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ELECTROHYDRODYNAMIC AND MAGNETOHYDRODYNAMIC
SURFACE WAVES AND INSTABILITIES
by '

James Russell Melcher

Submitted to the Department of Electrical Engineering on
January 8, 1962 in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy.

ABSTRACT

The concern of this thesis is with purely superficial
magneto- and electrohydrodynamic interactions with liquid-
liquid or liquid-gas interfaces supporting free, polarization
or magnetic charge; free, Korteweg or Amperian current. The
problems considered are so arranged as to exclude any
coupling between fields and fluid in the volume. Those
effects resulting from the gravitational field and the
action of cohesion are included.

Surface problems in six configurations are analyzed
and compared. Use is made of a perturbation analysis and
of a "'space rate'" expansion of the dependent variables.
Surface waves are classified according to whether the
steady electric or magnetic fields are perpendicular (type I)
or tangential (type II) to the interface.

Electrohydrodynamic examples of type I and type II
waves are experimentally verified by studying surface
instability, radiation and resonance. Conditions for
resonance in rectangular geometry are given for each of the
six waves. The type I waves are characterized by a phase
velocity that decreases with increasing field strength, the
possibility of negative group velocity simultaneously with
a positive phase velocity and by a discrete field-strength
and wave-length for impending instability.

Type II waves theoretically may propagate more, or less
rapidly along field lines, depending on the strictions at
the interface. Although the Clausius-Mossotti equation is
commonly used to illustrate the effect of strictions at
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dielectric interfaces, its validity is clearly contradicted
by experimental evidence that the waves are speeded up.

A discussion of the non-linear behavior of two of the
waves is given, in the limit where the interface interacts
strongly with external boundaries. The growth of magneto-
and electrohydrodynamic shocks and anti-shocks from
compression and depression waves is discussed, with
transition electrohydrodynamic waves originating from time-
like data given to illustrate waves partly controlled by
gravity and partly by the electric field. Waves initiated
from space-like data are also described and the integral
shock and anti-shock relations derived.

Thesis Supervisor: Herbert H. Woodson
Title: Associate Professor of Electrical Engineering
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CHAPTER 1

INTRODUCTION

#. Purpose
Water or gravity waves have been of interest since at

least the time of Lagrange. As a result of this interest,
problems involving the dynamics of a free fluid interface
essentially controlled by superficial forces have received
considerable attention. More recently, problems concerning
free surfaces supporting free surface currents have appeared
in the context of magnetohydrodynamic stability theory.l’z’*
On the other hand, even the casual observer has seen the
effect of electric surface charge on the surface of a liquid
jet or the surface of a water drop; problems that had
received some mathematical attention even before the turn of
the century.

This thesis represents an effort to go back to the
beginning. Field coupled surface waves, as they appear in
the literature, are complicated by geometry, until the
basic features of the dynamics are obscure and the possi-
bilities of experimental verification unnecessarily remote.
An effort is made here to compare several basic types of waves
that can exist at fluid interfaces stressed by either magnetic
or electric fields, under conditions made as simple as is
consistent with a laboratory investigation. No bulk forces
are involved, so that the complicating features of coupling
between bulk and surface interactions are removed. The
philosophy used here is to begin with as simple a set of
models as is physically plausible and proceed to a detailed
mathematical description and comparison. The major classifi-

cations of waves (those stressed by perpendicular or tangential

*
The superscript numerals refer to the Bibliography that begins
in Appendix D.



fields) are then illustrated experimentally by two of the
three electrohydrodynamic wave types. The experimental
results are accurate enough to serve to justify the mathe-

matical model used.

Two of the wave types discussed, those involving free
currents and free charges, illustrate a cohcept that will
be termed anti-duality, as opposed to duality. Among the six
types of waves investigated, four have complete duals while
two have complete anti-duals. One system is the dual of
another if the defining equations for one system result
from substituting analogous or dual variables and constants
in the equations describing the dual system. An anti-dual
involves a chanée of sign of a constant of one set of equa-

tions, in order to obtain the equations of the anti-dual.

In the same sense as for duality, the worth of recog-
nizing anti-duality arises from the considerable economy of
effort that results, because computations need only be
extended to include the reversal of sign in one of the para-
meters. ‘Unlike systems that satisfy conditions of duality,
however, anti-duals have antithetic behavior. Hence, wave
like properties are anti-dual to unstable behavior. A
surface shock on a compression wave is the anti-dual of a
shock (or anti-shock as it is dubbed here) on a depression

wave .

This work is not meant to be a complete investigation,
but rather a starting point from which work in the area of

linear and non-linear magneto- and electrohydrodynamics of
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surface interactions may proceed in an efficient and physically
meaningful way. The equations of motion and boundary conditions
tabulated here indicate for example the consistent sets of
equations that may be used to analyze problems for each wave

type in more complicated geometries.

B. Background

The literature of surface waves is one of the oldest of
mathematical physics. Yet, there are many of the well-developed
concepts that appear but rarely in the context of modern-day
investigations of field coupled surface waves. Here, emphasis
is placed on this work by putting the field coupled waves into
the nomenclature of the more common gravity and capillary

surface waves. The exposition on Water Wavesa by Stoker is an

invaluable reference, and of course Lamb's Hydrodynamics5 is of

great assistance.

Several of the wave types investigated here have precedent
because of their connection with the theory of stability. The
role of the free surface current in various configurations
involving perfect conductors has been rather exhaustively
investigated as it applies to the thermonuclear effort.6 An
early interest in the dynamics of charged jets has already
been indicated. More recently some work has been done, by
means of energy principles, on the stability of a dielectric

jet in a longitudinal electric field.7

The area of electrohydrodynamics has received some atten-
L d 8 . [
tion recently concerning electro-convection of surfaces, an
outgrowth of work done by Avsec and Luntz in the late 30's.9

The phenomenon they considered is of some importance in the
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present experimental work because it appears as an interfering

effect in the observation of one of the wave types.

After forty years of virtual stagnation, interest in
electrohydrodynamics appears to be on the up-swing. In this
connection it is important that the force density on a
dielectric liquid be accurately known. In the chapters which
follow, the stress tensor of Korteweg and Helmholtz will be
used. It is common practice in well-known texts10 to
illustrate the use of this force density by computing the
traction at the dielectric interface with the assumed density
dependence of the permittivity given by the Clausius-Mossotti
equation, and to arrive at results that are directly contra-
dicted by certain of the experimental observations of Chapter
4. Hence, one of the functions of this work is to emphasize
the fact that this equation is not valid when applied to a

liquid interface.

Non-uniform electric field effects have been investigated
ex?erimentally at some length.11 Perhaps too much has been
attributed to the effect of the non-uniformity, however, as
will be shown by the investigations of free charge inter-

actions in Chapters 3 and 4.

'C. Areas of Interest

The emphasis throughout this work is on the electrohydro-
dynamic waves. Aside from the fact that these represent inter-
actions about which the least is known, they are the logical
wave types to investigate first. This is true because they are
most easily produced in the laboratory, where high electric

fields are more easily obtained than high magnetic fields.
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In fact, one is at more of an advantage than this, since the
natural tendency of currents is to diffuse throughout the
bulk of a conducting fluid while charges relax to the

boundaries with time.



CHAPTER 2
FUNDAMENTAL EQUATIONS AND BOUNDARY CONDITIONS

A. Bulk Equations

This thesis will be devoted to the low frequency electro-
mechanical interactions between polarized or magnetized
incompressible fluids and electric or magnetic fields. Hence,
the equations that will be used to describe volume dynamics
are the non-relativistic Maxwell equations for moving media,*
Euler's equation, and the appropriate continuity conditions.
The nomenclature used conforms to that commonly used in the

literature. A list of symbols is given in Appendix A.

PO 4 - F (2-1)
v-V=0 (2-2)
Vv xE= -.%% (2-3)
v . Wi =0 (2-4)
VxH=j+ Vq+ %%E + v x ((e - go>é x V) (2-5)
vV - €E = q (2-6)

The form of the body force F will depend on the problem
considered, and will be introduced when needed. Equation (2-3)

implies the Minkowski model of magnetization.

*
‘See Panofsky and Phillips,10 p. 147,



The problems that will be considered have in common
the following properties:

1. The bulk of the fluid does not support free
current or charges.

2. Disturbances communicate with a celerity
much less than that of sound in the fluid.

The first of these properties excludes free current or
charge interactions from F in Eq. (2-1), while the second
justifies the use of Eq. (2-2). Together they eliminate
bound current or charge interactions from F and show that
Eq. (2-1) is independent of theelectromagnetic fields. It
follows also that Eqs. (2-5) and (2-6) are homogeneous (the
effeéts of polarization or displacement current are not

significant unless the fluid is compressible).

In the work which follows, four types of problems will
be considered that concern interactions between:

1. electric fields and bound surface currents
or charges;

2. magnetic fields and bound surface currents
or charges;

3. electric fields and both free and bound
surface charges;

4. magnetic fields and both free and bound
surface currents.

Each of these problem types corresponds to a further simpli-
fication of the equations (2-1) through (2-6). The fact that
the currents of Eq. (2-5) are dropped from the problems
involving electric fields leadsago a dynamics governed by

B

(2-1), (2-2), (2-3) with 3t = 0 and (2-6). The

problems involving magnetic fields but no free surface



currents are predicted by the similar Egqs. (2-1), (2-2),
(2-4) and (2-5) while the addition of a free surface

current requires the use of Eq. (2-3).

All of these problems may be described by a sirgle
set of equations of motion (hybrid equations) if it is
recognized that the equations imbody, in general, more
information than is necessary to solve individual
problems. A list of the equations of motion for each

problem is given below.

DV _ = }
vV-V=0 (2-2a)
| Electric Fields Magnetic Fields ‘Hybrid Equations|
no free free no free free
charge charge | current current
= =_ _ OBl _ = _ _ 3B i
VXE=0 |VxE =0 VXE = St VXE St (2 3a)
V-€E = 0 |V-€eE = q V-eE = q (2-4a)
VxH = 0 |vxH = j vxH = j (2-5a)
VenH = 0 |v-pH = 0 VepH = 0 (2-6a)

It may be seen that each of the sets of equations is

a simplification of the hybrid equations.

In order to provide an economy of effort, six

different problems will be solved simultaneously in



-Chapter 3, using as a starting point the same set of hybrid
equations. It is important to note that although these
equations are not consistent (the neglect of displacement
current leads to an inconsistent continuity of charge
equation), the equations used in each particular problem

are consistent.

B. Surface Conditions

As has been pointed out, the electric and magnetic
fields will satisfy bulk equations that are elliptic in
character, i.e. the static field equations. The fact that
the present concern is with wave-like interactions or
phenomenon predicted by hyperbolic equations points to the

extreme importance of the boundary conditionms.

The solutions to the bulk equations will differ
according to the properties of the material occupying the
region of interest. The boundary conditions, at the same
time fit these solutions together so as to define field
quantities throughout the region of interest, and define

the domain of validity of the volume solutions.

The interface between two fluids is physically a
three dimensional surface always composed of the same
particles. If F(x,y,z,t) = 0 1is the equation defining
this surface in space and time, it follows from the physical
definition that

DF

0 = 0 (2-7)

The fact that particles on the surface defined by

(2-7) remain on the surface is evident by a simple argument
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*
originating with Lagrange. If (x,y,z) are the space co-
ordinates of a particle with an initial position a,b,c
the solution for the position of that particle at time ¢t

may be written

X x(a,b,c,t)
y [ Y(asb,c’t) (2'8)
z z(a,b,c,t)

The particle will always remain on a surface defined by
F(a,b,c,t) = 0 (2-9)

since a given point (a,b,c) always corresponds to the same
particle. Equation (2-9) may be solved for a,b,c as
functions of (x,y,z). Hence differentiation of Eq. (2-9)
with respect to time and the fact that (Vx,Vy,Vé)_ S’ 5t° at)

gives Eq. (2-7).

Boundary conditions are commonly formulated in terms of
a unit normal vector n. Because this vector intimately
depends on the orientation of the surface, but not on
dynamical considerations, it is purely a function of

F(x,y,z,t) = 0. That is,12

- VF
o [vF - vx:*]ll2 (2-10)

Equations (2-7) and (2-10) are quite general in thét
they hold for any interface, free or not.

* 5
‘See Lamb,” p. 7.
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The boundary conditions are a result of integrating
Eqs. (2-la) through (2-6a) across the interface. It is
convenient, in this connection, to consider the body force

F as derived from the gradient of a stress tensor.

aM
F =3B (2-11)

a Ox

g

where Ma includes the Maxwell stress tensor (superficial

forces ofBelectromagnetic origin) and mechanical stresses,
such as those due to surface tension. Superscripts will
designate the region in which the variable is to be
evaluated while single subscripts will indicate the axis
directions. The normal vector is directed from region (1)
to (2), when evaluated at the fluid-fluid interface. The
conditions that correspond to the hybrid Eqs. (2-la)

through (2-4a) are

na[ap(z) - p(l)] - [Méé) - Méé)]nﬁ =0 (2-12)

=S G ACO N 16§ R (2-13)
ax (E® - gWig L giu@a@ 0 WMy g (2-14)

. (u(z)ﬁ(z) - u(l)ﬁ(l)) =0 (2_15)

5

Because the electromagnetic body force is written in
terms of the field variables (not the currents or charges)
the conditions of Eqs. (2-5a) and (2-6a) are not needed

unless the free charges or currents on the interface vanish.



