced earlier, we call a flow incom-
pressible if for any fluid subregion W,

volume(W;) = dV = constant in ¢.
Wy



1.1 Euler’s Equations 11

Thus, incompressibility is equivalent to

ozi/ dV:i/ JdV:/ (diva)JdV = [ (diva)dV
dt W, dt w w Wy

for all moving regions W;. Thus, the following are equivalent:
(i) the fluid is incompressible;
(ii) diva=0;
(i) J=1.
From the equation of continuity

Dp
Dt

dp
ot
and the fact that p > 0, we see that a fluid is incompressible if and only if
Dp/Dt = 0, that is, the mass density is constant following the fluid. If the
fluid is homogeneous, that is, p = constant in space, it also follows that the
flow is incompressible if and only if p is constant in time. Problems involving
inhomogeneous incompressible flow occur, for example, in oceanography.
We shall now “solve” the equation of continuity by expressing p in terms
of its value at t = 0, the flow map ¢(x,t), and its Jacobian J(x,t). Indeed,
set f =1 in the transport theorem and conclude the equivalent condition
for mass conservation,

+div(pu) =0, i.e, + p diva =0,

d
el dV —
dt /th V=0

/ pxt)dv = [ p(x,0)av.
We Wo

and thus,

Changing variables, we obtain

/ plo(x,t),t)J(x,t)dV = p(x,0)dV.
Wo Wo

Because Wy is arbitrary, we get

p(<,0(X, t)’ t)J(X, t) - p(x, O)

as another form of mass conservation. As a corollary, a fluid that is homoge-
neous at ¢t = 0 but is compressible will generally not remain homogeneous.
However, the fluid will remain homogeneous if it is incompressible. The
example ¢((z,y,2),t) = ((1 + t)z,y,2) has J((x,y,2),t) = 1+t so the
flow is not incompressible, yet for p((z,y, z),t) = 1/(1 + t), one has mass
conservation and homogeneity for all time.
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iii Conservation of Energy

So far we have developed the equations

D
pﬁ? = —gradp + pb (balance of momentum)
and
D
Fi) +pdivu=0 (conservation of mass).

These are four equations if we work in 3-dimensional space (or n+ 1 equa-
tions if we work in n-dimensional space), because the equation for Du/Dt
is a vector equation composed of three scalar equations. However, we have
five functions: u, p, and p. Thus, one might suspect that to specify the fluid
motion completely, one more equation is needed. This is in fact true, and
conservation of energy will supply the necessary equation in fluid mechan-
ics. This situation is more complicated for general continua, and issues of
general thermodynamics would need to be discussed for a complete treat-
ment. We shall confine ourselves to two special cases here, and later we
shall treat another case for an ideal gas.

For fluid moving in a domain D, with velocity field u, the kinetic energy
contained in a region W C D is

1
Bianic = 5 [ ol v
w

where |[u]|? = (u? + v? + w?) is the square length of the vector function u.
We assume that the total energy of the fluid can be written as

Etotal = Ekinctic + Eintcrnal

where Fipternal is the internal energy, which is energy we cannot “see”
on a macroscopic scale, and derives from sources such as intermolecular
potentials and internal molecular vibrations. If energy is pumped into the
fluid or if we allow the fluid to do work, Fista will change.

The rate of change of kinetic energy of a moving portion W; of fluid is
calculated using the transport theorem as follows:

d d |1
—F inetic = ; | & QdV
dt kinetic dt |:2 /Vthu” :l
1 D|u|?
= — —d
2/th otV

oo ()



1.1 Euler’s Equations 13

Here we have used the following Euclidean coordinate calculation

1D

2
2Dt |

0 1
u? v Fw?) + <

1
[u 25&( B

9 9 9 2
(u%(u +v* 4+ w?)
+vg(u2+v2+w2)+w£(u2+vz+w2)
dy 0z
ou v 8w+ (@ v 8w>

U TV T T\ Y TV TV

OJu
fu~a+u~(UoV)u).

A general discussion of energy conservation requires more thermodynam-
ics than we shall need. We limit ourselves here to two examples of energy
conservation; a third will be given in Chapter 3.

1 Incompressible Flows

Here we assume all the energy is kinetic and that the rate of change of
kinetic energy in a portion of fluid equals the rate at which the pressure
and body forces do work:

d
_Ekinetic:_/ pu-ndA+/ pu-bdV.
dt oWy Wy

By the divergence theorem and our previous formulas, this becomes

[ RSN ) Py

:—/ (u-Vp—pu-b)dVv
W,

because divu = 0. The preceding equation is also a consequence of balance
of momentum. This argument, in addition, shows that if we assume E =
Exinetic, then the fluid must be incompressible (unless p = 0). In summary,
in this incompressible case, the FEuler equations are:

D
pFltl = —gradp + pb
Dp
7 _0
Dt
divu=0

with the boundary conditions

u-n=0 on0dD.
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2 Isentropic Fluids

A compressible flow will be called isentropic if there is a function w, called
the enthalpy, such that

1
grad w = — grad p.
p

This terminology comes from thermodynamics. We shall not need a detailed
discussion of thermodynamics concepts in this book, and so it is omitted,
except for a brief discussion of entropy in Chapter 3 in the context of ideal
gases. For the readers’ convenience, we just make a few general comments.

In thermodynamics one has the following basic quantities, each of which
is a function of x,t depending on a given flow:
p = pressure
p = density

T = temperature

s = entropy
w = enthalpy (per unit mass)

e=w — (p/p) = internal energy (per unit mass).

These quantities are related by the First Law of Thermodynamics,
which we accept as a basic principle:?

1
dw=Tds+ —dp (TD1)
p

The first law is a statement of conservation of energy; a statement equiva-
lent to (TD1) is, as is readily verified,

de =Tds+ L dp. (TD2)
p

If the pressure is a function of p only, then the flow is clearly isentropic
with s as a constant (hence the name isentropic) and

w— /” P\ dA,

A

which is the integrated version of dw = dp/p (see TD1). As above, the
internal energy € = w — (p/p) then satisfies de = (pdp)/p? (see TD2) or, as

a function of p,
Oe P p(N)
— 2 —
p—pap, or 6—/ 2 dA.

2A. Sommerfeld [1964] Thermodynamics and Statistical Mechanics, reprinted by Aca-
demic Press, Chapters 1 and 4.



1.1 Euler’s Equations 15

For isentropic flows with p a function of p, the integral form of energy
balance reads as follows: The rate of change of energy in a portion of fluid
equals the rate at which work is done on it:

d d 5
EEtotal =7 /Wt (%p”u” + Pe) av

(BE)

:/ pu-bdV — pu-ndA.
Wy oWy

This follows from balance of momentum using our earlier expression for

(d/dt) Exinetic, the transport theorem, and p = p?0¢/0p. Alternatively, one

can start with the assumption that p is a function of p and then (BE)

and balance of mass and momentum implies that p = p?d¢/dp , which is

equivalent to dw = dp/p, as we have seen.?

FEuler’s equations for isentropic flow are thus

ou
ot

dp | .
N + div(pu) =0

(u-V)u=-Vw+b,

in D, and
u-n=>0
on @D (or u-n =V -nif 9D is moving with velocity V).
Later, we will see that in general these equations lead to a well-posed
initial value problem only if p’(p) > 0. This agrees with the common expe-
rience that increasing the surrounding pressure on a volume of fluid causes

a decrease in occupied volume and hence an increase in density.
Gases can often be viewed as isentropic, with

p=Ap’,
where A and ~ are constants and v > 1. Here,

P yAsTt yApT ! Apr !
w = ds = and €= .
] v—1 v—1

Cases 1 and 2 above are rather opposite. For instance, if p = pg is a
constant for an incompressible fluid, then clearly p cannot be an invertible
function of p. However, the case p = constant may be regarded as a limiting
case p'(p) — oo. In case 2, p is an explicit function of p (and therefore

30ne can carry this even further and use balance of energy and its invariance under
Euclidean motions to derive balance of momentum and mass, a result of Green and
Naghdi. See Marsden and Hughes [1994] for a proof and extensions of the result that
include formulas such as p = p29¢/0p amongst the consequences as well.
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depends on u through the coupling of p and u in the equation of continuity);
in case 1, p is implicitly determined by the condition divu = 0. We shall
discuss these points again later.

Finally, notice that in neither case 1 or 2 is the possibility of a loss of
kinetic energy due to friction taken into account. This will be discussed at
length in §1.3.

Given a fluid flow with velocity field u(x,t), a streamline at a fixed
time is an integral curve of u; that is, if x(s) is a streamline at the instant
t, it is a curve parametrized by a variable, say s, that satisfies

é—j =u(x(s),t), t fixed.
We define a fixed trajectory to be the curve traced out by a particle
as time progresses, as explained at the beginning of this section. Thus, a
trajectory is a solution of the differential equation

d
= =u(x(t).1)
with suitable initial conditions. If u is independent of ¢ (i.e., dyu = 0),

streamlines and trajectories coincide. In this case, the flow is called sta-
tionary.

Bernoulli’s Theorem In stationary isentropic flows and in the absence
of external forces, the quantity
2
slhull® +w

is constant along streamlines. The same holds for homogeneous (p = con-
stant in space = pg) incompressible flow with w replaced by p/py. The
conclusions remain true if a force b is present and is conservative; i.e.,
b = =V for some function ¢, with w replaced by w + .

Proof From the table of vector identities at the back of the book, one
has
3V([ul*) = (u- V)u+ux (Vxu).

Because the flow is steady, the equations of motion give
(u-Viu=-Vuw
and so
V (3u? +w) =ux (Vxu).
Let x(s) be a streamline. Then
1 2 x(s2) x(s2) 1 2 /
3 (Jal® +w) [0 = V (zllul* +w) - x'(s)ds

x(s1) x(51)

x(s2)
:/ (ux (Vxu)) -x'(s)ds=0
x(s1)
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because x'(s) = u(x(s)) is orthogonal to u x (V x u). |

See Exercise 1.1-3 at the end of this section for another view of why the
combination 1 |ul[? + w is the correct quantity in Bernoulli’s theorem.

We conclude this section with an example that shows the limitations of
the assumptions we have made so far.

Example Counsider a fluid-filled channel, as in Figure 1.1.5.

flow direction channel with p, > p,

JR—.

pressure = py pressure = p,

=]
N1 SETISTS

FIGURE 1.1.5. Fluid flow in a channel.

Suppose that the pressure p; at = 0 is larger than that at x = L
so the fluid is pushed from left to right. We seek a solution of Euler’s
incompressible homogeneous equations in the form

u(z,y,t) = (u(z,t),0) and p(x,y,t) = p(z).

Incompressibility implies 0,u = 0. Thus, Euler’s equations become pg0;u =
—0,p. This implies that 92p = 0, and so

p(a) = p1 - (pl Zm) x

Substitution into pod;u = —0,p and integration yields

_ D1~ D2
poL

U t 4+ constant.

This solution suggests that the velocity in channel flow with a constant
pressure gradient increases indefinitely. Of course, this cannot be the case

in a real flow; however, in our modeling, we have not yet taken friction into
account. The situation will be remedied in §1.3. ¢

Exercises

o Exercise 1.1-1 Prove the following properties of the material derivative
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~ D _ Df Dg

(i) E(erg)*ﬁﬂLFt,

.. D _ ,.Dg Df o
(ii) Ht(f cg)=1Ff Dt +g Dr (Leibniz or product rule),
... D oy Dg )
(iii) E(h og)=(h'o g)ﬁ (chain rule).

Exercise 1.1-2 Use the transport theorem to establish the following
formula of Reynolds:

d B of
pn - f(mt)dV—/Wt 5 (z,t)dV + o, fu-ndA.

Interpret the result physically.

Exercise 1.1-3 Consider isentropic flow without any body force. Show
that for a fized volume W in space (not moving with the flow).

d

— (3pllall? + pe) dV = —/ p (3al® +w)u-ndA.
dt Jw ow

Use this to justify the term energy flux vector for the vector function
pu (3[lul*> + w) and compare with Bernoulli’s theorem.

1.2 Rotation and Vorticity

If the velocity field of a fluid is u = (u, v, w), then its curl,
&€=V xu=(0yw— 0,v,0,u — O,w, 0yv — Oyu)

is called the wvorticity field of the flow.

We shall now demonstrate that in a small neighborhood of each point
of the fluid, u is the sum of a (rigid) translation, a deformation (defined
later), and a (rigid) rotation with rotation vector £/2. This is in fact a
general statement about vector fields u on R?; the specific features of fluid
mechanics are irrelevant for this discussion. Let x be a point in R3, and let
y = x + h be a nearby point. What we shall prove is that

u(y) = u(x) + D(x) - h + 1¢(x) x h+ O(h?), (1.2.1)

where D(z) is a symmetric 3 x 3 matrix and h? = ||h||? is the squared
length of h. We shall discuss the meaning of the several terms later.

Proof of Formula (1.2.1) Let

Ozt Oyu  Oyu
Vu=| 0,v 0Oyv 0.v
Ozw Oyw O,w
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denote the Jacobian matrix of u. By Taylor’s theorem,
u(y) = u(x) + Vu(x) - h + O(h?), (1.2.2)

where Vu(x) - h is a matrix multiplication, with h regarded as a column
vector. Let
D=1 [Vu+(Vu'],

where T denotes the transpose, and

S=1[Vu—(Vu)].

Thus,
Vu=D+S. (1.2.3)
It is easy to check that the coordinate expression for S is
1 0 _53 62
S = 5 53 0 _61
& &0
and that
S-h=1¢xh, (1.2.4)
where & = (&1, &2, &3). Substitution of (1.2.3) and (1.2.4) into (1.2.2) yields
(1.2.1). |

Because D is a symmetric matrix,
D(x) - h = grad,, ¥(x, h),
where v is the quadratic form associated with D; i.e.,
¥(x,h) = 3(D(x) - h, h),

where () is the inner product of R®. We call D the deformation tensor.
We now discuss its physical interpretation. Because D is symmetric, there
is, for x fixed, an orthonormal basis €1, €, €3 in which D is diagonal:

d 0 0
D=| 0 d» O
0 0 ds

Keep x fixed and consider the original vector field as a function of . The
motion of the fluid is described by the equations

dy
ar u(y).
If we ignore all terms in (1.2.1) except D - h, we find

dy . dn
Y _D.h ie, Z—D.n
dt 7
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This vector equation is equivalent to three linear differential equations that
separate in the basis e, €9, €3:

dh;
dt
The rate of change of a unit length along the €; axis at t = 0 is thus d;.
The vector field D - h is thus merely expanding or contracting along each
of the axes €,—hence, the name “deformation.” The rate of change of the

volume of a box with sides of length i~L1, Bg, hs parallel to the eq, €5, €3 axes
is

=d;h;, i=1,2,3.

d,. - - dhy
—(h1hohs) = lﬁ

o ] hohs + hy

ol = : |dhg
at hs + hihg [E]
= (dy + dy + d3)(hihshs).

However, the trace of a matrix is invariant under orthogonal transforma-
tions. Hence,

di + ds + d3 = trace of D = trace of 1 ((Vu) + (Vu)") = divu.

This confirms the fact proved in §1.1 that volume elements change at a rate
proportional to divu. Of course, the constant vector field u(x) in formula
(1.2.1) induces a flow that is merely a translation by u(x). The other term,
1&(x) x h, induces a flow

Ccll_}tl = 2€&(x) x h, (x fixed).

The solution of this linear differential equation is, by elementary vector
calculus,
h(t) = R(t, £(x))h(0),

where R(t, €(x)) is the matrix that represents a rotation through an angle
t about the axis £(x) (in the oriented sense). Because rigid motion leaves
volumes invariant, the divergence of %f(x) x h is zero, as may also be
checked by noting that S has zero trace. This completes our derivation and
discussion of the decomposition (1.2.1).

We remarked in §1.1 that our assumptions so far have precluded any
tangential forces, and thus any mechanism for starting or stopping rota-
tion. Thus, intuitively, we might expect rotation to be conserved. Because
rotation is intimately related to the vorticity as we have just shown, we can
expect the vorticity to be involved. We shall now prove that this is so.

Let C be a simple closed contour in the fluid at ¢ = 0. Let C; be the
contour carried along by the flow. In other words,

Ct = @t(c)7
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FIGURE 1.2.1. Kelvin’s circulation theorem.

where ¢, is the fluid flow map discussed in §1.1 (see Figure 1.2.1).
The circulation around C; is defined to be the line integral

e, :f u-ds.
Ct

Kelvin’s Circulation Theorem For isentropic flow without external
forces, the circulation, I'c, is constant in time.

For example, we note that if the fluid moves in such a way that Ci
shrinks in size, then the “angular” velocity around C; increases. The proof
of Kelvin’s circulation theorem is based on a version of the transport the-
orem for curves.

Lemma Let u be the velocity field of a flow and C' a closed loop, with C;
= ¢¢(C) the loop transported by the flow (Figure 1.2.1). Then

d D
— [ u-ds= = s, (1.2.5)
dt Je, o, Dt

Proof Let x(s) be a parametrization of the loop C, 0 < s < 1. Then a
parameterization of C; is ¢(x(s),t),0 < s < 1. Thus, by definition of the
line integral and the material derivative,

%/Ctu.ds =%/0 u(ﬁp(x(s)»t)at)'%@(X(s),t)ds
~Jo %(@(X(S)’t)’t)'%@(X(S),t)ds

+ [ alos).0,0) - 5 Lol 0 s
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Because 0p/0t = u, the second term equals

! 0
[ ulelx().0.6) - ulex(s).0).0) ds
0

_ %/0 %(u-u)(g&(x(s),t},t) ds = 0

(since C} is closed). The first term equals

Du

— ds,
c, Dt

so the lemma is proved. |

Proof of the Circulation Theorem Using the lemma and the fact that

Du/Dt = —Vw (the flow is isentropic and without external forces), we find
d d Du
—Te, = — ds = —d
e < T dt /Ctu = )., Dt

=— [ Vw-ds=0 (since C;isclosed). M

We now use Stokes’ theorem, which will bring in the vorticity. If ¥ is
a surface whose boundary is an oriented closed oriented contour C, then
Stokes’ theorem yields (see Figure 1.2.2)

Fc:/Cu~ds://2(vxu)-ndA://ZéwlA.

FIGURE 1.2.2. The circulation around C' is the integral of the vorticity over .

Thus, as a corollary of the circulation theorem, we can conclude that the
fluz of vorticity across a surface moving with the fluid is constant in time.
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e 3
X X
\ flow
u
S L
vortex sheet vortex line

FIGURE 1.2.3. Vortex sheets and lines remain so under the flow.

By definition, a vortex sheet (or vortex line) is a surface S (or a
curve £) that is tangent to the vorticity vector & at each of its points
(Figure 1.2.3).

Proposition If a surface (or curve) moves with the flow of an isentropic
fluid and is a vortex sheet (or line) at t = 0, then it remains so for all
time.

Proof Let n be the unit normal to S, so that at ¢t = 0, £ -n = 0 by
hypothesis. By the circulation theorem, the flux of § across any portion
S C S at a later time is also zero, i.e.,

/,/g £ -ndA=0.

It follows that £ - n = 0 identically on S, so S remains a vortex sheet.
One can show (using the implicit function theorem) that if &(x) # O,
then, locally, a vortex line is the intersection of two vortex sheets. |

Next, we show that the vorticity (per unit mass), that is, w = &/p, is
propagated by the flow (see Figure 1.2.4). This fact can also be used to
give another proof of the preceding theorem. We assume we are in three
dimensions; the two-dimensional case will be discussed later.

Proposition For isentropic flow (in the absence of external forces) with
£E=V xuand w=E/p, we have

By~ (@ Vu=0 (1.2.6)
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 at time 0 w is dragged by the flow

xd Mtimez

o(x,0)

FIGURE 1.2.4. The vorticity is transported by the Jacobian matrix of the flow
map.

and
w(p(x,t),t) = Vi (x) - w(x,0), (1.2.7)

where @y is the flow map (see §1.1) and Vi, is its Jacobian matriz.

Proof Start with the following vector identity (see the table of vector
identities at the back of the book)

sV(u-u) =uxcurlu+ (u-V)u.

Substituting this into the equations of motion yields

du +3V(u-u) —ux curlu = —Vuw.

ot
Taking the curl and using the identity V x Vf = 0 gives

% —curl(u x £) = 0.

Using the identity (also from the back of the book)
curl(F x G) =F divG — G divF + (G - V)F — (F - V)G

for the curl of a vector product, gives

0
o [V )~ E(V W + € V)u— (u-V)E] =0,
that is,
D¢ B
2E (& VgV =0, (1.2:8)
since € is divergence free. Also,
Dw D (&) _1D¢ &g
Dt = Di <;> =D + p(V u) (1.2.9)

by the continuity equation. Substitution of (1.2.8) into (1.2.9) yields (1.2.6).
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To prove (1.2.7), let
F(x,t) = w(p(x,t),t) and G(x,t) = Vi (x) - w(x,0).
By (1.2.6), OF /0t = (F - V)u. On the other hand, by the chain rule:

% v [%f(x t>] w(x,0) = V(u(p(x,1), 8)) - w(x, 0)

= (Vu) - Vpi(x) - w(x,0) = (G- V)u

Thus, F and G satisfy the same linear first-order differential equation.
Because they coincide at t = 0 and solutions are unique, they are equal. W

The reader may wish to compare (1.2.7) with the formula

p(x,0) = p(p(x,t),t)J(x,1) (1.2.10)

proved in §1.1.
As an exercise, we invite the reader to prove the preservation of vortex
sheets and lines by the flow using (1.2.7) and (1.2.10).

For two-dimensional flow, where u = (u, v, 0), £ has only one component;
£ =1(0,0,¢). The circulation theorem now states that if ¥; is any region in
the plane that is moving with the fluid, then

& dA = constant in time. (1.2.11)
P

In fact, one can say more using (1.2.7). In two dimensions, (1.2.7) specializes

to
%((p(x, £),1) = %(X,O), (1.2.7)

that is, £/p is propagated as a scalar by the flow. Employing (1.2.10) and
the change of variables theorem gives (1.2.11) as a special case.

In three-dimensional flows, the relation (1.2.7) allows rather complicated
behavior. We shall now discuss the three-dimensional geometry a bit fur-
ther.

A wvortex tube consists of a two-dimensional surface S that is nowhere
tangent to &, with vortex lines drawn through each point of the bounding
curve C of S. These vortex lines are integral curves of £ and are extended
as far as possible in each direction. See Figure 1.2.5.

In fluid mechanics it is customary to be sloppy about this definition and
make tacit assumptions to the effect that the tube really “looks like” a tube.
More precisely, we assume S is diffeomorphic to a disc (i.e., related to a
disc by a one-to-one invertible differentiable transformation) and that the
resulting tube is diffeomorphic to the product of the disc and the real line.
This tacitly assumes that &€ has no zeros (of course, € could have zeros!).
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vortex line

FIGURE 1.2.5. A vortex tube consists of vortex lines drawn through points of C.

Helmbholtz’s Theorem Assume the fluid is isentropic. Then

(a) If C1 and Cy are any two curves encircling the vortex tube, then

/u~ds:/ u-ds.
Cl C2

This common value is called the strength of the vortex tube.

(b) The strength of the vortex tube is constant in time, as the tube moves
with the fluid.

Proof (a) Let C; and C5 be oriented as in Figure 1.2.6.

V =region enclosed

FIGURE 1.2.6. A vortex tube enclosed between two curves, C7 and Cs.

The lateral surface of the vortex tube enclosed between C7 and Csy is
denoted by S, and the end faces with boundaries C7 and Cs are denoted
by S7 and Sy, respectively. Since £ is tangent to the lateral surface, S is a
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vortex sheet. Let V' denote the region of the vortex tube between C7 and
Cy and ¥ = S U S; U S, denote the boundary of V. By Gauss’ theorem,

O:/Vv-ﬁdx:/zé-dA: Slusz&-dA—i—/SE-dA.

By Stokes’ theorem

/u~ds: £-dA and /u~ds:f £ - dA,
i S Cs S

so (a) holds. Part (b) now follows from Kelvin’s circulation theorem. W

Observe that if a vortex tube gets stretched and its cross-sectional area
decreases, then the magnitude of & must increase. Thus, the stretching of
vortex tubes can increase vorticity, but it cannot create it.

A vortex tube with nonzero strength cannot “end” in the interior of the
fluid. It either forms a ring (such as the smoke from a cigarette), extends to
infinity, or is attached to a solid boundary. The usual argument supporting
this statement goes like this: suppose the tube ended at a certain cross
section S, inside the fluid. Because the tube cannot be extended, we must
have & = 0 on Cy. Thus, the strength is zero—a contradiction.

This “proof” is hopelessly incomplete. First of all, why should a vortex
tube end in a nice regular way on a surface? Why can’t it split in two, as
in Figure 1.2.77 There is no a priori reason why this sort of thing cannot
happen unless we merely exclude it by tacit assumption.?. In particular,
note that the assertion often made that a vortex line cannot end in the
fluid is clearly false if we allow € to have zeros and probably is false even
if € has no zeros (an orbit of a vector field can wander around forever
without accumulating at an endpoint—as with a line with irrational slope
on a torus)

Thus, our assertion about vortex tubes “ending” is correct if we interpret
“ending” properly. But the reader is cautioned that this may not be all that
can happen, and that this time-honored statement is not at all a proved
theorem.

The difference between the two-dimensional and three-dimensional con-
servation laws for vorticity is very important. The conservation of vorticity
(1.2.7)" in two dimensions is a helpful tool in establishing a rigorous theory
of existence and uniqueness of the Euler (and later Navier—Stokes) equa-
tions. The lack of the same kind of conservation in three dimensions is a
major obstacle to the rigorous understanding of crucial properties of the
solutions of the equations of fluid dynamics. The main point here is to get
existence theorems for all time. At the moment, it is known only in two
dimension that all time smooth solutions exist.

4H. Lamb [1895] Mathematical Theory of the Motion of Fluids, Cambridge Univ.
Press, p. 149.
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azero of §

this vortex line ends at P

FIGURE 1.2.7. Can this be a vortex tube generated by S? Is the circulation around
(' equal to that around C37

Our last main goal in this section is to develop the vorticity equation
somewhat further for the important special case of incompressible flow. For
two-dimensional homogeneous incompressible flow, the vorticity equa-
tion is

D¢
where £ = {(z,y,t) = 0,v—0yu is the (scalar) vorticity field of the flow and
u,v are the components of u. Assume that the flow is contained in some

plane domain D with a fixed boundary 0D, with the boundary condition
u-n=20 on 0D, (1.2.13)

where n is the unit outward normal to 0D. Let us assume D is simply
connected (i.e., has no “holes”). Then, by incompressibility, d,u = —0,v,
and so from vector calculus there is a scalar function ¥ (x, y,t) on D unique
up to an additive constant such that

u=0y and v=—0%. (1.2.14)

The function ¢ is the stream function for fixed t; streamlines lie on level
curves of ?. Indeed, let (z(s),y(s)) be a streamline, so ' = u(z,y) and
y' = v(z,y). Then

%w(m(8)7 y(8)7 t) = a'v’(/} : SL’/ + ayw . y’ = —vu+uv = 0.

In particular, by (1.2.13), 9D lies on a level curve of ¢, and we can adjust
the constant so that

Y(z,y,t) =0 for (z,y) € OD.

This convention and (1.2.14) determine ¢ uniquely. (0D need not be a
whole streamline, but can be composed of streamlines separated by zeros
of u, that is, by stagnation points.) The scalar vorticity is now given by

§ = 0pv — Oyu = =039 — O = — A,
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where A = 92 + 85 is the Laplace operator in the plane.
We can summarize the equations for £ for two-dimensional incompressible
flow as follows:

B =0+ (u-V)E=0,
Ay = —¢,
with (1.2.15)
¥ =0 on 0D,
and with
u=0y and v=—0,9.

These equations completely determine the flow. Note that given £, the
function v is determined by Ay = —¢ and the boundary conditions, and
hence u by the last equations in (1.2.15). Thus, £ completely determines
0¢¢ and hence the evolution of ¢ and, through it, 1) and u.

Another remark is useful:

(u- V)€ = udz€ + v0y¢ = (0y9)(0:8) — (029)(9,€)

_ 0e§ 0y | _

the Jacobian of £ and . Thus, the flow is stationary (time independent) if
and only if & and ¢ are functionally dependent. (If functional dependence
holds at one instant it will hold for all time as a consequence.)

Example Suppose at t = 0 the stream function t(z,y) is a function
only of the radial distance r = (22 + 3?)'/2. Thus, the streamlines are
concentric circles. Write ¢ (x,y) = ¥(r) and assume ¢, > 0. The velocity
vector is given by

w =0, = 0ppdyr = %am, (1.2.16)

v =—0,0 = —0,yd,r = == O, (1.2.17)

that is, u is tangent to the circle of radius r with magnitude |9,¢| and
oriented clockwise if 1. > 0 and counterclockwise if 1, < 0. Next, observe
that

10 oY

e=-av=15 (5

a function of r alone. Because v¥,. # 0,7 is a function of ¥ so £ is also
a function of . Thus, J(§,v) = 0. Hence, motion in concentric circles
with u defined as above is a solution of the two-dimensional stationary
incompressible equations of ideal flow.
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For three-dimensional incompressible ideal flow, the analogue of (1.2.15)
is

D¢
DL (- V)u=0,
AA = ¢, divA =0, (1.2.18)
u=V x A.

