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THE RAILGUN AND ITS POWER SQOURCES

INTRODUCTION

The possibility of accelerating masses by the "railgun" principle
has been proposed for military purposes a number of times in the past century.
A source of very high electrical power is necessary, however. The lack of
such a source was one of the chief reasons why attempts to put the principle
into practice were unsuccessful until recently. The objectives of the work
reported here to investigate the power source requirements of rail type
electromagnetic launchers {or "railguns") and to investigate in detail a power
source which seemed especially suited to them.

Background

Figure 1 shows the principle of the railgun.

X Ax ———1
—I_’
' x X o X X XM X X M M X X A X '——-l
I‘ E\Il:ll:ili!li lllL I l
L X M X M X X X M X M X MSX X X X F L___l
P—
[‘ /// ‘ Rails

p— L AL 1

Magnetic Fieid -/ Projectile —/

Fig. 1. Principle of the Railgun.

The force due to the current crossing its own magnetic fleld at the projectile
causes the projectile to accelerate along the rails. The projectile does not
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have to be a conductor because a plasma arc can be introduced behind 1t to
carrv the current {(1]. To accelerate a mass of 5 grams to a velocity of

10 km/s in 1 millisecond requires a current of about 500,000A at a peak power
of about 1 GW.

Using the Canberra Homopolar Generator, which is the largest such
machine in the world with a peak power of 1 GW, J.P. Barber, working "nder
R.A. Marshall at the Australian National University, in 1972 showed that the
ra‘l type electromagnetic launcher is feasible {2]. This revived military
interest in it and also that of space launch and fusion researchers [3~5].
Since 1979, railguns have been built at a dozen or so places in the USA and at
the Materials Research Laboratorles in Melbourne, Australlia (6].

Prior to the ilnnovations of Barber and Marshall, railguns were
thought of as adaptations of ordinary machines. The early inventors had no
concept of the hypervelocity applications which are now the major reason for
pursuing their development. The early patents show elaborate mechanical
details of the gun construction, but very little abcut the power source.
These inventors seem to have thought that generators or batteries could be
readily arranged as power sources [(7-9].

During World War II a serious attempt was made in Germany to develop
electric guns as anti-aircraft guns, and as an alternative to the V2 rockets,
based on the ideas of Fauchon-vVilleplee [10]. When the calculations were done
for an anti aircraft gun, it was found that the power source posed a
formidable problem. It was found, for example, that the connections from the
generators
would require too much copper for the gun to be practical. Later attempts =2
build railguns were also foiled by the power source problem, until that by
Barber.

Plan of the Report
The work in this Report falls into three broad categories.

Firstly, the railqun itself is studied in terms of its efficiency,
which, when it is low, is a major factor in determining the size of the power
source. As the power source and its load - the railgun - must be much more
integrated than is the case with other electrical apparatus, familiarity with
the railgun is a valuable basis for dealing with the power source problem.

The railgun study is presented in Chapters 1 and 2.

Secondly, in Chapter 3, the power sources that are being used and
developed for railguns are reviewed. They are compared, especially in regard
to their masses.

.

Chapters 4 to 10 of the Report deal in detail with a battery and
pulse transformer scheme, which seems to naturally suit the railgun. The
transformer design is most important, and its study takes up about a third of
the whole Report.
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CHAPTER 1

FORCE AND ENERGY IN THE RAILGUN

This Chapter deals with the force on the projectile in the railgun
and the energy available to propel it. From these considerations we can
proceed to a model for estimating the efficiency of the railgun.

1.1 Force upon the projectile and the method of virtual work

The projectile acquires some of the energy that is supplied to the
circuit of the railgun. It does so through the force exerted on current
carriers that cross between the rails. In principle, the force may be found
from the integral of J x B through the volume where the current crosses
between the rails, and where J is the current density and B is the magnetic
flux density due to the current in the rails.

In practice it 1s very difficult to perform the above calculation
and instead the expression:

p-%L' I2 (1.1}

is used. 1In this expression, F is the force, I is the railgun current and L’
is loosely defined as the high frequency laductance per unit 1eng£h of the
rails, or the inductance gradient, and is often also denoted as —=—. The
numerical value for L' is often obtained by measuring the inductaince of the
rails at a frequency reckoned to be typical of the rise time of the current as
the projectile moves over new sections of the rails and then dividing that
inductance value by the length of the rails.