In that case

n x (ﬁ(z) - ﬁ(l)) =0

n e @@ @

€

W My g

12,

(2-16)

(2-17)
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PART I
CHAPTER 3
CLASSIFICATION OF WAVES; PERTURBATION THEORY

A. Classification

By far the most commonly used model for analyzing surface
interactions is the ''small signal' or ''linearized' representa-
tion. This approximation is used by virtually all workers
concerned with magnetohydrodynamic stability problems,
whether they approach the problem by use of an energy principle
or by means of direct dynamical amnalysis. It has the virtue of
reducing the problem, not only to a linear one, but to one of
fixed domain as well. As a result, solutions can be produced
by superimposing normal modes that individually represent waves

and instabilities.

As was pointed out in Chapter 1, the literature includes a
considerable number of experimental observations on interactiomns
between charges and electric fields of a highly inhomogeneous
nature. Magnetohydrodynamic stability problems are mainly com;
cerned with the useful interactions between currents and non-
uniform magnetic fields. Yet, the normal mode analysis used,
shows that each of these problems is ultimately a complicated
set of waves and instabilities. It would seem worthwhile, in
order to understand the basic character of the possible waves
and instabilities, to consider them as they are supported in a
situation of greatest possible simplicity, i.e. uniform fields
and plane geometry. It will be seen that certain phenomena,
previously associated with non-uniform fields, are accounted

for by the dynamics of a surface stressed by a uniform field.
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This chapter will be concerned with demonstrating
theoretically six possible types of surface interactions in

plane geometry. These are defined in Table (3-1).

Table (3-1)

Static Surface Sources

Type Static Field or Vortices

EH-1f E perpendicular to interface free charges

EH-Ip E perpendicular to interface polarization charges
EH-II E tangential to interface ---

MH-1 B perpendicular to interface magnetic charge
MH-IIf B tangential to interface free current

MH-IIa B tangential to interface amperian current

Just as volume Alfvén waves couple to acoustic and electro-
magnetic waves, so also incompressible surface waves couple to
gravity and capillary waves. A physically realistic theory
must include, therefore, the effects of energy storages in the
gravitational field and in the molecular formation of the inter-
face, as well as interactions between external boundaries and the
interface. The problems under consideration are shown in Figs.
3-1 and 3-2. They involve two non-miscible fluids separated by
a plane interface of tension T parallel to two rigid boundaries.
The fluids are presumed inviscid, incompressible and perfect
dielectrics. A gravitational field g is taken as acting in
the negative x-direction with the other axes lying in the plane
of the static interface. The circumstance of the free surface
current of case MH-IIf might be created by passing a current

through a conducting film at the interface. This problem is
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similar to the incompressible limit of the gravitational
instability considered by M. Kruskal and M. Schwarszchild,1
in the limit where u(;)= u(2)= permeability of free space,

surface tension is zero and a = b — «,

B. Equations of Motion

The bulk equations consistent with the present problems
are Eqs. (2-la) through (2-6a) with F = ~gp§x, j=q=0.

The interface is conveniently described by letting

F(X:Y:zst) =X - g(Yaz’t) =0
Hence Eqs. (2-7) and (2-10) become

) ) )
g&-vx+vy§§+vz§§=0 (3-1)
_ . L _ -1/2

The boundary conditions that apply at x = £(y,z,t)
are Eqs. (2-12) through (2-17). For the present set of

problems the stress tensor MaB is*
2 -3/2 .2 -3/2
- o€ 06,2 o€ 08,2 -
Mip= Tapt ST 1211 + G5)7 1+ 5l1 + ()7 (3-3)
oy oz

where TaB will be taken as the Maxwell stress tensor

consistent with the surface traction derived by Korteweg

and Helmholtz.13
T =¢EE -=¢eb (L-c)EE +pHH - +ué (l-d)H H (3-4)
ap ap 2 aB Y'Y ap 2 ap Y-y \

5

—
See Lamb,” p. 455.
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Basic to the derivation of this tensor is the assumption that
e and p are only functions of the density. The striction

constants are defined by

g=L%&. . _pde
wdp’ e dp

In problems EH-If, EH-Ip and MH-IIf, the boundaries at

x = -a,b are perfectly conducting and in MH-I infinitely

permeable, so that

EH-I1f: EH-Ip: MH-IIf;

nxE=0
MH-1I; nxH=0 (3-5)

T

In problems EH-II and MH-IIa, it is required that as
X — o the perturbation fields vanish. Finally, in all

problems the boundaries are rigid so that at x = -a,b

n-:V=0 (3-6).

c. Perturbation Analysis

It would seem worthwhile to make a few comments about
the formalism of making an amplitude parameter expansion
while carrying it out for the problems at hand. This
discussion is an adaptation of one given by StokeéFfor
gravity waves and is the mathematical justification for
what is commonly termed linearization.

Each of the dependent variables, V,p,E,B and n are
assumed to have an expansion in a parameter A of the form

o 1 2 2

P = p(x,y¥,2,t) + Ap(x,y,2,t) + A" p(x,y,2,t) + ...

If these expansions are substituted into the bulk equations,

as well as into Eq. (3-1), an infinite set of conditions is
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generated from the requirement that each equation be satisfied

for each power of A. For example Eq. (2-la) is written

o o (o] (o]

X X
A["a—t—'l-vxax -i-Vy-a-'-}-’----l-Vz'-a--é'---+a + pgl
1 1 1 o 1 o
U T R R P P S P v
ot X OX X OXx y oy y oy z dz z dz  Ox
2 2 2 o)
2 3V o BVX 1 oV 2 oV BVX 1 oV 2 an
+A[at tVo s v st Y s +vya—-+vya—y-+vy3-y—
2 1 o 2
+ vz oz + Vz 5z T Vz ) + Bx] + =0

and each term in brackets is required to vanish. A '"linearizable
problem is one where the zero order equations can be satisfied

by solutions that in turn generate a first order set of equations
that are linear. In the present problems, these are $x= $y= 3z= 0

o
and p = -pgx + constant, or the conditions for static equilibrium.

The resulting first order equationi have constant coeffi-.

~ v + Bz2

cients and admit solutions of the form p = p et + Byy Pz .
All first order variables may be written in terms of the first

order fields p, & and h which are defined by

Z
2 P
145 - Z} (3-7)
dx

2 2
where k™ = -By - 52 = -B
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Now the assumption of negligible displacement and conduction
currents is justified by the fact that for all of the fluids
considered here lBil + lﬁil >> |uoal + Iusazl. Equation (3-7)

has solutions

— - A
p A1 A2
~ kX - kx
e, | = Cl e + C2 e (3-8)
Ik kel

where A's, C's and D's are coefficients determined by the
boundary conditions. The remaining variables are written in
terms of the A's, C's and D's

¥ __14d_ _ k kx _ -kx
Vg = pa dx  pa [Ale : A2e ] (3-9)
Vo--xx._ Xy (A, e + A e k%) (3-10)
y pa P pa 1 2"
B B
~ Z n~ z kx -kx
V,=-=P=- oo [Ale + Aje 1 (3-11)
dh
o1 "z k kx -kx
h = 5 dx " P [Dle - Dye ] (3-12)
V4 z
~ B B
- Yy - X kx kx B}
hy 7, h 7, [De™ + Dye ] (3-13)
de af uﬁ
~ _ 1 oy -k kx -kx
& =B T 5 5 [Cie Cre ] (3-14)
z BZ z
aup -
- [Dlekx + Djye kx]
B



These solutions may now be used to generate driving

functions for the second order equations, and so on.

The arbitrary coefficients are determined from the
boundary conditions which must also be satisfied to all
orders of A. Care must be taken that the boundary con-
ditions are evaluated at the position of the interface,
i.e. at x=¢ (y,z,t), X =-a or x =b as the case
may be. Since a series solution has been assumed for
€ (y,z,t), each of the other dependent variables is
evaluated at x = £(y,z,t) by making a further expansion
gf itszx dependence in powers of A and the functions
€, €, £ .... Equation (3-1) then defines these ¢£'s in
terms of the arbitrary constants introduced by the bulk

equations. To first order terms:

and the first order normal vector is defined,

n =0
X

v oo Bx ~ B
y a z Q

21.

(3-15)

(3-16)

(3-17)
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It is now clear that the domain of validity of solutions
to the bulk equations is fixed. The problem has been reduced

to the usual fixed boundary value problem.

The bouhdary conditions for first order terms in A
(Eqs. 3-18 through 3-36) are shown in Table B-1 of Appendix B.
Not all of these equations are independent or pertinent for
each problem. The eqhbations defining the A's, C's and D's,
together with comments on the consistency of the remaining

equations are tabulated in Table B-2.

D. Dispersion Equations

For a given surface perturbation, Eqs. (3-30) through
(3-36) define the first order relations among the dependent
variables. Which perturbations are allowed is determined by
the compatibility condition of the system equations. The

reduced form of these conditiomns is,

[EH-1f 'vﬁ
Prob. 1 |EH-Ip| ; wz = -a2 = k2 Vé + Vi - V2 (3-37)
-1 b
[EH-1I B 2 {y2
Prob. 2 |MH-IIf|; w? = -a? = k2 |v? + vﬁ + = ‘*2‘ (3-38)
_yH-IIa k Vb
where .vé = g - p(2)y (3-39)
/ et
2
Vo = Tk (3-40)
/o
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Pog = 0P coth(b) + pcoth(ka) (3-41)

The parameters Vg and V are the phase velocities of
gravity and capillary waves respectlvely while V and Vb
are the effective Alfven velocity and its electrohydrodynamic

dual as given below,

la - free charge on interface (EH-If)

v - ;l—[e(z)(Eiz))2(1+c<2))coth(kb)+ (3-42)
eq
e(l)(Eél))2(1+c(1))coth(ka)]
la - no free charge on interface (EH-Ip)
o (6@ D) (@ e (1) (1, ()5 (O (1>] i
b peq e(z)tanh(ka) + e(l)tanh(kb)
2a - EH-1I
(2)_ (1) ,.(2) (2)y_.(1) (1)
2 2 (e (et (1-c*")-e " (Ll-c )) :
vV, = (3-44)
b e® 4 (1) Peq
1b - (MH-I)
V: is given by Eq. (3-43) after the substitution
€=+, E—-H, c—-d
2b - free current on interface (MH-IIf)
v2 = 1-a®yu® @My 2eorn (ka)+ | (3-45)
a
(1-a®)u® @) 2eotn b)) (1)
Peq
*See Lamb,” p. 461.
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2b - no free current on interface (MH-IIa)
VZ is given by Eq. (3-44) after the substitution

e—=-+u, E—-H, c—d.

E. Interpretation of Results

The phase velocities of the six types of surface waves
are given by Eqs. (3-37) through'(3-45) as they depend on the
2T

perturbation wave-length %

For reasonable values of the electrostriction constants,
the velocities squared Vi and Vi are positive. It follows
from Eqs. (3-37) through (3-41) that the effect of an increased
field intensity in Problem 1 (type I waves) is to slow down a
surface wave of a given wave length until the effective phase
velocity vanishes and the surface becomes unstable. The wave-
length of the instability is that value of %g that first ful-
fills this condition. If the electro- or magnetostriction is
assumed to be proportional to the permittivity or permeability,
the striction terms act to enhance the unstabilizing influence
of the fields for the EH-If waves, while tending to stabilize

the EH-Ip and MH-I waves.

As would be expected, in all of the cases considered,
there is an instability at some sufficiently 16ng waveilength
if the heavier fluid is placed on top (p(z) > p(l)). This is
the familiar gravitational instability.

If the effect of the strictions are presumed small in the
EH-II, MH-IIf and MH-IIa problems, the results indicate that

transverse incompressible surface waves propagate along the
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field lines, which for high magnetic or electric field
intensities [(Iva|) >> jV l + |V |] may be termed Alfven or
V| ‘ ®
electrohydrodynamic surface waves respectively.
The parallel field problems are apparently more strongly
dependent on the strictive terms, however. In fact, Egs.
(2-44) and (3-45) show that the effective velocities squared,

Va and Vi, may be positive or negative depending on the

values of the d's and c¢'s.

The dependence of € on p, for example, is sometimes

*
computed from the Clausius-Mossotti equation which gives

(ke- 1)(ke+ 2)

- (3-46)
¢ 3k,

It follows that,
@ - Wy 1. @)y . e (1-c D)y (3'"’7)r

™
“40 N om

(k (2) k (1))[2 (ke(1)+ke(2))]

or, according to the Clausius- Mossotti equation, for k (1)
and k (2) greater than unity, Vi of Eq. (3-43) is
negatlve and the electric field slows down surface waves
propagating in the z direction. In Chapter 4, independent

experimental means will be used to show that such large

*
See Stratton,13 p. 140.
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electrostrictions do not occur at interfaces of common liquids,
but rather, that Vi is positive for waves of type EH-II.

With the assumption that Vi and Vi are positive,
certain characteristics that are common to the wave types may
be pointed out. 1If the interactions with the external
boundaries are small, the electric and magnetic parts of the
waves are dispersionless. Waves propagating in the z direction

then are dispersed according to the equation

M @ -
e+ o)

I

2
+ U°] (3-48)
I1 k(e + o)

where the Uz's are given for the respective problems by the
limit a -+ =, b= o of Eqs. (3-42) through (3-45), and are
independent of k.

Observe that:
1. Although at a fixed k the field intensity
can always be made large enough to make U2
larger than the square of the gravity or
capillary phase velocities, there is always
a wavelength such as to make either the
capillary wave or gravity wave phase velocity

the largest of the three terms.

2. The wave number of minimum phase velocity

corresponding to

(1) (2)y
Kk = \J g(p T‘ p ) (3-49)

remains unchanged with increasing field intensity.
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3. For type 1I waves the group and phase
velocities are always positive, while for
type I waves there may be values of k for
which the group velocity is negative, while
the phase velocity is positive. This will
happen if

| O _ (2

2 3Tg(p -p )

u > (3-50)
\) M+ p(3)?