Here we used V-u = 0 to write u = V x A, where div A = 0. (This requires
not that D be simply connected, but that it not have any “solid holes” in
it; for instance, if D is convex, this will hold.) Then

€ = curlu = curl(curl A) = —AA + V(divA) = —AA.

One of the troubles with (1.2.18) is that given &, the vector field A is not
uniquely determined (we cannot impose boundary condition such as A = 0
on 9D because A need not be constant on 9D as was the case with ¢)). ¢

Exercises

Exercise 1.2-1 Derive a formula akin to the transport theorem and
Kelvin’s circulation theorem for

i v-ndA,
dt Js,

where S; is a moving surface and v is a vector field.

Exercise 1.2-2 Couette flow. Let 2 be the region between two concen-
tric cylinders of radii Ry and Rs, where R; < Ry. Define v in cylindrical
coordinates by

v =0, v, =0,
and A
vg = — + Br,
r
where R2R2 ) P2
A= -1 27 7 22(w2 —1w1) and B = e = By w; — ng
R; — R; R; — Ry
Show that

(i) v is a stationary solution of Euler’s equations with p = 1;
(i) w=Vxv=(0,0,2B);
(iii) the deformation tensor is
Alo0 1
D= 2 [ 10 ]

and discuss its physical meaning;
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(iv) the angular velocity of the flow on the two cylinders is wy and ws.

1.3 The Navier—Stokes Equations

In §1.1 we defined an ideal fluid as one in which forces across a surface were
normal to that surface. We now consider more general fluids. To understand
the need for the generalization beyond the examples already given, consider
the situation shown in Figure 1.3.1. Here the velocity field u is parallel to
a surface S but jumps in magnitude either suddenly or rapidly as we cross
S. If the forces are all normal to S, there will be no transfer of momentum
between the fluid volumes denoted by B and B’ in Figure 1.3.1. However, if
we remember the kinetic theory of matter, we see that this is actually un-
reasonable. Faster molecules from above S will diffuse across S and impart
momentum to the fluid below, and, likewise, slower molecules from below
S will diffuse across S to slow down the fluid above S. For reasonably fast
changes in velocity over short distance, this effect is important.?

Bv

LV

B

FIGURE 1.3.1. Faster molecules in B’ can diffuse across S and impart momentum
to B.

We thus change our previous definition. Instead of assuming that
force on S per unit area = —p(x, t)n,

where n is the normal to S, we now assume that

force on S per unit area = —p(x,t)n + o(x,t) - n, (1.3.1)
where o is a matriz called the stress tensor, about which some assump-
tions will have to be made. The new feature is that o-n need not be parallel
to n. The separation of the forces into pressure and other forces in (1.3.1)
is somewhat ambiguous because o - n may contain a component parallel to

n. This issue will be resolved later when we give a more definite functional
form to o.

5For more information, see J. Jeans [1867] An Introduction to the Kinetic Theory of
Gases, Cambridge Univ. Press.
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As before, Newton’s second law states that the rate of change of any
moving portion of fluid W; equals the force acting on it (balance of mo-
mentum):

i/ pudV:—/ (p-n—o-n)dA
dt Jw, oW,

(compare (BM3) in §1.1). Thus, we see that o modifies the transport
of momentum across the boundary of W;. We will choose o so that it
approximates in a reasonable way the transport of momentum by molecular
motion.

One can legitimately ask why the force (1.3.1) acting on S should be a
linear function of n. In fact, if one just assumes the force is a continuous
function of n, then, using balance of momentum, one can prove it is linear
in n. This result is called Cauchy’s Theorem.®

Our assumptions on o are as follows:

1. o depends linearly on the velocity gradients Vu that is, o is related
to Vu by some linear transformation at each point.

2. o is invariant under rigid body rotations, that is, if U is an orthogonal
matrix,

o(U-Vu-U H=U-o(Vu)- U

This is reasonable, because when a fluid undergoes a rigid body ro-
tation, there should be no diffusion of momentum.

3. o is symmetric. This property can be deduced as a consequence of
balance of angular momentum.”

Since o is symmetric, if follows from properties 1 and 2 that o can depend
only on the symmetric part of Vu; that is, on the deformation D. Because
o is a linear function of D, o and D commute and so can be simultaneously
diagonalized. Thus, the eigenvalues of o are linear functions of those of D.
By property 2, they must also be symmetric because we can choose U to
permute two eigenvalues of D (by rotating through an angle 7/2 about an
eigenvector), and this must permute the corresponding eigenvalues of o.
The only linear functions that are symmetric in this sense are of the form

g; :)\(d1+d2+d3)+2ﬂdl, i:1,2,3,

where ¢; are the eigenvalues of o, and d; are those of D. This defines the
constants A and p. Recalling that di +ds + d3 = div u, we can use property
2 to transform o; back to the usual basis and deduce that

o= Adivu)I+2uD, (1.3.2)

SFor a proof and further references, see, for example, Marsden and Hughes [1994].
70 ;
p. cit.
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where I is the identity. We can rewrite this by putting all the trace in one
term:

o =2u[D — L (divu)I] + ¢((divu)l (1.3.2)

where p is the first coefficient of viscosity, and ( = A\ + %u is the
second coefficient of viscosity.

If we employ the transport theorem and the divergence theorem, as we
did in connection with (BM3), balance of momentum yields the Navier—
Stokes equations,

pF‘: =-Vp+ (A +p)V(divu) + pAu (1.3.3)

where

02 0? 0?
Au:<@+a—y2+@>u

is the Laplacian of u. Together with the equation of continuity and an
energy equation, (1.3.3) completely describes the flow of a compressible
viscous fluid.

In the case of incompressible homogeneous flow p = py = constant, the
complete set of equations becomes the Navier—Stokes equations for
incompressible flow,

Du ,
i = —gradp’ + vAu (13.4)

diva =0

where v = u/pp is the coefficient of kinematic viscosity, and p’ = p/po.

These equations are supplemented by boundary conditions. For Euler’s
equations for ideal flow we use u-n = 0, that is, fluid does not cross the
boundary but may move tangentially to the boundary. For the Navier—
Stokes equations, the extra term vAu raises the number of derivatives
of u involved from one to two. For both experimental and mathematical
reasons, this is accompanied by an increase in the number of boundary
conditions. For instance, on a solid wall at rest we add the condition that
the tangential velocity also be zero (the “no-slip condition”), so the full
boundary conditions are simply

u = 0 on solid walls at rest.

The mathematical need for extra boundary conditions hinges on their
role in proving that the equations are well posed; that is, that a unique
solution exists and depends continuously on the initial data. In three di-
mensions, it is known that smooth solutions to the incompressible equations
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exist for a short time and depend continuously on the initial data.® It is a
major open problem in fluid mechanics to prove or disprove that solutions
of the incompressible equations exist for all time. In two dimensions, solu-
tions are known to exist for all time, for both viscous and inviscid flow?. In
any case, adding the tangential boundary condition is crucial for viscous
flow.

The physical need for the extra boundary conditions comes from sim-
ple experiments involving flow past a solid wall. For example, if dye is
injected into flow down a pipe and is carefully watched near the bound-
ary, one sees that the velocity approaches zero at the boundary to a high
degree of precision. The no-slip condition is also reasonable if one contem-
plates the physical mechanism responsible for the viscous terms, namely,
molecular diffusion. Our opening example indicates that molecular inter-
action between the solid wall with zero tangential velocity (or zero average
velocity on the molecular level) should impart the same condition to the
immediately adjacent fluid.

Another crucial feature of the boundary condition u = 0 is that it pro-
vides a mechanism by which a boundary can produce vorticity in the fluid.
We shall describe this in some detail in Chapter 2.

Next, we shall discuss some scaling properties of the Navier—Stokes equa-
tions with the aim of introducing a parameter (the Reynolds number) that
measures the effect of viscosity on the flow.

For a given problem, let L be a characteristic length and U a char-
acteristic velocity. These numbers are chosen in a somewhat arbitrary
way. For example, if we consider flow past a sphere, L could be either the
radius or the diameter of the sphere, and U could be the magnitude of the
fluid velocity at infinity. L and U are merely reasonable length and velocity
scales typical of the flow at hand. Their choice then determines a time scale
by T = L/U.

We can measure x,u, and t as fractions of these scales, by changing
variables and introducing the following dimensionless quantities

u’:%, x/:%7 and t'z%.

The x component of the (homogeneous) incompressible Navier—Stokes

equation is
ou Ou ou ou 1 dp Pu  P*u  O%*u

FUuU— +V— FwWw— =

o T or "oy T a: T opar Vo2 Tar T 2|

8For a review of much of what is known, see O. A. Ladyzhenskaya [1969] The Mathe-
matical Theory of Viscous Incompressible Flow, Gordon and Breach. See also R. Temam
[1977] Navier—Stokes Equations, North Holland.

90p. cit. and W. Wolibner, Math. Zeit. 37 [1933], 698-726; V. Judovich, Mat. Sb.
N.S. 64 [1964], 562-588; and T. Kato, Arch. Rational Mech. Anal. 25 [1967], 188-200.
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The change of variables produces

o('U) ot’ ,0('U) o' ,0(’'U) oy’ ,0('U) ow'
o ot TV o o TV oy oy TV Tor o

1 0poa , O?(W'U) N PW'U)  9*'U)

B d(Lz")?  O(Ly")?  O(Lz")? |’

_ (U] 9/ (poU?)) 1% 5 0%/ N 0%/ N 0%/
N L oz’ L? ox'*  oy? 92? ]’
Similar equations hold for the y and z components. If we combine all
three components and divide out by U?/L, we obtain
ou’
ot’

+ (- V)u' = —gradp’ + %A'u’, (1.3.5)

where p’ = p/(poU?). Incompressibility still reads
divu’ = 0.

The equations (1.3.5) are the Navier—Stokes equations in dimensionless
variables. We define the Reynolds number R to be the dimensionless
number

LU

R="".

14

For example, consider two flows past two spheres centered at the origin
but with differing radii, one with a fluid where U,, = 10 km/hr past a
sphere of radius 10 m and the other with the same fluid but with U, =
100 km/hr and radius = 1 m. If we choose L to be the radius and U to
be the velocity U, at infinity, then the Reynolds number is the same for
each flow. The equations satisfied by the dimensionless variables are thus
identical for the two flows.

Two flows with the same geometry and the same Reynolds number are
called similar. More precisely, let u; and us be two flows on regions D,
and D, that are related by a scale factor A so that L; = ALy. Let choices
of Uy and Us be made for each flow, and let the viscosities be v and vo

respectively. If
LU LyU:
Ry =Ry, ie, —2L=2222

V1 Vo

then the dimensionless velocity fields u)} and u) satisfy exactly the same
equation on the same region. Thus, we can conclude that u; may be ob-
tained from a suitably rescaled solution us; in other words, u; and u, are
similar.
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This idea of the similarity of flows is used in the design of experimental
models. For example, suppose we are contemplating a new design for an
aircraft wing and we wish to know the behavior of a fluid flow around it.
Rather than build the wing itself, it may be faster and more economical to
perform the initial tests on a scaled-down version. We design our model so
that it has the same geometry as the full-scale wing and we choose values
for the undisturbed velocity, coefficient of viscosity, and so on, such that
the Reynolds number for the flow in our experiment matches that of the
actual flow. We can then expect the results of our experiment to be relevant
to the actual flow over the full-scale wing.

We shall be especially interested in cases where R is large. We stress
that one cannot say that if v is small, then viscous effects are unimportant,
because such a comment fails to consider the other dimensions of the prob-
lem, that is, “v is small” is not a physically meaningful statement unless
some scaling is chosen, but “1/R is small” is a meaningful statement.

As with incompressible ideal flow, the pressure p in incompressible vis-
cous flow is determined through the equation divu = 0. We now shall
explore the role of the pressure in incompressible flow in more depth. Let
D be a region in space (or in the plane) with smooth boundary dD.

We shall use the following decomposition theorem.

Helmholtz—Hodge Decomposition Theorem A vector field w on D
can be uniquely decomposed in the form

w = u + gradp, (1.3.6)
where u has zero divergence and is parallel to OD; that is, u-n =0 on 0D.

Proof First of all, we establish the orthogonality relation

/ u-gradpdV = 0.
D

Indeed, by the identity
div(pu) = (divu)p + u - grad p,

the divergence theorem, and divu = 0, we get

/u-gradpdV:/div(pu)dV: pu-ndA =0,
D D aD

because u-n = 0 on dD. We use this orthogonality to prove uniqueness.
Suppose the w = u; + grad p; = us + grad p. Then

0 =u; —uz + grad(p; — p2).
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Taking the inner product with u; — us and integrating, we get

o:/ [l — g + (w1 — ug) - grad(p; — p2>}dv:/ s — ug? AV
D D

by the orthogonality relation. It follows that u; = us, and so, gradp; =
grad py (which is the same thing as p; = ps + constant).

If w = u+ grad p, notice that divw = divgradp = Ap and that w-n =
n - grad p. We use this remark to prove existence. Indeed, given w, let p be
defined by the solution to the Neumann problem

: . L Op
Ap=divw in D, with o w-n on 0D.

It is known'? that the solution to this problem exists and is unique up to
the addition of a constant to p. With this choice of p, define u = w —grad p.
Then, clearly u has the desired properties divu = 0, and also u-n =0 by
construction of p. [ ]

The situation is shown schematically in Figure 1.3.2.

gradient fields

vector fields that are divergence
free and parallel to the boundary

FIGURE 1.3.2. Decomposing a vector field into a divergence-free and gradient
part.

It is natural to introduce the operator P, an orthogonal projection op-
erator, which maps w onto its divergence-free part u. By the preceding
theorem, P is well defined. Notice that by construction PP is a linear opera-
tor and that

w = Pw + grad p. (1.3.7)

Also notice that
Pu=u

10See R. Courant and D. Hilbert [1953], Methods of Mathematical Physics, Wiley.
The equation Ap = f,9p/dn = ghas a solution unique up to a constant if and only if
fD fav = fBD g dA. The divergence theorem ensures that this condition is satisfied in
our case.
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provided divu = 0 and u-n = 0, and that
P(grad p) = 0.

Now we apply these ideas to the incompressible Navier—Stokes equations
(1.3.5). If we apply the operator P to both sides, we obtain

P(Opu+ gradp) =P ((u -V)u+ %Au) .

Because u is divergence-free and vanishes on the boundary, the same is
true of dyu (if u is smooth enough). Thus, by (1.3.7), PO;u = 9,u. Because
P(grad p) = 0, we get

ou="P (—u -Vu+ %Au) . (1.3.8)

Although Au is divergence free, it need not be parallel to the boundary
and so we cannot simply write PAu = 0. This form (1.3.8) of the Navier—
Stokes equations eliminates the pressure and expresses d;u in terms of u
alone. The pressure can then be recovered as the gradient part of

1
—u-Vu+ EAu.

This form (1.3.8) of the equations is not only of theoretical interest, shed-
ding light on the role of the pressure, but is of practical interest for numer-
ical algorithms.'!

The pressure in compressible flows is conceptually different than in in-
compressible flows just as it was in ideal flow. If we think of viscous flow as
ideal flow with viscous effects added on, it is not unreasonable to assume
that p is still a function of p.

A note of caution is appropriate here. The expressions for p(p) used
in practical situations are often borrowed from the science of equilibrium
thermodynamics. It is not obvious that p as defined here (through equation
(1.3.1)) is identical to p as defined in that other science. Not all quantities
called p are equal. The use of expressions from equilibrium thermodynamics
requires an additional physical justification, which is indeed often available,
but which should not be forgotten.

According to the analysis given earlier, the pressure p in incompressible
flow is determined by the equation of continuity divu = 0. To see why this

11Gee, for instance, A. J. Chorin, Math. Comp. 23 [1969], 341-353 for algorithms,
and D. Ebin and J. E. Marsden, Ann. of Math. 92 [1970], 102-163 for a theoretical
investigation of the projection operator and the use of material coordinates.
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is physically reasonable, consider a compressible flow with p = p(p), where
p'(p) > 0. If fluid flows into a given fixed volume V, the density in V will
increase, and if p’(p) > 0, then p in V will also increase. If either the change
in p is large enough or p’(p) is large enough, —grad p at the boundary of
V will begin to point away from V', and through the term —grad p in the
equation for d;u, this will cause the fluid to flow away from V. Thus, the
pressure controls and moderates the variations in density. If the density is
to remain invariant, this must be accomplished by an appropriate p, that
is, divu = 0 determines p.

In the Navier—Stokes equations for a viscous incompressible fluid, namely,

1
Ju+(u-Viju=-Vp+ EAm
we call
EAu, the diffusion or dissipation term,

and
(u-V)u, the inertia or convective term.

The equations say that u is convected subject to pressure forces and, at the
same time, is dissipated. Suppose R is very small. If we write the equations
in the form gyu = P(—u-Vu+ %Au), we see that they are approximated
by

1
atu =P (EAU) s

1
Oyu = —gradp + EAU and divua =0,

that is,

which are the Stokes’ equations for incompressible flow. These are lin-
ear equations of “parabolic” type. For small R (i.e., slow velocity, large
viscosity, or small bodies), the solution of the Stokes equation provides a
good approximation to the solution of the Navier—Stokes equations. Later,
we shall mostly be interested in flows with the large R; for these the in-
ertial term is important and in some sense is dominant. We hesitate and
say “in some sense” because no matter how small (1/R)Au may be, it still
produces a large effect, namely, the change in boundary conditions from
u-n =0 when (1/R)Au is absent to u = 0 when it is present.

There is a major difference between the ideal and viscous flow with regard
to the energy of the fluid. The viscous terms provide a mechanism by
which macroscopic energy can be converted into internal energy. General
principles of thermodynamics state that this energy transfer is one-way. In
particular, for incompressible flow, we should have

d
—F inetic S 0. 1.3.9
de e (1.3.9)
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We calculate (d/dt)Fxinetic for incompressible viscous flow using the
transport theorem, as we did in §1.1. We get

d d Du
— Elinetic = — & 2dV:/ ;| 7
dt kinetic dt 2/[; PHUH Dpu Dt

:/ <—u-Vp+lu-Au> dv,
D R

by (1.3.3) and divu = 0. Because u is orthogonal to grad p, we get

d

1
— Flinetic = — -AudV.
dt et R/Du wdv.

The vector identity div(fV) = fdivV +V -V gives

V- (uVu + vVo + wVw)
=Vu-Vu+Vv-Vv+ Vw - Vw + ulu + vAv + wAw.

This equation, the divergence theorem, and the boundary condition u = 0
on 0D enable us to simplify the expression for (d/dt)Exinetic t0

%Ekinetic = —u/ [Vul||? dV, (1.3.10)
D

where ||Vu|? = Vu - Vu = ||[Vu||? + ||[Vv||? + |[Vw]||?. Notice that (1.3.9)
and (1.3.10) are compatible exactly when u > 0 (or, equivalently, v > 0 or
0 < R < 00). In other words, there is no such thing as “negative viscosity.”

A similar analysis for compressible flow and making use of (1.3.2)’ leads
to the inequalities

©u >0 and )\—l—%uZO

and with o given by (1.3.2).12
At the end of §1.1 we noted that ideal flow in a channel leads to unrea-
sonable results. We now reconsider this example with viscous effects.

Example Consider stationary viscous incompressible flow between two
stationary plates located at y = 0 and y = 1, as shown in Figure 1.3.3. We
seek a solution for which u(z,y) = (u(z,y),0) and p is only a function of
x, with p; = p(0),p2 = p(L), and p; > po, so the fluid is “pushed” in the
positive = direction. The incompressible Navier—Stokes equations are

Ozu =0 (incompressibility)

and

0=—ud,u—0,p+ % [(“)iu + aiu]

12Gee, for example, S. Chapman and T. G. Cowling, The Mathematical Theory of
Non-uniform Gases, Cambridge University Press, 1958.
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with boundary conditions u(z,0) = u(z,1) = 0. Because d,u = 0, u is only
a function of y and thus, writing u(x,y) = u(y), we obtain

yO= b fixed wall

0
t

flow direction :
—_— :

|

|

pressure = p,|
yO=0 T
E X fixed wall

xO=0 xO=L

pressure =p,

F1GURE 1.3.3. Flow between two parallel plates; the fluid is pushed from left to
right and correspondingly, p1 > p2.

Because each side depends on different variables,
/ 1 "
p = constant, Eu = constant.

Integration gives

Ap
p(fﬂ) =P1— Txa Ap = p1 — p2,

and A
_ _ 2p
u(y) = y(1 y)RzL-

Notice that the velocity profile is a parabola (Figure 1.3.4).
The presence of viscosity allows the pressure forces to be balanced by
the term £u”(y) and allows the fluid to achieve a stationary state. We saw

that this was not possible for ideal flow. ¢

Next we consider the vorticity equation for (homogeneous) viscous in-
compressible flow. In the two-dimensional case we proved in §1.2 (see
equation (1.2.12)) that for isentropic ideal plane flow, D{/Dt = 0. The
derivation is readily modified to cover viscous incompressible flow; the re-

sult is
De 1
— = =A¢. 1.3.11
o = g6 ( )
This shows that the vorticity is diffused by viscosity as well as being tran-
ported by the flow. Introduce the stream function ¥ (z,y,t) by means of
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u(y)

FIGURE 1.3.4. Viscous flow between two plates.

(1.2.15)5 and (1.2.15)3 as before. We saw that we could impose the bound-
ary condition ) = 0 on dD. Now, however, the no-slip condition u = 0 on
0D implies that

0 =0=20,¢ ondD

by (1.2.15)3. Because ¥ = 0 on 9D implies that the tangential derivative
of ¥ on D vanishes, we get the extra boundary condition

0

% =0 ondD

on
This extra condition should be somewhat mystifying; certainly we cannot
impose it when we solve Ay = —£,79p = 0 on 0D, because this problem
already has a solution. Thus, it is not clear how to get the system

D¢ 1
= = A%
Dt R
AYp=-¢  ¢=0 ondD, (1.3.12)

u = ayd)v v=—0,9
to work. We shall study this problem in §2.2.

For three-dimensional viscous incompressible flow, the vorticity equation
is
D¢ 1
_(£. = —AE. 1.3.13
o= (€ Vyu=£AE (13.13)

Thus, vorticity is convected, stretched, and diffused. (The left-hand side of
(1.3.13) is called the Lie derivative. It is this combination, rather than
each term separately, that makes coordinate independent sense.) Here the
problems with getting a system like (1.3.12) are even worse; even in the
isentropic case we had trouble with (1.2.16) because of boundary condi-
tions.

For viscous flow, circulation is no longer a constant of the motion. One
might suspect from (1.3.13) that if £ = 0 at t = 0, then & = 0 for all time.
However, this is not true: viscous flow allows for the generation of vorticity.
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This is possible because of the difference in boundary conditions between
ideal and viscous flows. The mechanism of vorticity generation is related
to the difficulties with the boundary conditions in equations (1.3.12) and
will be discussed in §2.2.

For many of our discussions we have made the assumption of incompress-
ibility. We now give a heuristic analysis of when such an assumption will be
reasonable and when, instead, the compressible equations should be used.
We shall do this in the context of isentropic stationary flows for simplicity.
Assume that we have an equation of state

Define

c=\P(p)

For reasons that will become clear later, ¢ is called the sound speed of
the fluid. Thus, we have
c*dp = dp. (1.3.14)

Let u = |ju|| be the flow speed. One calls M = u/c the (local) Mach
number of the flow; it is a function of position in the flow. From Bernoulli’s
theorem proved in §1.1,

’U,2

d
— + / P _ constant on streamlines. (1.3.15)
2 p(p)
Also, differentiating the continuity equation in the form (1.2.10) along
streamlines gives

0=Jdp+ pdJ, (1.3.16)

where J is the Jacobian of the flow map. Combining (1.3.14), (1.3.15), and
(1.3.16) we get

dJ du

— =-M—.

J c
The flow will be approximately incompressible if J changes only by a small
amount along streamlines. Thus, a steady flow can be viewed as incom-
pressible if the flow speed is much less than the sound speed,

u<Le, e, M<<I,

or if changes in the speed along streamlines are very small compared to the
sound speed.

For example, for equations of state of the kind associated with ideal
gases,

p=Ap’, v > 1,
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we have
P
P

C =
so the flow will be approximately incompressible if v is very large.

For nonsteady flow one also needs to know that

l
-
o

where [ is a characteristic length and 7 is a characteristic time over which
the flow picture changes appreciably.!® The presence of viscosity does not
alter these conclusions significantly.

Exercises

Exercise 1.3-1 Find a stationary viscous incompressible flow in a circular
pipe with radius a > 0 and with pressure gradient Vp.

Exercise 1.3-2 Show that the incompressible Navier—Stokes equations
in cylindrical coordinates are

. D, vg Uy 2 Ovg
(1)p<ﬁ_7> pfr — —+N(Avr—r—2—r—28—9>~

(i) p <D”"+%)pfg%+ <Av9+faﬂ%).

Dt r 200 r?
= z a_ A z
(i) p Dt =pf: — +u v
10 0 1 02 0?
h A=-—|r— = 4=
where r or (rar) + r2 062 + 022
and 2*Q+v2+vaa+ 0
Dt ot Tor rd0 Tz

Exercise 1.3-3 Flow in an infinite pipe.

(i) Poiseuille flow. Work in cylindrical coordinates with a pipe of ra-
dius a aligned along the z-axis. The no-slip boundary condition is

13 Theoretical work on the limit ¢ — oo is given by D. Ebin, Ann. Math. 141 [1977],
105, and S. Klainerman and A. Majda, Comm. Pure Appl. Math., 35 [1982], 629. Algo-
rithms for solving the equations for incompressible flow by exploiting the regularity of
the limit ¢ — oo can be found in A. J. Chorin, J. Comp. Phys.12 [1967], 1
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v = 0 when r = a. Assume the solution takes the form p = Cz, C
constant, v, = v,(r), and v, = vy = 0. Using Exercise 1.3-2, obtain

10 ov,
C:/'LA,UZ:/*L(;E <T8r>>'

Integration yields
C
v, = ——r1r% + Alogr + B,
Ap

where A, B are constants. Because we require that the solution be
bounded, A must be 0, because logr — —oo as r — 0. Use the
no-slip condition to determine B and obtain

¢ o

v, = @(a —r?).

(ii) Show that the mass flow rate QQ = fs pv, dA through the pipe is
Q = prCa®*/8u. This is the so-called fourth-power law.

(iii) Determine the pressure on the walls.

o Exercise 1.3-4 Compute the solution to the problem of stationary vis-
cous flow between two concentric cylinders and determine the pressure on
the walls. (Hint: Proceed as above, but retain the log term.)
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2

Potential Flow
and Slightly Viscous Flow

The goal of this chapter is to present a deeper study of the relationship
between viscous and nonviscous flows. We begin with a more detailed study
of inviscid irrotational flows, that is, potential flows. Then we go on to
study boundary layers, where the main difference between slightly viscous
and inviscid flows originates.

This is further developed in the third section using probabilistic methods.
For most of this chapter we will study incompressible flows. A detailed
study of some special compressible flows is the subject of Chapter 3.

2.1 Potential Flow

Throughout this section, all flows are understood to be ideal (i.e., invis-
cid); in other words, either incompressible and nonviscous or isentropic
and nonviscous. Although we allow both, our main emphasis will be on the
incompressible case.

A flow with zero vorticity is called irrotational. For ideal flow, this
holds for all time if it holds at one time by the results of §1.2. An inviscid,
irrotational flow is called a potential flow. A domain D is called simply
connected if any continuous closed curve in D can be continuously shrunk
to a point without leaving D. For example, in space, the exterior of a solid
sphere is simply connected, whereas in the plane the exterior of a solid disc
is not simply connected.
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For irrotational flow in a simply connected region D, there is a scalar
function ¢(z,t) on D called the velocity potential such that for each ¢,
u = grad . In particular, it follows that the circulation around any closed
curve C' in D is zero. Using the identity

(u-Vju= 1V(||u||2) —ux (V xu), (2.1.1)

-2
we can write the equations for isentropic potential flow in the form
du+ 5V ([ul*) = —gradw,
where w is the enthalpy, as in §1.1. Substituting u = grad ¢, we obtain
grad (8 + 3|ul® + w) =0,

and thus
drp + 3|lul|* + w = constant in space. (2.1.2)

In particular, if the flow is stationary,
Llul®* + w = constant in space.

For the last equation to hold, simple connectivity of D is unnecessary. The
version of Bernoulli’s theorem given in §1.1 concluded that %|lul/? + w
was constant on streamlines. The stronger conclusion here results from the
additional irrotational hypothesis, & = 0. For homogeneous incompressible
ideal flow, note that w = p/pg from the definition of w.

For potential flow in nonsimply connected domains, it can occur that the
circulation I'c around a closed curve C' is nonzero. For instance, consider

—y T
u=\—-—->,—55 "5
x2+y2 $2+y2

outside the origin. If the contour C' can be deformed within D to another
contour C’; then I'c = 'cr; see Figure 2.1.1.