Equation (1.1) 1s a very convenient means for estimating the force
on the projectile. The velocities obtained from experimental railguns often
indicate that the actual force on the projectile is much lower; sometimes
only one third as much. The difference ls often ascribed to friction or to
leakage of the plasma arc past the projectile. However, it is worthwhile
examining the background to Eqn. (1.1) to discover what other factors may
affect its validity. Not only may this enable the force to be estimated more
accurately, but the results may enable us to see how to improve the efficiency
of the railgun.

Upon reference to text books, e.g. Seely [1], it is found that Egn.
(1.1) is obtained by applying the "method of virtual work" to circuits
containing inductance. It is further found that the method of virtual work is
actually concerned with energy changes associated with movements of current
paths and not directly with forces. 1If the proper endrgy change to be
associated with a movement can be determined, the force on the part that moved
can be found by dividing the energy change by the amount of the movement. 1In
symbols, therefore, the force is yielded by:
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oW
- = (1.2)
Fx X 1.2

where W denotes energy and the partial derivative notation indicates that the
portion of the energy charnge properly associated with an x direction movement
is used to obtain the force in the x direction.

The proper identification of the energy changes 1s necessary for
correct force calculation. This is possible when the movements are completely
xnown and are so slight that the circuit geometry is practically unaltered
{hence the term "virtual work").

Let us apply the general method used in the virtual work
determination of force to the railgun but with consideration of processes that
occur in addition to projectile movement. As in text book virtual work
derivations, the energy supplied to the circuit must divide into three
categories, viz. that which is stored in the inductance of the circuit, that
which is dissipated by resistance and that which is "associated” with the
movement of the projectile. With reference to Fig. 1, let:

I - constant current,
R = resistance of the rails and the projectile,
AX = movement of the projectile in time aAt,

and AL = increase in inductance in time At.

In considering the energy supplied to the system, we must take AL to
be the inductance change as seen at the points where voltage E is measured.
Equating the energy supplied by the power source to the three categories
within the railgun yields:

EIAt = % 12AL + IznAt + Awa (1.3)

where AW_ is the energy associated with projectile movement and includes, or
is entirgly composed of, }hezenergy acquired by the projectile while it
moves Ax in time At, and 3 I"AL is the energy stored in the increased
inductance.

Since the current is constant, the voltage E is:
AL
E = IAt + IR (1.4}

(Wwe strictly should consider R to vary by AR, but the result is the same).

’

Substituting in (1.3) yields:

1 .2
AWa -3 I°AL (1.5)

§
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Eqn. (1.5) shows that the source supplies a quantity of
energy, AWa, above the amounts stored and dissipated, and the amount depends
on the inductance change AL. Because such a quantity of energy appears
whenever the inductance of a circult is altered, let us call Awa the
"agssoclated energy"” of the inductance change. It is equivalent to the “"free
energy" in chemical reactions [2].

If we are sure that all the energy 4aW_ 1s utilized in causing the
projectile to move, then we may divide Awa by Cﬂe movement Ax and so obtain
the force, F', on the projectile as:

2 AL (1.6)

Equation (1.5) shows that the increment AW_ is equal to the increase
in stored magnetic energy of the ralls, assuming that the current is
constant. In the event that all of AW_ becomes increased kinetic 2nergy and
the resistance of the rails s neqllgiSle, the efficiency of the constant
current railgun is at its maximum value, viz. S0%. (Higher efficiency may be
obtained by allowing the current to decline, s¢ that the stored energy of the
rails drives the projectile. This 1s equivalent to utilizing a long barrel in
a powder gun to extract as much energy as possible from the expanding gas.)