The nomenclature of capillary and gravity waves may be
generalized to define waves as capillary, gravity or of
type I or II in accordance with the phase velocity that is
largest in magnitude. The regions of each wave are illustrated
in Fig. 3-3. The least value of k that can give a type I

or type II wave is

g(p(l) (2))
1), p(2))

K =
U(p

while the largest value of k to give these waves is

2 .
Hence, U must exceed a minimum value for the type I or II

wave to exist as defined. That value is

v? =\/;T(P(l) - péz);
M+ o)

Interactions with the parallel plates occur at long wave-
lengths (small values of k). The effect is illustrated by
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considering the following limits:

EH-If o(l)>> 0(2) E(ll~ 0, p(zl» 0

EH-Ip e(l)>> 8(2), p(zl» 0

-1 W Wss w3 @

)

MH-I1f currents returned on upper plate:
1M Lo, @

These problems then have the same dispersion relation

Ll Tk

w” = szﬁtanh ka + 7;tanh ka + U2 EEEE—EE]

tanh Kb (3-51)

II
This effect of the boundaries at low k has been
included in Fig. 3-3. (This figure was drawn using data for
water at a depth of 1 cm. and U2 = 50.) In the limit where
both ka and kb are much less than one (wavelengths long

compared to both plate spacings), the dispersion relation is

2
I -
[ ] w2 = kz[ag + EIE;-+ Uz'%] (3-52)
II P |

Again, the type I and II phase velocities are independent
of k. However, now the gravity wave propagates without disper-

sion.

It will be observed that the EH-Ip and MH-I, as well as

the MH-IIa and EH-1I waves are complete duals. Also, if

g% = 0, the MH-IIf and EH-I1f waves are anti-duals, even

including coupling to the external plates. That is Vi is of
the same form as Vz for these cases and the dispersion rela-

tions are given by the substitution Vi-» -Vi .
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F. Field Distributions

The physical picture of the fundamental dynamics of each
wave type is worthy of mention. This is especially true of
the polarization and magnetization surface waves, since their
prediction depends on a force density derived by means of

energetic rather than dynamic principles.

The stress tensor of Korteweg and Helmholtz has, as

its volume force counterpart, a force density given by

- - - 1 = =
fm =Jg x B - 5 H-HW +

v (H-Bd) (3-53)

Y o

- - 1,- - 1 - = .
fe = qu - E(E-E)Ve +3 v(D-Ec) (3-54)

In four of the cases considered, the free currents and
charges are assumed to vanish. A few remarks will be made at

this point about the force densities fm and fé as applied

to these cases where jf =qg = 0.

A manipulation of Eqs. (3-53) and (3-54) renders them
more physically interesting. Consider Eq. (3-54) for example
in the case where ¢ 1is small enough that the last term can

be ignored. Then,

[E-D] + 3 eV (E-E) (3-55)

de

- - LE.Fyve = -
fe = - 2(E E)ve =

Because V x E = 0 this can be rewritten as

= 1, 1,- . =
fe = - E(E-v)n + E(D-V)E +5 Ex (v x D) (3-56)

The first two terms of this equation combine to %-ﬁ(voﬁ),
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since D is parallel to E and v:D = 0. Hence

F 1D l- = 3
where

qp = €, V'E

jp= [VXD]/EO

Analogously, Eq. (3-48), for small d's and jf = 0 is

F 13 L1+ T -

=3 T G t 72 Ip X HH (3-58)
where

q, = W(v-H)

iy =lvx Bl/u,

The force density, according to the constrained form’of
the model used by Korteweg and Helmholtz, can apparently be
divided into interactions between the macroscopic fields and
equivalent field sources and vortices. The quantities jm
and 9, will be recognized as in the form of what are some-
times called the amperian current and magnetic charge.
Although qp is commonly termed the polarization charge,
there does not seem to be a precedent for jp. (Note that
the static surface vortices for type EH-II waves have not
been specified in Table B-1.) In this work, fp will be
termed the Korteweg current, for lack of another name. The
terminology here has no more significance for the microscopic
dynamics than does the magnetic charge. The variable jp

signifies the vorticity of polarization only.
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In an actual fluid, the force densities of Eqs. (3-57) or
(3-58) would revise the material microstructure, and the
resulting equilibrium (assuming there is one) would be accounted

for by the force densities corrected for strictionms.

Finally, it is useful to note that since Eﬁ and Ep are

wholly rotational,

v.jﬁ = v-jb =0 (3-59)

The physical interactions that account for the six types
of surface waves may now be pointed out by making use of the

preceding concepts.

The static equilibria corresponding to the unperturbed
problems are of two types; interfaces stressed by perpendicular
fields (type I, Prob. 1), or interfaces stressed by tangential
fields (type II, Prob. 2). The type I waves are dynamically
dominated by surface charge interactions (free, polarization
or magnetic) while the type II waves are more reasonable if
viewed as surféce current interactions (free, Korteweg or
Amperian). It is essential that, according to this model,
dynamical interactions can not, in general, be predicted by

use of either sources or vortices alone. Both must be included.

The equations of Table B-1 make possible a discussion of
the field distributions that correspond to the various wave types.
As an example, consider the fields that accompany waves
traveling in the negative or positive z direction. (For this
discussion the motions will be assumed to have no y dependence.)

The surface could be distorted so that
¢ =€ cos (of +kz); € =¢ (3-60)

where k and w are related by the dispersion relation (3-37)
or (3-38).
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The perturbation fields consistent with this traveling
wave would appear as shown in Figs. 3-4a through 3-4e and
are described by the equations of Table C-1. Superimposed
on the electric or magnetic field intensities shown are
zero order field intensities. The first order fields are,
in general, distributed sinusoidally along the z axis and
exponentially perpendicular to the surface. Field lines,
stream lines and points of maximum pressure are shown.
Note that Fig. 3-4a gives the pressure and velocity
distributions for all of the wave types and that the fluid
particle velocities are such as to make the pressure peaks
propagate from right to left, i.e. the wave traveling to

the left is shown.

'In Table C-1, the sources and vortices of the previous
sections are given as defined. They do not include the

effect of strictions.

The most obvious difference between the field distribu-
tions of the type I and type II waves, is that the primary
field intensities (perturbations of the static field
intensities) are 90 degrees out of space phase with the
surface displacement for type I waves, while they are in
phase for the type II waves. This result is directly related
to the unstabilizing influence of the type I fields as compared
to the stabilizing influence of type II fields, i.e. to the
decrease and increase of the phase velocity of type I and II
waves respectively with increasing field intensities. To
see this, note that the gravitational field and surface tension
produce wholly wave-like interactions, and always tend to force

the interface toward its center of curvature. The perturbations



2anssaad aaT3e8su pue aar3ysod yead jo sjurod "3t

34.

: PI®TII £3700794 — =
uorjeldedoad Jo uorloaard
—-

uoTINqIIISTA £ITO0T3A Teasduad ey-¢ *3Td






36.

a3xeys uorjezrisulew 10 uorjeziaejod 44t---
sjuaxand ueraaduy I0 Iamo31I0) G ® 00
S9UI] Y X0 @ —=-—

Y
saaeM I-HW ao dI-HF oh-¢ 314



xaded o3 aeinorpuadiad saury o t+ e
(®@913) 3jusxand adejans & © 00
SoUI] Y <~——

q

-—
?ABM JII-HW pY-¢ "STd



38.

281ey> uorjezriaul8em 10 uorjezriaejod +++ - - -
sjuaxano uetaaduy xo0 Zamajzaoy & & 00
3 3 S9UIT 4y 10 3 —<t—
(1) AANV

soaeM BII-HH 10 II-HZ oh-¢ 314



39.

that play a dominant role in stressing the interface are made
from finite zero order field variables. Hence, for type 1
waves, the surface traction resulting from surface charges
and the perpendicular fields is always in a direction
opposite the center of curvature of the surface, while for
type II waves the traction resulting from surface currents
and horizontal fields is toward the center of curvature.

From these statements the predicted dynamics would be
expected. More physical feeling for the wave types will
follow from the consideration of standing waves and surface

resonators given in Chapter 4.

G. EH-If and MH-I1IIf Waves

Insight into the physical meaning of the previous free

surface charge and free surface current problems may be
gained by considering a pair of simple problems that

illustrate the role of conductivity.

Consider first of all the problem illustrated by
Fig. 3-5.

A X
(2) T 2 ;
_/\_‘/_
(1) T
o finite
y
Figure 3-5

EH-If Configuration

A fluid of finite conductivity o in region (1) forms

a horizontal interface with a fluid of zero conductivity.
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This is stressed by a perpendicular electric field. After
sufficient time has elapsed for the charge to relax to the

interface,
S | (22 (3-61)

Since c(l) is finite, 0(2)= 0 implies that Eél) = 0.
the static electric field is confined to region (2), where
it terminates on a surface charge Q = soEgz). The fact
that there is a no static conduction current makes it
possible to treat this problem exactly, to first order
perturbation terms. The equations of motion are Eqs. (2-1la)
with F = -pgax + qE, (2-21), (2-3), (2-4) and (2-6).
Displacement current will be included so that Eq. (2-5) is

JE

VxH=o0E+ €& St (3-62)

It is assumed that € = €y K =1
In the bulk of the fluid
v.oE=-A (3-63)
ot |
so that in region (1) Eqs. (3-63) and (2-6) give
99 L, o .. -
St + - 4 0 (3-64)
o
This is identically satisfied by the steady state condition
that q = (v-fa)ao = 0. It follows that Eqs. (2-3) and (3-62)
define the z components of B and E. If perturbations are

taken of the form

~ at + B _z
=e_e z
z z ‘

e



these equations are

d2 '
_f-k
dx

e

2] Nz =0
b
z

where now

02 _ 2 o2
k (o o + a'ue - B)

In the same way as demonstrated in section C, Chapter 3,

the remaining variables are defined in terms of solutions

to Eq. (3-65).

If [e C C

21 kx| ? k'x
b 11 D,
then these variables are
~ ak' k'x -k'x
ey = 62 [Dle - Dye ]
ap ' '
R - k'x _ ~k'x
e = ;7— [Cle Cze ]
k'g
~ 4 k'x -k'x
bx = —-;-é-—[Dle - D2e ]
1
5 _[uoo + ue alk (c. k'
y 62 1
where

2 2
6" = (Bz “Hooa - K oE a )
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(3-65)

(3-66)

(3-67)

(3-68)

(3-69)

(3-70)

and the perturbed pressure and velocity fields are, as defined

by Eqs. (3-8), (3-9), and (3-11).
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The present purposes are served if the external boundaries
of the system are assumed to be very far away. Then,

sz) = nél) = A{2)= Ag_l) = cfz) = cgl) =0
so that the fields are finite at infinity. The boundary con-
ditions evaluate the remaining coefficients. These conditions
are Eqs. (3-18), (3-19a) through (3-24a). It is now possible
to see the crucial role played by the static electric fields.
Since E§1)= 0, Eqs. (3-2la) and (3-22a); Eqs. (3-20a) and .
(3-23a) show that eél) = e§1)= 0. This implies that
C{l) = D{1)= 0, or that all electric and magnetic field
components are excluded from region (1). Since the boundary
conditions and the remaining field solutions are independent
of the conductivity, the dispersion relation and field distri-
butions are also independent of o. Hence the solutio?lis

- ©

0 (roughly

meaningful for fluids that vary in conductivity from o

(2)_

speaking 0(1)>> 0(2)) and sufficient time is allowed for the

to the o's of good insulators, so long as ¢

charge to relax to the interface. Although it is not
physically interesting, the limit can in fact be taken where
both regions have a vanishing conductivity and hence a static
electric field, but where charge has been placed on the
boundary by some external means. The previous solutions for
the EH-If waves include this possibility. It is clear that
in this limit the surface currents necessary to account for
perturbations of the surface charge must be convective. The
previous results make it apparent however, that the currents
are convective whether one fluid is a perfect conductor or a

perfect insulator,
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To see this, consider once again a wave where [ go.

~ ~ B_aE
Then Vx/at‘io and Eqs. (3-9) and (3-11) give v, = i

x=§

Eq. (3-20)

shows that géz) = 0, because By = 0. It follows from (3-67)

that Déz) = 0. Boundary condition (3-22a) gives —C§2)=QOBZE§2)

and hence the magnetic field at the interface is

2
Py WfoakeoBzEé ) g iy
b = - ; b =b =0 (3-71)
y (52 “ue QZ) z X
x=£ z oo
and the surface current density is
R -Llax %‘27 (3-72)
uo =t
= (2)
= -eoakﬁoﬁon )
(B, - n_E Q")
z oo

On the other hand the surface charge density is

2, g(2)
= sOkﬁz&OEO

J=ed - 'ﬁ(”/ (3-73)

o 2 2
x=£ (Bz = uoeoa )

Note that the continuity relation is satisfied on the surface.

The term 62 is within relativistic corrections of az

so that the current iz’ given by

kgo

5. (3-74)

~ oY - . (2)
]_,z = QVz = EoEO

where Q 1is the static surface charge, and agrees with (3-72).
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The migration of charge along the interface is therefore
accounted for by the convection of the zero order charge as
carried by the first order particle motions. No conduction
process is involved. The charges convect at the interface in
just such a way as to satisfy simultaneously the conditions
that the interface can not support shear and that the
tangential component of the electric field be continuous.
This is why, for example, the problem of an interface
supporting a charge that is constrained to remain fixed is

not well posed for the model used here.