The reason is that basically C'UC” forms the boundary of a surface ¥ in
D. Stokes’ theorem then gives

/£~dA:/u~dsf/ u-ds=Ic—-T¢
) c ’

and because € = 0 in D, we get I'c = I'cv. (A more careful argument
proving the invariance of I'c under deformation is given in books on com-
plex variables.) Notice that from §1.2, the circulation around a curve is
constant in time. Thus, the circulation around an obstacle in the plane is
well-defined and is constant in time.

Next, consider incompressible potential flow in a simply connected do-
main D. From u = grad ¢ and divu = 0, we have

Ap = 0.
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FIGURE 2.1.1. The circulations about C' and C’ are equal if the flow is potential
in 3.

Let the velocity of 0D be specified as V, so
u-n=V-n

Thus, ¢ solves the Neumann problem:

_ Op _
Ap =0, I V.n. (2.1.3)

If ¢ is a solution, then u = grad ¢ is a solution of the stationary homoge-
neous Euler equations, i.e.,
p(u-V)u= —gradp,
divu =0, (2.1.4)
u'n=V-n ondD,
where p = —pl|lul|?/2. This follows from the identity (2.1.1). Therefore,
solutions of (2.1.3) are in one-to-one correspondence with irrotational so-

lutions of (2.1.4) (with ¢ determined only up to an additive constant) on
simply connected regions. This observation leads to the following.

Theorem Let D be a simply connected, bounded region with prescribed
velocity V on 0D. Then

i there is exactly one potential homogeneous incompressible flow (sat-
isfying (2.1.4)) in D if and only if [,, V -ndA=0;

ii  this flow is the minimizer of the kinetic energy function
1 2
Ekinctic =35 P Hll” d‘/a
2/p

amonyg all divergence-free vector fields u’' on D satisfyingu’-n = V-n.
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Proof

i The Neumann problem (2.1.3) has a solution if and only if the obvious
necessary condition |, ap V -ndA = 0 holds, as was mentioned earlier.
We can demonstrate the uniqueness of u directly as follows: Let u
and u’ be two solutions, and let v = u —u’;¢yp = ¢ — ¢'. Then
Ay =0,0¢/0n =0, and v = grad ¢). Hence,

/div(wv)dV:/v-gradzﬂdV—&—/wdivvdV:/v-vdV.
D D D D

On the other hand,

/ div(yv)dV = Yv-ndA=0.
D aD

Thus, [, |[v[[?dV =0 and v = 0, that is, u = u’.

ii Let u solve (2.1.4) and let u’ be divergence free and ' =n =V - n.
Let v =u—u’; then divv =0 and v-n = 0 on dD. Therefore,

Prinic = Fhinose = 3 | pllalP = ) av
_ 1 /112 /
——5/ pllu—| dV+/ plu—u')-udV
D D
g/pv~grad<pdV:0.
D

The last equality follows by the orthogonality relation proved in §1.3.
Thus,

1
Ekinetic S Ekinetic

as claimed. |

Notice, in particular, that the only incompressible potential flow in a
bounded region with fixed boundary is the trivial low u = 0. For un-
bounded regions this is not true without a careful specification of what
can happen at infinity; the above uniqueness proof is valid only if the inte-
gration by parts (i.e., use of the divergence theorem) can be justified. For
example, in polar coordinates in the plane,

o(r,0) = (r + 1) cos 6
r

solves (2.1.3) with d¢/On = 0 on the unit circle and on the z-axis. It
represents a nontrivial irrotational potential flow on the simply connected
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streamlines

~

K\\\\\\\\b
i

FIGURE 2.1.2. Potential flow in the upper half-plane outside the unit circle.

region D shown in Figure 2.1.2. This flow may be arrived at by the methods
of complex variables to which we will now turn.

Incompressible potential flow is very special, but is a key building block
for understanding complicated flows. For plane flows the methods of com-
plex variables are useful tools.

Let D be a region in the plane and suppose u = (u,v) is incompressible,
that is,

ou Ov

— 4+ —=0 2.1.5

ox + oy ( )
and is irrotational, that is,

ou Ov

— — — =0. 2.1.6

dy Oz ( )
Let

F =u—iv, (2.1.7)

which is called the complex velocity. Equations (2.1.5) and (2.1.6) are ex-
actly the Cauchy-Riemann equations for F', and so F'is an analytic function
on D. Conversely, given any analytic function F, u = Re F and v = —Im F’
define an incompressible (stationary) potential flow.

If F has a primitive, ' = dW/dz, then we call W the complex poten-
tial. (If one allows multivalued functions, W will always exist, but such
a convention could cause confusion.) Write W = ¢ + i1). Then (2.1.7) is
equivalent to

u=0,p =0y and v=0yp=—0,

that is, u = grad ¢ and v is the stream function. In what follows, however,
we do not and must not assume a (single-valued) W exists.
Consider a flow in the exterior of an obstacle B (Figure 2.1.3).
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/¥D
n J
FIGURE 2.1.3. Flow around an obstacle.

The force on the body equals the force exerted on 0B by the pressure,
that is,

F= 7/ pnds, (2.1.8)
oB

which means that for any fixed vector a,

f-a:—/ pn - ads.
oB

Formula (2.1.8) was already discussed at length in §1.1. We next prove a
theorem that gives a convenient expression for F.

Blasius’ Theorem For incompressible potential flow exterior to a body
B (with rigid boundary) and complex velocity F, the force F on the body is

given by
—ip
F=— [/ F? dz] (2.1.9)
2 oB

where the overbar denotes complex conjugation and where the vector F
is identified with a complex number in the standard way; i.e., (z,y) is
identified with z = x + 1y.

Proof If dz = dx + idy represents an infinitesimal displacement along
the boundary curve C = 9B, then (1/i)dz = dy — i dx represents a normal
displacement. Thus, by (2.1.8)

Tz—/pdy—i—i/pdmzi/p(daz—&-idy).
c c c
As we observed in (2.1.4),

—p(u® +v?)

. and therefore F = —2 / (u® +v?) dz.
2 2 /o

p:
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On the other hand, F? = (u — iv)? = u? — v? — 2iuv, and because u is

parallel to the boundary, we get udy = vdx. Thus,
F2dz = (u? — v? — 2iuwv)(dz + i dy) = (u® +v?)(dz — i dy),
and because u? + v? is real, F2dz = (u? + v?) dz. [ ]

This formula will be used to prove the following (Figure 2.1.4):

F U

/
/

FI1GURE 2.1.4. The Kutta—Joukowski theorem gives the force exerted on B.

Kutta—Joukowski Theorem Consider incompressible potential flow ex-
terior to a region B. Let the welocity field approach the constant value
(U, V) =TU at infinity. Then the force exerted on B is given by

F = —pl'c||U|n, (2.1.10)

where T'¢ is the circulation around B and n is a unit vector orthogonal
to U.

Proof By assumption, the complex velocity F' is an analytic function
outside the body B. It may therefore, be expanded in a Laurent series.
Because F' tends to a constant U at infinity, no positive powers of z can
occur in the expansion. In other words, F' has the form

a a a
F=ao+—+—5+—+
z z z

valid outside any disc centered at the origin and containing B. Because U
is the velocity at infinity, ag = U — ¢V. By Cauchy’s theorem,

/ Fdz =2maqi,
c

where C' = 9B. (The integral is unchanged if we change C to a circle of
large radius.) However,

/Fdz:/(u—iv)(dx+idy):/udaz—l—vdy:/u-dSZFC
c c c c
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because u dy = vdx, i.e., u is parallel to 9B. Therefore,

T'c

a; = .
2m

Squaring F' gives the Laurent expansion

2a0a 2apas + a?
2 2 0a1 0a2 1
Fr=ao z + 22

By Blasius’ theorem and Cauchy’s theorem,

F = —%/ F2dz = —% - (271 - 2apa1) = p'e(V —iU)
c

which proves the theorem. |

Notice that the force exerted on the body B by the flow is normal to the
direction of flow and is proportional to the circulation around the body. In
any case, the body experiences no drag (i.e., no force opposing the flow)
in contradiction with our intuition and with experiment. The difficulty,
of course, stems from the fact that we have neglected viscosity. (We shall
remedy this in the succeeding two sections.) Even worse, if 'c = 0, there is
no net force on the body at all, a fact hard to reconcile with our intuition
even for ideal flow. This result is called d’Alembert’s paradozx.

Example 1 For a complex number o« = U — iV, let W(z) = «z. Thus,
F(z) = a, so the velocity field is u = (U, V). This is two-dimensional flow
moving with constant velocity in the direction (U, V). ¢

Example 2 Let B be the disc of radius a > 0 centered at the origin in
the complex plane, and let

W(z)=U (z + a;) (2.1.11)

for a positive constant U. The complex velocity is
a2
Fz)=W'(2)=U (1 - —2) , (2.1.12)
z

which approaches U at oo. The velocity potential ¢ and the stream function
1 are determined by W = ¢ + i1y . To verify that the flow is tangent to
the circle |z| = a, we need only to show that ¢ = constant when |z| = a.
In fact, for |2|? = 2z = a?, we have from (2.1.1),

W(z) = Ulz + 2),

so W is real on |z| = a, that is, ¢» = 0 on |z| = a. The flow is shown in
Figure 2.1.5.
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1 = constant } = constant

velocity = u

=

)
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\

FIGURE 2.1.5. Potential flow around a disc.

From (2.1.12) with z = ae®, that is, z on 9B, we find

2
a ..
F(z)=U (1 - —a262i9> = U(1 — cos 20 + isin 20).
Thus, the velocity is zero at A and C’; that is, A and C' are stagnation points.
The velocity reaches a maximum at B and D. By Bernoulli’s theorem, we
can write

p= —g||u||2 + constant;

thus, the pressure at A and C' is maximum and is a minimum at B and D.
The disc has zero circulation because F = W’ and W is single-valued.
If W is any analytic function defined in the whole plane, then

W(z) = W() +@, 2| > a

is a potential describing a flow exterior to the disc of radius a > 0, but
possibly with a more complicated behavior at infinity. This is proved along
the same lines as in the argument just presented. ¢

Example 3 In §1.2 we proved that choosing 1 to be an arbitrary in-
creasing function of r alone yields a flow that is incompressible and has
vorticity £ = —At. If we can arrange for 1 to be the imaginary part of an
analytic function, then the flow will be irrotational as well. The function

r
Wi(z) = %logz (2.1.13)
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has this property, because log z = log |z| 4+ i arg z. Of course, W(z) is not
single-valued, but the complex velocity

Flz) = & (2.1.14)

2miz

is analytic and single-valued outside z = 0. The circulation is indeed T'.
Note that the velocity field is zero at infinity. For incompressible potential
flow about a disc of radius a centered at zp, we need only choose

r
W(z) = 9 log(z — zp).

The boundary conditions are satisfied because 1 is constant on any circle
centered at zp (see Figure 2.1.6). The incompressible potential flow with

r
W(z) = 9 log(z — 2p)

will be called a potential vortex at z. ¢

¢ = constant

1 = constant

\

FIGURE 2.1.6. Potential vortex flow centered at zo.

Example 4 We combine Examples 2 and 3 by forming

a? r
W()=U(z+— |+ -—logz, (2.1.15)
z 271

where |z| > a. Because 1 is constant on the boundary for each flow sep-
arately, it is also true for W given by (2.1.15). Thus, we get an incom-
pressible potential flow on the exterior of the disc |z| < a with circulation
I’ around the disc. The velocity field is (U,0) at infinity (therefore, the
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Kutta—Joukowski theorem applies). On the surface of the disc the velocity
u = grad ¢ is tangent to the disc and is given in magnitude by

10
velocity = - 8_890

Here ¢ = Re W, so that
2 Tre
o(r,0) =U cosb (r—i— a_) + —,
r 2w
and thus
dp

1
velocity = — 20
a

If |T'| < 4wa U, there are two stagnation points A and C' defined by

T
= -2Usinf + —.
2ra

r=a

T
4ralU

sinf =

on the boundary, where the pressure is highest. See Figure 2.1.7.

FIGURE 2.1.7. Flow around a disc with circulation.

This example helps to explain the Kutta—Joukowski theorem; note that
the vertical lift may be attributed to the higher pressure at A and C. The
symmetry in the y-axis means that there is no drag. ¢

D’Alembert’s Paradox in Three Dimensions In the case of steady
incompressible potential flow around an obstacle in three dimensions with
constant velocity U at infinity, not only can there be no drag, there can be
no lift either.
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The difference with the two-dimensional case is explained by the fact
that the exterior of a body in three-space is simply connected, whereas this
is not true in two dimensions. We will not present the detailed proof of
d’Alembert’s paradox here, but we can give the idea.

Recall that the solution of Ay = —p in space is

_ 1 [ ply)
SO(X) - 47T/||X—y|| dV(Y)v

that is, ¢ is the potential due to a charge distribution p. Notice that if p is
concentrated in a finite region, then

o(x) = O (1) 7

constant

where r = ||x||, that is,

o)) < 22

for large r. In fact, as we know physically, ¢(x) =~ Q/4nr for r large, where
Q = [p(y)dV(y) is the total charge. If Q@ = 0, then p(x) = O(1/r?)
because the first term in the expansion in powers of 1/r is now missing,.

For an incompressible potential flow there will be a potential ¢, that is,
u = grad ¢ (because the exterior of the body is simply connected). The
potential satisfies

Ap =0, Vp=1U at oo,
and
d¢

o= 0 on the boundary of the obstacle.

The solution here can then be shown to satisfy
o

ap(x):U-x—FO(l)

as in the potential case above. However, there is an integral condition anal-
ogous to @ = 0, namely, the net outflow at oo should be zero. This means

gp(x):U~X+O<ri2>.

Hence,
u=U+0(r?). (2.1.16)

Because p = —pv?/2, we also have p = pg + O(r=3). (To see that this is
true, write |[ul|? = U? + (u — U) - (u + U)). The force on the body B is

F = —/ pndA.
oB
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Let ¥ be a surface containing B. Because u-n = 0 on 95 and the flow
is steady, equation (BM3) from §1.1 applied to the region between B and
3’ shows that

f:f/z(p(u'n)qupn)dA.

We are free to choose ¥ to be a sphere of large radius R enclosing the
obstacle. Then

Fe —/(p0n+p(U ‘n)U) dA + (areas) - O(R~5)
)
=0+0O(R 1) —0 as R — oo.

Hence, 7 = 0.
One may verify d’Alembert’s paradox directly for flow past a sphere of
radius a > 0. In this case

3

wz—;?U-n—i—x-U,
where n = ﬁ, and
a3
u:f2—742[3n(U~n)fU]JrU7

where U is the velocity at infinity. We leave the detailed verification to the
reader.! ¢

Next we will discuss a possible mechanism, ultimately to be justified by
the presence of viscosity, by which one can avoid d’Alembert’s paradox. An
effort to resolve the paradox is of course prompted by the fact that real
bodies in fluids do experience drag.

By an almost potential flow, we mean a flow in which vorticity is
concentrated in some thin layers of fluid; the flow is potential outside these
thin layers, but there is a mechanism for producing vorticity near bound-
aries. For example, one can postulate that the flow past the obstacle shown
in Figure 2.1.8 produces an almost potential flow with vorticity produced
at the boundary and concentrated on two streamlines emanating from the
body.

We image different potential flows in the two regions separated by these
streamlines with the velocity field discontinuous across them. For such a
model, the Kutta—Joukowski theorem does not apply and the drag may be
different from zero. There are a number of situations in engineering where
real flows can be usefully idealized as “nearly potential.” These situations
arise in particular when one considers “streamlined” bodies, that is, bodies

1See L. Landau and E. Lifschitz [1959] Fluid Mechanics, Pergamon, p. 34 for more
information.
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_/_\ potential flow

— N

potential
\ C_ﬂﬁv/

FIGURE 2.1.8. Almost potential flow has vorticity concentrated on two curves.

so shaped as to reduce their drag. The discussion of such bodies, their
design, and the validity of potential approximation to the flow around them
are outside the scope of this book.

Next we shall examine a model of incompressible inviscid flow inspired
by the idea of an almost potential flow and Example 3.

We imagine the vorticity in a fluid is concentrated in N wvortices (i.e.,
points at which the vorticity field is singular), located at x1, X2, ...,xx in
the plane (Figure 2.1.9). The stream function of the jth vortex, ignoring
the other vortices for a moment, is by Example 3,

I‘,
() = — L log [x — x| (2.1.17)

FIGURE 2.1.9. The flow generated by point vortices in the plane.

As the fluid moves according to Euler’s equations, the circulations I'; as-
sociated with each vortex will remain constant. The vorticity field produced
by the jth vortex can be written as

§ = —Ay; =Tj0(x —x5),

where 0 is the Dirac § function. This equation arises from the fact, which
we just accept, that the Green’s function for the Laplacian in the plane
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is
1
G = —1 —x
(x,x') = 5 log x x|,

that is, G satisfies
AxG(x,x") = §(x — X').

The solution of Ay = —¢ is then given by the superposition
v = [ €x)Gx— x) ax
which in our case reduces to ¥ (x) = ZNZI ¥;(x), where

(%) = —5_Tjlog [ = ]

The velocity field induced by the jth vortex (again ignoring the other
vortices) is given by

T, (y—y;\ T (2—x;
u; = (Oy¢y, —0:¢5) = (ﬁ <yr—2yj) ﬁ <“Tr—2x”>> . (2.1.18)

where r = ||x — x;||. Let the vortices all move according to the velocity
field

N
U(X, t) - Z u; (Xa t)7

where u; is given by (2.1.18) except we now allow, as we must, the centers
of the vortices x;,j = 1,...,N to move. Each one ought to move as if
convected by the net velocity field of the other vortices. Therefore, by
(2.1.18), x; moves according to the equations

drs 1 Ts(s — v dus 1 Tilzs — 2s
% _ - z(yJQ Yi) and % _ 2_2 2(1'32 151)7 (2.1.19)
T 5 T 7
where 7;; = [|x; — x;]|.
Let us summarize the construction of the flows we are considering: choose
constants 'y, ...,y and initial points x; = (x1,¥1),...,Xn = (TN, YN)

in the plane. Let these points move according to the equations (2.1.19).
Define u; by (2.1.18) and let

N
u(x,t) = — Z w;(x, t).

This construction produces formal solutions of Euler’s equation (“formal”
because the meaning of J-function solutions of nonlinear equations is not
obvious). These solutions have the property that the circulation theorem
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is satisfied. If C' is a contour containing [ vortices at x1,Xs,...,X;, then
I'e=-— 2521 I'; and I'¢ is invariant under the flow. However, the relation-
ship between these solutions and bona fide solutions of Euler’s equations is
not readily apparent. Such a relationship can, however, be established rig-
orously and such vortex systems do contain significant information about
the solutions of Euler’s equations under a wide variety of conditions.?

An important property of the equations is that they form a Hamilto-
nian system. Define

1
H= _Ezmj log [|x; — x;]- (2.1.20)
i#]
First of all, it is easy to check that (2.1.19) is equivalent to

& T oy d T owy
where j =1,..., N (there is no sum on j). Introduce the new variables
ZE; = |F7,|x17 y; = ‘Fi|8gn(ri)yia 1= la"'aNa

where sgn(I';) is 1if I'; > 0, and is —1 otherwise. Then (2.1.19) is equivalent
to the following system of Hamiltonian equations

Wi _oH dy_ om

at  dyl’ dt ozl

N, (2.1.22)

with Hamiltonian H and generalized coordinates (x},y;). As in elementary
mechanics,
dH
dt 4= 0z} dt

=1 1=

that is, H is a constant of the motion. A consequence of this fact is that if
the vortices all have the same sign they cannot collide. If ||x; —x,|| # 0,7 # j
at ¢ = 0, then this remains so for all time because if ||x; — x;|| — 0, H
becomes infinite.

This Hamiltonian system is of importance in understanding how vorticity
evolves and organizes itself.?

2See C. Anderson and C. Greengard, On Vortex Methods, SIAM J. Sci. Statist. Com-
put. 22 [1985], 413.

3The Euler equations themselves form a Hamiltonian system (this is explained, along
with references, in R. Abraham and J. E. Marsden, Foundations of Mechanics, 2nd
Edition [1978]), and the Hamiltonian nature of the vortex approximation is consistent
with this. See also J. E. Marsden and A. Weinstein, Coadjoint orbits, vortices and
Clebsch variables for incompressible fluids, Physica 7D [1983], 305-323.
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Let us now generalize the situation and imagine our N vortices moving in
a domain D with boundary 0D. We can go through the same construction
as before, but we have to modify the flow u; of the jth vortex in such a
way that u-n = 0, that is, the boundary conditions appropriate to the
Euler equations hold. We can arrange this by adding a potential flow v; to
u; such that u;-n = —v;-n on dD. In other words, we choose the stream
function v; for the jth vortex to solve

Ay =—¢; =-T,;0(x—x;) with % =0on dD.
This is equivalent to requiring ¢;(x) = —I';G(x,x;) where G is the Green’s
function for the Neumann problem for the region D. This procedure will
appropriately modify the function (1/27) log || x—x,|| and allow the analysis
to go through as before.

For example, suppose D is the upper half-plane y > 0. Then we get G
by the reflection principle:

1 .
G(x,x;) = 5 (log|x — x| +log [|x — %)) ,

where X; = (x;,—y;) is the reflection of x; across the z-axis (see Fig-
ure 2.1.10). For the Neumann-Green’s functions for other regions the reader
may consult textbooks on partial differential equations.

y
o (0
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- ’
-1 /
-~ ’
- - /7
Y - . ’
;.yic) motion ,/
of the 7
r vortex |’ bOy >0
/
/7
/7
/
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/7
- //
(o =yio)

FIGURE 2.1.10. The stream function at (z,y) is the superposition of those due to
vortices with opposite circulations located at (z;,y;) and (zi, —y;).
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Consider again Euler’s equations in the form

D¢
sz_ga U:aqﬂ/), v=— aﬂﬁ’ E:O
One can write
v=- [€x)Gxx) ax.
where G(x,x’) = irlog|x — x|, and set u = 9,1, v = —0,¢. The re-

sulting equations resemble the equations just derived for a system of point
vortices. The integral for v here resembles the formula for ¢ in the point
vortex system somewhat as an integral resembles one of its Riemann sum
approximations. This suggests that an ideal incompressible flow can be ap-
proximated by the motion of a system of point vortices. There are in fact
theorems along these lines.* Vortex systems provide both a useful heuris-
tic tool in the analysis of the general properties of the solutions of Euler’s
equations, and a useful starting point for the construction of practical al-
gorithms for solving these equations in specific situations.

One can ask if there is a similar construction in three dimensions. First of
all, one can seek an analogue of the superposition of stream functions from
point potential vortices. Given u satisfying div u = 0, there is a vector field
A such that div A = 0 and such that u = curl A, and therefore AA = —§.
In three dimensions, Green’s function for the Laplacian is given by

1 1
G N ‘.
X = e X7

Then we can represent A in terms of & by

1 (&)

A=—— dv (x’

el B (x),

where s = ||x — xX/||, and where dV(x’) is the usual volume element in

space. It is easy to check that A defined by the above integral satisfies the
normalization condition div A = 0. Thus, because u = curl A, we obtain

uGe) = - [ E avee),

S

where s = x — x and & = £(x’). Suppose that we have a vortex line C
in space with circulation I' (see Figure 2.1.11) and we assume that the

4The discrete vortex method is discussed in L. Onsager, Nuovo Cimento 6 (Suppl.)
[1949], 229; A. J. Chorin, J. Fluid Mech. 57 [1973], 781; and A. J. Chorin, STAM J. Sci.
Statist. Comput. 1 [1980], 1. Convergence of solutions of the discrete vortex equations
to solutions of Euler’s equations as N — oo is discussed in O. H. Hald, STAM J. Nu-
mer. Anal. 16 [1979], 726; T. Beale and A. Majda, Math. Comp. 39 [1982], 1-28, 29-52;
and K. Gustafson and J. Sethian, Vorter Flows, STAM Publications, 1991.
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vorticity field £ is concentrated on C only, that is, the flow is potential
outside the filament C. Then u(x) can be written as

1 sxI'ds
u(x) = el S

where ds is the line element on C.

Fi1GURE 2.1.11. The flow induced by a vortex filament.

Exercises

Exercise 2.1-1 If f: D — D’ is a conformal transformation (an analytic
function that is one to one and onto), it can be used to transform one
complex potential to another. Use f(z) = z+a?/z (which takes the exterior
of the disc of radius a in the upper half-plane to the upper half-plane) and
the complex potential in the upper half-plane to generate formula (2.1.11).

Exercise 2.1-2 Let F(z) = 22 be a complex potential in the first quad-
rant. Sketch some streamlines and the curves ¢ = constant, 1) = constant,
where ' = ¢ 4 i1 . What is the force exerted on the walls?

Exercise 2.1-3 Use conformal maps to find a formula for potential flow
over the plate in Figure 2.1.12. What is the force exerted on this plate?

Exercise 2.1-4 Let a spherical object move through a fluid in R3. For
slow velocities, assume Stokes’ equations apply. Take the point of view
that the object is stationary and the fluid streams by. The setup for the
boundary value problem is as follows: given U = (U, 0,0),U constant, find
u and p such that Stokes’ equation holds in the region exterior to a sphere
of radius R, u = 0 on the boundary of the sphere and u = U at infinity. The
solution to this problem (in spherical coordinates centered in the object)
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(D)

x
FiGUrE 2.1.12. Flow over a vertical plate.
is called Stokes’ Flow:
_ _%RU—l—nﬁU-n) B iR3U—3113(U-n) LU,
P =po— SV%R, (2.1.23)

where pg is constant and n =r/r .
(a) Verify this solution.
(b) Show that the drag is 67 RvU and there is no lift.
(¢) Show there is net outflow at infinity (an infinite wake).

o Exercise 2.1-5 Because of the difficulties in Exercise 2.1-4, Oseen in
1910 suggested that Stokes’ equations be replaced by

—vAu+ (U -V)u= 1 grad p,
P

with divu = 0, where u represents the true velocity minus U. This amounts
to linearizing the Navier—Stokes equations about U, whereas Stokes’ equa-
tions may be viewed as a linearization about 0. One would thus conjecture
that Oseen’s equations are good where the flow is close to the free stream
velocity U (away from the sphere) and that Stokes’ equations are good
where the velocity is O (near the sphere). The solution of Oseen’s equa-
tions in the region exterior to a sphere in R? can be found in Lamb’s book.
Show that drag on the sphere for the Oseen solution is F' = 6rRUv(1+2R),
where R = UR/v is the Reynolds number. Thus, there is a difference of
the order R in the Stokes and Oseen drag forces.

Notes on Exercise 2.1-4 and Exercise 2.1-5: If D is bounded with
smooth boundary, then there exists at most one solution to Stokes’ equa-
tions. See Ladyzhenskaya’s book listed in the Preface. In the exterior of a
bounded region in R3 there exists a unique solution to Stokes’ equations.
The situation in R? is different; in fact, we have the following strange sit-
uation:
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Stokes’ Paradox There is no solution to Stokes’ equations in R? in the
region exterior to a disc (with reasonable boundary conditions).?

Stokes’ paradox does not apply to the Oseen or Navier—Stokes equations
in R? or R3. However, Filon in 1927 pointed out that for other reasons
Oseen’s equations also lead to unacceptable results. The example he gives
is a skewed ellipse in a free stream. Computation of the moment exerted on
the ellipse reveals that it is infinite! This is not so surprising in view of the
fact that Oseen’s equations represent linearization about the free stream.
One cannot expect them to give good results around the obstacle because
the equations contain errors there of order U?2.

2.2 Boundary Layers

Consider the Navier—Stokes equations

1
Ou+ (u-v7)u=—gradp+ I A u,
divu =0, (2.2.1)
u=0 ondD,

and assume the Reynolds number R is large. We ask how different a flow
governed by (2.2.1) is from one governed by the Euler equations for incom-
pressible ideal flow:

dru+ (u-7)u= —gradp,
divu = 0, (2.2.2)
u-n=0 ondD.

Imagine that both flows coincide at ¢ = 0 and, say, are irrotational, that
is, & = 0. Thus, under (2.2.2) the flow stays irrotational, and thus is a
potential flow. However, we claim that the presence of the (small) viscosity
term (1/R) A u and the difference in the boundary conditions have the
following effects:

1. The flow governed by (2.2.2) is drastically modified near the wall in
a region with thickness proportional to 1/ VR.

2. The region in which the flow is modified may separate from the
boundary.

3. This separation will act as a source of vorticity.

5See Birkhoff’s book, and J. Heywood, Arch. Rational Mech. Anal. 37 [1970], 48-60,
and Acta Math. 129 [1972], 11-34.
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Whereas the region referred to in 1 gets arbitrarily small as R increases,
its effects via 2 and 3 may persist and not diminish in the limit R — co. A
model for the first effect is given in the following:

Example 1 Consider the equation
dy
L —q, 1
=% v

where a is a constant and z ranges between x = 0 and = 1. The solution
of (2.2.3) is clearly

1, (2.2.3)

y=alr—1)+1.