In an actual railgun there are several reasons why some of the
associated energy, AW_, may be unable to cause projectile movement. For
example, some of the %otal inductance change may be due to effects in other
directions when the projectile is located a distance Ax further along the
rails. Inductance is a function of the location of all the current filaments
into which the current may be divided. Certain dimensions, e.g. the rail
dimensions, may be characteristic measures. In general, we should write:

L = L(X,y,2), (1.7)

where X,y and z are the characteristic dimensions, and from which:

aL aL aL
AL 3% Ax + ay Ay + 32 Az (1.8)

Oonly the term 3L AX measures the energy change that takes place in the x

direction and ﬁeretore the force in the x direction should be written as:

oo w Ll g23L
F 3 I 3" (1.9)

If, while Ax changes, Ay and Az are each zero, i.e. the y and z coordinates of
every flilament of current instantly assume th same ‘values as sf all other
places and theae values do not change, then — is the same as — . Only under
these conditions is Eqn. (1.6) the same as Eéﬁ. (1.9). x
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Because the current is actually diffusing, there are Ay and Az
components to the inductance change. 71he issue is whether they are
significant changes compared to the Ax changes. By introducing diffusion we
make y and z coordinates of the current filaments functions of time. Since
the diffusion time at any location is the time after the projectile has passed
that location, the y and 2z coordinates and the total inductance change are
complicated functions of x and time (and of the rail dimensions).

Even if the Ay and Az varlations are eliminated for one reason or
another, Eqn. (1.9) does not necessarily give the force on the projectile, for
two further reasons.

Firstly, if the current has penetrated the rails, part of the
inductance change in the x direction will be due to flux within the rails.
This flux does not cross the current that passes behind the projectile and so
cannot contribute to the force on it.

secondly, when the projectile moves, there is disconnection and
reconnection of current paths. With each disconnection and reconnection there
is an inductance increment and an "associated energy". In switched inductor
circuits it is known that enerqgy is lost, presumably in the creation of sparks
which carry the current until it has transferred to the new path. In the
railgun, and especially in the case of the plasma arc driven railgun, we have
to consider the possibility that some of the associated energy 1s lost in
spark production and in other ways in the plasma.

Ideally, all the associated energy should become proj:ctile energy,
and the force should be given by Eqn. (1.6). If only 2 €raction, £, of the
associated energy becomes projectile energy, we can expr2ss the force, F, on
the projectile in terms of Eqn. (1.6) as:

~
e

1
F = 3 £ {1.10)

Factor £ may be defined to take into account all the loss mechanisms
that we have considered.

In terms of the commonly used expression, Eqn. (1.1), we have:

The interpretation of AL is considered further in Chapter 2.

1.2 Comparison of energy changes due to switching and sliding

As stated in the previous section, it is known that when the
inductance of a circuit is changed by switching, as in Fig. 2, there is a loss
of energy. In the railgun the inductance is changed in small increments by
sliding. It will now be shown that switching and sliding are the same in that

k




the "lost" energy of the switched circuit 1s the same in magnitude as the
rassociated energy" that arose in the energy balance analysis of the raiigun.

L, L2
A . A

TN\

Flg. 2 Circuit with inductance changed by switching.

BY applying the constant flux linkage theorem (3] to the circuit in
Flig. 2, the current, I‘, immediately after switch S 1is opened is found to be:

I' = I E——:-E—' (1.11)
where I is the initial current in inductance Ll'

The difference between the initial and final stored energies gives
the energy, AW, lost in the switching:

LILZ

—_—. (1.12)
L1 + Lz

1 .2
AW = 2 I
Now suppose that the inductance L2 is a small value, AL, compared to
L;, so that the inductance change is similar to that considered in the sliding
circuit of the railgun, and so that the current is practically constant.
Substituting AL into Eqn. (1.12) ylelds:

AW = % 12 AL (1.13)

Eqn. (1.13) has the same value as Eqn. (1.5); {.e. the "lost" energy
of the switched inductor circuit is the same as the "associated” energy of the
sliding circuit of the railgun.

The conclusion from this result is that some or all of the energy
that would be lost i{n the sparks produced in the switched inductor circuit
becomes the kinetic energy of the projectile when the inductance is changed by
sliding in the rallgun circult.

R




Since arcing is deliberately introduced in the plasma arc railgun,
the above result also leads to the question of how the associated energy
becomes projectile energy. This is considered in the next section.

1.3 Propulsion mechanism with a plasma arc

The propulsion force on a solid conducting projectile is easy to
explain. It is the same as on any metallic conductor - the J x B forces which
act on the electrons are transmitted as electrostatic forces of attraction Lo
the positively charged bulk (4]. If the plasma arc behaves as an
incompressible conducting fluid, direct transmission of the J x B forces could
take place as in solid conductors. If, instead, the plasma behaves like a
gas, either direct transmission via electrostatic forces or indirect
transmission via particle collisions cculd take place as set out in the
following paragraphs.