The MH-IIf problem has a somewhat similar property

‘ X

@ VAR

(1) _— i

[

Figure 3-6
MH-IIf Configuration

If the surface current is returned as shown in Fig. 3-6,
and there are no external currents, the zero order magnetic
field is excluded from region (1). 1In the same way as in the
previous EH-IIf problem, the magnetic and electric field
perturbations are then excluded from région (1) also. As a
result, the wave properties are again independent of the

6(1)

conductivity in region (1), where may range from infinity

to zero.
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However, a stronger statement can be made. At the inter-
face, the boundary conditions require that E = B x V, a con-
dition satisfied by a perfectly conducting interface. As a
consequence, the fields throughout the bulk of regions (1)
and (2) satisfy this condition (see Eqs., Table C-1). 1If
the problem were to be solved with finite conductivity in
regions (1) and (2), the boundary conditions would be the
same as for the problem with zero conductivity. The differ-
ence would arise in the solutions to the bulk equations,
which would couple to the magnetic field through a finite
conductivity. The bulk equations are (2-1la) through (2-6a)
with F =3 x B, where j = o(E + V x B). Since E = B xV
everywhere, F = 0 and the original equations for ¢ = 0
are retained. The solutions to the problem with zero
conductivity are admissible with finite bulk conductivity.

The wave properties are independent of finite conductivities
in both regions (1) and (2). The unphysical limit of o
infinite in both regions is analogous to the limit where o = 0

in the previous EH-1f problem.
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CHAPTER 4
INSTABILITY, RADIATION AND RESONANCE

A. Introduction

A party trick of supporting water in an inverted glass
by a coarse-meshed cloth placed over the open end may have
embarrassing consequences if too coarse a mesh is used.
Everyone has seen the radiating wavefront resulting from
a rock thrown into a quiet pond, or the standing surface
waves in a cup of coffee tapped on the side with a spoon.
These are demonstrations of surface wave instability,
resonance and radiation. It will be the purpose of this
chapter to indicate experimentally the nature of the type I

and type 1II waves with these three common phenomena.

B. Type I Waves - Instabilities

i. Theory
The type I waves have in common the fact that Vﬁ
or Vi can be made large enough to lead to a vanishing

phase velocity, i.e. an instability. The type I waves will
be considered here in the limit where the field intensities

are confined to region (1) or region (2). For the EH-IIf
>> <L
0(2) L) so that Eiz) or Eil)

waves, this means that or o
<L >>
while for EH-IIp or MH-II waves 8(2) g; e(l) and u(Z) gg u(l)
<L <L
<L <L
so that E(z) or E(l) and H(z) or H(l). In these cases, the
X S>> X X >SS x

conditions for stability (see Eq. (3-37)) are given by
n > 0 where

n = (k£)? - kf(coth kE)W + G (4-1)
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sk
(L +c)e Hx' f/T

=
]

¢ = (1) - pPyge?/r

E = E(Z)

X X
b when

H = H(Z)

X X

f = ¢

E = E(l)

X X
a when

H = H(l)

X X

The dimensionless number W is proportional to the
ratio of electric energy stored per ﬁnit volume to surface
energy per unit volume, while G 1is proportional to the
ratio of energy density stored in the gravitational field
to energy density stored in the surface formation. By
analogy with ordinary fluid mechanics, JE? might be called

. *
the electric Weber number and ’E the electric Froude number.

For increasing values of field gntensity, i.e. W, there is
one value of the normalized wave-number (kf)m at which
instability will first occur. The combination of W and
(kf)m that will first produce instability simultaneously,
satisfy Eq. (4-1) written as an equality and the condition

that (kf)m give the least possible value of 1;

d

S| I
d(kf)

* .
See R.ouse,14 p. 104.
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It follows that

sinh 2(kf)_ ((kE)2 - G) + 2(kf)_((kE)2 + G) = 0 (4-2)
2 + ¢
L [(kf) coth (KE)_ ] (4-3)

A general numerical evaluation of the problem is
effected by solving Eq. (4-2) for (kf)m as a function of G.
(This is shown in Fig. 4-1.) The corresponding values of
W follow from Eq. (4-3). 1If (kf)m is very large or very
small (corresponding to weak or strong interactions with the
charges on the plate), Eqs. (4-2) and (4-3) reduce to simple

forms.

(kf)_ >> 1 W=2 \[? (k£)_

N O

0 (4-5)

(kf) << 1 W=g (k£)_

As would be expected, the instability condition is
independent of the surface tension for long wave-length
instabilities. It may be surprising, however, that this
condition occurs for low values of G, since this corresponds
to low values of the density difference at the interface or .
high values of surface tension. This is a consequence of
short wavelength stabilization by the surface tension, a
phenomenon that forces the initial instability wave-lengths
to infinity for G 1less than 3. 1In this limit the electric
and gravitational fields have the same dependence on A and

exactly cancel at the point of instability.

For large values of G, the initial instability occurs

at the wavelength corresponding to the minimum phase velocity
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given by Eq. (3-49). The dispersionless character of the
field coupling is responsible for the fact that this is
also the upper bound on the wavelength for ordinary gravi-

tational instability.

ii. Type EH-If Waves - Experiment
For the EH-If problem, the conditions of Eqs. (4-4)

and (4-5), written in terms of the voltage V0 are:

(1) (2) 1/4
kf) >>1 v =f [‘*(p —L— )gTJ (4-6)
[(1 + ¢) €]
(1) (2)
k) <1 V= f3/2\/(" £ )& (4-7)
(L +c) ¢

Equations (4-6), (4-7) and (3-49) provide an experimental test
of the previous theory. The first two of these equations give
the theoretical dependence of the voltage for instability on
the spacing of the plate and the interface. The experimental

arrangement of Fig. -2 gives a check on this result.

Several liquids were used with water to obtain curves of
the general form shown in Fig. 4-3. 1In general, it is found
that the curves follow the 3/2 power law for low values of b
and are linear at high values, with the transition in the
region of kf = 1. The plot shown is for a Xylene-water inter-

*
face, so that b = f£f. The two solid curves in Fig. 4-3

e
For constants used for theoretical results see Lange,ls.
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indicate the theoretical results if electrostriction is
ignored and if it is taken into account. The discrepancy
between the curve for c¢ = 0 and the experimental results
| may be used to infer a value for c¢ of 0.40 as compared
to a value of 0.85 from Eq. (3-46).

The instability consists of a disturbance on the inter-
face which, although initially sinusoidal in nature, quickly
grows into a sharply pointed spout that extends toward the
upper plate. The point of instability is taken as the

voltage at which this spout appears.

A sequential photograph of one section of the inter-
face during the instability growth is shown in Fig. 4-4.
The position of the viewer in these photographs is shown
in Fig. 4-2. Note that the initial sinusoidal disturbance
quickly grows into a sharp peak with a much shorter base
than the initial disturbance wavelength. As may be seen,
the instability is in a more advanced stage in the back-

ground.

The sharp point of the non-linear disturbance peak
leads to a considerably increased local field intensity. If
this intensity is sufficient to break down the dielectric,
the instability criterion gives also a prediction of the
voltage breakdown between a liquid interface and a solid

boundary.

The approximate disturbance wavelength may be taken
from Fig. 4-4. 1In this experiment b = 5.22 cm. Using a

value of the wavelength from the picture of 3.3 cm, the
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value of kb is about 5. Hence, Eq. (3-49) gives the
initial instability wavelength as 3.5 cm. This agreement
is better than would be expected from the experimental

error involved.

iii. Critique

The instability experiment described here has
at least two basic difficulties. The fringing fields
resulting from the finite dimensions of the plate lead to
an enhanced unstabilizing influence at the outer edges of
the experimental surface area. At the same time, the
steady state or zero order condition of a flat, parallel
interface becomes extremely difficult to maintain as the
ﬁoint of instability is approached. Both of these effects
lead to a measured point of instability that is lower than
the true one. For this reason, it can only be concluded
from this experiment that the electrostriction constant «c
is less than 0.4. This certainly serves to indicate that
the Claussius-Mossotti equation significantly over-estimates

the value of c¢ for Xylene.

C. Type II Waves - Surface Wave Radiation

i. Theory
The most obvious way to demonstrate type II waves,
is to take advantage of the direction dependence of the
propagation velocity. A disturbance on a surface stressed
by a tangential field would be expected to lead to
A "elliptical" wave fronts with the major axis in the direc-

tion of highest propagation velocity. For the EH-1I waves
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and Vi > 0, propagation on a dispersionless surface (i.e.
at a constant wavelength) would lead qualitatively to wave

fronts as shown in Fig. 4-5, where the ratio of the major

and minor axes would give a check on the magnitude of Vi.
A
V2 +V
g c
-
E
\
2 2 2
JVé + Vc + Vb
Figure 4-5

EH-II Wave Pattern

The major difficulty that arises in an actual experi-
ment comes in determining the influence of dispersion on the
wave fronts, since any disturbance excites a spectrum of
wavelengths. For example, in the problem considered here,
an essentially point disturbance is used. 1In two space
dimensions, the wave resulting from an initial elevation of

the fluid surface at the origin (an impulse S) are described
*
by

£ = ifg fekx[cos(kz+mt)+ cos(kz-wt)]dk(g%) (4-8)

3 1/2
w = [kg + EEE + k2V§]

*
See Sneddon,16 p. 285.
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where replacing z — y and Vb-ﬁ-O gives the wave propa-
gating across the E 1lines. Although this Fourier
representation ignores the effect of curvature of the wave
front, i.e. one of the three space dimensions, solutions
in three dimensions for the gravity wave alone indicate
that this is consistent with further approximations that

*
will be made here.

Integrals of the type of (4-8) are difficult to
complete, because of the complicated interference phenomena
that they describe. The integrand is a rapidly oscillating
function of k. This is the basis of a well-known approxi-
mation technique called Kelvin's Principle of the Stationary
Phase**which says that the main contribution to the integral
arises when one or the other of the phases is stationary in
k. That is, those wave numbers on a positive traveling wave
that make a major contribution to the integral satisfy the

relation
d
I [kz - ot] =0 | (4-9)

Physically, these are the wave numbers that would
predominate at a position z and time t. Equation (4-9)

is then recognized as the familiar statement that

dw
z =t 3 (4-10)

16

*
‘See Sneddon,” " p. 290.

*% 4
See Stoker,  p. 163.
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This says that a group of waves characterized by the wave
number k will be found at a distance z from the origin

after an elapsed time t.

ii. Type EH-I1I Waves, Experiment

The experiment is best described by Fig. 4-6. An
interface of air and nitrobenzene is stressed by a tangential
electric field applied simultaneously with a disturbance
impulse of air. After a time interval sufficient to allow
the resulting waves to develop, the radiating disturbance
is momentarily projected by a point source of light onto
enlarging paper. Examples of the resulting photographs are
shown in Fig. 4-7. These pictures were taken using nitro-
benzene. Similar photographs have been made using water,
transformer oil, acetaphenone and xylene. The resulting
"ellipses'" have in common the fact that the major axis of
the "ellipse' extends in the direction of the electric field,
never perpendicular to it as would be predicted by use of

the Claussius-Mossotti equation (Eq. (3-46)).

Equation (4-10) makes it possible to obtain somewhat
more quantitative information from the photographs. The

ratio of the major and minor axes is given by this equation

as
p- V}z)
1 +
£ 3k
zmajor axis ! [2k + 5'—-]
p
R = = 2 1/2 (4’11)
Yminor axis i \Y/
b
1+—g——k:..~—}
+_
B+ 5

where k 1is the wave number corresponding to the waves at

the points 2z and y. Unfortunately the theory requires
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No E Field

E Field Top to Bottom

Figure 4-7
EH-II Wave Patterns Photographed on the
Interface of Nitro-Benzene
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that 2z and y are the distances along the axes to groups of
waves corresponding to a given k. The distance may be
determined by this prescription only if there are many waves
in a distance on the order of 2z from which to select.
Fortunately, the photographs indicate that the wavelength is
not essentially altered along a given phase. This is a

direct consequence of the fact that the waves are very nearly
at a wavelength where the phase velocity is equal to the group
velocity, so that a dispersionless addition to the phase
velocity in one direction does not essentially alter the

wavelength.

For the present purposes z and y are measured to
points of equal phase, it being recognized that an error is
incurred that appears to be proportional to the difference

between the phase and group velocities.

The initial wavefronts of Fig. 4-7 have wavelengths of
about 0.78 cm. If the electrostriction constant is ignored
(this will be shown to be an excellent assumption in the
next section), at an electric field of 1.57 x 105 v/m,

v, = 7.77 cm/sec, Eq. (4-11) gives R = 1.05. If the ratio
of the phase velocities rather than the group velocities is
used, this ratio is 1.07. The wavefronts of Fig. 4-7 give

a ratio of about 1.07. Several consecutive pictures under
these conditions gave values ranging from 1.07 to 1.08. 1If
longer wavelengths are used, corresponding to points nearer
the origin of the wavefronts, better agreement of theory and

experiment is obtained.

Eccentricities as high as 1.25 have been observed at

higher field intensities. However, there seems to be a close
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connection between the dynamics of electrohydrodynamic waves
and the propagation of electroconvective surface instabilities.8
It becomes increasingly difficult to observe distinct wave-
fronts as the field is increased, even if, as was done in
taking the pictures of Fig. 4-7, the field is applied
simultaneously with the impulse of air. In some pictures
there was a marked increase in electroconvection behind the
wave fronts. The appearance of the surface convection may
be noted in Fig. 4-7.