Now add a “viscosity” term and a boundary condition to (2.2.3) as fol-
lows:
A’y | dy
‘2 T dr
As with the Navier—Stokes and Euler equations, (2.2.4) differs from
(2.2.3) by the addition of a small constant times a higher-order term, as well
as by the necessary addition of an extra boundary condition. The solution
of (2.2.4) is verified to be

1—a
_ _—x/e
Y= 11/ (1 e )+ax.

a, withy(0)=0, y(1)=1. (2.2.4)

For 0 < a < 1, y is graphed in Figure 2.2.1.

y

y=1f
solution with € =0

/

y=1-a

S

solution with ¢ >0

— € e x =1

FIGURE 2.2.1. Comparing solutions of (2.2.3) and (2.2.4).

For e small and =z > €, the two solutions are close together. The region
where they are drastically different is confined to the interval [0, €], which
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we can refer to as the boundary layer. Note that as ¢ — 0, the boundary
layer shrinks to zero, but the maximum difference between the solutions
remains constant. ¢

Next we consider a special case in which (2.2.1) and (2.2.2) can be solved
and the boundary layer can be seen explicitly.

Example 2 Consider two-dimensional flow in the upper half-plane y > 0,
and suppose the boundary y = 0 (“the plate”) is rigid and the velocity at
y = oo is parallel to the z-axis and has magnitude U. See Figure 2.2.2.

rigid plate

FIGURE 2.2.2. Flow over a flat plate.

We seek a flow satisfying (2.2.1) that is parallel to the plate and indepen-
dent of z, that is, u has the form u = (u(y,t),0), and, with constant pres-
sure, so grad p = 0. The appropriate solution of Euler’s equations (2.2.2) is
the solution u(z,y,t) = (U,0).

The boundary conditions for (2.2.1) are

u(0,¢) =0 and u(oo,t) =U.

Under the preceding conditions, u-Vu = ud,u+vdyu = 0, and so equation
(2.2.1) reduces to
ou 0%u

where v = %. We can eliminate one variable by the following scaling argu-

ment: If L and T are length and time scales, respectively, the transformation
y' =y/L, t' =t/T brings (2.2.5) to the form

ou vl 0%u
If L?/T = 1, then (2.2.5) and (2.2.6) are the same equation and the bound-
ary conditions are unaltered as well. Thus, if equation (2.2.6) with the
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preceding boundary conditions has a unique solution, we must have

y Ly _ L2 —
u(L,T>—u(y,t) if L= =t.

Picking T =t and L = v/t , we obtain

u <% 1) = u(y, 1).

Thus, u depends only on y and ¢ through the combination y/v/t. Set 1 =
y/(2v/vt) and let u(y,t) = U f(n). Then, substitution in (2.2.5) yields the
equation

P ) =0 with floo) =1, fO)=0.  (227)
Integration of f” + 2nf’ = 0 gives
f'(n) = ce™ ™, ¢ a constant.
The solution of (2.2.7), shown in Figure 2.2.3, is
u = Uerf(n),

where the error function is defined by

2 [ .
erf(n) = ﬁ/o e ? ds.

\ U

0.8U
0.6U
04U

02U boundary layer ~

0 1 2 3 4 n

FIGURE 2.2.3. The boundary layer has thickness proportional to (t/R)l/Q.

In matching the boundary condition at infinity, we have used the follow-
ing basic identity for the error function:

/ e~ ds = ﬁ
0 2
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The graph of u as a function of y for fixed ¢ > 0 is obtained by rescaling the
above graph. The region in which u departs significantly from the constant
Euler flow is again called the boundary layer and is illustrated in the
figure. By the preceding scaling argument, this thickness is proportional
to Vvt = Vt/ VR . Thus, for fixed time, the boundary layer decreases as
1/ VR , which was our first contention. ¢

Our second contention was that the modified flow in the boundary layer
may separate from the body.

We can give a heuristic argument justifying this contention by consider-
ing potential flow around a cylinder (Figure 2.2.4). By Bernoulli’s theorem,

2
0l

S

I\
i

FIGURE 2.2.4. Illustration for the discussion of separation.

the highest pressure on the boundary occurs at the stagnation points A and
C. These points are, in effect, points of high potential energy. As a fluid
particle moves from A to B, its pressure drops and its velocity increases.
As it moves from B to C' it recoups its pressure and loses velocity. This
is similar to the following situation: As a perfect frictionless bicycle goes
down a hill into a valley, its momentum will enable it to climb another hill
of equal height. Imagine a boundary layer is created in the flow. Within
this layer the fluid is slowed down by friction. Therefore, fluid traversing
the arc AC near the boundary may not have enough kinetic energy left to
reach point C. It will leave the boundary somewhere between A and C.
This argument only hints at what is, in reality, very complicated. For
instance, the presence of viscosity near the boundary not only slows the
fluid down by frictional forces, but it destroys the validity of Bernoulli’s
theorem! Nevertheless, the preceding argument probably does have some
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merit; in fact, experiments show that flows really can undergo boundary
layer separation.

Our third contention was that the boundary layer produces vorticity.
To see this, imagine flow near the boundary, as shown in Figure 2.2.5.

circulat@

FI1GURE 2.2.5. Vorticity is produced near the boundary.

The circulation around the contour ABCD is

/ u~ds:/ vdy—i—/ udm—/ vdy—/ udz.
ABCD DA AB CB DC

Because u = 0 on the boundary, d,u = 0; so, by divu = 0, dyv = 0. Thus,
because v = 0 on the boundary, v is small near the boundary. Let us, in
fact, assume more specifically that v is small compared to the value of u
along AB and that u is nearly zero along DC'. (Near points of separation
these assumptions might not be valid.) Thus,

/ u-ds%/ udr >0
ABCD AB

and so the flow has circulation and therefore vorticity.

Next we shall make some approximations in the Navier—Stokes equations
that seem to be intuitively reasonable near the boundary, away from points
of separation. This will yield the Prandtl boundary layer equations.

We now consider two-dimensional incompressible homogeneous flow in
the upper half-plane y > 0. We write the Navier—Stokes equations as

1
Opu + uO0zu + v Oyu = —0,p + EAU’

1
OV + u 0,0 +v0yv = —0,p + =Av,
' Y TR (2.2.8)

Ozu+ Oyv =0,

u=v=0 ondD.
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Let us assume that the Reynolds number R is large and that a boundary
layer of thickness ¢ develops. From our previous discussions, we expect that
§ ~1/vR , where ~ means “of the same order as.” See Figure 2.2.6.

main flow

boundary layer Y

FIGURE 2.2.6. The boundary layer thickness § is of order 1/RY/2.

We also expect, as discussed earlier, v to be small in the boundary layer.
We want to perform a change of variables that will focus attention on the
thin layer near the wall in which viscous effects are important. The layer
is thin, of order §. Write ¢y = y/d, so that when y varies between 0 and
0, y' varies between 0 and 1. We expect that u is of order 1 at a distance
of order § from the wall, because at the edge of the layer, the flow should
be effectively inviscid by definition (we are focusing on the region where
the viscous effects are important). We claim that v is small at a distance §
from the wall. Indeed, at the wall, v = 0 and so inside the fluid,

ov ov
v(w,y) = v(x,0) + Yo, = Yoy’

y is of order ¢ at most, and dv/dy is of order 1 because

o ou_,
oy  Ox

and

au is of order 1.

ox

Thus, we perform the change of variables
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Equations (2.2.8) become
O’ 4+ u' Oy + 0" Oyt
= —3 /p + ey (82/u + 52 65/16)
§ Oy + 0u' Dy’ + 60" Dy’

1 2 2
58 p +E (58 2+ (528@1/1))

(2.2.9)

Oy’ + 3y/v' =0,

' =v' =0 on the z-axis.

We now collect the largest terms in each equation and eliminate the
lower-order ones. If we had not known that § ~ 1/v/R, we would have
been able to deduce it from the scaled equation. Indeed, the purpose of
the change of variables y' = y/d, etc., is to focus attention on the region
in which the viscous wall effects are important and in which the transition
from the wall region to the outer region takes place. If § is smaller than
O(1/V/R), then only the viscous effects survive as the dominant terms in
our equation (2.2.9);, and so we are looking too close to the wall. If § is
larger than O(1/v/R) the viscous effects disappear altogether and we are
looking at a region that is too large. Thus, § = O(1/v/R) is the only choice.
From these arguments, it is plausible to believe that in the boundary layer,
a good approximation to the Navier—Stokes equations is achieved by the
following equations:

1
Ou + u 0w + v Oyu = —0,p + R@gu,
Oyp =0,
vP (2.2.10)
Ozu + Oyv = 0,

u=0=wv on the z-axis.

These are called the Prandtl boundary layer equations.

One usually hopes, or assumes, that the following is true: If u(z, y, t) is a
solution of the Navier—Stokes equations and u,(x, y, t) is the corresponding
solution of the boundary layer equations with the same initial conditions,
then for some constant « > 0 and some constant C,

Hu(ﬂf,y,t)—up(l’,y, )H = Ra

for 0 <y < ¢ as R — oo. Here || - || is a norm (to be found) on the space
of velocity fields. The boundary layer equations have been quite success-
ful and so one expects some estimate like this to be valid, at least under
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some reasonable conditions. While some partial results verify this,® a full
mathematical proof under satisfactory hypotheses is not available.

Let us derive a few consequences of the boundary layer equations (2.2.10).
First of all, (2.2.10)5 implies that p is a function of = alone. This implies that
if the pressure has been determined outside the boundary layer, (2.2.10)9
determines it inside the boundary layer.

Secondly, let us derive an equation for the propagation of vorticity in the
boundary layer. From the derivation of the equations, we see that 0,v is to
be neglected in comparison to dyu, and thus we have

& = 0yv — Oyu = —0,u.
Therefore, from (2.2.10),

0§ = =0, Ou = —0, (—&cp + }%qu —u0yu—v 6yu>
1
= Eajg — v 0y€ — u0x€ + (Opu + Oyv)Oyu

1
= 056 00,6 —uda,

because d,u + dyv = 0. Thus,
D¢ 1

Dt R
describes the propagation of vorticity in the boundary layer. We can inter-
pret (2.2.11) by saying that the vorticity is convected downstream and, at
the same time, is diffused vertically into the fluid. For the full Navier—Stokes
equations in two dimensions, recall that

De 1

S A

Dt R ¢
(see equation (1.3.11) of Chapter 1). In the boundary layer approximation
(2.2.11) only the y part of the Laplacian has survived. Notice also that in
the full equations we recover u from £ by the equations

o€ (2.2.11)

AY=—-¢ with =0 ondD,

and

uzaywa U:_IQZ}

6See O. A. Oleinik, Soviet Math. Dokl. [1968], for existence and uniqueness theorems.
P. C. Fife (Arch. Rational Mech. Anal. 28 [1968], 184) has proved the above estimate
for o = 1/2 assuming a forward pressure gradient, steady flow, and some other technical
conditions. The boundary layer equations for curved boundaries are more complicated
(see below and S. L. Goldstein, Modern Developments in Fluid Mechanics (two volumes),
Dover [1965]). To the authors’ knowledge, no theorems of existence or approximation
have been proved in this case.
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(see equation (1.3.12) of Chapter 1). In the boundary layer approximation
the situation is much simpler:

y
& =—-0yu, so u:—/ Edy.
0

Notice that the flow past the flat plate described at the beginning of
this section is not only a solution of the Navier—Stokes equations but is a
solution of the Prandtl equations as well. That solution was

u(y,t) = Uerf (2&) .

The vorticity for this flow { = —d,u is shown in Figure 2.2.7. The vorticity
is everywhere negative corresponding to clockwise circulation, which agrees
with our intuition.

!
i
i

FIGURE 2.2.7. Vorticity in the boundary layer.

Our derivation of the boundary layer equations assumed the wall was flat.
For curved walls one can imagine using coordinate systems with y = 0 on
the wall and & = constant giving the normal to the wall. One can show (see
the Goldstein reference in the preceding footnote) that (2.2.10)4,(2.2.10)3
and (2.2.10)4 are unaltered, but (2.2.10)2 should be modified to

ku? = 9,p, (2.2.10)

where k is the curvature of the wall. See Figure 2.2.8.

This means that p is no longer a function of x alone. Of course, for §
small (R large) and fixed curvature of the wall, the pressure change across
the boundary layer is negligible. However, (2.2.10)5 may still be significant
in affecting the dependence of p on x.

We have not yet discussed what boundary conditions should (or could)
be imposed on the solution of the Prandtl equations beyond those at the
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boundary layer I}
W

FIGURE 2.2.8. Boundary layer for a curved wall.

wall, u = v = 0; these boundary conditions are essential for the derivation
of the equations to make sense. We shall see later that far from the body,
we may impose u but not v. Boundary conditions may also be required on
the left and on the right. For a discussion, see the next section.

Now we want to discuss how a knowledge of boundary layer theory might
be useful in constructing solutions of the Navier—Stokes equations. The
overall method is to use the Prandtl equations in the boundary layer, the
inviscid equations outside the boundary layer, and to try to match these
two solutions to produce an approximate solution to the Navier—Stokes
equations. To carry out such a program, there are several alternative pro-
cedures, four of which are listed here.

Strategy 1 Match the actual velocity field u of the two solutions at a
distance § ~ 1/v/R from the wall (Figure 2.2.9).

y
u
. match u here
Euler solution
_______________ <g5-
|
— |
u Prandtl solution '6
|
Y X

FIGURE 2.2.9. Matching solutions of the Euler and Prandtl equations.

Difficulties On the line y = ¢ the flows may not be parallel, so matching
u or some other flow quantity may not be easy.
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Strategy 2 Require that the Euler solution outside the layer and the
Prandtl solution match as R — oco. As R — oo, the layer becomes thin-
ner; we can impose v at the boundary for the Euler equations, but we
cannot impose u. We can impose u at the edge of the layer and obtain a
solution of the Prandtl equations, but we cannot impose v. We may wish
to identify the vertical velocity v at the edge of the layer obtained from
the Prandtl equations with the boundary condition required for the Euler
equations, and conversely, use the tangential velocity v obtained from the
Euler equations as the velocity at the edge of the layer imposed on the
Prandtl equations.

Difficulties The calculations are difficult, and the results are insuffi-
ciently informative when separation occurs (see below).

Strategy 3 We can match the inner (boundary layer) and outer (Euler)
solutions over a region whose height is of order 1/R*, 0 < a < 1/2 (Fig-
ure 2.2.10). The matching can be done by some smooth transition between
the Euler and Prandtl solutions.

inviscid region

|
|
i boundary layer

FIGURE 2.2.10. Matching method in strategy 3.

Difficulties The calculations are enormously complicated and require
choices (of a for example) for which a rationale is not always readily avail-
able.

Strategy 4 As both the Euler and Prandtl equations are solved and
matched by some method, check (by means of a computer) whether or
not the assumptions underlying the derivation of the Prandtl equations are
valid. If not, modify the equations.

Difficulties Same matching problems as before, but also modified bound-
ary layer equations might be needed.
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Techniques such as these are in fact fairly extensively developed in the
literature.” The scope of the difficulties involved, both theoretical and prac-
tical, should be evident.

It is observed experimentally that when a boundary layer develops near
the surface of an obstacle, the streamlines may break away from the bound-
ary. This phenomenon is called boundary layer separation. Figure 2.2.11
shows a typical velocity profile near the point of separation. Contempla-
tion of this velocity field shows that it is plausible to identify the point of
separation C with points where the circulation vanishes:

ou

—| =¢&=0.

on|q
There are, however, no known theorems that apply to this situation that
guarantee such points must correspond to separation points.

separation  separation line
point

FIGURE 2.2.11. Separation of the boundary layer.

The phenomenon of separation can be used to justify our model of al-
most potential flow introduced in the previous section (see Figure 2.1.8).
The two curves of vorticity springing from the boundary are imagined to
arise from boundary layer separation. One would hope that boundary layer
theory would predict the strength of these vortex lines and their points
of separation. Near the boundary, one should also be able to compute the
pressure and hence the form drag

— / pnds.
boundary

This is the drag due to actual pressure forces on the obstacle. There will
also be a skin drag due to frictional forces in the boundary layer. These

See, for instance, M. Van Dyke, Perturbation Methods in Fluid Mechanics, Parabolic
Press.
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two give the total drag. If one computes the drag from a nearly potential
approximation, the skin drag turns out to be zero, because Euler’s equations
do not take into account the viscous forces. For large R, the skin drag is
very often negligible compared to the form drag.

Example This example concerns steady boundary layer flow on a flat
plate of infinite width. Consider a flat plate on the zz plane with its leading
edge coinciding with x = 0, as shown in Figure 2.2.12. Let the y-axis be
normal to the plate so that the fluid lies in the domain given by y > 0
and the flow is two dimensional. We then let the plate be washed by a
steady uniform flow of velocity U in the positive z-direction. We assume
that a steady boundary layer is developed after a short distance off the
leading edge. Because the pressure is uniform outside the boundary layer,
it is reasonable to seek a solution satisfying d,p = 0 in the boundary layer.
Because 9,p = 0, p is a constant everywhere. Hence, the steady boundary
layer equations are
uOyu +v0yu = V@iu,
(2.2.12)
Ozu + Oyv = 0.

(Here we have written v instead of 1/R.) The boundary conditions are
given by

u(z,0) =0 for > 0,
v(z,0) =0 for z > 0,

u(z,y) = U as y — 00.

Because the flow is incompressible, there is a stream function related to u
by the usual equations

u = 0y, v = —0z.
We assume 1 to be of the form

U(z,y) = VeUz f(n),

U
n=y\/—.
vxr

This form may be derived through the use of a scaling argument similar to
the one used earlier in §2.1. Thus,

where

u=Uf'(n), v= %\/?(nf’(n) — f(n))- (2.2.13)

Substituting u, v from (2.2.13) into (2.2.12) and using the boundary con-
ditions, we find the equations

42" =0 (2.2.14)
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with boundary conditions

f0)=f(0)=0,  f/(0)=1.

Equation (2.2.14) has a numerically computable solution. In the fluid so-
lution given by (2.2.13), notice that the velocity v depends only on 7. The
level curves of u are exactly the lines where 77 = constant. But level curves
of n are of the form y? = (constant)z, that is, parabolas, as shown in
Figure 2.2.12. ¢

velocity profile
for u

'—": level curve

|
U ! 1 foru
main flow
U
0
leading edge / plate X

FIGURE 2.2.12. Boundary layer flow over a flat plate.

Exercises

o Exercise 2.2-1 Show that the solution of
ey —y=0

in the interval (—1, 1) with the boundary conditions

is
c(140)/VE _ g—(14a)/ Ve
W) = — e e

Plot the graph of y(z) for e = 0.1,0.01 and 0.001.

o Exercise 2.2-2 Derive the solution in Exercise 2.2-1 from that for (2.2.4)
in the text by a scaling argument.

o Exercise 2.2-3 Plot the shape of the graph of the function f(7) that
solves (2.2.14) with f(0) = f/(0) =0, f'(c0) = 1.
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2.3 Vortex Sheets

This section describes a simple version of an algorithm for modifying a
flow described by the Euler equations near the boundary to simulate the
effects of boundary layers and thereby obtain an approximation to the
Navier—Stokes equations. The method utilizes some concepts from prob-
ability theory, so we begin by summarizing some relevant facts, mostly
without proofs.?

The possible outcomes of an experiment (such as throwing a die) form the
points in a sample space S. A subset E of S is called an event. We assume
that to each event is assigned a probability P(F), a number between 0
and 1 which intuitively represents the fraction of times an outcome in F
will occur if the experiment is repeated many times. We assume, therefore,
that P(S) = 1. Moreover, if two events, Fy and Fs, are disjoint, that is,
EyNEy =@, then P(E; U Ey) = P(E;) + P(E2). (Technically, we assume
P is a measure on S with total mass 1.) Two events, Fq and Es, are called
independent if

P(E1NEy) =P(Ey) - P(Es).

Intuitively, two events are independent if the occurrence of one of them
has no effect on the probability of the occurrence of the other one. (For
instance, in the toss of two dice marked #1 and #2, the events “a two on
#1” and “a three or a four on #2” are independent.)

A random wvariable is a mapping

n:5—R,

interpreted as a number attached to the outcome of an experiment. The
expectation or mean of 1 is defined by

B) = [ nap

For instance, if S = {s1,...,sy} and the probability of s; occurring is p;,
then

E(n) = Zn(si)pi

Suppose there is a function f on the real line such that the probability
of n lying between a and b is fab f(x) dz, that is,

b
P({s€S|n(s) € la b)) = [ fa)da

8For details see, for instance, J. Lamperti [1966] Probability: A Survey of the Math-
ematical Theory, Benjamin.
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Then we say that n has the probability density function f. Clearly,
ffooo f(x)dx = 1. Also, one can show that

B = [ 2@

—00

The variance of n is defined by

Var(n) = B (I - Em))*) = E(?) - [E@)]?
and the standard deviation by

a(n) =/ Var(n).

Two random variables, 77 and 75, are called independent if for any two
sets Ay, Ao in the real line R, the events

{s€S|m(s) e A1} and {se€S|n(s)e€ Az}

are independent. For independent random variables, one has

E(mn2) = E(m)E(n2)
and

Var(n, + n2) = Var(n) + Var(nz).

(From the definition, E(n; 4+ n2) = E(m) + E(n2) is always true.)

The law of large numbers states that if ny,ns,...,n, are random
variables that are independent and have the same mean and variance as 7,
then

1L
E(n) = lim ~ 1.
=1

Part of the theorem is that the right-hand side is a constant. This result
sheds light on our intuition that E(n) is the average value of 1 when the
experiment is repeated many times. The meaning of the standard deviation
is illuminated by T'chebysheff’s inequality: If ¢ is the standard deviation
of n,

P(s €S| In(s) — Bo)| 2 ko)) < g

for any number k£ > 0. For example, the probability that n will deviate
from its mean by more than two standard deviations is at most 1/4.
If a random variable n has the probability density function

fla) = oo (=2,

2102
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we say that 7 is Gaussian. One can check that E(n) = a and Var(n) = 2.
If 7, and 72 are independent Gaussian random variables, then 7, + 79 is
Gaussian as well. The central limit theorem states that if np,n9,...
are independent random variables with mean 0 and variance o2, then the
probability density function of (1/y/n)(m + --- + 1) converges to that
of a Gaussian with mean 0 and variance ¢ as n — oo. For instance,
if measurement errors arise from a large number of independent random
variables, the errors can be expected to have a Gaussian distribution. In
many problems, however, one does not get a Gaussian distribution for the
errors because they arise from nonindependent sources.

Next we show how Gaussian random variables can be used in the study
of the heat equation for an infinite rod:

Vi = VUgy, —o<x<oo,t>0. (2.3.1)

Here v represents the temperature in the rod as a function of z and ¢, and
v represents the conductivity of the rod. If v is given at ¢ = 0, then (2.3.1)
determines it for ¢ > 0. If initially v(z,0) = §(z), a delta function at the
origin, then the solution of (2.2.1) is given by

1 —?
Gz, t) = ex . 2.3.2
(w20 = = e (7 ) (232
This is the Green’s function for the heat equation (see any textbook on
partial differential equations).
We can interpret the function (2.3.2) from a probabilistic point of view
in two ways as follows.

Method 1 Fix time at ¢, and place N particles at the origin. Let each of
the particles “jump” by sampling the Gaussian distribution with mean zero
and variance 2vt. Thus, the probability that a particle will land between x

and r + dz is
1 ( —z? ) i
ex T.
At P\t

If we repeat this with a large number of particles, we find

number of particles between

; 1 —a?
I x and = + dx at time ¢ _ ) 23
N N dz Vamut P 4ut (2:3.3)

It is convenient to think of each particle as having mass 1/N, so the total
mass is unity.

Method 2 We split up the time interval [0,¢] into [ pieces, each with
length At = t/l, and carry out the procedure in a step-by-step manner.
Again, place N particles at the origin. Let them undergo a random walk,
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that is, the position of the ith particle at time mAt (i = 1,...,N;m =
1,...,0) is

gt = g™ g (2.3.4)

3
0_
z; =0,

where 7;" are independent Gaussian random variables, each with mean 0
and variance 2vAt. The final displacement of the ith particle is the sum
of its displacements, and has a Gaussian distribution with mean 0 and
variance [ X 2vAt = 2vt. Thus, the distribution of particles at time t is
given again by formula (2.3.3), and methods 1 and 2 are equivalent.

Next consider the solution v(z,t) of the heat equation with given initial
data v(z,0) = f(z). The solution is

v(z,t) = /:)o G(z,2',t)f(2) da’, (2.3.5)

where

/ _ 1 _(x_x/)Q
Gz, 2’ t) = it exp (44% .

This general solution has a probabilistic interpretation as well. Instead of
starting N particles at the origin, start N randomly spaced particles on
the line, at positions, say, z¥,i = 1,..., N, and assign to the ith particle
the mass

f(a?)

N
Let these particles perform a random walk as in (2.3.4)1, keeping their mass
fixed. Then after [ steps as in method 2, the expected distribution of mass
on the real line approximates (2.3.5).
In this process the total mass of the particles remains constant. This
corresponds to the fact that

8t/ v(x,t)de = 1// Vg (z,t) dz =0

— 00 — 00

(assuming v, — 0 as & — $00). Of course, one’s intuitive feeling that the
solutions of the heat equation decay is also correct. Indeed,

6t/ vi(z,t) dr = / 2000, dx = —21// (vg)? dz < 0.

The decay of [v?dz (which occurs while [vdz remains constant) is ac-
complished by spreading. As time advances, the maxima of the solution
decay and the variation of the solution decreases. To see intuitively why
the integral of v? decreases, consider the two functions

2, —1<az<i 1, -1<z<1
v = and vy = .
0, elsewhere 0, elsewhere
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The function vy is more “spread out” than vy. This is reflected by the

calculations
/vgdw:/vldmzl

/v%da::Z and /vfda::él.

Note that as time unfolds, the variance of the random walk that is used to
construct the solution increases, whereas the integral of v2, which is related
to the variance of v, decreases. The variance of the random walk increases
as the solution spreads out, whereas the integral of v? decreases because
the range of values assumed by v decreases.

but

Next consider the heat equation on the halfline z < 0 with boundary
condition v(0,¢) = 0. The Green’s function for this problem is

G*(z,2',t) = Gz, 2, t) — G(z, -2, t), (2.3.6)
where G(z,2',t) is given by (2.3.5)2. That is, G* satisfies
G*(0,2',t) =0, G*(z,2',0)=6(x —2),

and
0G* (2’ t) = vO2G* (2, 1).

The solution of
V¢ = VUgq, <0, t>0,

with
v(z,0) = f(z) and v(0,t) =0

is given in terms of the initial data and the Green’s function by
v(z,t) = / G*(x, 2’ t) f(2) d2’. (2.3.7)

The random walk interpretation for (2.3.6) is obtained by superposing
the random walks that generate Green’s function for the whole line; namely,
the distribution G*(x, 2/, t) is obtained by starting N particles with weight
1/N at 2’ and N with weight —1/N at —z/, and letting them all walk by,
say, method 2. There is an analogous interpretation for (2.3.7), as shown
in Figure 2.3.1.

Random walk methods will now be applied to vortex sheets. Consider
flow past an infinite flat plate at rest. In §2.2 (see Figure 2.2.3), we saw
that the flow is

u=u(y,t), v =0,
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X x
—-G(x,—x', 1)
N x

G (x,=x', 1)

FIGURE 2.3.1. Green’s function G* is obtained by superimposing two random
walks.

where

u="Uerf(n), with n= ) (2.3.8)
Vvt

and the vorticity is

_ v —y?
§= i &P (4—1/t> . (2.3.9)

The velocity and vorticity satisfy
U = Vyy, u(0,8) =0, wu(oo,t)=U, & =véy,. (2.3.10)

The boundary conditions for the vorticity are not explicit; they must be
determined from the fact that the velocity vanishes on the boundary.

To reconstruct this solution using random walks, we define a vortex
sheet of intensity ¢ as follows. As in Figure 2.3.2, it consists of a flow
parallel to the z-axis such that » jumps by the amount £ as y crosses a
line, say y = yo; that is,

u(yo+) — u(yo—) = —&.

The flow described by equation (2.3.8) near the boundary looks as shown
in Figure 2.3.3.

As t — 0+, the solution approaches the constant value U for y > 0 and
yvet w = 0 on the z-axis; that is, as ¢ — 0+, the solution approaches a
vortex sheet on the z-axis with intensity —U. We replace this vortex sheet
by N “smaller” vortex sheets, each of intensity —2U/N. Allow each of these
smaller vortex sheets to undergo a random walk in the y-direction of the
form

gyt =t g =0,

where 1] is chosen from a Gaussian distribution with mean zero and vari-
ance 2vAt, where, as in method 2, At = ¢/l,m = 1,2,...,l. We claim
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—_— M(ya'

Yo

—= u(yp)

FIGURE 2.3.2. A vortex sheet in the plane: u jumps across the line y = yo.

-

/ boundary layer

FIGURE 2.3.3. The flow (2.3.8).

that for IV large the distribution of vorticity constructed this way and the
resulting velocity

u(y,t) =U + /00 E(y,t) dy (2.3.11)

satisfy the correct equations (2.3.10). That £ and hence u satisfy the heat
equation follows from our random walk solution of the heat equation. What
requires explanation is why u should vanish on the boundary. To see this,
note that on the average, half the vortex sheets are above the z-axis and half
below, because they started on the z-axis and the Gaussian distribution
has mean zero. Thus,

u(0.t) = U + /0 et dy.

or, in our discrete version, we have on the average

N/2

u(0,t) =U+ > &.
=1
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But the intensity of the ith vortex sheet is §; = —2U/N, and therefore
u(0,t) = 0. (By symmetry in the z-axis the random walks below the z-axis
can be ignored; whenever a vortex sheet crosses the z-axis from above, we
can “reflect” it back. On the average, this will balance those vortex sheets
that would have crossed the z-axis from below during the course of their
random walk. This device can save half the computational effort.)