* 0

ii. Critique
The qualitative nature of the previous experiment
is evident. Although the measurements support the theory of
chapter 3, they are not definitive. However, it is clear that:
1. The waves propagate more rapidly along the E

lines indicating that Vg is positive.

2, The propagation is independent of the sense
of the field as indicated by the symmetry of the
disturbance rings. The predicted dependence is

on EZ.

3. The propagation velocity is in fair agreement

with theory if c << 1.

D. Type I and 1I Waves, Resonances

i. Theory
The previous experiments have in common the compli-
cations resulting from a wave number that is free to change.
A resonator has the advantage that for any given mode, the

wave number is fixed. Even analytically this is an advantage,
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since the dispersion relations, Eqs. (3-37) and (3-38) are
conveniently written as explicit functions of k. More
important, however, is the basically elliptic character of
the bulk equations, which makes it possible to write down
the total wave number k, independent of dynamical considera-

tions.

The results of chapter 3 lead directly to the resonator
conditions. Equation (3-7) shows that p satisfies the

equation

9P 432 . | (4-12)

If a rectangular resonator is formed by rigid perpendicular
walls at y=0, y = Ly and z =0, z = Lz, the perpendi-
cular velocities must vanish on each of the boundaries.
Hence, from Eqs. (3-10) and (3-11)

op -—0: - -
674 =0 ; Sz 0 (4-13)
—o,L2 z=o,L3

Solutions to Eq. (4-12) have been found such that for each

wave type,

p(l) = (1)[ekx + e KX e-Zka] (4-14)
so that Eq. (4-12) becomes

3% 3% . .2

—4%-+ —‘% +kp=20 (4-15)

oy doz

The boundary conditions (4-13) and Eq. (4-15) lead to the
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requirement that

W= @92 n-0,1,2 3...
y L
y
(4-16)
2 2
k. = (%i) m=0,1, 2, 3 ...

where k2 = ks + ki: mand n # 0 at the same time.

For any given mode, specified by m and n, ky, kz
and hence k are fixed. The corresponding resonant
frequency for each particular wave type is given by Egs. (3-37)

through (3-45).

It will be observed that no stipulation has been made on
the electrical properties of the rigid vertical walls; that
is, on the values taken by the electric and magnetic fields
at the walls. This makes clear the point that single modes
may be excited only if the conditions implied by the eigen-
values of Eq. (4-16) and the dispersion relations are
satisfied. Furthermore, the walls must have properties

consistent with the static fields.

It follows that the walls must be insulating for the
type I waves. If there are to be no sources or vortices in
the problem not accounted for by the bulk equations and the

boundary conditions, it follows that at the vertical walls,

n-E=0 (4-17)

=N

. jf =0 (4-18)

The boundary conditions of Table B-1 show that these conditions
B.V BV
are implied by the requirement that —%;5 or.—%r§ = 0 at the
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vertical boundaries. That is, that %% or %% = 0 at the
boundaries; a direct consequence of the continuity condition
and the irrotational character of V . The pertinent equa-

tions to show this are:

EH-If; Eqs. (3-20a) and (3-23a); Eqs. (3-21a) and
(3-22a) show that

e =0aty=0,L e =0at z=0,L
y y z z

Jg

0 when V. or V_ vanish.
y z

EH-Ip; Eqs. (3-22a), (3-23a), (3-27a), (3-14) and
(3-15) show that

e =0aty-=0,L e =0at z=0,L

y y

MH-I; Eqs. (3-24a), (3-25a), (3-26a), (3-12) and
(3-13) show that

h =0aty=0,L h =0at z = 0,L
y y z z

The type II resonators are not symmetrical in y and
z. The rigid plates at y = O,Ly and z = O,Lz may therefore
imply different boundary conditions. Those listed below
are allowed by the static and first order fields if ky = 0.
(The modes resulting from propagation in the z direction are

the interesting ones.)

EH-II Perfect conductor or infinite permittivity
at z = 0,L
z
Perfect insulator at y = O,Ly.

MH-IIa Infinite permeability at z = O,Lz

Perfect insulator at y = O,Ly.
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MH-IIf Perfect insulator at z = O,Lz but
infinite permeability

Infinite cohductivity at y = O,Ly.
This follows from the conditions of Table B-1.
EH-11I Since 5y= 0, ey = 0 everywhere

Egs. (3-21b) and (3-27b) show that when %% = 0,

e =20.
X
MH-IIa Since B_ = 0, h. = 0 everywhere
Yy -y d
Egs. (3-21b) and (3-24b) show when 5% =0,

MH-IIf Eqs. (3-22b) and (3-21b) show e, =e, = 0 everywhere

Since =0, h =0.
Py >y

It must be recognized that the resonator solutions
determined in this way are idealizations, for the cases with
electrically transparent boundaries. _Thé equations  of motion
are not satisfied for the fields that must fringe out of the
resonator region, so that the problems are similar, in these
cases, to any of the '"'open ended" wave structures that support
standing waves. The solutions are questionable at the edges
of the resonator, in the same way that solutions to a trans-
mission line problem are questionable at an open end. This is
a meaningful approximation if the sources and vortices of the

fields are accounted for within the resonator volume.

ii. Type EH-1f, EH-II Waves, Experiment
For a given mode, the wave numbers ky and kz are
fixed by Eq. (4-16). Equations (3-37) and (3-38) then give a

linear relationship between the square of the resonant angular
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frequency (wz) and the square of the electric field intensity,
(or the applied electrode voltage squared Vi). The type I and
II problems are characterized respectively by negative and
pbsitive resonant frequency shifts as a function of an increasing

-applied voltage.

Experiments using the EH-If and EH-II resonators are
depicted by Fig. 4-8. A transparent shake-table driven by a
synchronous motor was used to create standing waves. The
resonant frequency and mode were found by varying the driving
frequency or applied voltage while observing the mode patterns
as projected onto a screen. For the type I resonator the best
accuracy was obtained by tuning the frequency while for type 1I

resonators it was found best to tune the voltage.

The resonant condition was defined by assuming that the
resonance ''Q" curve was symmetrical as a function of frequency
or voltage, the desired condition being the one for which
there was no adjacent condition that would result in the same
pattern. The driving mechanism favored the excitation of even
n and odd m modes. The resonant frequency was on the order
of 7 cps., so that numbers on the order of 350 were recorded
as proportional to the driving frequenéy. With no electric
fieldé applied, the resonant condition could be repeated
within one part in 350. Thié“is better than the dimensional

accuracy of the two resonators.

ﬁata for the type I resonator using water and air are
plotted in Fig° 4-9. - In this experiment thé electrostriction
did not enter, because the'electric fields are virtually
confined to a region where the permittivity is very nearly that

of free space. The frequency squared as a function of applied
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point source of light

A
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I

X
/ \
Type I or II / \ .
resonator T Ny nf \
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multiplier L ‘
N [\ — — | «nf\light
[ _J () beam intercepted
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of 6 pulses per
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sample times

controlled ac with 50-1
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motor and eccentric load

Fig. 4-8b EH-If and EH-II Resonator Experiments



70.

007

Nﬁmu~o>oaﬂxv - m>
0S¢ 00€ 0S¢ 00¢ 0ST . 001

1 [ ] 1 1 3
L]

0s

umoys ST 01%X19°1 Fo adols paldTpaxd
w|momwumucﬂ I93eM-ITY opow g=u ‘g=m
xojeuosax I adLl ‘eaeq 3FTyS Lousanboag 6-% °3Td




71.

voltage squared is clearly a straight line. Moreover, the slope
of the line, as predicted by Eq. (3-37), is within about 5% of
straight lines that can reasonably be drawn through the points.

The line drawn has -the theoretical slope.

The upper limit of voltage represents a practical limit
on the resistance to break-down of the apparatus used. It
must further be mentioned that hysteresisneffects due to
accunulating free charges may produce a considerable error
unless care is taken with insulating surfaces. 1In the system
used here for example, this meant making the bottom surface

of the glass plate the conducting one.

The experimental results of measuring the frequency shift
of a resonance on an air-nitrobenzene interface in a type II
resonator are shown in Fig. 4-10. Here, only m mode; were
excited. The upper limit on the curve represents the highest
field intensity at which the mode could be reasonably
recognized in spite of the interfering electroconvection.
Again, the curve appears to be a straight line. The value of
¢ inferred from this curve and Eq. (3-38) is 0.03.* The value
of ¢ must again be interpreted as predicting c¢ to be on
the order of 0.03 or less, since this represents the limit of
.the accurécy involved in the measurements. It is much lower
than would be expected from the Claussius-Mossotti equation
(3-46) which gives a vélue of 12.0. This latter value would
indicate a negative rather than a positive slope for the

curve of Fig. 4-10.

*
For constants used for theoretical results see Lange.15
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iii. Critique
The resonator experiments are, undoubtedly, the best
of the three methods of observing electro-hydrodynamic surface
waves. They are dynamical in nature and do not depend on the
maintenance of a uniform interface at high field intensities,
as the instability experiment does. At the same time, they
fix the wave length and hence make the dispersion relations

directly applicable.

The main errors arise from:

1. First order fringing fields, especially
in the '"open circuit' peripheries of the
type I resonator. This may be minimized by

making Ly' and Lz much larger than b or a.

2. The meniscus formed at boundaries by the
surface tension and enhanced by the electric
field. This leads to an error in the effective
posiﬁions of the rigid walls, an effect that is
minimized by making the dimensions of the

resonator large.

3. The dielectric boundaries give a distortion
of the zero order fields, an effect that is

minimized by making these walls very thin.

4. The experiments are steady state and hence
are even more subject to the noisy conditions

of electroconvection.

E. Conclusions

The previous experiments include both type I and type II
configurations and serve to inuicate the behavior that may be

expected dynamically with waves other than EH-If and EH-II.



74.

The experiments have verified:
EH-1f
1. The dispersion relation at high and low field
intensities (Sections B and D). This followed from
the observation of an interface in the extreme of
impending instability and at constant k and low
field intensities.

2. The dependence of the wave velocity on inter-
actions with a close spaced conductor, (Section B).
This is an indication of the validity of the
electrical part of the "long wave' approximation

used in éhapter 5.

EH-1I

1. The dispersion relation at low field intensities
(Sections C and D). The value of V% was clearly
positive and dependent on EZ. The fact that experi-
ﬁents using several different liquids always made ¢
on the order of the accuracy of the experiment,
indicates not only that c¢ is very much smaller
than is often supposed, but that the value of Vﬁ

is correctly given by the dispersion relation.

The experiments of this chapter strongly indicate that
the theoretical treatment of EH-If and EH-1I waves given in
chapter 3 is physically meaningful in situations easily
produced in the laboratory.



PART II
NON-LINEAR ANALYSIS

CHAPTER 5

MAGNETOHYDRODYNAMIC AND ELECTROHYDRODYNAMIC
SURFACE SHOCKS AND ANTI-SHOCKS

A. Introduction

There is a large class of problems, of interest mainly
to hydraulic engineers, concerned with free surface flows
dominated by gravity, and hence dynamically dominated by
gravity waves. The effects of interest in these problems
are often grossly non-linear in character and are meaning-
fully approximated by the so-called long-wave approximation.
Many of the most interesting phenomena observed on fluid
surfaces are essentially non-linear in character. Breakers
at the beach or hydraulic jumps at the foot of a dam are
waves strongly influenced by a velocity of propagation which
depends on the fluid depth. The breaker, for example, is
a form of surface shock. As a wave progresses into shallow
water it is reduced in velocity only to be overtaken by

faster moving fluid that follows in deeper water.

The purpose of this chapter is to indicate the
theoretical basis for a class of free channel electro- and
magnetohydrodynamic flows that are, to linear terms, the
EH-If and MH-IIf waves as they interact strongly with
external boundaries. EH and MH surface waves have phase
velocities that are directly dependent on the electric and
magnetic field intensities, just as long gravity waves
directly depend for their velocity on the square root of the
depth. It would be expected that non-linear stages of the

surface interactions of the previous chapters could be

75.
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discussed in a way similar to that commonly used in the
literature of gravity waves. Thus, the problem may be
approached by proceding to higher order terms in the
perturbation analysis, or by reducing the equations to a
non-linear set that may be handled by known techniques.

The first sections of this chapter follow the latter course,
and arrive at a tractable, but non-linear formulation of

EH-If and MH-IIf configurations.

B. Electrohydrodynamic Equations

In ordinary bulk interactions, much can be said about
non-linear plane waves by taking advantage of the well-
known theory of characteristics. The power of this
technique is available if the defining equations are hyper-
bolic and have two independent variables. A set of equations
is now developed that meet these conditions and define the
dynamics of a shallow conducting fluid stressed by a perpendic-
ular field and bounded above by a fluid of small density
(water and air for example). It is assumed that surface
tension is ignorable (note that T did not play an important
role in the long wave limit (kb < 1) of the linear problem
except near the point of instability. However, in this
limit the point of instability was itself independent of T).
(See Eqs. (3-52) and (4-7)). Also of note is the fact that
there is an equipotential boundary close to the surface of
the conducting fluid. The procedure of rationalization used
here is similar to that used in formally arriving at the long-

wave equations for gravity waves.17

The configuration under investigation is shown in
Fig- 5-10 .
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Figure 5-1
EH-If Configuration
The fluid is confined from below by a surface at
x = -a(y) and the potential at x = b(y) is constrained to

-V0 with respect to the conducting fluid. A gravitational
field acts in the negative x direction. The pertinent bulk

equations are:

p[%% + (V.9)V] + vp = -pgéx (5-1)

VxV=0; v.V=0 (5-2)

VxxE=0; V.

t=1l

=0 (5-3)

Equation (5-2) is valid if the motions studied proceed from
irrotational flows. Boundary conditions consistent with

these equations are:

[na[p] - [TaB]nB] =0 (5-4)
x=€(Y)t)

where T is defined by Ta

o = SEGE -6 EEVEV/Z

B B ap
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[n.V]l/=0 (5-5)

‘ x=-a(y)

b

éEx dx = + v, | (5-6)

[n x 1‘3]/ =0 (5-7)
x=£

In addition the interface is defined dynamically and geometri-

cally by
-4y - v, Biy-/ (5-8)
x=£
-1/2
- vF - - _g
n = = [a_- a ][l + ( ) 2] (5-9)
(VF - vy L/2 X yo
where
F=x - &(Y:t)

The last two equations may be used to restate the boundary
conditions of Egs. (5-5) and (5-7)

oa (
(v. +v. =]/=0 (5-10)
*Y O fxmaty)
E [ = 0 (5-11)
x= §
ot
{E +<=E][=0 (5-12)
dy X x= £
Differentiate Eq. (5-6) with respect to y and use Eq. (5-12)
to write
[E + 2

S Ex]/ =0 o (5-13)
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Note that this is equivalent to the condition that

(n x E) vanish at x = b.

Equation (5-4) gives two non-trivial relations:

sE2 sE2
X _ ¥y _2¢ - -
p+ [ 2 -5 t—:ExEy/x= (e) (5-14)
2 2
E eE
p_g._ €E E +%§[—12 __—_..zx =0 (5-15)
y x= £
Equations (5-12), (5-14) and (5-15) combine
2
eE
o€, 2
Pt L+ S )/=o (5-16)
y - £
The pertinent Equations are now (5-1), (5-2), (5-3), (5-8),
(5-10), (5-12), (5-13) and (5-16).
An approximation to these equations is now formulated
based upon an expansion in a ''space rate'' parameter. This
parameter, which has the effect of scaling the width to
depth ratio, will be taken as A = (§)2 where dimensionless
variables are defined as:
- - S -
y =ys v, = Vlwgw (G) b = bw
X = XW V2 = VZng‘ a = aw
is - - (5-17)
t=— P = p(pg)w E, = EE,
gw
= ¢ _ S, =
£ = Ew Eg = E (D)Ey
WEV =1V
oo o

The time has been purposely scaled to horizontal distances

while the velocity is scaled to the velocity of gravity waves.



The vertical velocity and y directed electric field have
been intentionally surpressed by the ratio (%). The equa-

tions of motion and their boundary conditions summarized in

80.

dimensionless form are: (For convenience, the bar is omitted

from the dimensionless variables in the following equations.)

BVX BVX op BVX
x[-gg-+vy-5-}7-+-a-£+1]+v-§—
)\[at +vyay +§§]+an>< =0
BVX ov
"a—x'—+7\a =0
ov ov

= X
ox oy
OE OE
—X-)\——}-{-_eo
ox oy
= dy 0
2.2
U E
p+—= @+2r EHH1) =0
y x= £(y,t)
where 2
2 EEo
U = togw

(5-18)

(5-19)

(5-20)

(5-21)

(5-22)

(5-23)

(5-24)

(5-25)
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(v. - av € 4 ég-)]/ =0
X YOy Ot ke £ (y,t)
. db
[E + A=—E ]/ =0
7 9y x x=b(y)
: da
[v +aw <=]] =0
x Yo /x=-a(y)

A series expansion of each of the dependent variables is
taken to be of the form,
22

(5-26)

(5-27)

(5-28)

o 1
V =V + AV + 2V + ... (5-29)
X X X X
and substituted into Egqs. (5-18) - (5-28). The problem is
formally described by the equations obtained by equating
coefficients of like power in A. Hence, the zero order
terms are:
o) 2
oV U
§ —X_ - o+ 82.by| = .
V. os==0  (5-30) [p+Ex2]/-o (5-36)
o x= £(y,t)
o OV o
V52 =0  (5-31) E / -0 (5-37)
Y |x= £ (y,t)
o
BVX o
s =0 (5-32) [vx]/ =0 (5-38)
x= £(y,t)
3V, AV, o
R CEE) [Ey]/ =0 (5-39)
x= b(y,t)
3B
—-Xax =0 (5-34) [Vx]/ =0 (5-40)
x=-—a(y,t)
o 0
BEX OE
— +

-1 = -
Sy 0 (5-35)
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” Equatlons (5-32) and (5 38) or (5-40) imply V =0,
Eq. (5-33) shows that V V (y,t), Equations (5- 34) and
(5- 37) or (5-39) give ﬁy = 0 while (5-35) states that
B = = B (y t). Use is made of these facts in writing the

X
first order equations.

P = -x+ F(y,t) (5-41)
N ig_’z 3
o * VW ty =0 (5-42)
(o}
1 ov
v, o=- a—yl X + Fy(y,t) (5-43)
1 1
% - 3y (5-44)
[o]
1 aEx
y = B—y—— x + F3(y,t) (5-45)
=t 0 (5-46)
1 € o
[E, + %g E, / 0 (5-47)
Y x= £(y,t)
1 (o]
v, -V ge‘ -5-5/ (5-48)
y oy x= £(y,t)
1 db ©
[E +—E1/=o (5-49)
YO X eb(y)
v+ 922 (5-50)
Qay /[ _ 5-50
Yoy /x=-a(y)
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Fl(y,t) is evaluated using Eq. (5-36). Hence Eq. (5-41)

becomes

2
U
o 92 b
p=(-x)-E -
F2(y,t) follows from Eq. (5-50) to make Eq. (5-43)
oV
1 o 3
= - Y _ o2
Vx (x + a) 5y Vy Sy
F3(y,t) is given by Eq. (5-49) so that Eq. (5-45) is
o
L O, 0 9db
Ey = '5-}-,— [x - b] - EX 'a")'; (5-53)
The equations of motion consistent with an expansion
to first order in A are (5-42), (5-47) and (5-48) with
1
8, Vx and Ey eliminated by Egs. (5-51) - (5-53)
2.2
ov oV of UV, o(b-¢)
—L + Vv + = + =0 (5-54)
0 3
Ot YOV Y pgyd
ot B(Vy(&+a))
St + Sy =0 (5-55)
where
RAC
x (b-£)

In retrospect, these equations could be simply derived
after making three assumptions, corresponding to the state-
ments of Egs. (5-50) - (5-52) and (5-53).

C. Magnetohydrodynamic Anti-Dual

The magnetohydrodynamic problem of a flux of magnetic

field trapped between a rigid perfectly conducting wall at

(5-51)

(5-52)

(5-56)
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x = b(y) and a perfectly conducting fluid interface at
x = E(y,t) may be shown to be very similar to the problem
outlined in the previous section. This problem is summarized

by Fig. 5-2.

X
) x = b(y) o~ I
/\/-—-\‘
P(ZSO z By I
N‘\ l—\_/\é
x = £(y,t)
| Ty
|
(L) | o= o
_,/f”"~—-——""‘*--_______j_f_j—:f5Zl_—___“_““\\\\\\---_—f’
Figure 5-2

"Long-Wave' MH-IIf Configuration

Since the magnetic field is presumed confined to region
(2), the fluid bulk equations are again given by Eqs. (5-1)

and (5-2). However, induction is essential so that

- OB
VXE-=- St (5-57)
V.B=0 | (5-58)
VxB=0 (5-59)

where these equations apply in region (2).

The boundary conditions of Equations (5-10) and (5-12)
are applicable, while the conditions that replace Equations
(5-6) and (5-7) are:
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?(Y) dx =\ (5-60)
: B dx = -
E(y,t) 7 °

(a - 1‘3]/ -0 (5-61)

X= E(y,t)
In addition Eq. (5-57) requires that
nx [ED- E(l)]/' - @51 (5-63)
x=£ (y,t) x=€(y,t)

The conditions of Eq. (5-12) and (5-61) show that for
problems where the induced electric field Ez exists, the
surface charge must vanish. Hence, the surface traction
is accounted for by the magnetic counterpart of the stress

tensor in Eq. (5-12).

Equation (5-59) shows that B, may be taken as zero.

Hence, Eq. (5-4) gives

2 |
p - L 821+ (%}%) 11/ =0 (5-64)

2
hoy X= g(Y)t)
The problem is now defined by the volume equations,
(5-1), (5-2), (5-58), (5-59) together with the surface
conditions of (5-8), (5-10), (5-60), (5-61) and (5-64).

In the same way as in section B, a solution in the
form of a power series in A 1is assumed and equations
are found to first order in A. However, here the*magnetic
field is scaled so that B = Boﬁx(%), By

the line of reasoning used previously the long wave

= B B_. Following
oYy

normalized equations are:
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2,2

Qv OV 3¢  U-AT d3(b-¢)

- — -2 0 = -

5o+ vy Sy + Sy (b-g)3 Sy 0 (5-65)

a[Vy(a + €] of

Sy + 3¢ = 0 (5-66)
2

A B
B = O . (5-67)

y  (b-€) ° “a  upgw

The transformation of this set of equations to those
defining the electrohydrodynamic system is completed by
substituting AN Uz-/\-2 - -U2V2 and B_— E_. The

o o a o bo y X
change of sign in going from Ua to Ub is the basis for
terming the problems of sections B and C anti-duals. The
effect of this sign change on physical problems will be

apparent in the sections which follow.

D. Physical Meaning of the ''Long-Wave'' Approximation

If Eqs. (5-54) or (5-65) and (5-66) are linearized and
't + ky) the

solutions are taken of the form Vy = VyeJ

dispersion relation

UZJ\.g / b2
w? = k? |a+2 (5-68)
b 2-2 2
-u / b
(o]

is obtained. This is identical with Eq. (3-52) when T — 0.

A similar limitation exists on the non-linear equations
resulting from A expansion. The general nature of this
limitation is demonstrated by considering the dependent

variable Ey' Since
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. 1 . 2
E =B +AE +2E +... (5-69)
y = Py y y

a meaningful approximation taking terms to first order in A

requires that
E A2 5-70
E ' AE ’ -

Consider now, as an example, the Eroblem where %% = 0.
Then Egs. (5-53) and (5-46) generate Ex;

azﬁx (x-b) 2

1
E =-—3 + Fa(y,t) (5-71)
oy 2
9 The second order form of Eq. (5-22) in turn determines
E
y
2 1 o)
3E,E,  E_ (x-b)’ 5F,
—L === — +— (3,1) (5-72)
ox oy oy 2 oy
or
o
2 3%, b) oF,
E =-—3 + (x-b)
y dy 6 dy

where use has been made of the second order form of Eq. (5-27).
The solution of the problem, to second order would require
{A(y,t) to be evaluated using Eq. (5-26). This would introduce
£ and eventually the remaining dependent variables. However,
interest is confined here only to determining the approximations
involved in cutting the series off at first order terms, and
not in solving the second order problem. Hence, consider éy

to be proportional to terms like the first one of (5-73) and

write Eq. (5-70) as, at worst



88.

o 30 2
aEx d"E. (a + b)
% (5-74)

>> 3
oy dy 6

If linear solutions of the form eJky are considered a
limitation similar to that arising in linear theory is

obtained. That is

1 > k(a + b)/[€

However, Eq. (5-74) gives an indication of a more general
limitation which may be used to test a solution to Eqs. (5-54)
and (5-55) for validity. Since, at a given x, éy goes like
3
3 Eq. (5-74) says that the first order approximation
breaks down when %y is not much larger than the product
of its second derivative -. (say the curvature) and the
square of a characteristic dimension in the transverse
direction. Hence, solutions become suspect at points where
the interface is sharply distorted such as near the face of
a shock. It will be seen later that this is not the only
reason why the first order equations, or any order of
equations for that matter, are not valid at a shock front.
Nevertheless, they will predict the properties of a flow as

it leads to a shock.

E. Characteristic Equations

The characteristic equations equivalent to Eqs. (5-65)

*
and (5-66) are found by standard techniques. (It is assumed

*
See Courant and Friedrichs,18 p. 40.
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now that a(y) = a,b(y) = b or that the boundaries are
parallel.) Designating the families of characteristics in
the y-t plane by ¢’ and ¢” these are:

¢t V' + R(,K) = e,

c V' - R(,K) = cy
cy and ¢, constants
+
C dy' . 3
=Vt V(1-9) (1-K/67)
IR A e
where
¢ WSx 172
R(¢,K) = -/ [5——1 d¢ (5-77)
constant ¢~ (1-¢)
Vi=V /\Jya+b

«
]

<

~
(']
+
o

b-
6 = 2]
k=02 / G+a)> or X727 6+ a)’

2 3 2 3
eVy / (bta)Tpg or - A_/u_pg(b+a)

Since Eq. (5-76) is complex if k/¢3> 1l (¢ > 1 is not

physically meaningful), this is the condition that real

(5-75)

(5-76)

characteristics exist, and hence that the equations be hyper-

bolic., In the linear theory, this is also the condition that
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the interface be stable. The two theories agree on the
definition of stability if, as will be done here, the non-
linear unstable interface is taken as one which is no

longer defined by hyperbolic differential equations.

Solutions starting from ¢3 > K will be shown to tend
to remain in this condition. Hence, this is a plausible
and consistent definition if used in connection with this

first order theory.