The random walk method based on vortex sheets will now be generalized
to the solution of the Prandtl boundary layer equations:

ft + u&z + Ugy = ngya
Ozu+ Oyv =0,

with v = 0 = v on the z-axis (the boundary of the region), y > 0, and
u(o0) = U. (We shall see shortly why v cannot be prescribed at co.)

The overall flow will be approximated at ¢ = 0 by a collection of NV
vortex sheets of finite width h, extending from x; — h/2 to x; + h/2 with y-
coordinate y; and with strength &;. This approximation is in the same spirit
as the point vortex approximation discussed in §2.1 (see Figure 2.3.4).

Vit---------- *—'—'Ez

FIGURE 2.3.4. A collection of vortex sheets.

To move these sheets, we divide the time [0,¢] into | parts of duration
At =t/l and proceed in a step-by-step manner. The advancement in time
from time ¢ to t + At takes place by means of the following algorithm:

i The vortices move according to a discrete approximation to the Euler
flow

O + uly +v€y =0, Ozu + Oyv = 0.

ii Vorticity is added by placing new vortex sheets on the boundary so
that the resulting flow has u = 0 = v on the boundary (creation of
vorticity).
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iii The vortex sheets undergo a random walk as described in the flat
plate example (including reflections) to approximate the solution of
the equation

&t = V&yy

and preserve the boundary conditions u = 0 = v.

iv  Time is advanced by At and one goes back to step i of the procedure,
etc., until time ¢ is reached.

Notice that the number of vortex sheets will increase in time; this corre-
sponds to the fact that vorticity is created in boundary layers.

We now give some more details on this procedure. First, we discuss how
the vortex sheets move according to the Euler flow. The velocity field sat-
isfies (see §2.2):

u(w)=u<w>—/yw§—5dy=u<w>+/yw5dy,

or in a discrete version, the velocity of the ith vortex is

w(zi,y;) = u(oo) + ij, (2.3.12)

where the sum is over all vortex sheets such that y; > y; and |z;—z;| < h/2;
that is, all vortex sheets whose “shadow” (on the z-axis) engulfs (z;, y;); see
Figure 2.3.5. Equation (2.3.12) determines the u-component of the velocity
field produced by the vortex sheets.

y
()
I I
(! !
kK ! shadow
1 1 1 /:/
I I 1 I
I I 1 I
1 I 1 1
1 1 1 1
I I 1 I
I I 1 I
I I 1 I
I e < *
1 I 1 1
1 1 1 1
I I 1 I
1 1 1 1 x
(x[syi)

FIGURE 2.3.5. Vortex sheets and their shadows.

From incompressibility and the boundary condition v(z,0,¢) = 0, we find

y y
v(x,y,t) = v(z,0,t) —|—/ Uy (z,8,t)ds = 875/ u(z, s,t) ds.
0 0
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This equation determines v in terms of u (and shows why we could not
prescribe v at 00). A discrete evaluation of y may be given by

y
v(a:,y,t):f% {/0 u(:c+g,s,t)ds
Y h
—/ u<x——,s,t) ds]. (2.3.13)
O 2

A more useful approximation is given by rewriting (2.3.13) directly in terms
of the vortex strengths ¢;, namely,

1, .. )
where ‘
and ‘
I (z,y:) = Z, Y&
with

y; = min(y;,y;).

Here ) . means that one is to sum over all j # i for which

T — x‘-i-ﬁ <ﬁ
J (2 2 27

and Y _ means sum over all j for which

ATy
oy T; 5 5"

The expression (2.3.14) comes about by remembering that as we move
vertically from the z-axis, u remains constant and then jumps by an amount
—&; when a vortex sheet of strength ¢; is crossed. This leads us directly
from (2.3.13) to (2.3.14).

We can summarize all this by saying that in our first step of the algorithm
the ith vortex sheet is moved by

e =™ Aty =y 4 AL, (2.3.15)

where wu; is given by (2.3.12) and v; by (2.3.14). The new velocity field
is now determined by the same vortex sheets, but at their new positions.
This new velocity field satisfies v = 0 on the z-axis by construction, and
u(oo) = U. However, because the vortex sheets move, even if v = 0 on
the z-axis at the beginning of the procedure, it need not remain so. This
is another aspect of the main fact we are dealing with: The boundary
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conditions for the Euler equations, u-n = 0, are different from those for
the Navier—Stokes or Prandtl equations, u = 0.

The purpose of the second step in our procedure is to correct the bound-
ary condition. This may be done as follows: Divide the z-axis into segments
of length h, and suppose that at the center P, of one of these segments
u = u; # 0. Then at P, place one (or more) vortex sheets, the sum of
whose intensities is 2u;. This will guarantee that (on the average) u = 0 on
the z-axis in the new flow.

In the third step in our procedure, we add a random y component to
positions (z;,y;) of the existing (as well as of the newly created) vortex
sheets:

o = oy At Yyt =y 4w A+ (2.3.16)

where 7" are Gaussian random variables with mean 0 and variance 2vAt.

Intuitively, the vortex sheets move about in ideal flow together with a
random y component simulating viscous diffusion. Vortex sheets newly cre-
ated to accommodate the boundary conditions diffuse out from the bound-
ary by means of the random component and then get swept downstream
by the main flow. This mechanism then has all the features a boundary
layer should have as we discussed at the beginning of §2.2.°

Consider the problem of flow past a semi-infinite flat plate, situated on
the positive z-axis (Figure 2.3.6). Far enough along the positive z-axis, say
at x = xo, most of the vortex sheets that move downstream are replaced
by vortex sheets coming from the left. Thus, there is little need to create
much vorticity at 5.

However, at z7 (called the leading edge) any vortex sheet is immedi-
ately swept downstream by the flow with no replacement. Thus, we are
constantly forced to create more vortex sheets at x = x; to satisfy the no-
slip condition. One can see that most of the vorticity in the flow is created
at the leading edge.

In a time At, how far does a vortex sheet move? In the x direction the
displacement is proportional to (At); in the y direction the displacement
is (At)v; + 0. The standard deviation tells us the length of the average
“jump.” Thus,

average jump in y direction = /var ~ vV At.

9The generation of vorticity is discussed is G. K. Batchelor [1967] An Introduction to
Fluid Mechanics, Cambridge Univ. Press; J. Lighthill [1963] “Introduction to Boundary
Layer Theory”, in Laminar Boundary Layers, edited by L. Rosenhead, Oxford Univ.
Press. The vortex sheet model is due to A. J. Chorin, J. Comp. Phys. 27 [1978], 428.
Some theoretical aspects are found in A. J. Chorin, T. J. R. Hughes, M. J. McCracken,
and J. E. Marsden, Comm. Pure. Appl. Math. 31 [1978], 205; C. Anderson, J. Comp.
Phys., 80 [1989], 72; C. Marchioro and M. Pulvirenti, Vortex Methods in 2-Dimensional
Fluid Mechanics, Springer-Verlag, [1984]; K. Gustafson and J. Sethian, Vortez Flows,
SIAM Publications [1991].
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X1 X

FIGURE 2.3.6. Vortex sheets get created and swept downstream.

The term (At)v; is also proportional to v/At, as can be seen from equation
(2.3.14) and the fact that I, and I_ contain ys as factors. Suppose the
flow is stationary; we may regard t as a parameter and we may eliminate
it to find

vertical displacement ~ \/ horizontal displacement.

This shows that the structure of the boundary on a semi-infinite flat plate
is parabolic, as was derived earlier.

Finally, we ask, are there more general constructions available, similar
to this vortex sheet construction? For Euler’s equations, we have already
described the model of point vortices satisfying

dt o 8yl’ dt o 8.%1"

where 4mH = XI';I'; logr;;. This is a system of ordinary differential equa-
tions; we can add a random term to take care of the diffusion as with the
boundary layer equations. Indeed, this construction has been carried out
and one can conceivably use it to study the convergence of the Navier—
Stokes equations to Prandtl’s equations, boundary layer separation, and
other questions of interest. In three dimensions a possible construction
might use vortex filaments, but a discussion of these constructions is out-
side the scope of this book. These ideas are the starting points for the
construction of practical numerical algorithms.

There is a way of writing the above general scheme for solving the Navier—
Stokes equations that sheds light on the mathematical structure of this
and related methods.'® The methods are related to some basic facts about

10Some additional references, in addition to those in the preceding footnote, are A.
J. Chorin, J. Fluid Mech. 57 [1973], 785-796, J. E. Marsden, Bull. Amer. Math. Soc.
80 [1974], 154-158, G. Benfatto and M. Pulvirenti, Convergence of the Chorin-Marsden
product formula in the half-plane, Comm. Math. Phys. 106 [1986], 427-458, and J. E.
Marsden, Lectures on Mechanics, Cambridge University Press, [1992].



94 2 Potential Flow and Slightly Viscous Flow

algorithms and our purpose is just to provide a hint about them.
Consider first a differential equation

i = X(z) (2.3.17)

on R™ (eventually replaced by a more general space). To solve this equation,
a computer would move a point forward during a time step At = 7 accord-
ing to some rule. More precisely, an algorithm is a collection of maps
F, : R™ — R™. The associated iterative process is denoted zy11 = Fr(zk).
To be consistent with (2.3.17) one requires

diTFT(x) ~ X(x). (2.3.18)

7=0

Under some additional hypotheses one can establish convergence of the
algorithm, namely,
lim (Fy/p)" w0 = 2(1), (2.3.19)

where z(t) is the solution of (2.3.17) with initial condition zy. Of course,
questions of rate of convergence and efficiency of the algorithm are impor-
tant in practice, but are not discussed here.
An important simple case is the following. Consider solving the linear
System
& = Az + Buz, (2.3.20)

where A and B are n X n matrices. The solution is
w(t) = e" APy, (2.3.21)

where
e =T+C+LiC*+5CP + -

However, it may be easier to solve the equation by breaking it into two
pieces: & = Ax and & = Bz and solving these successively. Doing so leads
to the algorithm

Foo=e¢%e By

3

and yields the basic formula

e!(AFB) = lim (etA/netB/myn (2.3.22)

n—oo

(sometimes called the Lie—Trotter product formula). More generally,
consider solving a nonlinear equation

i = X(z)+Y(x). (2.3.23)

Let Hy(xp) denote the solution of (2.3.23) with initial condition zg, so we
thereby define a map H; : R” — R"™, called the flow map. Let K; and L,



2.4 Remarks on Stability and Bifurcation 95

be the corresponding flow maps for & = X (z) and & = Y (z). Then (2.3.22)
generalizes to
Hy(xg) = nleréo(Kt/n o Li/n)"(20), (2.3.24)

where the power n indicates repeated composition.

It is tempting to apply (2.3.24) to the Navier—Stokes equations, where
K, is the flow of the Stokes equation and L; the flow of the Euler equations.
First of all, consider the case of regions with no boundary (e.g., this occurs
for the case of spatially periodic flows in the plane or space). In this case,
the method works quite well and was used by Ebin and Marsden in 1970
to show the convergence in a suitable sense of the solutions of the Navier—
Stokes equations to the Euler equations as the viscosity v — 0.

If a boundary is present, we need to modify the scheme because of the
boundary conditions, as has been explained. Translated into a product
formula, the modified scheme reads as follows.

Ht(u) = lim (Kt/n @) CDt/n o Lt/n)"u. (2325)

n—oo

Here,

e u is a divergence-free vector field, u = 0, on the boundary 02 of the
region () in question;

e L, is the flow of the Euler equation (boundary conditions u parallel
to 9Q), which may be solved approximately by a vortex method;

e K is the flow of the Stokes equation (boundary conditions u = 0 on
090), solved for example by a random walk procedure on vorticity;

e O, is a “vorticity creation operator” that mapsau| dQtoau=0
on N2 by adding on a suitably constructed vorticity field to u whose
backflow cancels u on 9Q2; and

e H, is the flow of the Navier—Stokes equations.

Convergence of (2.3.25) in reasonable generality is not yet proven, al-
though special cases are given in the cited references. What formula (2.3.25)
does is to make explicit the intuitive idea that vorticity is created on the
boundary because of the difference in the boundary conditions between the
Euler and Navier—Stokes equations, and that if the Reynolds number is high
this vorticity is swept downstream by the Euler flow to form a structured
or turbulent wake. The references should be consulted for details.

2.4 Remarks on Stability and Bifurcation

If R is the Reynold’s number, then limit R — 0 corresponds to slow or
viscous flow. The other extreme, the limit R — oo concerns very fast or only
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slightly viscous flow. The situation for intermediate values of R involves
many interesting transitions, or changes of flow pattern, and is the subject
of much research by mathematicians and engineers alike. Here we shall
give a few informal comments using the subject of nonlinear dynamics,
complementing topics already discussed in this chapter. The concept of
stability plays a central role in this discussion, so we begin with this concept.

Let P be R™ (more generally a Banach or Hilbert space of functions),
and let F; denote a flow of a differential equation & = X (x) on P; that is,

&) = X(Ru(x). 1),
where z € P and t > 0. Assume that we have a good existence and unique-
ness theorem. If X is independent of ¢, we say it is autonomous, and if
xg is such that X (zg) = 0, we call 2y a fized point of X. It follows from
the initial condition Fy(zp) = xo and uniqueness of solutions that zq is a
fized point of X, i.e.,

Fi(zo) = xo.

Definition A point xy is an asymptotically stable fixzed point of the
vector field X if there is a neighborhood U C P of xg such that if x € U,
then Fy(x) — xo as t — oo. In the sequel we shall refer to such a point
simply as a stable point. If one can choose U = P, we say that xg is
globally stable. See Figure 2.4.1.

DK@

FIGURE 2.4.1. A system with two asymptotically stable points.

Next we give a basic stability result of Liapunov!! that is based on com-
puting the spectrum of the linearization.

U For the proof, see for example, M. Hirsch and S. Smale [1974] Differential Equations,
Dynamical Systems, and Linear Algebra, Academic Press, or the book by Abraham,
Marsden, and Ratiu listed in the Preface.
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Liapunov Stability Theorem Let x¢ be a fized point of a smooth au-
tonomous vector field X on P = R™. Then xq is a stable point if the
eigenvalues of the n x n matrix DX (xg) of partial derivatives of X have
real parts < 0.

Example Suppose we have a linear autonomous system, that is, X = A,
an n X n real matrix, which we assume for simplicity is diagonalizable. Then
the solution of

d

EFt(m) = A F(z), Folz)==x

is Fy(x) = e, where et = Y2 +'A"/il. This series is absolutely con-
vergent. Transforming to coordinates that diagonalize A, we get

A =diag(A1, ..., A\n)

and so

t>\17 . t)\n)

et4 = diag(e e

where Aq,..., A, are the eigenvalues of A (they occur in conjugate pairs
because A is real). This indicates why the stability theorem is true, namely,
if Re(\;) < 0,4 =1,...,n, then the matrix et converges to the zero matrix
as t — 00. Observe that for the linear case, consideration of neighborhoods
is unnecessary. ¢

The preceding example is helpful in understanding the nonlinear case as
well. To see this, expand X by Taylor’s formula about xg:

X(x) = X(20) + DX (20) - (x — w0) + 0(x — 20),

where X (zg) = 0,0(x —x¢) is o(||z — zo]|), and || - || is the norm on P. Thus,
for x sufficiently close to g, the term DX (x¢) dominates the behavior of
the flow of X.

The stability theorem requires that the spectrum of the matrix DX (zg)
lies entirely in the strict left half-plane of the complex plane C for zg to be
stable.

Exercise Consider the vector field

Xu(x,y) = (y, n(1 — 2*)y — )

on R2. Determine if the fixed point (0,0) is stable or unstable for various
values of p. ¢

We shall now examine how these concepts enable us to study the sta-
bility of solutions of the Navier—Stokes equations. Consider the example of
flow in a pipe and assume v is a stationary solution of the Navier—Stokes
equations, for example, the Poiseuille solution (Exercise 1.3-3). We are in-
terested in what happens when vg is perturbed, that is, when vy — vg+ dv.
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Note that the disturbed solution of the Navier—Stokes equations, vy + dv,
will not be a stationary solution. This is part of our notion of stability, that
is, vg is stationary corresponding to vy being a fixed point of a vector field
on the space of all possible solutions of the Navier-Stokes equations, which
we shall denote by P. For the present example, P would consist of the
set of all divergence-free velocity fields satisfying the appropriate boundary
conditions. The Navier—Stokes equations determine the dynamics on this
space P of velocity fields. We write

do _ X (v), v acurve in P,
dt

where X does not depend on time unless the boundary conditions or body
force are time dependent. In this abstract notation, the Navier—Stokes equa-
tions, boundary conditions, divergence-free condition, and so on, look like
an ordinary differential equation. In the present circumstances X is an un-
bounded operator. However, we can still apply the stability concepts for
dynamical systems on R", due to the following conditions:

(1) The preceding equation really does determine the dynamics on P.
This follows from the short ¢-interval existence and the uniqueness
theorem for the Navier—Stokes equations.

(2) The stability theorem really works for the Navier—Stokes equations.!?
For condition (2), DX is obtained via differentiation and DX (vp) is a linear
differential operator. Its spectrum will consist of infinitely many eigenvalues
or it may be continuous. For vy to be stable the entire spectrum must lie
in the left half-plane of C. For example, flow in a pipe and Couette flow
are stable (in fact globally stable) if the Reynolds number is not too big.

Sometimes one is interested in the loss of stability of flows as the Reynolds
number R is increased. In general, any such qualitative change in the na-
ture of a flow is called a bifurcation. In this regard we consider X to be
parametrized by R and study the behavior of the spectrum of DX (vg) as a
function of this parameter. As R is increased, we anticipate that conjugate
pairs of eigenvalues of DX (vg) may drift across the imaginary axis. In this
case stability is lost and an oscillation develops.

A major result dealing with this situation is given by the following the-
orem of Poincaré, Andronov, and Hopf.'?

128ee for example, D. Joseph, Stability of Fluid Motion, I, II, Springer-Verlag and for
the Euler equations, V. Arnold and B. Khersin, Topological Methods in Hydrodynamics,
Springer-Verlag, 1997, and references therein.

13References are J. E. Marsden and M. McCracken The Hopf Bifurcation, Springer
Applied Mathematics Series, Vol. 19 [1976]; D. Sattinger Lectures on Stability and Bi-
furcation Theory, Springer Lecture Notes 309 [1973]. Books that approach this subject
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Hopf Bifurcation Theorem (Nontechnical version) Let X,, be a vector
field (depending on a parameter p) possessing a fixed point xo for all p.
Assume the eigenvalues of DX, (xo) are in the left half-plane of C for
W< o, where ug 1s fized. Assume that as p is increased, a single conjugate
pair AM(), A(p) of eigenvalues crosses the imaginary axis with nonzero speed
at 1= po (Figure 2.4.2). Then there is a family of closed orbits of X near
o If the point xq is stable for X,,,, then the closed orbits appear for 1 > o
and are stable. For each > po, near pg, there is one corresponding stable
closed orbit and its period is approximately equal to Tm(A(pg)/27).

spectrum of the

linearization at equilibrium
Im A

Re A

FIGURE 2.4.2. A pair of eigenvalues crosses the imaginary axis in the Hopf bifur-
cation.

Roughly speaking, what this means is that when stability is lost, a stable
point is replaced by a stable closed orbit. Translated to the case of fluid
mechanics this means that a stationary solution (fixed point) of the Navier—
Stokes equations is replaced by a periodic solution (stable closed orbit). For
example, consider the case of flow around a cylinder. As R is increased,
the stationary solution becomes unstable and goes to a stable periodic
solution—the wiggly wake depicted in Figure 2.4.3. Such a development of
periodic oscillations is the main content of the Hopf bifurcation theorem.
It applies to a wide variety of physical and biological phenomena, and this
ubiquity leads one to strongly suspect it is the mechanism underlying even
complex fluid dynamical phenomena like the singing of transmission lines
in a strengthening wind.

We say that a bifurcation has occurred when R reaches a critical value
where stability is lost and is replaced by oscillations. The term is used
generally when sudden qualitative changes occur. In Hopf’s theorem the

from a more physical point of view are C. C. Lin, The Theory of Hydrodynamic Stability,
Cambridge [1955], and S. Chandrasekhar Hydrodynamic and Hydromagnetic Stability,
Oxford [1961].
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FIGURE 2.4.3. The development of patterns like this is related to bifurcation,
stability loss and symmetry breaking.

stability analysis fails at py and stability must be determined by “higher-
order” analysis; that is, the stability theorem, based on first-order analysis
just fails at p = pg. How to do this is discussed in the cited references.
One should also note that in highly symmetrical situations such a Couette
flow, the hypotheses of Hopf’s theorem (simplicity of the eigenvalues, or the
nonzero speed assumption) can fail. In this context the theory of bifurcation
with symmetry is needed.™*

As R is increased, additional bifurcations and more complex motions
can occur. It is still not clear how one might set useful information about
turbulent flows from this approach, but for some complex flows like Taylor-
Couette flow the approach has been very successful.

14See Marsden and Hughes [1994]; M. Golubitsky, I. Stewart and D. Schaeffer Symme-
try and Groups in Bifurcation Theory, Vol. II, Springer-Verlag [1988]; and P. Chossat and
G. Iooss, The Taylor-Couette Problem, Springer Applied Math. Sciences Series [1991]
for further information and references.
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3

Gas Flow in One Dimension

In this chapter we discuss compressible flow in one dimension. In the first
section we develop the geometry of characteristics and in the second we in-
troduce the notion of a weak solution and the entropy condition for shocks.
In the third section we discuss the Riemann problem, that is, a flow problem
with particular discontinuous initial data. A general construction, due to
Glimm, which uses the solution of Riemann problems to produce solutions
of arbitrary problems, is then presented. This construction is the basis of
both some existence proofs and some methods of numerical computation in
gas dynamics. In the final section we generalize the discussion to the flow
of a gas that allows chemical energy release, such as occurs in combustion.

3.1 Characteristics

One-dimensional isentropic flow with an equation of state p = p(p) is de-
scribed by the following equations derived in §1.1:

Pz
U + UUy = ——,

p (3.1.1)
pt + upy + pugy = 0.

Define ¢ = /p’'(p) (assuming p’(p) > 0) and note that p,, = p’(p)p, by the
chain rule. Thus, the first equation in (3.1.1) becomes

Pz
Ut + UU, = 2

p
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Before proceeding, let us explain why c is called the sound speed. Sound
can be viewed as a small disturbance in an otherwise motionless gas, due
to density changes. Let

u=u'" and p=po+/p,
where v’ and p’ are small and pg is constant. Correspondingly, neglecting
products of small quantities, we have

2_ Op

19)
—pp':p0+02p’ and ¢ =
dp

o (po) = constant.

D =po+
Substitution of these expressions in (3.1.1) gives

/
YA

uy +u'ul, = and  p} + upl, + pul, = 0.

To first order (i.e., neglecting again squares of small quantities) these be-
come the linearized equations

pouy = —cply and  p + pou, = 0.
Eliminating u’ by differentiating the first equation in x and the second in
t, we get
p;t = CQplx;E’
which is the wave equation. A basic fact about this equation is that the

general solution is
ez + ct) + (z — ct),

that is, small disturbances (“sound waves”) propagate with speed c.

If we define
_ w op
A - |: C2/p u :l )

<Z>t+A(Z>$:o. (3.1.2)

Notice that the eigenvalues of A are u + ¢ and u — ¢. Equation (3.1.2) is
a special case of a first-order quasilinear hyperbolic system in one
dimension, that is, a special case of the system

then (3.1.1) becomes

u; + Az, t,u)u, = B(z,t,u), (3.1.3)

where u = u(z,t) is an n-component vector function of z and ¢, and A is
an n X n matrix function of x, ¢, and u that has n distinct real eigenvalues
and hence n linearly independent eigenvectors (i.e., as a real matrix, A is
diagonalizable). The nonlinearity of (3.1.3) is reflected in the dependence
of A or B on the unknown vector u. We shall now examine systems of the
form (3.1.3).
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Example 1 Consider the single linear equation
vy — Uy = 0. (3.1.4)
Given initial data v(x,0) = f(x), the solution is
v(z,t) = f(z+1).

Thus, v is a wave, with shape f, traveling with unit speed to the left on
the z-axis. On the lines x +¢ = constant, v is constant. Thus, we can think
of information from the initial data as being propagated along these lines.
These lines are called the characteristics of equation (3.1.4). If initial
data are given on a curve C that is transverse to the characteristics (i.e.,
nowhere tangent to them), then (3.1.4) is solved by setting v(xo,tp) = the
value of the initial data on the curve C at the point where C' intersects the
characteristic through (zg,tg). See Figure 3.1.1. If initial data are given on

t

(xo,to)\ C

FI1GURE 3.1.1. Characteristics intersecting the curve C.

a curve not transverse to the characteristics, such as on a characteristic
itself, then the equation does not necessarily have a solution. ¢

Example 2 Consider the general single linear homogeneous equation
vy + a(z,t)v, = 0. (3.1.5)
This time the characteristics are the curves t = t(s),z = x(s), satisfying

dt dz

If a(x,t) is smooth, these curves exist (at least locally) and never inter-
sect without being coincident, by the existence and uniqueness theorem for
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ordinary differential equations. Let us verify that, as in the first example,
solutions are constant along characteristics. Indeed, if x = z(s),t = #(s) is
a characteristic and v satisfies (3.1.5), then by the chain rule,

d dx dt

—uv(x(s),t(s)) =ve— +vi— = v +a(x,t)v, = 0.

ds(()?()) zdS tds t (?)CD
Thus, if initial data is given on a curve C' that is transverse to the charac-
teristics, we can assert as before that v(xg,tg) = the initial data at point
P in Figure 3.1.2. If the data are given on a curve that is not transverse to
the characteristics, a solution does not necessarily exist. ¢

characteristics

(X0, 10)

=TTV)77

FIGURE 3.1.2. Characteristics of a variable coefficient linear equation are nonin-
tersecting curves.

Example 3 Counsider the generalization of (3.1.5) to the inhomogeneous
equation
vt + a(z, t)v, = bz, t), (3.1.7)

and define the characteristics by the same equations (3.1.6). This time

d
Ev(x(S)J(S)) = b(z,1),

and so, as the right-hand side is known,
v(z(s),t(s)) = v(z(s1),t(s1)) + / b(z(a), t(a)) da,
s1

which again determines v off any curve C' if initial data is given on C' and
C' is transverse to the characteristics. ¢
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Example 4 As a nonlinear example, consider the equation
Uy + vty = 0. (3.1.8)

Let us search for curves z(s), t(s) along which w is constant. By the chain

rule,
d dz dt
Eu(x(s), t(s)) = Uz + U
Thus, we should choose

at 1 dr

ds ds
Thus, the characteristics depend on u. Along the curve defined by dt/ds = 1
and dz/ds = u, we have du/ds = 0; that is, u is constant. The situation is
similar to the one in the linear case, except for the following crucial fact:
characteristics can now intersect. This is easy to see directly; if u = constant
on a characteristic, then dt/ds = 1,dz/ds = u is a straight line, and such
lines issuing from different points can indeed intersect (see Figure 3.1.3). It
is also easy to see in principle why the nonlinear case differs from the linear
case. In the linear case, the characteristics are determined by two ordinary
differential equations

dt_l dx

E_ s Eza(x,t)

If a(x,t) is reasonably smooth, the solution of these equations through a
given point (xg,to) is unique, and thus the characteristics cannot intersect.
In the nonlinear case, the characteristics are determined by three equations
(in the special case above, dt/ds = 1,dz/ds = u,du/ds = 0). The solution
of these equations through (xg, to, up) is still unique, but the characteristics
in the (z,t) plane are the projections of the three-dimensional solutions
of the system on that plane, and thus they may indeed intersect. When
such intersection occurs, our method of solution by following characteristics
breaks down and the solution is no longer uniquely determined. We shall
resolve this problem in the next section. ¢

Now we return to the system (3.1.3) and define its characteristics. Setting
B = 0 for simplicity, the rate of change of u along a curve (z(s),t(s)) is

du =u ﬂ—#umd—gC = —A(a:,t,u)£+d—x

== . 1.
ds Yds ds ds ds e (3.1.9)

We define a characteristic to be a curve with the following property: if
data are given on that curve, the differential equation does not determine
the solution at any point not on the characteristic. (The data may also
fail to be consistent, but we do not make this fact a part of the definition.)



106 3 Gas Flow in One Dimension

(%0, 10)

characteristics

(x1,0) (2x,0)

Fi1GURE 3.1.3. The characteristics of a nonlinear equation may intersect.

One can readily check that all the examples of characteristics we have given
meet this definition. If the characteristic is not parallel to the z-axis, this
means we cannot determine u, from knowledge of u on the curve. From
(3.1.9) this will happen if

dt dx
—A(z,t,u)— + —1
(z,t,u) ds + ds
is a singular matrix, that is, if
dt d
=1 ad d—j = Az, t, ), (3.1.10)

where A(z,t,u) is an eigenvalue of A(z,t,u). Notice that there are n char-
acteristics through each point and that the characteristics depend on u.

If a change of variables is made on the dependent variable u that has
a nonzero Jacobian, then A is changed by a similarity transformation,
and thus the eigenvalues and hence the characteristics are unchanged. If
a change of variables is made on the independent variables (x,t) (with
nonzero Jacobian), then this change maps characteristics onto characteris-
tics of the transformed problem.

If C is a curve transverse to all the characteristics, then

dt dx
A 2
ds + ds

will be invertible, and from (3.1.9),

dt  dx]!
u; = |:—A£ + £:| Us,
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so we can propagate u off C. Thus, it is reasonable to expect (and indeed
it is true) that initial data on C' uniquely determine a solution near C. (We
have to say “near” because, as in Example 4, characteristics for the same
eigenvalue can intersect.) In this general case we cannot expect u to be
constant along characteristics. However, we might seek functions fi,..., f,
of u that are constant along the characteristics associated with the eigen-
values A1, ..., \,. Indeed, suppose we can find a function f associated with
an eigenvalue A with the property that

of _\9of
AT L 3.1.11
ou 8u ( )
that is, df/0u is an eigenvector of the transpose of A. We claim that f is
constant along the corresponding characteristic. Such functions f are called
the Riemann invariants of the equation. To prove our contention, write
out (3.1.11) in components:

\9f
Ari 3.1.12
Z B = Ao (3.1.12)
where u = (uq, ..., uy). Now differentiate f along a curve satisfying (3.1.10):

Z 8f 8Uk Z auk aukd_x
ouy, 0s ouy, ot ax ds
B - “ ou; Ouy,
-2 [Guk 2 Ay A%H

kf
" (’)f (‘3uz Z Of duy,

I
M= T

k=1  i=1 dui dx
This is zero by virtue of (3.1.12).
Thus, if n functions f = (f1,..., f,) are found that are constant along

characteristics, we may invert them to express u in terms of the f’s and
hope in this way to be able to determine explicitly the characteristics in
terms of the initial data alone. An example will be given later to show that
this can sometimes be done.

Let us now see these ideas work for the equations of gas dynamics (3.1.1),
written in the form (3.1.2) with u = (p,u). Because the eigenvalues of A
are u £ ¢, the characteristics are the curves

dz dx
Cy: I =u+c and c_: il (3.1.13)

To find the Riemann invariants we use (3.1.11). We seek eigenvectors of
AT with eigenvalues u =+ c; that is, vectors (hw, k4 ) such that

I I
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This is easy to do: one finds

1]- (]

Thus, the Riemann invariants are found by inspection to be

Iy =ut / ipp) dp, (3.1.14)
that is,
ar. ar.
ap =+, ou +

as required by (3.1.11). Thus, I'y. are constant along the + characteristics,
respectively.

The fact that 'y (resp. I'_) is constant on Cy (resp. C_) does not in
itself enable us to integrate the characteristic equations. The trouble is
that I'y need not be constant on C_, and I'_ need not be constant on
C4; if they were, then by inverting (3.1.14), u and p would be constant on
characteristics and the characteristics would be straight lines. If, by some
device, the characteristics can be found, then the equations can be solved
as follows: From (z,t) follow the £ characteristics back to the curve on
which initial data are prescribed to determine I'y. via (3.1.14). Using these
values, solve (3.1.14) for (u, p) and the result will be the value of (u, p) at
(z,t).

Of course, as in Example 4 there may be difficulties with two C char-
acteristics crossing. There may also be boundary conditions that have to
be taken into account.

We now discuss a different method for obtaining the Riemann invariants.
Consider the change of variables u = u(z,t), p = p(x,t) from the (z, t) plane
to the (p,u) plane and assume it is invertible (with nonzero Jacobian) so x
and ¢ may be regarded as functions of p and u. This is called the hodograph
transformation.

Because the transformations (x,t) — (p,u) and (p,u) — (x,t) are in-
verses, their Jacobian matrices are inverses:

Pz Pt _ xp Ty - _ l tu — Ty
up ur | | t, tu B e PR P
where J = z,t, — x,t, # 0. Substitution into (3.1.1) yields a linear hy-

perbolic system with independent variables (p,u) and dependent variables
(z,t) as follows:

2
T, — ut, + ;tu =0,

ptp + Ty — uty, =0,
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x 1 u/p 0 /p x|
Ll ]
The eigenvalues of the coefficient matrix
1 u/p 0 A/p|l_1lu &—u?
0 pt 1 —u | p|1 —u
are easily computed to be A = £¢/p . Thus, the characteristics in the (p, u)
plane are

that is,

du _ ¢
dp p

)

that is,
uE / @ dp = constant.
p

Thus, we recover the fact that ' = constant defines the characteristics;
that is, we recover the Riemann invariants obtained earlier.

As we saw earlier, it may be difficult to determine the characteristics
in a general flow. However, in special circumstances, the characteristics
are straight lines. We now introduce some terminology relevant to this
situation.

A state of a gas is a pair of values (p,u). A constant state is a region
in the (z,t) plane in which p and u are constant. A simple wave is a
region in the (z,t) plane in which one of ', T'_ is constant. If it is 'y that
is constant, we refer to the region as a I'y simple wave. A T'_ simple
wawve is defined analogously.

In a 'y simple wave, both I'_ and T'; are constant along C'_ character-
istics by definition of T'_ . From (3.1.14), u and c are constant too, and so
C_ is a straight line. Similarly, in a I'_ simple wave, the Cy characteristics
are straight lines.

Consider a constant state S that is bounded by a smooth curve o in
the (z,t) plane, as shown in Figure 3.1.4. (We implicitly assume that S is
the largest region on which (p,u) are constant, that is, the region across o
exterior to S is not a constant state.) Because we are assuming ¢ # 0, then
the C, and C_ characteristics are not parallel at any point. Therefore,
at any point P of o, one of C'y or C_ must cross o. Suppose that C
crosses 0. Now I' is constant along each C characteristic and is constant
throughout S. Therefore, assuming v and p are smooth enough, I'} will
be constant on a region exterior to S. Thus there is a portion of the (xz,t)
plane adjoining S that is a Ty (or T'_) simple wave. If at some point along
o, the other characteristic C_ was not equal to o, it would cross it (again
assuming smoothness) and so I'_ would be constant on some region exterior
to S. That region would thus be a constant state. Therefore, the boundary
of a constant state is composed of straight lines.
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constant
state

FI1GURE 3.1.4. Characteristics crossing the boundary of a constant state at P.

We will now give an example that shows the usefulness of the preceding
observations. Consider an infinitely long tube extending along the x-axis.
We assume that gas fills the half-tube x > 0 with a piston situated at
x = 0, and that the gas is in a motionless state with a constant density pg
(Figure 3.1.5). At t = 0, we start pulling the piston to the left so that the

tube (cut-out)

N
(:I/
piston \ gas in constant state

u=0, p=p,

x=0 x>0

FI1GURE 3.1.5. Gas in a tube with a piston at ¢t = 0.

piston follows a path « = z(t) for ¢ > 0 in the (z,t) plane (Figure 3.1.6).

As a result the gas is set into motion. Because the gas is originally mo-
tionless with uniform density pg, there is a constant state I in the (z,t)
plane where the Cy characteristics have constant slope £c(pg). The Rie-
mann invariants in I are

PO
9 = :I:/ @ ds = constant.
o s

The boundary of I is a straight C, characteristic that must emanate
from the origin. This is readily seen from the fact that two distinct C
characteristics in a I'_ wave cannot intersect at ¢ > 0. If they did, they
would coincide. The C_ characteristics of I penetrate into the adjoining
region II, and they can be traced at most as far as the piston path. Hence,
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particle path
piston path C+
x=x(1)
i slope = ¢(po)
\
\
\
\ I
\
\
| constant state
. ) u=0, p=py _
7
C_

FIGURE 3.1.6. Dynamics of the gas in the piston.

the region must be a I'_ simple wave (part of it may also be a constant
state). The Cy characteristics in the region IT are all straight lines. In
particular, if the piston is withdrawn with a constant velocity U (which is
negative), that is, z(t) = Ut, then we claim that the density of the gas is
constant along the piston path (Figure 3.1.7). To prove this fact, pick any

left boundary

\
constant state
S, =11

piston path
x=U,

right boundary

1=5,
constant state

u=0, p=pg

particle pzél

FIGURE 3.1.7. Piston pulled with constant (negative velocity).

point B on the piston path. The gas particle at B moves with velocity U.
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Because I'_(B) = I'° | we have
p(B)
/ i;) dp=U —TY = constant. (3.1.15)

This is possible only if p(B) is constant along the piston path, because
¢(p) and p are positive. Hence, the Riemann invariant 'y, which is equal
to U + (U —T%) on the piston path, is a constant independent of any
C. characteristics issuing from the piston path. Thus, there is a constant
state III adjacent to the piston path. The other boundary of IIT must be a
straight C'; characteristic, which issues from the origin. The constant states
I and III enclose a region II which must be a I'_ simple wave. Because
the boundary of II consists of straight C'y characteristics issuing from the
origin, all C; characteristics of I intersect at the origin.

A simple wave whose straight characteristics intersect at a point on the
x-axis is called a centered rarefaction wave. We justify this terminology
by noting the following fact: From (3.1.15),

p(B) p(B)
/ @dp:/ @dp+r9=U<o.
p0 P a P

Because ¢(p) and p are positive, we must have p(B) < po (i.e., in Fig-
ure 3.1.7 the gas is rarefied when the gas state passes through II from I to
III).

We can carry out the explicit construction of the solution to the piston
problem at any point (z, t) in the special case of “y law gas” whose equation
of state is given by p = Ap?, A, = constants, v > 1.

The sound speed in such a gas is

c= ,/j—i = Ay =, /%, (3.1.16)

and the Riemann invariants are

Fi:ui/@dpzui

7_1(3.

We call the constant state I the right state S,. In this state

P
u, =0, p=po, pr=Apy, and cr=,/pr.
0

We call state III the left state S; and in it (u, p, p, ¢) have constant values,
say (uy, pi,p1, c1). Obviously, u; = U. From

r.=0U -

2 2
Cl = Up — =
y—1" v—1
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we can determine ¢; and hence the entire left state from (3.1.16). Because we
know ¢;, the left boundary of the rarefaction wave is given by z = (U +¢)t.
Finally, if (z,t) is a point inside the rarefaction, then

utec= % (3.1.17)

since the C; characteristic through (x,t) is a straight line issuing from the
origin. On the other hand, the rarefaction is a I'_ simple wave, and
2 2

F,:’U/_ C = Upr — Cr.
v—-1 v+1

Relations (3.1.17) and (3.1.18) yield

2 T
u(xat) = —1 (_ 707’)7
v+ t

v—1 T 2
)= —— -+ —0c .
w0 =(351) (o)

We now use (3.1.16) and p = Ap” to obtain p(z,t) and p(zx,t). Thus we
have constructed the gas flow at every point (z,t).

Two constant states, S; and So, are said to be connected by a T'_
rarefaction wave if the configuration shown in Figure 3.1.8 is a solution
of the differential equations for gas flow.

(3.1.18)

A t

> X

FIGURE 3.1.8. Two constant states connected by a rarefaction wave.

Remember that in a I'_ simple wave, the Cy characteristics are straight
lines. The configuration in Figure 3.1.8 depicts two constant states, S; and
So, connected by a I'_ rarefaction wave. We ask the question: Given a state
S1, that is, given values p; and uq, what are the possible states S5 that can
be connected to S; by means of a centered rarefaction wave? We are only
interested in states Sy whose density po is less than pq; this corresponds to
the situation created when a piston moves to the left. For this discussion,
we assume the relation p = Ap7.

Choose po such that 0 < py < p1. We claim that py will uniquely deter-
mine the state Ss that can be connected to S7 by a centered rarefaction
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wave. Given py, we find py from the relation po = Ap3. Given S, we know
p1 and uq and thus can compute

2

I =u —
(75} ’y—].

C(p1)7

which is constant in S;. Because I'_ is constant throughout the centered
rarefaction, we have

2 (p2) = 2
7—18'02 - vy—1

U2 — c(p1)-

This determines us and hence the constant state Ss.
How far can these C';. characteristics in Figure 3.1.8 fan out? The answer
is seen from the relation

that is, when p is zero we must stop.

The methods developed so far cannot deal with the case of a piston
being pushed in. In such a case, our Cy characteristics would soon collide,
as shown in Figure 3.1.9.

/ piston path

N

collision

FI1GURE 3.1.9. The characteristics can collide if the piston is pushed in.

When the characteristics collide, the solutions become multiple valued
and thus, as presented so far, meaningless. To deal with this situation we
will modify our approach and introduce the concept of a “weak solution”
in the next section.
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3.2 Shocks

To deal with the crossing of characteristics and the formation of shocks, we
introduce some concepts from thermodynamics and the notion of a weak
solution.

We begin with a brief review of relevant parts of thermodynamics for
ideal flow.! We assume there is a specific internal energy function e (“spe-
cific” means “per unit mass”). For example, as we saw in §1.1, for ideal

gases,
s 50)
e==|——1.

p\Y—1

The total energy per unit volume is
e = % pu2 + pe.

Assuming that heat does not enter the fluid domain from its boundaries,
the total energy can only be reduced when the fluid does work. The work
done by a fluid volume W per unit time is

—/ pu-ndA
ow

where n is the outward unit normal to OW and dA is the area element.
This must equal the rate of change of energy in W:

8,5/ edV:—/ pu-ndA:—/ div(pu) dV.
w ow w

By the transport theorem in §1.1, this integral form is equivalent to the
differential equation

Ore + div(eu) + div(pu) = 0.

that is,
e + div((e + p)u) =0,

In one dimension this becomes
oe + ((e + p)u)y = 0. (3.2.1)
Let us check that (3.2.1) indeed holds for an ideal gas. Here we choose

1
p=Ap” and e:g—;
py—1

IFor an “axiomatic” treatment, see Marsden and Hughes [1994]. See also L. Malvern
[1969] Introduction to the Mechanics of a Continuous Medium, Prentice-Hall.
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then (3.2.1) reads

1 2 b 1 2 —p =
at(qu +7—1)+(<2pu +7—1+p>u>x >

Substituting p = Ap” and the equation of motion w; + uu, = —p./p, we
see that this equation is indeed satisfied, as long as u and p are smooth.
The energy equation (3.2.1) is called the first law of thermodynam-
ics. We regard it as one of the basic equations. Our system, thus enlarged,
becomes
pt +upg + pugz =0,

wp + uty + % =0, (3.2.2)
et + ((e+p)u), =0.

When shocks form, discontinuities develop and so the meaning of equa-
tions (3.2.2) has to be carefully considered. Later we shall examine in detail
why it is desirable to work with (3.2.2). For instance, for a gas (for which
e = 2pu® +p/(y—1)) we shall see that (3.2.2) can be meaningful even
when p = Ap” breaks down. Physically, it is reasonable to concentrate on
the system (3.2.2) because it expresses conservation of mass, momentum,
and energy. We remark that the system (3.2.2) has no Riemann invariants
in general.

The second law of thermodynamics in the form of a mathematically
reasonable postulate about shock waves will be introduced later. In ther-
modynamics, the second law asserts the existence of an “entropy” 7 that
has the property Dn/Dt > 0; n increases when energy is converted from
kinetic to internal energy. In works on thermodynamics, 7 is related to the
other variables, for example, to specific heats. For an ideal gas, one can
show that

1 = [constant | log(pp~7).

If n is increasing, we cannot have p = Ap”, where A is a constant. When
shocks form, 7 increases and p = Ap” must be abandoned. However, a
suitable formulation of equations (3.2.2) will continue to make sense. We
turn to this formulation next.

We now introduce the concept of a “weak solution” that will allow dis-
continuous solutions. The basic idea behind weak solutions is to go back
to the integral formulation of the equations; this may remain valid when
there is not enough differentiability to justify the differential form.>

2For a general mathematical reference, see P. D. Lax [1973] Hyperbolic Systems of
Conservation Laws and the Mathematical Theory of Shock Waves, Conference Board
of the Mathematical Sciences Regional Conference Series in Applied Mathematics, No.
11. Society for Industrial and Applied Mathematics, Philadelphia, Pa., v+48 pp.
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Let us begin by considering general nonlinear general equations in con-
servation form, that is, of the form

us + (f(w)z = 0. (3.2.3)

Example The equation u; + uu, = 0 was discussed in the previous sec-
tion. It may be written in the conservation form wu; + (%UQ)Z = 0. However,
it can also be written as

(30%), + (5u°), =0.

The results one gets may depend on which conservation form is chosen.
Usually, physical considerations will dictate which one is appropriate. ¢

Let F = (f(u),u) and note that (3.2.3) is equivalent to
Div F =0,

where Div(f1, f2) = (f1)s + (f2): is the space-time divergence. Let ¢ be
a smooth function with compact support in the (z,t) plane (i.e., ¢ vanishes
outside a compact set). Then (3.2.3) is equivalent to

/(p-Didexdtz 0,

for all such test functions ¢. Integrating by parts (which is justified be-
cause ¢ has compact support),

/Grad v -Fdxdt=0. (3.2.4)

where Grad ¢ = (¢u, 1) is the space-time gradient of ¢. If w is smooth
(3.2.3) and (3.2.4) are equivalent, but if u is not smooth, (3.2.4) can make
sense even when (3.2.3) does not.

We define a weak solution of (3.2.3) to be a function u that satisfies
(3.2.4) for all smooth ¢ with compact support.

A slightly different formulation of (3.2.4) may be used to take into ac-
count the initial conditions, say u(x,0) = ¢(z). Namely, we can replace the
integration over all of space-time by integration over the half-space t > 0.
Then during integration by parts we pick up a boundary term:

/ / Grady - Fdzdt + / o(x,0) g (z)dz = 0. (3.2.5)
>0Jx

—0o0

If ¢ has support away from the z-axis (i.e., ¢ = 0 on the z-axis) then
(3.2.5) reduces to (3.2.4).

So far we have the differential form of equation (3.2.3) and the weak form
(3.2.4). We also have an integral form corresponding to the integral form of
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the equations of motion discussed in §1.1. Here it expresses “conservation
of u.” Indeed, consider an interval W = [a, b] on the z-axis; from (3.2.3),

%/wudx:/wutdx:—/W(f(u))zd:r.

d b
dt J,

Thus,

udx = —f(u)

a

In particular, note that if v — 0 at +00, then ffooo udx is conserved in the
literal sense:

d oo

— udx = 0.

dt J_

A weak solution does not have to be differentiable. Note, however, that a
function that satisfies the integral form of the equation of motion does not
have to be differentiable either, and the integral forms in fluid mechanics are
in fact the basic laws we are working with, while weak solutions are merely
convenient mathematical tools. A natural question to ask is: Does a weak
solution necessarily satisfy the integral form of the equation? The answer
is yes, and, therefore, weak solutions are in fact the objects we are looking
for. (Note that the answer is, in general, affirmative only if the conserved
quantities are the same in the integral forms and in the conservation forms
of the equations.)

The proof of the fact that weak solutions satisfy the integral form of
the equation is reasonably straightforward. Let ©p be the characteristic
function of the domain D over which the integral form of the equation is
used; i.e, Yp(x,t) = 1if (z,t) € D, while ¢¥p(x,t) = 0 if (z,t)is not in D.
Substitute ¢p instead of ¢ into equation (3.2.4). Some straightforward
manipulation of improper functions will yield the desired integral form.
However, 1p is not an acceptable test function ¢ because it is not smooth.
Despite this, one can find sequences of acceptable test functions ¢, (z,t)
such that

/cpn(ac,t) divF dz dt — /wD(x,t) div F dz dt,

as n — oo for all piecewise smooth F. During this process, one must account
carefully for lines on which F is not smooth. We omit the details.

We now investigate properties of weak solutions of the conservation law
ut + f(u), = 0 near a jump discontinuity. Let u be a weak solution with a
jump discontinuity across a smooth curve ¥ in the (z,t) plane. Let ¢ be a
smooth function vanishing outside the region S shown in Figure 3.2.1.
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FIGURE 3.2.1. A weak solution may have a jump discontinuity across the curve X.

Write S = S; U .S, as shown in the figure. Then
0= /Gradgp -Fdxdt

= Grad ¢ - Fdzdt + Grad ¢ - F dx dt. (3.2.6)
Sl S2

Let us assume that u is smooth in each of regions S; and S5. Thus

/ gradgo-Fdxdt:/ div(goF)dxdt—/ ¢ DivF dx dt
S S1 51

:/(pF-ndsdt—/ @ DivF dx dt.
P S1

In region S; where wu is smooth, DivF = 0, and therefore

Grady - Fdxdt = / ¢F1 - nds,
Sl P

where in the integral over X, F; means u is evaluated by taking the limit
from region S7. Similarly, one has

/ GI‘adQD'Fd.TCdt:*/QDF2~IIdS.
Sz >

The minus sign occurs because the outward normal n for S is the inward
normal for Sy. Substitution into (3.2.6) yields

/ (p(Fl —FQ) -nds =0.
P
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Because this is valid for all ¢,
[F-nj=0 onX, (3.2.7)

where [F -n] = F; - n — Fy - n denotes the jump in F - n across X.
Let ¥ be parametrized by © = z(t) so s = da/dt is the speed of the
discontinuity. Then
1. —
n=L g B o (), u);
s24+1
thus, (3.2.7) becomes
—sful + [f(w)] =0 on X (3.2.8)

where again [ | denotes the jump in a quantity produced when (z,t) crosses
from Sl to SQ.

Equation (3.2.8) is the constraint that the assumed weak form of the
equations (3.2.4) imposes on the values of w on both sides of a discontinuity.
Also, [wdx is conserved if the differential form of the equation is satisfied
whenever u is smooth, and (3.2.8) is satisfied across any discontinuity. It
is, of course, assumed that all discontinuities are jump discontinuities. A
function u that satisfies the differential equations where possible and (3.2.8)
across a jump discontinuity satisfies the integral form and the weak form
of the equations.

What we have just done works just as well for systems of conservation
laws, that is, equations of the form

(wi)e + (filu, ... upn))s =0, i=1,...,n

for a vector unknown u = (uy,...,u,). Setting F; = (f;(u), u;), these may
be rewritten as
DivF; =0, i=1,...,n.

The comments on the single equation case then carry over verbatim, equa-
tion by equation, to the case of systems. In particular, each component
u; represents a conserved quantity of the system in the sense spelled out
earlier.

As an example of a system of conservation laws, consider the equations
of isentropic gas flow:

pe + (pu)e =0, ut+uum+%=0-

They can be written in conservation form if one writes the second equation
in terms of the momentum m = pu. One gets

pt+ma::O,

2 (3.2.9)
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In this system we assume p = p(p). We can drop this assumption p = p(p)
if we add the energy equation

e+ ((6 +p)u)r = 07
where e = pe + %pu2 and e is given, for example, by

p 1
e=——-.
py—1
In summary, using the energy equation, we have the system of conserva-
tion laws

pi +mg =0,
m2 —O
met ) =0 (3.2.10)
et%<®+pﬂﬁ> =0.
P/

The system (3.2.9) together with p = ApY will not have the same weak
solutions as (3.2.10) together with

1
e=imitp, =P L

py—1

It is believed on physical grounds that the condition of conservation of en-
ergy is more fundamental than p = Ap” and that, indeed, A may depend
on the entropy and thus may not be constant. Therefore, we adopt the sys-
tem (3.2.10) as our basic system of conservation laws. There are problems,
however (e.g., in the theory of water waves), where systems such as the
2 x 2 system with p = Ap” are appropriate. Physical considerations dictate
which quantities must be conserved.

From the jump conditions (3.2.8) applied to the system of conservation
laws (3.2.10) we find that the jump relations across a discontinuity ¥ in
the (x,t) plane with velocity dz/dt = s are given as follows:

sim] = {m; +p} : (3.2.11)

sle] = [(e + p)ul.

These are called the Rankine—Hugoniot relations. The first two equa-
tions in (3.2.11) are called the mechanical jump relations.

The equations of fluid mechanics, like those of classical particle mechan-
ics, are Galilean invariant. Therefore, it is legitimate to transform variables
to a coordinate system moving with uniform velocity. It is convenient to
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shock

back(1) front(0)

FIGURE 3.2.2. The shock in moving coordinates.

pick a coordinate system whose velocity at some fixed time tg, say to = 0,
equals that of the discontinuity and such that the discontinuity is at x =0
at t = 0. See Figure 3.2.2.
In this coordinate system, the Rankine—Hugoniot relations at the origin
become
PoUo = P1U1,

poud +po = prui + pi, (3.2.12)
(eo + po)uo = (e1 + p1)ua,

where the subscripts indicate the different sides (0) or (1) of the disconti-
nuity.

Let M = poug = pruy. If M = 0 we call the discontinuity a contact
discontinuity or a slip line. Because ug = u; = 0, these discontinuities
move with the fluid. From (3.2.12)2, pg = p1, but in general py # p1.

If M # 0, we call the discontinuity a shock. Because ug # 0,u; # 0,
gas is crossing the shock, or, equivalently, the shock, is moving through the
gas. The side that consists of gas that has not crossed the shock is called
the front of the shock, and we identify it by a subscript 0. The other side,
denoted by a subscript 1, is called the back.

Some simple algebraic identities for a shock may be derived from the
Rankine-Hugoniot relations. From (3.2.12); and (3.2.12),,

_bo—p1
’U,o*’u,l-

Mug +po = Mui +p1, t.e., M= (3.2.13)
Substituting ug = M/po = M19 and w; = M/p; = M7y, where 7 = 1/p is
the specific volume, into (3.2.13) gives

_Po—P1

M? =
T0O —T1

(3.2.14)
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If we write M2 = M - M = (pouo) (pru1) and 7 = 1/p , (3.2.14) becomes
Po — D1
Po —P1
The identities (3.2.13), (3.2.14), and (3.2.15) are consequences of the me-

chanical jump relations only. To bring in the energy, combine (3.2.12); with
(3.2.12)3 to give

U U1 = (3.2.15)

€070 — €171 = P1T1 — PoTo-

However,
1, .2 1,2
€070 — €171 = (§P0U0 + poeo) To — (§P1u1 + P1€1) Ti
1
2

(uo —u1)(uo +u1) + € — €1

= 7%(]\47‘0 + MTl) + (60 — 61)
(from (3.2.12); and (3.2.13))
= (0 —e1) = 2B (g + 7).
Thus,
6 -+ PP L o (3.2.16)

This relation is called the Hugoniot equation for the shock. Notice that
it depends only on p and 7 and not on u. Define the Hugoniot function
with center (79,p0) to be

bo+p
2

H(Tap) = G(Tap) - 6(7’0,[)0) + (7_ - TO)

so that (3.2.16) may be written as H(r,p1) = 0.
For a “vy-law gas” for which

1
-
L

it is easily checked that H(7,p) is given by
2u*H(r,p) = (1 — pi*10) p — (10 — 4°7) po,

where
2_7—1
ue=-—.
v+1

In this case, the curve H(7,p) = 0 is the hyperbola shown in Figure 3.2.3.

The Hugoniot equation states that (71,p1) lies on this hyperbola. The
hyperbola represents all possible states that can be connected to the state
(70, po) through a shock. Notice from (3.2.14) that —M? is the slope of the
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—MZP()

FIGURE 3.2.3. The Hugoniot curve H(r,p) = 0.

line through (71,p1) and (70,po) and that this then determines ug and u
via (3.2.12);. Because the curve pp~7 = pop, ", that is, pr? = po7y does
not coincide with the curve H(r,p) = 0, we will not have pp~? = constant
across a shock, in general. Similarly, if we had insisted on (3.2.9) and pp~7
= constant, we would have obtained shocks for which energy conservation
would have been violated.

Further conditions must be imposed on weak solutions of conservation
laws to select a unique, physically correct solution. The next example
demonstrates nonuniqueness with u; + uu, = 0.

Example Consider the conservation law

U2
ug + (7> = 0. (3.2.17)

Recall from §3.1 that its characteristics are straight lines and that w is
constant along them. Consider the initial data

(2,0) 0, ifx>0;
U 1.7 = .
1, ifxz<0.

The corresponding characteristics are shown in Figure 3.2.4(a).

To keep the characteristics from crossing, we introduce a shock with
propagation speed

[3vw?] _ 1

[] 2
(see equation (3.2.8)). We thus get a globally defined weak solution by
letting u = 1 to the left (behind) of the shock and u = 0 to the right (in
front) of the shock. See Figure 3.2.4(b).
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; shock; s = 1/2
u=1 u=0
X X
(a) characteristics (b)

FIGURE 3.2.4. Characteristics for the initial data v« = 0 if z > 0 and v = 1 if
z < 0.

Next consider the initial data

(z.0) 1, ifz>0;
u\xr =
’ 0, ifz<o.

The characteristics, shown in Figure 3.2.5(a), do not fill out the (z,t) plane.