F. The Growth of Shocks and Anti-Shocks

i. Simple Waves

The problem of a wave propagating into a region of
constant state (V' = 0, ¢ = ¢0), defined by its height for
time t > 0 at a fixed position, is easily investigated,
since all of the characteristics of one family (say the C+)
intersect at some point characterigtics which originate in
a region of constant state. Equations (5-75) and (5-76)
imply that ¢ and V' are constant along C+ characteristics
and that these are straight lines. Only ¢/y=0 as a function

of time need be given since from Eq. (5-75),

V/ = R(¢K)/ - R($_,K)
y=0 y=0
Hence the characteristics are easily drawn, using Eq. (5-76)
to determine the slopes. That is, the C+ characteristics

intersect the time axis with a slope given by,

M= g%l = [R(6,K) - R(8_,K) + \/(l-qb) (1-R/¢°) ] (5-78)
y=0

Clearly, if this slope increases with increasing time,

+ . .
the C characteristics must cross and the wave must steepen
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into a shock. Hence, the condition

dM d¢>/
==/> 0 (5-79)
d¢ de | 7,

implies that a shock will form. Equations (5-77) and (5-78)
show that K Z ¢4 implies dM >
d¢ <

Four possible dynamical situations are of interest.

0

1. Magnetohydrodynamic compression waves; d¢

dt< 0, K<O,
dM . .
EE-<O, a shock will always form.
2. Magnetohydrodynamic depression wave; g%> 0, K< O,
% < 0; a shock will never form.
3. Electrohydrodynamic compression wave; -di)< 0, K> 0,

dt
¢3> K for stability. A shock may or may not form

according to whether:

a. ¢4<K<¢3 or %f—;-> 0 and a shock does not form;
b. ¢4 >K or %< 0 in which case a shock forms.
4. Electrohydrodynamic depression wave; -g%> 0, K>0;
A shock may or may not form according to whether:
a. ¢4< K< ¢3 or % > 0, in which case a shock forms;
b. q>4> K or %< 0, in which case a shock does not form.

These statements strictly apply only to waves with corresponding
values of ¢ confined to a single regime. For waves that make

a transition from one regime to another the negative statements
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should say that a shock does not tend to form since, while the
C+ characteristics may be spreading with increasing time, they
may still cross characteristics in another regime, although at

a later time than if the spreading had not occurred.

A transition compression wave would tend to form into a
shock at its base while smoothing out at its top. Similarly,
a transition depression wave would form a discontinuity near
the initial wave front and smooth out at the wave back. These
are reasonable consequences of the tendency of the wave
velocity to increase with increasing depth due to the gravita-
tional field and to decrease with increasing depth due to the
electric field. The dynamics are roughly the same as for
ordinary gravity waves so long as ¢4 > K. Hence, this regime
will be called gravity controlled, while ¢4< K < ¢3 will

be called EH controlled.

As examples of EH transition waves, Figs. 5-6 and 5-7
show the compression and depression waves of Fig. 5-3
propagating into regions of constant state. The associated

characteristics are given in Figs. 5-4 and 5-5.

Since the dynamics of the Magnetohydrodynamic simple
waves are not grossly different from those of ordinary gravity
waves, it will simply be pointed out that the effect of a
magnetic field is always to make a compression wave shock
earlier in time, since éncreasing the magnetic field

M

corresponds to making =— more negative.
P do g

Although the discontinuities formed by EH controlled
waves may be called shocks, it would seem worthwhile to
draw attention to the fact that their behavior is just the

opposite of shocks normally formed in nature by referring
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to them as anti-shocks. Here the shock is associated with
the wave-like property of a system, while the anti-shock is

a consequence of a tendency toward instability. The anti-
shock should not, however, be confused with the manifestation

of an instability.

ii. Waves from Space-Like Data
It is interesting to consider briefly certain
disturbances which originate on initial static displacements
of the interface. That is, given that V = 0 and £ = £(y)

at t = 0, what is the ensuing dynamical motion.

Equations (5-75), (5-76) and (5-77) make possible
in the usual way, a step-wise construction of the character-
istics and hence of the solution. Interest is confined
here to pulses that are symmetrical about the origin and
bounded by regions of constant state. Hence, the problem
is completely solved for t > O by:

1. Performing the integral of Eq. (5-77) to
determine the values of clr and cy from the
initial data for characteristics originating at
intervals along the y axis in the region of

the pulse.

2. Simultaneously solving Eqs. (5-75) and
inverting R(¢,K) to determine ¢ and V

at all characteristic intersections in a region
bounded by the y axis and the C+ and C
characteristics originating from the negative and

positive y extremities of the initial pulse.

3. Iteratively using the characteristic directions
defined by Eq. (5-76) to determine the (y,t) position
corresponding to each of the characteristic inter-

sections of 2.
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The problem is solved for all y and t once the
characteristics have been determined in the ''cone' of part
2, since all characteristics leaving the region are straight
lines, (they intersect characteristics that originate in a

region of constant state).

A problem, pertinent to the effect of finite surface
displacements on impending instability, can be resolved
from the simple fact that R(¢,K) is a negative monotonically
decreasing function of ¢. The fact that any initial static
displacement of the interface that is stable will remain
stable follows from Eq. (5-75). Let ¢o correspond to the
minimum value of ¢ at t = 0 and corresponding to y = Yo
Then originating at ¢ there are ch and C characteristics

along which
V' + R(¢,K) =+ R(¢_,K) (5-80)

Similarly along characteristics originating at another

arbitrary point ME
V' + R($,K) =+ R(4,K) (5-81) -

where ¢1 > ¢O. Therefore at any given point on the

characteristics coming from Yo there is a ¢1, such that

R(¢,K) = [R(¢_,K) + R(¢;,K)]/2 (5-82)

or since R(¢0,K) > R(¢1,K), R(¢,K) < R(¢°,K) and finally

d > ¢O along the Y, characteristics originating at Yo-

The argument is complete if it is observed from Eq. (5-82)
that ¢ takes on the smallest possible values on the character-
istics that cross at Yoo Hence, ¢ 1is greater than ¢o
everywhere in the (y,t > 0) plane and the interface remains

stable.
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As examples of symmetric waves originating on initially
static pulses, Fig. 5-8 shows magnetohydrodynamic and electro-
hydrodynamic hump and depression pulses propagating into regions
of constant state. Since the resulting waves are symmetric
about the origin, only the positive y axis is shown. In
these examples the electrohydrodynamic cases do not make a

transition to the gravity controlled regime.

The waves behave as would be expected. The velocity of
small disturbances increases with the depth of the fluid in
the magnetohydrodynamic problem. The particles at the top
of the hump catch up with those at the front while the
particles at the back of a depression catch up with those
at the bottom. Hence in a way similar to the ordinary
gravity wave, a hump steepens into a shock at the front, a

depression forms a shock at its back edge.

Conversely, the velocity of small disturbances can
decrease with the fluid depth for an electrohydrodynamic
problem. Hence, in the examples shown, anti-shocks form at
the back and front edges of the hump and depression waves

respectively.

G. Integral Conditions

The conditions which correspond to fully developed shocks
may be written by integrating the first order equations over
a volume which encloses the shock. The appropriate volume

element is shown in Fig. 5-9 for the E-H and M-H cases.
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Magnetohydrodynamic Wave, K= -0.4
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Fig. 5-8a Waves From Space-like Data
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Shock Configuration

Note that the upper and lower boundaries of the volume are

just inside the-rigid parallel plates. The fluid is assumed
to enter and leave the volume with velocities V and V' as

shown. The prbblem is assumed to be steady state, i.e. the
discontinuity is fixed in position. The equations of motion
are invarient to a constant translation. Hence, the problem
is eagily generalized to give a moving discontinuity. Since

Vy = Vy(y,t), the continuity condition requires that

V'(E'+ a) = V(¢ + a) (5-81)
From Eq. (5-56), the electric fields are related by
E(b-£) = E'(b-¢§") = V_ (5-82)

The momentum equation, (5-1), may be generalized to apply
throughout the volume, so long as it is agreed that when it

is taken in region (2), the density vanishes. That is
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3V oV ST
plst + Vg 5a) * gi = ai (-pgx ) + 53 (5-83)
B a a ' g

A detailed knowledge of the field in the vicinity of the
discontinuity is not known. However, far from the discontin-
uity it would be expected that the first order field approxi-
mations would apply. Use may be made of these solutions to
integrate Eq. (5-83) over the volume indicated in Fig. 5-9.
First, the volume integral of Eq. (5-83) is converted to a

surface integral

2 fpv_dv + PV, (Vgng)ds + fpm ds = [T qds, (5-84)
v

Since the volume was chosen so that there is no contri-
bution to the integration of the y component of Eq. (5-84)
on the upper and lower surfaces, the first order fields

serve to evaluate Eq. (5-84), and give

ole' + a)v'? - (era)v?] + ZE [(g' + )% - (g+)?] (5-85)

- £ [E'2[(E" + a)-(b-£")] - EX[(e+a)-(b-£)]] =

Equations (5-81), (5-82) and (5-85) relate the velocity
of the fluid into the volume to the discontinuity in the

surface height.

2
€ 1
V2 _@___l[%((g +a)+(E+a))- (2) 0 ((€+a) (b- i):"(g +a) (b &))]

(€ +a)
(b-¢") 2 (b-8)° (5-86)

The velocity of a wave-front moving into a region of
constant state is numerically equal to V. Hence, Eq. (5-86)

reduces, for small €' and €, to the phase velocity resulting
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from linear theory, i.e. Eq. (5-68).

The shock conditions are fully formulated only after
account is taken of the energy balance associated with a
given discontinuity in the interface position. Since
V'V = 0, the energy equation results from dotting V into
Eq. (5-1) to obtain the condition:

— = -[V:(Vw)dv = - wa‘- ds (5-87)
v s

w=p(yj;_!)+p+pg(x+a)

For a conservative system %% = 0. At the shock front
kinetic energy may not be conserved. However, it is certainly
true that in the physical system energy must flow into the

volume and not out of it. Hence the éondition

dw
rry >0

The integration of Eq. (5-87), carried out using the
value of V2 given by Eq. (5-86) results, after some
algebraic manipulations, in Eq. (5-88).

dw \'/ 5 3
& "L T | B8 ee -

. 2 [(b—&')(e+a)+(€'+a)(b-%)][e'-al[(e'+a)+(e+a)]]

oo (b-¢") % (b-¢)2 (5-88)
If Vo = 0, this equation gives the well known result

that V > 0 implies that €' > £ or that the step in fluid

height is as shown in Fig. 5-9.
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Equations (6-82), (5-86), and (5-88) hold for the magneto-
hydrodynamic problem of a trapped-magnetic field directed far
from the discontinuity, along the y axis, if the substitution
is made:

E—B

2, 2
t?‘oVo_' o /u

From these equations it is now clear that:
1. A magnetohydrodynamic surface shock, like the
gravitational shock, must propagate into a region
of higher velocity and lower depth. That is, for
V > 0 the energy balance requires €' > €.

2. An electrohydrodynamic surface shock, unlike the
gravitational shock, may propagate into a region of
lower velocity and greater . depth. That is, for

V > 0 the energy balance does not require E£'> €.

In fact, it follows from Eq. (5-88) that the existence
of a discontinuity does not necessarily imply that

energy is dissipated at the interface.

These results are a consequence of the fact that the
magnetic field always increases the equilibrium velocity of
the discontinuity while the electric field always decreases
this velocity. It appears that the electric field may
interact as an 'electric weir'", in that it may produce an
abrupt decrease in the fluid depth in the stationary con-

figuration of Fig. 5-9.
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CHAPTER 6
CONCLUSION

The concern of this thesis has been with purely super-
ficial magneto- and electrohydrodynamic interactions with
liquid-liquid or liquid-gas interfaces. The problems con-
sidered have been so arranged as to exclude any coupling
between fields and fluid in the volume. Those effects
resulting from the gravitational field and the action of
cohesion have been included and also will be recognized
as characterized by a surface traction. Hence, the
unifying theme of this work has been the delineation of
the dynamics of interfaces in plane geometry, stressed by

uniform magnetic or electric fields.

A. Summary

Surface problems in six configurations have been
analyzed and compared. Use has been made of a perturbation
analysis and of a space rate expansion of the dependent
variables. The first of these techniques is common in field-
coupled surface wave problems that appear in the literature
of magnetohydrodynamic stability theory and leads to a
linear approximation. The second, to the author's knowledge,
is a new approach to field coupled surface wave problems,

and leads to a non-linear approximation.

The waves studied have been classified according to
whether the steady electric or magnetic fields are
perpendicular (type I) or tangential (type II) to the inter-
face. The relationship between the wave types has been
clarified by viewing their similarities (duality) and by

taking advantage of their antithetic behavior (anti-duality).
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The problems considered in the linear analysis are
summarized by Table 6-1. The first three columns give the
shorthand designation used here for each of the waves, while
the fourth column indicates the zero order surface charge or
current. The role of each wave type may be clarified by
considering the circumstance under which it might be observed.
For example, if the EH-I problems were established by
applying a step of voltage to parallel plates, the EH-Ip
wave would define dynamics on an initially uncharged surface
at times t << Tr while EH-If waves would occur in the limit
of t > Tr’ where Tr is the time constant for relaxation
of free charge to the interface;

T - €58 + elb (6-1)

r cza + olb

In an inverse way, if uniformly conducting fluids were
used to establish the MH-II waves, the MH-IIf wave would be
observed during the initial stages of a pulsed experiment,
while an MH-IIa wave would result after a long time. This
points to an inherent characteristic of the EH problems.
The interactions in plane geometry are always at the
surface. The EH-II wéve is observable at all times, as is
also the MH-I wave. This is a direct consequence of the

homogeneous nature of two of Maxwell's equations.