‘ P s=1/2
u=0 u=0
u=1
X X
(a) (b)
u=0 !

rarefaction fan
u=1

X

I
©)

FIGURE 3.2.5. Characteristics for the initial data v = 1 if x > 0 and v = 0 if
z < 0.
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The figure shows two ways to find a globally defined weak solution. We
shall introduce a condition that excludes the solution (b) of Figure 3.2.5. 4

Consider the characteristics of our problem and consider a shock (i.e.,
a discontinuity that satisfies the jump condition —s[u] + [$u?] = 0) . It
is easy to see that the following is true: Through every point on the path
of the shock in the (z,t) plane one can draw two characteristics, one on
each side of the shock; and either both of them can be traced back to
the initial line or both of them can be traced upwards to the “future,”
that is, toward larger t. In either case, the shock is needed to avoid having
characteristics intersect and create a multivalued solution. We say that this
shock separates the characteristics. (We shall work out an example more
general than 3.2.17 in greater detail later.) A shock is said to obey the
entropy condition if the two characteristics that intersect on each point
can be traced backward to the initial line, as in Figure 3.2.4(b). A shock
that does not obey the entropy condition is called a rarefaction shock.
We shall allow only shocks that do obey the entropy condition and exclude
solutions such as those in Figure 3.2.5(b). This restriction will make the
weak solution of the problem unique. The reason for the name “entropy
condition” will appear later. The entropy condition can be viewed as a
causality condition: The shock is determined by the given data, and not by
future events.?

We shall formulate shortly the general entropy condition for shocks in
systems of conservation laws. Before doing so, we list some of the reasons
rarefaction shocks are excluded in gas dynamics.

1. If a rarefaction shock is allowed, then the problem will not have a
unique solution.

2. A solution that includes rarefaction shocks need not depend continu-
ously on the initial data. Specifically, in the neighborhood of a rarefaction
shock, we can specify u on the left, u on the right, and s; the only required
relation is the jump condition; u is not constrained by the initial data.
Thus, we can alter the solution without altering the initial data.

3. When we write the equations of gas dynamics in hyperbolic form, we
neglect the viscosity. The hidden assumption is that the effect of viscosity
should be small. As an example, we consider the viscous equation

w2
U + (7> = Vilgg, v>0 (3.2.18)

3See P. D. Lax [1973] Hyperbolic Systems of Conservation Laws and the Mathemat-
ical Theory of Shock Waves, Conference Board of the Mathematical Sciences Regional
Conference Series in Applied Mathematics, No. 11. Society for Industrial and Applied
Mathematics, Philadelphia, Pa., v+48 pp.
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corresponding to the conservation law (3.2.17). Let the solution of (3.2.18)
be u, and let ug be the solution of (3.2.17) with the same initial data. Then
the hidden assumption is
lim wu, = ug.

v—0+
In fact, one can show that lim, o4 u, is a weak solution of the inviscid
equation (3.2.17), and one can also show that only solutions of (3.2.17)
satisfying the entropy condition are the limits of the corresponding viscous
solutions. We will omit the proof.*

4. We have seen that the quantity f u(x,t) dz is conserved for a solution
of the conservation law (3.2.17). One can show that the “energy,” that is,
[ u?(z,t) dz, cannot increase for a weak solution whose shocks satisfy the
entropy condition. To make this plausible, consider a solution u(z,t); we
define its variation at t to be

var(u(z,t)) = supz [u(zn,t) — w(@n_1,t)]

n

where the sup is taken over all the possible partitions {z1,...,zn} of the
z-axis. (A partition is a finite division of the z-axis, —co < z1 < -++ <
xy < 00.) We assume that var(u(z,0)) < oo initially. Then, because a
smooth solution is propagated along characteristics from the initial data,
var(u) is invariant for smooth solutions (see Figure 3.2.6).

t  shock satisfying the t
entropy condition
characteristics
o)

! /\/
0l » 2 X 0 X

var (u(x,ty)) < var (u(x,0)) var (u(x,ty)) = var (u(x,0))

(a) (b)

FIGURE 3.2.6. The variation is decreasing for a shock satisfying the entropy con-
dition.

However, if u(x,t) has a shock satisfying the entropy condition, u(z,t)

loses a part of its initial variation at any time when this shock is present.
Therefore, the variation var(u) cannot increase. This fact implies that

4See E. Hopf, Comm. Pure Appl. Math. 4 [1950], 201.
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[ u?(z,t) dz cannot increase. This is not the case with a rarefaction shock.
A similar situation holds for the equations of gas dynamics.

5. In the case of the equations of gas dynamics, rarefaction shocks violate
basic thermodynamic principles.

We now formulate the entropy condition for systems of conservation laws.
Consider an n-component system u; + (f(u)), = 0. Using the chain rule,
we can write u; + A(u)u, = 0, where A(u) is the Jacobian matrix of f.
We assume this is hyperbolic in the sense of the previous section so A(u)
has n real eigenvalues A1, A, ..., A,. Correspondingly, we have n families
of characteristics given by the curves

dx i
dt

=\ t=1,...,n.

For example, in the one-dimensional case we have considered, n = 1 and
A1 = A = u. In the two-component case of isentropic flow, we have two
families of characteristics, C; and C_, associated with A\; 2 = u £ c. In the
3 x 3 system of gas dynamics, \y = u+¢, Ay =u—c¢, A3 = u, and we
have three corresponding families, C;, C_, and Cj, respectively.

A shock is said to separate characteristics of a given family if

i it satisfies the jump conditions;

ii through every point of the trajectory of the shock in (z,t) plane one
can draw two characteristics of the family, one on each side of the
shock; and

iii either both characteristics can be traced back to the initial line or
they can both be traced upwards toward increasing t. (We shall see
later that it is a property of the gas dynamic equations that each
shock separates either the Cy or the C_ family.)

The entropy condition for systems of conservation laws is the following;:
A shock satisfies the entropy condition if, when it separates characteristics
of one family, the characteristics on each side can be traced back to the
initial data. We shall allow only shocks that satisfy the entropy condition.
(Some authors call a discontinuity a shock only if the entropy condition is
satisfied.)

A shock for gas dynamics is called compressive if the pressure behind
the shock is larger than the pressure in front of the shock. Thus, in a
compressive shock the pressure is raised as a fluid particle crosses the shock.

We next show that for a vy-law gas a shock is compressive if and only
if it satisfies the entropy condition. To demonstrate this, we proceed in a
number of steps.
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Step 1 The velocity of a shock is larger than the sound speed (i.e., is su-
personic) on one side and is smaller than the sound speed (i.e., is subsonic)
on the other.

To see this, consider the Hugoniot relation
€0To +PoTo = €171 + P1T1
derived in the course of establishing equation (3.2.16). We can rewrite it as

1,2 1,2
53Uy + € +poTo = Zul + €1 +piT1.

Substituting
2 Y- 1 pT 2
=——, €= , and c*=~prT,
a v+1 v—1 TP
we get
pPud + (1= p?)eg = puy + (1 — p)cd. (3.2.19)

Let ¢ denote the common value of both sides so that
(1= p?)(uf — cf) = u — ¢
and
(1= p?)(uf =) = ui — .
However, 12 < 1 because v > 1, and so
|ug| > ¢o if and only if |ug| > cx (3.2.20)

and
|ur| > ¢1 if and only if |uq| > ¢

Rewrite the expression for ¢2 as follows: by definition,
prcz = pilpui + (1= p®)ypim] = prpui + (1= p?)pr.
Because (1 — p?)y =1+ u?,
prcl = prp®uf + (1 + p)pr.
From (3.2.12), we get
p1ci = i*P +py
where P = pou% +po = plu% + p1. Similarly, poci = ,u2P + po. Eliminating
P yields

2_P=Po
P1 = pPo
From (3.2.15) we then get
e = uguy. (3.2.21)

This is called the Prandtl relation. It follows that |uj| > ¢, implies
|uo| < ¢, and vice versa. Together with (3.2.20), this proves our contention
in Step 1.
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Step 2 Determination of the family of characteristics separated by a
shock.

Consider a shock facing to the right, that is, its front is on its right, its
back is on its left, and fluid crosses it from right to left. The characteristics
for our system (3.2.10) are given by

d

d_g; =u-+c (the C; characteristic)

d

d—i =wu—c¢ (the C_ characteristic)
and

dz -

i (the Cy characteristic)

The shock cannot separate Cy characteristics. Indeed, by our conventions,
the velocity ug in front of the shock is negative; by the jump relation
poug = prui, we see that u; is negative as well. Therefore, the configuration
of the Cy characteristics is such that on the left (labeled with a (1)) the
characteristics go to the future and on the right (labeled with a (0)) they
go to the past (see Figure 3.2.7), and so the shock does not separate them.

The right-facing shock cannot separate C_ characteristics either. Indeed,
because ug < 0, we have u; < 0 as well and ug — ¢ < 0, u3 — ¢ < 0; thus,
one has a picture qualitatively similar to that shown in Figure 3.2.7 for Cy
characteristics.

! shock

\
\
\

Cy characteristics

F1GURE 3.2.7. The appearance of Cj characteristics separated by a shock.

Thus, a right-facing shock can only separate C; characteristics. (Simi-
larly, a left-facing shock separates C_ characteristics.)

Step 3 A shock is compressive if and only if po < p1.

Indeed, a shock is compressive when p; > pg by definition. From the
jump condition we get poug = pru1, and thus vy and ug are both negative
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for a right-facing shock. From (3.2.19),

ci: b1 = Do > 0;
P1— Po

therefore, p; — pg and p; — pg have the same sign, as required. A similar
argument yields the same conclusion for a left-facing shock.

Step 4 A noncompressive shock violates the entropy condition.

A shock is noncompressive when p; < pg, from Step 3. From the jump
condition poug = piu; we have u; < ug < 0. Subject to the Hugoniot
constraint

H(r,p) =0,

and using implicit differentiation, one sees that

is an increasing function of p. From p; < pg and w1 < ug < 0, we get the
inequality
us + epr) < o + (o).

From Step 1, it follows that

lur] > c(p1), |uo|l < c(po), ur+ec(p1) <0, and wg+c(pg) > 0.

Thus, the configuration of the slopes of the Cy characteristics have the
form shown in Figure 3.2.8. This clearly violates the entropy condition.

J//

dx
7 =u;+c(p)) <0

d.
\£=u0+c(p0)>0

X

FIGURE 3.2.8. The C4 characteristics for a noncompressive shock.

Step 5 A compressive shock obeys the entropy condition.
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Here p; > po and ug < uy < 0. Thus, ¢(p1) > ¢(po) and uy + c¢(p1) >
uo + ¢(po). By Step 1 and Prandtl’s relation we must have

|uo| > c(po) and |u;| < c(p1)

so that
ur +c¢(p1) >0 and ug + ¢(po) < 0.
Thus, the characteristics have the appearance shown in Figure 3.2.9, and

therefore the entropy condition is satisfied.

t
shock

dx dx
= =u;+c; >0 /d_t=M0+CO<O

dt \/
~

FIGURE 3.2.9. The appearance of the characteristics for a compressive shock.

We note again that if the front side were the left side, then the shock
would separate the C_ characteristics, but the same conclusion would be
reached.

This completes the proof of our original contention that compressive
shocks for a y—law gas obey the entropy condition.

We remarked earlier that the thermodynamic entropy can be shown to
be an increasing function of pp~7 and that the entropy should increase
across a shock. This is easy to see by consulting Figure 3.2.10.

Indeed, the curve H(7,p) = 0 through (79,pg) is drawn as well as the
curves pp~ Y = constant; one sees that pp~" increases as we move along
H(7,p) =0 in the direction of increasing p.

Thus, for a y-law gas, we see that the geometric entropy condition we
have seen so far and the condition on entropy that one can obtain from
thermodynamics, happen to coincide. We shall see in §3.4 that this is not
always the case. The geometric condition is a stronger condition and may be
needed for the construction of a unique solution even under circumstances
where thermodynamics has little to say. We already saw such an example
in the equation us + uu, = 0.

We close this section with two remarks.
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increasing pp~¥

pp " = constant

FIGURE 3.2.10. Entropy is an increasing function of pp~” and increases across a
shock.

Remark 1 As long as the solution of our system of equations is smooth,
the initial value problem is reversible. For example consider the conserva-
tion law u; + (u?/2), = 0. If the solution is smooth for all ¢ satisfying
0 <t < T, and if we know the solution wu(z,t), then by the change of
variables u = —u,t = —t we may solve backward to recover the initial data
u(z,0).

As soon as our solution becomes discontinuous, then the reversibility of
the solution is lost. Consider a solution with prescribed initial data u(z, 0),
where the characteristics first collide at time 77 ; see Figure 3.2.11. At a later

FIGURE 3.2.11. If characteristics collide at time 77, the system loses its reversibil-
ity.
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time T > T1, it will be impossible to uniquely reconstruct the initial data
prescribed between A and B, because the characteristics containing these
initial data have been “swallowed up” by the shock. Thus, the information
between A and B is “lost,” which confirms the notion that an increase in
entropy means that information has been lost. ¢

Remark 2 In the case of nonconstant pp~7, we say that a state of a gas
is a set of three values S = (p, u,p). We ask the question: What constant
states can be connected to a given state by a shock? (see Figure 3.2.12.) ¢

S = (PptyPy)

S=(ppupp)

FIGURE 3.2.12. Can the left and right states be connected by a shock?

The Hugoniot relation yields a curve on which lie states that can be
connected to S, = (pr,ur,pr) by a shock; the curve represents the set
of possible transitions. Furthermore, a shock that separates two constant
states must be a straight line in the (x,t) plane, because both [f(u)] and
[u] are constant in time and s[u] + [f(u)] = 0, thus s = constant. Define a
centered wave to be either a straight line shock or an isentropic centered
rarefaction.

Then, given a right state S,, and a pressure p; > 0 in a left state S,
we can find p; , u; such that S; is connected to S, by a centered wave. If
P > pr, we can find a straight line shock connecting the two states, and if
p < pr, we can find a centered rarefaction wave that connects them.
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3.3 The Riemann Problem

The conservation laws for a y-law gas were shown in the previous section
to be

pt+ (pu)z =0,
(pw)i + (pu® +p)s =0, (3.3.1)
ey + ((e +p)u)w =0,

where e = £pu?® + p/(y — 1). The state of the gas is a vector

The Riemann problem is the initial value problem for (3.3.1) with special
initial data of the form

uy, z<0,
where
Pr Pl
u. = | u, and u; = |
er €l

are two constant states of the gas. The special case in which the velocity
components vanish, that is, u, = 0 and u; = 0, is called a shock tube
problem.

The main objective of this section is to show how to solve the Riemann
problem and how to use the solution to construct the solution of (3.3.1)
with general initial data.

Consider a change of variables

2 =Lz, t =1Lt

where L > 0. Clearly this leaves the form of equations (3.3.1) unchanged
and the initial data are unchanged as well. Thus, if we assume that the
solution is unique, then

u(z,t) = u(@,t') = u(zL,tL) = u (%) . t>0.
Thus, the solution of the Riemann problem is constant along straight lines

issuing from the origin in the (z,t) plane. Because hyperbolic equations
have a finite speed of propagation of data, we conclude that at any instant,
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the state of the gas is u, far enough to the right and is u; far enough to
the left. Let the corresponding regions in the (x,t) plane be denoted S,
and Sj, respectively. From the results of §3.1, the boundary of S is either
a C4 characteristic of (3.3.1) or a jump discontinuity emanating from the
origin. A similar statement holds for S; .

We will now give a plausible reason why S,. can be connected to S; through
a right-centered wave, a constant state I, a slip line, a constant state II,
and a left-centered wave (see Figure 3.3.1). Recall from the end of the previ-
ous section that a centered wave is either a centered isentropic rarefaction
wave or a shock. We now sharpen our definitions slightly. A right-centered
wave is a wave that is either a shock wave facing to the right or an isen-
tropic centered rarefaction wave in which I'_ is constant.

left-centered wave t
slip line
constant / d_x o
state 11 ; dr
/
1
/
/ right-centered wave
I’ constant
S /’ state /
/ Sy
/
u 0 u, X

FIGURE 3.3.1. The constant states S, and S; connected through constant states,
a slip line, and a left-centered wave.

Similarly, a left-centered wave is a wave that is either a shock wave
facing to the left or a I'} isentropic rarefaction. From the discussion at
the end of the previous section, given a right state S;., we can find a one-
parameter family of constant states I (parametrized by the pressure, for
example), which can be connected to S, by a right-centered wave. Note
that because S, is a constant state, pp~™? is a constant in S,., and if the
right wave is a rarefaction, pp~7 is also constant in that rarefaction; thus,
it is consistent to allow only isentropic rarefaction waves in the definition of
a right-centered wave. Because the density is the only quantity that can be
discontinuous across a slip line, we have a two-parameter family of constant
states II that can be connected through a slip line, a constant state I, and a
right-centered wave to S,.. Continuing once more, we get a three-parameter
family of states that can be connected to S, by a left-centered wave, a
constant state I, a slip line, a constant state I, and a right-centered wave.
The question is whether or not we can choose the parameters so that we
end up with the desired constant state u;. If we can, we have a solution of
the Riemann problem. If u; and u, are close enough, one can demonstrate
the result by means of the implicit function theorem. To demonstrate the
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result for general u; and u, (for a v-law gas), let p. and u, denote the
pressure and velocity of the constant states I and II, respectively. Define
the quantities

]\474:_177"*]7*7 Ml:_pl*p*

Uy — Uy Up — Us

(see formula (3.2.13)). We claim that these quantities are functions of p,
only, that is, M, = M,(p.) and M; = M;(p.). To prove this claim, we
assume first that the right wave is a shock. Then p, > p,. From (3.2.14),

Dr — Px
Tr — T

M} =—

T

(3.3.2)

where 7; is the specific volume of the constant state I. The Hugoniot equa-
tion (3.2.16) gives

(11 — 1?7)pe = (70 — pP7)pr
where 12 = (v — 1)/(v + 1). Therefore,
n77m+ﬁm
=g T
12pr + ps

Thus, using (3.3.2),

2
W 1
M7~2:p7" (1_M2pr+ 1_M2p*) .

This shows that M,. is a function of p, only, because the state S, is known
from the initial data. If the right wave is not a shock, it is a centered
rarefaction wave. Of course, the same argument applies to M;. On the
other hand, from the definition of M, and M;,

DPr — P«
x — Ux Mr — Up 5
U = U (M) = uy + A

D1 — Px
= Ui (M) = —_—,
U u (M) = u + Y7

Because u, is continuous across the slip line, we must have
Uy (M) = u (My).

This is an equation for p,. Some elementary algebra shows that this equa-
tion has a unique real solution p,. (for a v-law gas). Hence, the Riemann
problem can be solved. In particular, in the case of the shock tube problem,
one of the waves must be a shock and the other a rarefaction wave. The
position of the slip line determines which one is the shock. If the slip line
moves with positive velocity, that is, in the positive z-direction, then it acts
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as if it were a piston pushing into the gas in the positive x-axis. Therefore,
the right wave must be a shock, and the left wave is a rarefaction.’

Suppose now that we have arbitrary initial data u(z,0) = f(z) for the
equation (3.3.1) where we assume f to be of compact support for con-
venience. We will use the preceding solution of the Riemann problem to
construct a family of approximate solutions that converge to a solution of
our initial value problem for (3.3.1). The z-axis and the t-axis are divided
into intervals of length h and k, respectively. The approximate solution is
to be computed at the mesh points (ih, jk) and ((z + %) h, (j + %) k) We
let , ‘

uw and wll};
approximate

u(ih,jk) and u((i+3)h, (j+3)k),
respectively. Thus, initially,
u) = f(ih), li| =0,1,2,....
(See Figure 3.3.2.)

u, u) uf

u'’2

0 10
u;j U2

2h X

=

FIGURE 3.3.2. Construction of the solution of (3.3.1) for general initial data.

The method described next permits us to advance by a time step k.
Suppose we have already constructed the values of u at time ¢ = jk for
J+1/2

i11/2+ we consider the Riemann problem for (3.3.1)

each i. To compute u
with the initial data

u77 r< (i4 3
u(e0)= 1 Tl
u;, g, x> (i+3)h

5This solution is given in S. K. Godunov, Mat. Sbornik 47 [1957], 537. See also P.
D. Lax, Comm. Pure Appl. Math. 10 [1957], 537.
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Let v(x,t) be the solution to this Riemann problem. We will define

Jj+1/2

Wit1/2

to be a randomly chosen value of v(z, k/2) on the interval th < x < (i+1)h.
For this purpose, define
=g (] )
K3
where uf is the velocity component of ug and i‘ is the corresponding sound
speed obtained from the formula ¢ = \/vp/p .
We require that the time step k satisfy the Courant—Friedrichs—Lewy

condition _
Nk <h forallj. (3.3.3)

We pick a random variable 6 equidistributed in [—1/2,1/2], that is, 6 has
the probability density function that takes the value 1 in [—1/2,1/2], and
is zero otherwise. Then we define
j+1/2
uZ+1//2 =v(R),
where P; = ((i4+1/2) h+ 6h,j + k/2). Therefore, we have obtained the
approximate values

J+1/2

Wit1/2

at time t = (j + 3) k.

With exactly the same construction (which involves another independent
random variable € equidistributed in [—1/2,1/2]), we can advance a further
half-time step to get the approximate values

W at time t = (5 4 1)k.

Thus, we have constructed an approximate solution. We note that condition
(3.3.3) is necessary to ensure that, at each half-time step construction, the
centered waves generated by each Riemann problem will not interact. When
the total variation (as defined in §3.2) of the initial data f(z) is sufficiently
small, it can be shown that the time step k can always be chosen to satisfy
(3.3.3), and that the approximate solution tends to a weak solution of
our initial value problem as h tends to zero.® Computational experience
seems to support the belief that the approximate solutions converge to the
solution for all data.”

6See J. Glimm, “Solution in the large of hyperbolic conservation laws,” Comm. Pure
Appl. Math. 18 [1965], 69.

7A. J. Chorin, “Random choice solution of hyperbolic systems,” J. Comp. Phys. 22
[1976], 519.
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We will now give some simple examples to illustrate this construction.
Consider the single linear equation

vy = vy, with v(0) = f(z).

We already know that the solution is v(z,t) = f(x + t). The initial data
propagate along the characteristics with speed 1. Thus, A7 = 1 in each step
of our construction, and the Courant-Friedrichs-Lewy condition (3.3.3)
becomes

k < h.
We will carry out the construction under this condition. To compute
j+1/2 j j
1112 from v} and v/,

we consider the Riemann problem

v(z,0) = v{ forz < (i+3)h,
and _
v(z,0) = vIth for x> (i+1)h,

The initial discontinuity propagates along the characteristic passing through
the point ((i + 3) h,0), as in Figure 3.3.3.

t
characteristic
with slope —1
P | Vii: t=k2
Vf VJ; +1 x
ih x=ih+ (/2)h (i+1)h

FiGURE 3.3.3. The Riemann problem for v = v,.

Hence, if the randomly chosen point P; lies to the right of the character-

istic, then
J+1/2
i+1/2

that is, the solution moves h/2 to the left. Because this characteristic in-
tersects the line ¢ = k/2 at the point

(552

J

Vv :Vi+1’



3.3 The Riemann Problem 141
and 6 is uniformly distributed, P; lies to the right of the characteristic with
probability (h + k)/(2h) and lies to the left with probability (h — k)/(2h).

Therefore, after 2n steps, the approximate value v}* at * = ih and t = nk
comes from the initial disturbance f at the position x — X,,, where

2n
Xn = Z UiE
j=1

and 7; are independent, identically distributed random variables with the
probability distribution

Prob [nj = —g} =—(h+k),

and

h 1
Prob {77]- = 5} = ﬁ(h_ k).

The expectation and the variance of n = 7; are

Blil = 550+ 1) |5 | + b - 03 = -3,
and
Var[n] = Eln®] — (E))? = § (hW* — K?) .
Hence,
2n
E[X,] = ZE[m] = —nk = —t,
and

2n

n 2 2 k h2
VarlXo] = 3 Varfn] = 5 (h* = #%) = 5 | 15 — 1|t
j=1

If we keep the ratio h/k constant, Var[X,,] tends to zero for fixed ¢ as h
tends to zero. Thus, we have shown that the solution constructed by this
random choice method tends to the correct solution as h tends to zero.

As another example, we apply this construction directly to a Riemann
problem. Consider a Riemann problem for (3.3.1) with initial data

u(z,0) = u, forx >0,
U lw forz < 0.

We assume that corresponding regions S, and S; can be connected by a
shock propagating with speed s. When we divide the z-axis into pieces of
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t
/ _~ shock
State S,
State S,
i s i
l ! 1=ki2
X ]
S A
X
—2h —h 0 h 2h

FIGURE 3.3.4. Breaking a Riemann problem into smaller ones.

length h, we have only one nontrivial Riemann problem at each half-time
step construction (see Figure 3.3.4).

This nontrivial Riemann problem is also solved by connecting S, to S
with the appropriate connecting shock. Hence, the argument given for a
single linear equation shows that the discontinuity of the approximate so-
lution is at a position whose expected value is correct, and that the variance
of the position also tends to zero as h tends to zero, that is, the approxi-
mate solution tends to the correct solution. A similar conclusion applies to
the case where S, can be connected to S either by a centered rarefaction
wave or by a slip line. Thus, we obtain the conclusion that, if we apply
this random choice method directly to the simplest Riemann problems, the
approximate solutions tend to the correct solution as h tends to zero. Note
that even if the flow is not isentropic, that is, pp~" # constant, the con-
struction uses Riemann problems in which pp™7 = constant on either side
of the slip line in the absence of a shock.

The construction just presented is the basis of Glimm’s existence proof
for hyperbolic systems.® For the 2 x 2 isentropic flow equations, other meth-
ods of proof are available.”

A major component in the Glimm construction is the solution of the
Riemann problem. We have offered a construction of a solution of the Rie-
mann problem but have said nothing about its uniqueness. The existence
and uniqueness of the solution of the Riemann problem for gas dynamics
subject to an appropriate formulation of the entropy condition have been

8J. Glimm, Loc. cit.
9See, for example, R. DiPerna, “Convergence of the Viscosity Method for Isentropic
Gas Dynamics,” Comm. Math. Phys., 91 [1983], 1.
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established.'?

It is worth noting that not very much is known rigorously about the
solutions of the equation of gas dynamics in more than one space variable.
(See Majda’s book listed in the Preface for some information.)

Glimm’s construction is also the basis for numerical algorithms.!' The
strategy for picking the numbers 6 is the determining factor in the accuracy
of these algorithms.

3.4 Combustion Waves

This section examines some additional features of conservation laws and
applies them to a modified system of gas dynamic equations that allows
for combustion. We shall begin by studying a single conservation law

ue + (f(u)e =0 (3.4.1)

and concentrate on the information the shape of the graph of f gives about
discontinuities. Later, we generalize the results to systems and apply them
to our specific system. We examine in four steps the cases where the graph
of f is straight, concave up, concave down, and, finally, neither concave up
nor down.

Case 1 f is linear; that is, f(u) = au, a = constant.
Here (3.4.1) becomes
U + aug =0 (3.4.2)

whose characteristics are the straight lines dz/dt = a. Because the char-
acteristics do not intersect, smooth initial data propagate to a smooth
solution; in fact, the solution with u(z,0) = ¢(x) is

u(z,t) = p(xz — at).

However, discontinuities in the initial data are propagated along charac-
teristics. This result is also a consequence of our formula for the speed of
the discontinuity (see equation (3.2.8))

_fw) — flu)

u — Uy ’

where u; is the value of u to the left of the discontinuity and wu, that
to the right. In particular, a discontinuity must be a characteristic. See
Figure 3.4.1.

108ee T. P. Liu, “The Riemann Problem for General Systems of Conservation Laws,”
J. Differential Equations, 18 [1975], 218.

11See A. J. Chorin, “Random Choice Solution of Hyperbolic Systems,” J. Comp.
Phys., 22 [1976], 517.
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! f () = au

""" f (U, f ()
i

a_— (up, f (up)
Z:speed =a : i
w u, : |
| |
| |

X L X

FI1GURE 3.4.1. If f is linear, discontinuities move along characteristics.

Case 2 f is concave up; that is, fu,, > 0. (An example is us +uu, = 0,
whose characteristics are again straight lines, as we showed in §3.2, and
where f(u) = u?/2.)
The characteristics of (3.4.2) are given by

dx ,

o f'(u)
because (3.4.1) is equivalent to

Uy + f/(u)um =0

in the region where u is smooth. We still have

_ flw) — flur)
Uy — Uy
which, by the mean value theorem, gives s = f/(£) for some £ between u;
and u,. See Figure 3.4.2.

Let us examine the two possibilities u, < w; and u; < u, separately.
Because fy,, > 0, f is increasing. Thus, if w; < u,, f'(w) < s < f'(u,) and
1 S 1 S 1
frlw) = s ™ fur)

Thus, the slopes of the characteristics have the configuration shown in
Figure 3.4.3.

We get a shock configuration that violates the entropy condition. Thus,
if u; < w, these states should not be connected by a shock; a rarefaction

fan must be used.
On the other hand, if u, < u;, then f'(u,) < s < f'(w;) and

! >8> !
Flu) 7 Pl

This time the characteristics enter the discontinuity as in Figure 3.4.4,
which is consistent with the entropy condition.
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slope of chord = speed
of discontinuity

N

Sbk-==-

FIGURE 3.4.2. The discontinuity speed in the case f is concave up.

slope = —

JAUD)

FI1GURE 3.4.3. The slopes of the characteristics for f concave up and u; < u,.