The type I waves are characterized by a phase velocity
that decreases with increasing field strength, the possi-
bility of a negative group velocity simultaneously with a
positive phase velocity and by a discrete field strength
and wave-length for impending instability. The conditions
corresponding to these characteristics have been given
ranging from strong to weak interactions with the external

boundaries.
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Type I1I waves theoretically may propagate more, or less
rapidly along field lines, depending on the strictions at the
interface. Although the Clausius-Mossotti equation is commonly
used to illustrate the effect of strictions at dielectric inter-
faces, its use here indicates that a type EH-1I1 wave would be
slowed by an electric field, whereas it was clearly indicated

experimentally that the wave is in fact speeded up.

The nature of both type I and II waves has been illustrated
by a discussion of several experimental observations on the
EH-If and EH-II waves.

The discrete nature of the field strength and wave-length
corresponding to impending instability in an EH-If configura-
tion made it possible to correlate theory with experiment in
an unambiguous way. This experiment showed the expected
behavior of voltage for instability as a function of plate
spacing, and clearly indicated that the effect of electro-
striction was considerably smaller than predicted by the
Clausius-Mossotti equation; a result that correlated with
the EH-1I experiments. The results of this experiment were
shown by mathematical similarity to be illustrative of the
type of behavior to be expected from certain EH-Ip and MH-I

experiments.

The conditions for surface resonance in rectangular
geometry have been given for each of the wave types. Errors
inherent to the instability experiment were avoided by using
one of these resonators involving an interface where strictions
could not play an important role (water-air). The resonant

frequency shift as a function of field strength was correlated
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with theory to within errors expected from the dimensional

uncertainty of the equipment.

One of the most intriguing aspects of free surface
waves results from the fact that they can be seen with the
aid of little or no optical aids. The anisotropic nature
of the Type II waves makes it seem worthwhile to demonstrate
these waves by simply taking a picture of radiating waves,
as created by a disturbance. The dependence of the EH-1II
wave velocity along E 1lines on E2 was demonstrated by
shadow projections, two of which were given in chapter 4.
However, the dispersive nature of surface wave propagation
and the experimental difficulties involved (it is certainly
not as easy as it looks) make this a poor experiment in
terms of information for effort. The elliptical nature of
the radiating disturbance made possible a rough correlation
with experiment, but the accuracy was limited by ambiguities

arising from dispersion.

A considerably more satisfactory correlation of theory
and experiment was made using an EH-II resonator. Here
correlation was within the dimensional accuracy of the
equipment, if the electrostriction constant was ignored.
The fact that this experiment, conducted using xylene,
acetaphenone and nitrobenzene (materials of very different
conductivities and polar characteristics) always indicated
an electrostriction effect much smaller than would be
expected from the Clausius-Mossotti equation, indicates
not only that this equation is not valid at an interface,
but that the theory predicts, at least at low field
intensities, the correct surface dynamics. The effect of
electro-convection is a limit on the electric field intensity

that can be used in this experiment.
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The concept of anti-duality may seem a needless definition
of terminology if viewed in terms of the linear amalysis given
in chapter 3. However, the convenience that can result from
observing this relationship between problems was made evident
in chapter 5, where a discussion of non-linear surface
dynamics of the type EH-1f and MH-IIf waves was given. The
""'space rate' or ''long wave' approximation used makes the
results physically meaningful when the boundaries interact
strongly with the interface. This work, at the same time,
indicated a tractable method of getting at non-linear field-
surface interactions and showed the non-linear role played
by unstabilizing influences in strong contrast to stabilizing
influences. The theoretical nature of MH-I1If and EH-If
shocks and anti-shocks was investigated, showing the growth
of MH shocks from compression waves and EH anti-shocks from
depression waves. Transition EH-If waves originating from
time-like data were given to illustrate the dynamics of waves
that were partly controlled by gravity and partly by the
electric field. As a further illustration, both MH-IIf and
non-transition EH-If waves were given, illustrating hump

and depression waves originating on space-like data.

The integral conditions for shocks and anti-shocks were
given, demonstrating that the anti-shock could in theory
exist without the dissipation of kinetic energy. This is
in strong contrast to the usual gravity shock or the MH-IIf
shock.

B. Areas of Active and Suggested Research

There are many directions in which research efforts can
go, using as a starting point the wave properties that have

been described. Several of these are presently being pursued
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by the author and his students so that preliminary observa-

tions and results can be given.

The role of losses in surface waves presents a problem
of considerable difficulty. This is true because the losses
provide coupling between the mechanical and electrical bulk
equations. Surface wave problems are than complicated by
the fact that solutions must be fabricated from bulk solutions
that may satisfy linear differential equations, but with
space varying coefficients. The role of viscosity is not
this complicated. In the resonator problems it was noted
that as the E field was increased, the apparent "Q" of the
system increased also. Hence, the viscous damping may
predominate the electrical losses in these problems.
Certainly a Q curve could be measured for a resonator and it
would then be possible to correlate what appears to be a
tractable theory with experiment. In any case surface wave
solutions with losses could provide a valuable addition to

the physical picture.

Only two of the six types of waves have been experi-
mentally investigated in this thesis. It should be possible
to demonstrate each of the wave types. The EH-Ip wave could
be observed using existing dielectrics if considerable care
were exercised in handling the liquid. The high magnetic
fields now available make possible experiments involving
the MH-I and MH-IIa waves in spite of the low permeabilities
of liquids (Ferric Chloride solution for example). The MH-IIf
experiment could.be conducted using an air-liquid metal
interface and a transient current. However, it would seem more
reasonable to float a light liquid metal (NaK) on the surface

of a dielectric liquid to achieve the simulation of a steady
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surface current. The conjecture will be made here that
systems that involve zero order currents interacting with
zero order fields are much less subject to the effects of
attenuation than are those involving first order currents
interacting with zero order fields. Physically this would
seem to be plausible, since MH pinches of mercury jets are
observed to become unstable at modest currents. The
existence of the instability would seem to imply the
existence of a wave propagating with small enough attenuation

that at some current it predominates the dynamics.

The problems considered in this thesis are physically
meaningful at extremes in time. It would be interesting to
know more about the dynamics of interfaces during the
transient stages of type EH-Ip — EH-If and MH-IIf — MH-IIa

waves.

It was pointed out in chapter 3 that the type I waves
could have a negative group velocity at the same field
strength and wave-length that would give a positive phase
velocity. This suggests interesting interactions that may
occur in convective systems. In fact, if the waves are
considered in cylindrical geometry, it is possible for each
of the wave-types to exhibit a convective instability.

This is an area of active research. On the theoretical side,
the cylindrical counterpart of the EH-If, EH-Ip and EH-II
waves has been analyzed in a convective state of rigid

body axial translation and rotation. Preliminary investiga-
tions show theoretically and experimentally that traveling
wave amplification occurs at certain frequencies in a parti-

cular case of this problem--the EH-If configuration of a
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liquid jet. Here problems connected with the detection and
excitation of surface waves by electrical means become of

considerable interest.

While the name magnetohydrodynamics is a misnomer, the
word electrohydrodynamics is not. As has been shown in
this thesis, ordinary water can act like a dielectric or
like a conductor, depending on the orientation of the
applied electric field. 1In the EH-1f configuration it is
for all practical purposes a perfect conductor. The great
abundance of water in the earth's atmosphere and on the
earth's surface, together with the high electric fields
that commonly accompany thunder storms, make it plausible
that electrohydrodynamics is of some importance in the
weather. Even gravity waves on the ocean are significantly
affected by electric fields from atmospheric conditions
(E fields as high as 2.8 x 10° v/m at the earth's surface
are reported).19 However, the fact that gravity waves are
important in the earth's atmosphere also, where density
gradients are small, leads to the suspicion that here
electrohydrodynamic waves may be of considerable importance.
If one can, for example, simply turn on a water faucet to
convert steady kinetic energy to alternating electric energy,
(the only mechanical motion that of the water), there must
be a multiplicity of interesting dynamical situations that
can occur in the atmosphere, where all of the ingredients

are present.

If EH waves are of any importance in the atmosphere, it
would be suspected that they, like the gravity waves, might

prove to be most important as a result of non-linear motions.
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The non-linear behavior of EH-1f waves has been demonstrated
for one approximate model in this thesis and work is presently
proceeding to varify this model using a water-air interface.
This work views the EH-I1f wave in the context of free surface
flows and has the further purpose of determining the flow
regimes and types of non-linear interactions that can occur
with the boundaries. Gross interactions can be demonstrated
experimentally that are roughly as would be expected from

the theory. However, there is still much to be learned

about the way in which, for example MH and EH shocks and
anti-shocks may unambiguously be produced. The problem

must still be taken from the kinematical description of

chapter 5 to a dynamical one.

Compressibility in electrohydrodynamics has the effect
of allowing for the possibility of bulk coupling. A class
of waves that propagate along E lines with the velocity

de .,
_1.2, 5028 2
V—Ja + 255 E (6-2)

a = velocity of sound

may be shown to exist. In interactions with a plasma sheath
such effects may be of importance and remain to be considered,
even in the simple continuum picture of the fluid. Incompress-
ible bulk waves are not impossible in a dielectric, however,
for if the dielectric is anisotropic, bulk waves may certainly
exist. This may be shown by simply superimposing, in layers,

the waves discussed in this thesis.
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APPENDIX A

List of Symbols

Mass density

Fluid velocity, Eulerian System
Fluid body force

Fluid pressure

Electric field intensity
Magnetic flux density -

Magnetic field intensity
Permeability

Permittivity

Free current density

Free charge density

Functional form of free surface
Normal vector

Total body force stress tensor

Interface position

Maxwell stress tensor
Kronecker delta function

Vector with unit components in axes directions
Unit normal to interface

Effective Alfvén velocity
Effective electrohydrodynamic velocity

Electrostriction constant
Magnetostriction constant
Electric displacement vector

Surface tension
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Gravitational constant

Upper plate distance from interface
Lower plate distance from interface
General distance standing for a or b

Conductivity
Defined by Equation (4-1)

Wave number
Angular frequency

y dimension of surface resonator
z dimension of surface resonator

Wave-length or dimensionless ''space-rate' parameter
Dimensionless interface position

Renormalized velocity

Coupling coefficient defined by Equation (5-77)
Defined by Equation (5-77)

Characteristic dimensions

Conserved electric potential
Conserved magnetic flux
Defined by Equations (5-24) and (5-67)

Slope of straight line c characteristics
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APPENDIX B
Detailed Compatibility Conditions

Table B-1
At the Interface
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0 a
(2)~(2)__(1)~(1) =0 (3-27))
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in which the upper quantities are to be used in type 1

problems, lower quantities in type II problems except

where indicated.
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APPENDIX C

Traveling Wave Fields

Table C-1

Solutions for wave types illustrated by traveling waves
propagating in the positive and negative z directions. The
dispersion equations relate k and w +a — b —

For all wave types:
E = &O cos (ot + kz)
v(2) _ -¢ me‘kxsin(mt + kz)
X o -
V(l) = -¢ wekx sin(ot + kz)
b o -
Véz) = + gowe-kx cos (ot + kz)

Vil) -+ gowekx cos (wt + kz)

2 (2)
62) - - ELﬂﬁf_gg o kx cos (wt + kz)
2 (2)
NON .‘P_.P_k__ﬁs e** cos(ot + kz)

For EH-1If waves:

e =€, eél)Eiz) - eéz)Eil) =0

e§2)= + Eiz)kgoe_kx

+ sin(wt + kz)
L
z

+ EMWke ;¥
X (o}

sin(wt + kz)
e(2)= E(Z)& ke-kx cos(wt + kz)
X X °0 -

e§1)= -Eiz)gokekx cos(wt + kz)
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Table C-1 cont.

9 = sok[Eéz) + Eil)] £, cos(wt + kz)
kf = + eogow[Eil) + Eiz)]cos(wt i.kz)al

9 = perturbation of free surface charge

k

£ first order surface current (convective)

For EH-Ip or MH-Im waves

(l)e-kx

e§2)= i_Ggoe sin(wt + kz)

(Z)ekx

e§1)= ¥ Gﬁoa sin(wt + kz)

eiz)a goce(l)e-kx cos(wt + kz)

eil) = goce(z)ekx cos(wt + kz)
kp -+ 2¢ G sin(wt * kz)ay
qp = -&oG cos (wt i_kz)(s(z)- s(l))

6 = &{F- B/ (@ My
kp- first order Korteweg surface current
qp= pertufbed surface polarization charge
for MH-Im waves replace
E—-H, e—=h, €=y, kp-—»km, qp_’qm

km= first order amperian surface current

q.= perturbed surface magnetic charge



Table C-1 cont.

For MH-IIf waves

A R R OO

h(z) =+ H(z)kg e-kx sin(wt + kz)
X z o -

h 3 H(l)kg ek sin(wt + kz)
X z o -

h(z) = H(z)kg e-kx cos(wt + kz)
Z Z (o) -

h(l) = -H(l)kg ekx cos(wt + kz)
z z o -

(2) _ _ (2) -kx .
ey = wqu &Oe sin(wt + kz)

eél) = —wuHél)goekx sin(wt + kz)
kf = -kgO[Hél) + Héz)] cos(wt + kz)

kf = free surface current

For EH-II or MH-1Il1a waves

-kx

(2) _ 1 ;
e, ' =+ E¢ElLe sin(wt + kz)

eil) = + gOL ekx sin(wt + kz)

e(z) = ¢ L e"kX cos(wt + kz)
z o -

eél) = goL ekx cos(wt + kz)
€ L

k =
P €

(o]

—— cos (ot + kz)[s(z)— e(l)]éy
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Table C-1 cont.

q, = + 2¢ L sin(ot + kz)
L = kEz[s(z)- eM/e® 4+ M

for MH-1Ia waves replace

e—h, e—=u, kp —»km} qp - q
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