Case 3 f is concave down, that is, f,, < 0. An argument similar to
that of case 2 shows that for a shock we must have u; < wu, and for a
rarefaction fan, u, < u; .

In either case 2 or case 3, note that the discontinuity separates the
characteristics. If either fu, <0 or fu, > 0, f is called convez.

Case 4 This is the general case in which f is neither linear nor concave
up nor concave down. Given u; and u,, define the linear function [(u) by

flw) = f(ur)

Up — Uy

l(u) = (u—w) + fw),

that is, the graph of [ is the straight line through the pair of points
(ur, f(ur)) and (ug, f(ug)). If the graph of f is concave up on an inter-
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J@)

slope = 1

Sy \

FIGURE 3.4.4. The slopes of the characteristics for f concave up and u, < u;.

val [a, b] containing both w, and u;, then by elementary calculus,

l(u) > f(u)

whereas
Wu) < f(u)

if f is concave down.

For general f, one has the following theorem:'? Solutions exist, are
unique, and depend continuously on the initial data (in a certain function
space) if one allows only discontinuities that satisfy:

(a) if u, >y, thenl(u) < f(u) for allu € [uy, u,]; and
(b) ifur < wy, thenl(u) > f(u) for allu € [u,,w.
This is known as Oleinik’s condition (E).

In summary, if f is convex (concave up or concave down), elementary
calculus shows that a discontinuity allowed by the condition separates the
characteristics; that is, two characteristics cross the graph of the disconti-
nuity at each point of the (z,t) plane, and either they both point forward
in time or they can both be traced backward in time. The entropy condi-
tion rules out the former possibility. One can readily verify that Oleinik’s
condition (E) rules out the same shocks as the entropy condition; for ex-
ample, if f,, > 0, condition (E) requires that w, < u; across a shock. If
f is not convex, condition (E) is a generalization of the entropy condition;
indeed, if f is not convex, it is not obvious exactly what our earlier entropy
condition does or does not allow. Condition (E) forbids in particular shocks
that move faster or slower than the characteristics on both of their sides.

120. A. Oleinik, “Existence of Solutions for a Simple Hyperbolic Equation,” Amer.
Math. Soc. Transl. Ser. 2, 285 [1965], 33.
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Notice that a discontinuity can satisfy part (a) of Oleinik’s theorem with-
out f being concave down on the whole interval [u;, u,], as in Figure 3.4.5.

J@)

(. f ()

o (up f ()

FIGURE 3.4.5. A situation obeying (a) of Oleinik’s condition.
Consider next a situation in which the line joining the point (u;, f(u;))
to (ur, f(u,)) is neither wholly above nor wholly below the graph of f, so
Oleinik’s condition (E) is violated; see Figure 3.4.6.

J@w)

(o f (1))

(. f (up))

FIGURE 3.4.6. A situation violating Oleinik’s condition.
Thus, we cannot connect u, and u; by means of a single shock. One can

also show!? that they cannot be connected by a single rarefaction fan. One
can prove, however, that the gap between u, and u; can be bridged by a

13See Oleinik, Loc. cit.
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compound wave consisting of shocks, rarefaction fans, and slip lines, all
consistent with the entropy condition.

We now consider systems of conservation laws. Recall from §3.1 that
we have a family of characteristics associated with each eigenvalue of the
coefficient matrix A(u) when our equations are written in hyperbolic form
(3.1.3). For gas dynamics we have defined the families C.,C_, Cy of char-
acteristics. We say that a family of characteristics crosses a discontinuity
that satisfies the jump conditions if through every point of the graph of the
discontinuity in the (z,t) plane, one can draw only one characteristic of
that family, with that characteristic being traceable backward in time on
one side and forward in time on the other. Intuitively, a family of charac-
teristics crosses a discontinuity that is not needed to prevent characteristics
of that family from intersecting.

A family of characteristics is called linearly degenerate if a discontinu-
ity that satisfies the jump conditions can coincide with a member of that
family. For example, the Cy family is linearly degenerate, because a slip
line is also a Cj characteristic. We said earlier that a discontinuity sepa-
rated a family of characteristics if through each point of the graph of the
discontinuity in the (z,t) plane there exist two characteristics, with the two
of them either traceable back in time or forward in time. (Slip lines do not
separate the Cj characteristics, nor are they crossed by them.) A family
of characteristics is called convex if, whenever a discontinuity is allowed
by the algebraic jump conditions, it is either crossed by the family or it
separates the family. If a family of characteristics is convex, the entropy
condition rules out discontinuities crossed by characteristics that can be
traced forward in time. The Prandtl relation

UoUp = Cz

derived in §3.2 shows that the C and C_ characteristics of gas dynamics
for a y-law gas are convex families. Thus, these equations admit only two
kinds of discontinuities: discontinuities that separate either the C or the
C_ family of characteristics, and linearly degenerate slip lines.

A system of conservation laws is said to be conwvex if all the discon-
tinuities allowed by the jump conditions separate one (and only one) of
the families of characteristics and if all the families are convex. A single
equation can be readily seen to be convex in this sense if and only if f(u)
is convex. The system of isentropic gas dynamic equations (i.e., pp~7 =
constant) is thus convex, because it has only the Cy and C_ families of
characteristics, both of which are convex.

A system of conservation laws is said to be linearly degenerate if at
least one of its families of characteristics is linearly degenerate and the oth-
ers are convex. Thus, the 3 x 3 system of gas dynamics is linearly degenerate
because the Cy family is linearly degenerate.

In other cases, the system is called nonconvex, and compound waves are
needed to connect states and construct a solution of the Riemann problem
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(and thus of the initial value problem). Examples of nonconvex systems are
provided by the equations of gas dynamics with combustion, to which we
turn next.'#

The equations of gas dynamics with combustion are

pt+ (pu)e =0,
(pu)t + (pu® +p)o =0, (3.4.3)
et + ((e +p)u)z =0,

where
e= %qu—l—pe and €= 2L +q.
v—1
The only modification from the gas dynamic equations for a «-law gas that
we have already studied is the presence of the term ¢ in the energy density;
we have yet to specify ¢q. The term g represents chemsical energy that can
change due to burning. We assume here for simplicity that g takes only two

values:

(3.4.4)

= qo, if the gas is unburned,
q1, if the gas is burned,

where ¢y and ¢ are constants. To complete our model, we assume that
the burning reaction occurs when some threshold is reached as follows:
Let T = p/p measure the temperature. We assume that the gas burns
when T > T, for a constant T, called the ignition temperature. Let
A = q; — qp; the reaction is called exothermic if A < 0, that is, ¢1 < qo,
and is endothermic if A > 0, that is, g1 > ¢o. The third equation in (3.4.3)
asserts that the “total” energy is conserved, where the “total” energy is
the sum of the kinetic energy, the internal energy, and a chemical energy,
part of which can be released through a process we shall call “burning” or
“combustion.”

In this model we have neglected viscous effects, heat conduction, and
radiative heat transfer. Of these the most serious is the exclusion of the
effects of heat conduction.!® We also assume that the “combustion” only
occurs once; after the gas is burned, it stays burned. We have already
assumed in writing (3.4.3) that we are dealing with a v-law gas where 7 is
the same for both burned and unburned gas. This is not normally realistic,
but the mathematics in the more general situation is essentially the same as
in our simplified situation. We shall furthermore assume that the region in
which combustion occurs (and in which ¢ changes from ¢g to ¢;) is infinitely
thin, and that the transition occurs instantaneously.

14 Another interesting nonconvex physical system is analyzed in A. J. Chorin, Comm.
Math. Phys. 91 [1983], 103.

15For the equations for flow with finite conduction and reaction rates, see F. A.
Williams [1965] Combustion Theory, Addison-Wesley.
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We can picture the gas as spread along the z-axis; at any instant some
sections of the gas are burned (¢ = ¢1) and others are not (¢ = qp). The
lines between them will be associated with discontinuities ¥ in the flow. A
discontinuity across which A # 0 is called a reaction front or a combus-
tion front.

The jump relations across a discontinuity > are given by the relations
described previously. In a frame moving with the discontinuity, they read:

[pu] =0,
[pu® +p] =0,
[(e +p)u] = 0.
Letting M = pu, we derive
M= p (3.4.5)
T0O — T1

as before (see equation (3.2.14)). We can eliminate u; and ug from the
equation to obtain a Hugoniot relation by the methods of §3.2. We still
define the Hugoniot function with center (7g, py) to be

TO—T
H(r,p) = € — €0 + ———(po + p). (3.4.6)
so the energy jump condition becomes
H(ri,p1) = 0.

We can rewrite (3.4.6) as
2N2H(7—v p) =p(T - #27'0) —po(T0 — ,u27') + 2u2A7

where
2 7= 1
ue=-—.
v+1
This differs from our expression in §3.2 by the term 2u2A. In particular,
note that a state cannot be connected to itself by a reaction front because
H(719,p0) = A. There can be discontinuities that are not reaction fronts
(A =0), in which case our analysis in §3.2 applies. For a given A # 0, we
still call the curve H(7,p) = 0 the Hugoniot curve. It is the locus of all
possible states that can be connected to the given state (7o, po).

We shall now discuss reaction fronts for exothermic reactions; that is,
A < 0. In this case the state (79, po) lies below the hyperbola representing
the Hugoniot curve, as Figure 3.4.7 shows.

One portion of the Hugoniot curve (from A to B) is omitted because the
states in it correspond to negative M? (by (3.4.5)), which is an impossi-
bility. The remaining part of the curve is divided into two branches. The
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Y, the Hugoniot curve

[ = strong detonation
CJ, = Chapman-Jouguet detonation

\
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FIGURE 3.4.7. For exothermic reactions, (70, po) lies below the Hugoniot curve.

upper branch, which corresponds to a compressive reaction front (p > pg),
is called the detonation branch. The lower branch, which corresponds to
an expansive reaction front (p < po), is called the deflagration branch.
The lines through (79,po) tangent to the Hugoniot curve are called the
Rayleigh lines, and the points of tangency C'J; and C'Jy are called the
Chapman—Jouguet points. These points divide the Hugoniot curve fur-
ther into four subbranches. The part I above CJ; is called the strong
detonation branch, the part II between C'J; and A the weak detona-
tion branch. Similarly, the part III between B and C'J; is called the weak
deflagration branch, the part IV below C'Jy the strong deflagration
branch. We will discuss each branch separately, and thus exclude some
branches on the basis of an analogue of Oleinik’s condition (E), that is, by
a geometrical entropy condition.

Consider a constant state S corresponding to a point (71,p1) that lies
on the Hugoniot curve, that is, it is possible to connect S and (79, po) by
a chemical reaction front. Depending on the position of .S, we consider the
following cases:

Case 1 S lies in the strong detonation branch, that is,

p1 > pcJg,

(See Figure 3.4.8).

We can connect S to (79, pop) by a strong detonation front. One can show
by the argument in §3.2 that the gas flow relative to the reaction front is
supersonic in the front and subsonic in the back, that is,

luo| > |u1| < e1.
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state S

Go

strong

detonation
C+
state (t,pp)
—1
C_
X
0

FIGURE 3.4.8. A state S on the strong detonation branch.

Therefore, if the strong detonation front faces in the positive = direction,
it separates the Cy characteristics, as the figure shows. The other two
families of characteristics cross the reaction front. Thus, the geometry of
the characteristics in the strong detonation case is similar to what it is in
the case of a shock. Hence, the pressure in the back state is sufficient to
determine the back state from the front state.

Case 2 S = (CJy, that is,
P1=DPpcug

(See Figure 3.4.9).
In this case the velocity relative to the reaction front is supersonic in the
front and sonic in the back, that is,

lug| > co and |uy| = eq.

Thus, the Chapman—Jouguet reaction front, when observed from the burn-
ed gas state, is one of the characteristics (of Cy or C_ family). The condi-
tion |ui| = ¢1 enables us to determine the back state from the front state
without further assumption.

Case 3 S lies in the weak detonation branch, that is,

PCJ, > P12 PA

(See Figure 3.4.10).
In this case one can show that the gas flow relative to the reaction front
is faster than the sound speed on either side.
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Chapman—Jouguet detonation

state (Tg,pg)

state S

weak detonation

state (T, pg)

FIGURE 3.4.10. A state S on the weak detonation branch.

Each family of characteristics crosses the reaction front, as Figure 3.4.10
shows. This violates the analogue of Oleinik’s condition (E). Instead of con-
necting S and (79, po) by a single wave front, we use a compound wave to
connect them. We connect (79, pg) first to the Chapman—Jouguet detona-
tion and followed by an isentropic-centered rarefaction wave to reach the
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state S. This compound wave is possible because the Chapman—Jouguet
detonation moves with sound speed with respect to the gas flow in its back
side. If we adopt this compound wave to connect them, the pressure is S
and the state (79, po, ug) will determine S completely. If weak detonations
are not excluded, the solution of the initial value problem is not unique;
indeed, the state S can then be connected to a state with a pressure pg
by either a weak detonation or a C'J detonation followed by a rarefaction.
The exclusion of the weak detonation is analogous to the exclusion of dis-
continuities that move faster than the characteristics on both their sides
by means of condition (E).

Case 4 S lies in the weak deflagration branch, that is,

Po = P1 > PCJ,

(See Figure 3.4.11).

weak deflagration

\

state (Ty,p,)

FIGURE 3.4.11. A state S on the weak deflagration branch.

One can show that the reaction front moves with respect to the gas slower
than the sound speed on both sides. This is an indeterminate case. One can
determine the solution uniquely only by taking into account heat conduc-
tion and a finite reaction rate. In the limiting case of no heat conduction
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(which we have assumed here), it can be shown'® that the only weak de-
flagration that can occur is one across which the pressure is constant and
there is no mass flow, that is, this deflagration is indistinguishable from a
slip line. Thus, only in the case where p; = pg can the state S be connected
to (70,p0) by a weak deflagration.

Case 5 S lies in the strong deflagration branch, that is,

p1 < pcJ,

(See Figure 3.4.12).

\
state S strong deflagration

Cy

state (T, pp)

FIGURE 3.4.12. A state S on the strong deflagration branch.

Then the gas flow relative to the reaction front is subsonic in the front
side and supersonic in the back side. If this strong deflagration moves in
the positive x direction, it separates the C characteristics. However, this
separation does not satisfy the geometric entropy condition, although the
strong deflagration is consistent with the conservation laws. Thus, we must
exclude strong deflagrations.

Note that we have excluded weak detonations and strong detonations
by means of plausible geometrical entropy conditions; neither one could be

16See A. J. Chorin, “Random choice methods with applications to reacting gas flow,”
J. Comp. Phys., 25 [1977], 253.
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excluded by the requirement that the physical entropy should increase as
the gas crosses the discontinuity. They could, of course, be excluded by
other considerations of a plausible physical nature. (The theory of such
waves is still in a state of development.)'”

These considerations permit us to propose a solution for the Riemann
problem for the system (3.4.3). We define a centered wave to be either a
shock, a centered rarefaction, a strong detonation, or the compound wave
consisting of the Chapman—Jouguet detonation followed by a centered rar-
efaction. A Riemann problem for the system (3.4.3) is an initial value
problem for (3.4.3) with initial data of the form

p
Yl =8, ifz>o0;
e
q

and
p
Y=g, ifr<o,
e
q

where S, and S; are two constant states of the gas. We claim that the Rie-
mann problem is solvable by connecting S;. to S; through a right-centered
wave, a constant state I, a slip line, a constant state II, and a left-centered
wave (Figure 3.4.13)

The argument is similar to the case of an inert gas (§3.3). If we can
determine the constant state I from S, and a given pressure p, in I, we
can proceed as in §3.3 to get an algebraic equation for p, through the
continuity of the velocity across the slip line, and hence obtain a solution
to the Riemann problem. For this purpose, we assume first that S, is in an
unburned state. If constant state I is in an unburned state, we are back to
the case of inert gas. If constant state I is in a burned state, we can connect
I to S, by a centered wave depending on the position of p, in the Hugoniot
curve with center S,.. The critical criterion is whether the temperature T'
computed in the constant state I exceeds the ignition temperature T, or
not. One can actually show that there is a consistent way of solving the
Riemann problem.'® If S, contains burned gas, the constant state I also
contains burned gas, because the burning can occur only once.

17A. Bourlioux, A. Majda, and V. Roytburd, “Theoretical and numerical structures
for unstable one dimensional detonations,” SIAM J. Appl. Math., 51,[1991], 303—-343. P.
Colella, A. Majda, and V. Roytburd, “Theoretical and numerical structure of reactive
shock waves,” SIAM J. Sci. Comput., 1, [1980], 1059—-1080.

18See A. J. Chorin, Random choice methods with applications to reacting gas flow, J.
Comp. Phys., 25 [1977], 253 for the details.
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FIGURE 3.4.13. The Riemann problem for the gas flow with combustion.

Having solved the Riemann problem, we can use the random choice
method described in §3.2 and §3.3 to obtain the approximate solutions
for the general initial value problem for the system (3.4.3). Results similar
to those in §3.3 can be expected. We need not repeat the construction.

Vector Identities

The following gives some general formulas that are useful for calculations
with vector fields in R3.

157



158 Vector Identities
1. V(f+9)=Vf+Vy
2. V(ef) = cVf, for a constant ¢
3. V(fg)=fVg+gVf

Lv ()=
g g

5. div(F + G) = divF + divG

curl(F + G) = curlF + curl G
V(F-G)=(F-V)G+ (G V)F+F x curl G + G x curl F
div(fF) = fdivF + F . Vf

© »®» N>

div(F x G) =G - curlF — F - curl G

10. diveurl F =0

11. curl(fF) = fewlF + Vf x F

12. curlF x G) =F divG - G divF + (G- V)F — (F- V)G
13. curl curl F = grad div F — V2F

14. curlVf =0

15. V(F-F) = 2(F - V)F + 2F x (curl F)

16. V2(fg) = fV2g+gV2if+2(Vf-Vg)

17. div(Vf x Vg) =0

18. V- (fVg—gVf)=fVig—gV>f

19 H- (FxG)=G-(HxF)=F- - (G x H)

20. H-(FxV)x G) = ((H-V)G)-F — (H-F)(V-G)
21. Fx (G xH) = (F-H)G-H(F - G)

Notes.
In identity 7, V = (F-V)G has components V; = F-(VG,), fori = 1,2, 3,
where G = (G1,G2,Gs).

In identity 13, the vector field V2F has components V2F;, where F =
(F1, Py, F).

In identity 20, (FxV)x G means V is to operate only on G in the following
way: To calculate (F X V) x G, we define (F x V) x G =Ux G



where we define U =F x V by:

U=FxV=

Vector Identities
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acceleration of a fluid particle, 4

algorithm, 94

almost potential flow, 59
asymptotically stable, 97
autonomous, 97

back, 124

balance of momentum, 4, 6, 12
differential form, 6
integral form, 7

Bernoulli’s theorem, 16, 48, 55, 71

bifurcation, 99, 100
Blasius’ theorem, 52

body
force, 6
force on, 52
boundary
condition, 34, 41
layer, 67, 68

approximation, 76
equation, 75
separation, 79
thickness, 71
vorticity in, 76
layer separation, 71

burning, 152

Cauchy’s theorem, 32
centered
rarefaction wave, 114
wave, 137, 138, 158
central limit theorem, 84
channel flow, 17
Chapman—Jouguet points, 154
characteristic, 103, 105, 108
intersecting, 106, 108
length, 35
linearly degenerate, 150
velocity, 35
chemical energy, 151
circulation, 21, 48, 57
coeflicients of viscosity, 33
combustion, 103, 152
front, 152
wave, 145
complex
potential, 51
variables methods, 51
velocity, 51, 53
compressible
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flow, 14, 33, 103
compressive shock, 131, 134
concave up, 146
conformal transformation, 65
connected

state, 115

wave, 115
conservation

law, 122, 129, 145

of energy, 12

of mass, 2, 12

of vorticity, 28
consistency of an algorithm, 94
constant state, 111
contact discontinuity, 124
continuity equation, 3
continuum assumption, 2
convective term, 40
convergence of an algorithm, 94
convex characterisitics, 151
Couette flow, 31
Courant—Friedrichs-Lewy condition,

141
cylindrical coordinates, 45

d’Alembert’s paradox, 54

in 3d, 58
decompostion theorem, 37
deflagration branch, 154
deformation, 18

tensor, 19, 31
degenerate

linearly, 151
density, 1, 14
derivative

material, 5
detonation branch, 154
differential

form, 120

form of mass conservation, 3
diffusion, 39
discontinuity, 121, 146, 148

separating, 148
disjoint, 82

event, 82

dissipation term, 39
divergence
free part, 38
space-time, 119
downstream, 93
drag, 54, 57, 60, 66
form, 80
skin, 80
dynamics, 96

endothermic, 152
energy, 12
equation, 118
flux, 18
internal, 12, 117
kinetic, 12
per unit volume, 117
enthalpy, 14
entropy, 14, 118, 158
condition, 127, 130, 133, 157
equation
continuity, 3
differential form, 120
Euler, 13, 15
heat, 84
Hugoniot, 125
Navier—Stokes, 34
of state, 44
Prandtl, 75
Stokes’, 40
vorticity, 24
weak form, 120
error function, 70
Euler equation, 13, 15, 49, 78, 94,
96
event, 82
disjoint, 82
exothermic, 152
expectation, 82, 143

field
velocity, 1
vorticity, 18
filament, 65
Filon’s paradox, 67



first

coefficient of viscosity, 33
law of thermodynamics, 14,
118

fixed point, 97
flat plate, 69

flow,

fluid

flux,

14

almost potential, 59

around a disk, 55

around a half circle, 51

around an obstacle, 52

between plates, 41

between two plates, 42

compressible, 14, 33

Couette, 31

gas, 103

homogeneous, 11, 48

ideal, 48

in a channel, 17

in a pipe, 45

in the half-plane, 69

in the upper half-plane, 51

incompressible, 10

induced by a vortex filament,
65

irrotational, 47

isentropic, 14, 15

map, 7, 95

over a plate, 66

past a sphere, 59

Poiseuille, 45

potential, 47, 48

potential around a disk, 55

potential vortex, 56

stationary, 29, 49

supplementary region half-plane,
51

flow map, 7
ideal, 5
particle, 4
velocity, 1
viscous, 33

7

of vorticity, 22

Index 163
force, 5, 53
on a body, 52
form drag, 80
fourth power law, 46
front, 124
function
error, 70
Green’s, 61, 86

gamma
law gas, 114, 118, 125, 131,
139
simple wave, 111
gas
dynamics, 103, 111
flow, 103
ideal, 118, 125, 131, 139
Gaussian, 84
generation of vorticity, 43
geometric entropy condition, 135
Glimm’s existence proof, 145
global stability, 97
gradient part, 38
Green’s function, 61, 63, 64, 86

half-plane flow, 69
Hamiltonian system, 62
heat equation, 84, 86
Helmholtz
decomposition theorem, 37
theorem, 26, 37
Hodge theorem, 37
hodograph transformation, 110
homogeneous, 11
flow, 48
Hopf bifurcation theorem, 99
Hugoniot
curve, 126, 153
equation, 125, 139
function, 125, 153
hyperbolic, 104

ideal
flow, 48
fluid, 5, 31
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gas, 44, 118, 125, 131, 139
ignition temperature, 152
incompressible, 11

approximately, 44

flow, 10, 13, 34
independent, 82

random variables, 83
integral

form, 120

form of balance of momen-

tum, 7

form of mass conservation, 3
intensity of a vortex sheet, 88
internal energy, 12, 40, 117
invariant

Riemann, 109
irrotational, 47
isentropic

flow, 14, 15

fluids, 14

gas flow, 122

Jacobian, 8
matrix, 24

jump, 122
discontinuity, 121, 122
relations, 124

Kelvin’s circulation theorem, 21
kinematic viscosity, 34

kinetic energy, 12, 40, 49
Kutta—Joukowski theorem, 53

law
conservation, 129, 145
of large numbers, 83
layer
boundary, 67, 71
leading edge, 93
left
-centered wave, 138
state, 115
length
characteristic, 35
Liapunov stability theorem, 97

Lie derivative, 43
Lie-Trotter product formula, 95
line
vortex, 22
linearly degenerate, 150, 151

Mach number, 44
mass
conservation, 11
density, 1
flow rate, 46
matching solutions, 78
material derivative, 5, 18
mean, 82
mechanical jump relations, 124
momentum
balance of, 6
flux, 7
moving with the fluid, 7

Navier—Stokes equation, 31, 33, 38,
67, 77, 94, 95
Neumann problem, 37, 49, 63
Newton’s second law, 2, 6
no-slip condition, 34, 43
noncompressive shock, 133
nonconvex, 151
nonlinear dynamics, 96

obstacle, 58

flow around, 52
Oleinik’s condition, 149, 154
orthogonal projection, 38
oscillations, 100
Oseen’s equation, 66

paradox
d’Alembert, 54, 58
Filon, 67
Stokes, 67

pipe flow, 45

piston, 111

plate, 80
flow between, 41
flow over, 66, 69



flow past, 87
point vortices, 60
Poiseuille flow, 45
potential

complex, 51

flow, 47, 48, 51, 56, 58

almost, 59

flow around a disk, 55

velocity, 48

vortex, 56

vortex flow, 56
Prandtl

boundary layer equation, 73,

75

equation, 78, 94

relation, 132, 151
pressure, 5, 14
probability, 82

density function, 83

theory, 82
product formula, 95
projection operator, 38

quasilinear, 104

random
choice method, 144, 159
variable, 82, 141
Gaussian, 84
walk, 85, 88, 96
Rankine-Hugoniot relations, 124
rarefaction

fan, 148

shock, 127, 129

wave, 114
Rayleigh lines, 154
reaction

endothermic, 152
exothermic, 152
front, 152
reversibility, 136
Reynolds number, 36, 96
Riemann
invariant, 109, 110, 113
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problem, 103, 137, 139, 144,
158, 159
right
-centered wave, 138
state, 115
rigid rotation, 18
rotation, 18

sample space, 82
scaling argument, 81
second
coefficient of viscosity, 33
law, 118
separate characteristics, 130
separated, 150
separation
boundary, 68, 71, 79
shadow of a vortex sheet, 90
sheet
vortex, 22
shock, 117, 124
back, 124
compressive, 131, 133
front, 124
noncompressive, 133
rarefaction, 127, 129
separating, 130
tube problem, 137
similar flows, 36
simple wave, 111
simply connected, 47
skin drag, 80
slightly viscous flow, 47
slip line, 124, 138, 140
sound speed, 44, 104, 131
space-time divergence, 119
spatial velocity field, 1
speed
discontinuity, 147
sphere
flow past, 59, 66
stability, 96
stable point, 97
stagnation point, 29, 55
standard deviation, 83
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state, 111, 136, 137
connected, 115
equation of, 44

stationary, 49
flow, 16, 58
flow criterion, 29

steady flow, 58

Stokes
equation, 40, 67, 96
flow, 66
paradox, 67

stream function, 29, 43, 54, 80

streamline, 16, 29, 44

strength of a vortex tube, 26

stress tensor, 32

stretched, 27

strong
deflagration, 154
detonation, 154

subsonic, 131, 157

supersonic, 131

symmetry, 101

tangential
boundary condition, 34
forces, 5
Tchebysheft’s inequality, 84
temperature, 14, 152
test functions, 119
theorem
Bernoulli’s, 16
Blasius’, 52
Cauchy’s, 32
central limit, 84
Helmholtz, 26
Helmholtz—Hodge, 37
Kelvin circulation, 21
Kutta—Joukowski, 53
transport, 10
thermodynamics, 14, 118
first law, 14, 118
thickness
boundary layer, 71, 73
total force, 8
trajectory, 16

transfer of momentum, 31
transformation

hodograph, 110
translation, 18
transport theorem, 10, 18, 117
tube

vortex, 26

upper half-plane
flow in, 51

variance, 83, 143
variation, 129
velocity
characteristic, 35
complex, 51
field, 1
potential, 48, 51
profile, 42
viscosity, 129
coefficients, 33
kinematic, 34
viscous fluid, 33
vortex, 61
filament, 65
line, 22
potential, 56
sheet, 22, 82, 87
sheet intensity, 88
tube, 26
tube, strength of, 26
vortices
point, 60
vorticity, 18, 63
conservation, 28
creation operator, 96
equation, 28
generation of, 43
in boundary layer, 76
transport, 23

wave
centered, 137
connected, 115
left-centered, 138



rarefaction, 114
right-centered, 138
simple, 111

weak
deflagration, 154
detonation, 154
solution, 118, 119

Index

167



168 Index



This is page 169
Printer: Opaque this

For authors use only
DO NOT PUBLISH THIS PAGE

A Mathematical Introduction to Fluid Mechanics
(The corrected fourth printing, April 2000)
Prepared on April 3, 2000 & retypeset August 14, 2003.

This document was modified from the third corrected printing version type-
set on 10-28-99.

Modifications:
Mar-24-2000: Move the Preface to page (v) before the Table of contents.

Mar-24-2000: Replace the ZapfChancery Fonts with the mathcal fonts in
figures 2.1.x.eps, x=3,4,5,6, and save as Illustrator 8 eps files.

Apr-03-2000: Redo the frontmatter to include a Series Preface (Springer)
page as page (v) and start the preface on (vii)