Direct transmission of the J x B forces via electrostatic forces
could take place in a gaseous plasma as follows. The electrons, the principal
current carriers in the plasma, are driven by the J x B forces to the rear
surface of the projectile, causing it to become negatively charged, as shown
in Fig. 3. Electrons would continue to accumulate at the rear surface of the
projectile until the force of repulsion, due to their field, equals the J x B
force which pushed the electrons. When this equilibrium condition is reached,
the force of repulsion constitutes a "solid" connection between the J x 3
force on the electrons and the projectile, causing both electrons and the
projectile to move together. The positive bulk of the plasma follows the
electrons by virtue of the attractive electrostatic forces, so the plasma
accelerates with the projectile.

Plasma, Projectile,
polarised negatively charged
o
Fig. 3. Propulsion of projectile by repulsion force of negative charges.

In the above explanation, the bulk of the plasma particles are
simply dragged along by their attraction to the electrons and play no part in
the propulsion of the projectile. If the current could be carried benhind the
projectile by a beam of electrons the propulsion would still occur. Also, the
conversion of the net associated energy to propulsion energy is 100% efficient
because it occurs through the action of the J X B forces upon the mass of the
projectile.




Alternatively, it 1s conceivable that the J x B forces upon the
electrons may first accelerate the positive ions of the plasma, ar the
positive ions cause the propulsion of the projectile. The positive tons may
cause the propulsion by charging the projectile as described akove, or they
may propel it by colliding with it. If the energy is first supplied to the
positive ions, it may also be distributed via interparticle collisions amongst
the degrees of freedom that are available.

Propulsion by collisions with the rear of the projectile is, in
other words, propulsion by gas pressure, and, if this is the case, the arc
driven railgun works like an ordinary gun, except that it uses electricity
instead of explosives to provide a high pressure gas. An important
consequence of the gas propuision model 1s that the maximum velocity is
determined by the speed of sound in the plasma, as opposed to a maximum equal
tc the speed of light for particles directly driven by J x B forces.

By a simple application of the kinetic theory of gases, an estimate
can be made of the efficiency of propulsion by particle collisions, and hence
also an estimate of the factor "f" for use in Egqn. (1.10).

Again, it is convenient to consider a constant current railgun,
because we may suppose that since the J x B forces are then constant, the
plasma that pushes the projectile is evolved at constant pressure. If the
specific heat of the plasma at constant pressure is cp, the heat supplied from
the associated energy, AQ, is:

AQ = N CpAT (1.:4)

where N is the number of moles of the plasma and AT 1s the temperature rise.

If the pressure is P and the volume increase due to projectile
movement 1s AV, the work done is:

PAV = NRAT (1.18)

where R is the universal gas constant. But, from basic kinetic theory of
gases, Cp = R + C,, where C, is the specific heat at constant volume.

PAV = N (cp - CV)AT (1.16)

From (1.16) and (1.14), the efficiency, y, of the propulsion is:

.

. Work done at projectile _ cg - Sy (1.17)
' Heat energy supplied Cp ! ’
9




or, y = l—i—l, (1.18)
(o

where y 1s the ratio of the specific heats, EE'
v

We now have to consider the value of y for the plasma. From the
xinetic theory of gases, we know that y depends on the number of ways in which
energy is free to divide (i.e. the number of degrees of freedom). If the
plasma immediately behind the projectile consists only of ionized particles,
all particles are influenced by the J x B forces and their motion must be
largely 1in the * x direction, i.e. along the line of motion of the
projectile. In this case the gas is "one dimensional" and has the
value y = 3.

If on the other hand, there are a great number of neutral particles
{produced for example by vapourization of the surface, with only a small
fraction becoming lonized to provide current carriers), the energy from the
J X B forces will be distributed in all directions by numerous interparticle
collisions before arriving at the rear surface of the projectile. 1In this
case the value of y would range between 5/3 and unity, depending upon whether
the plasma particles were monatomic, with only 3 degrees of freedom, or
polvatomic, with a large number of degrees of freedom.

Substituting y = 3, 5/3 and unity into Eq. (1.18) yields:
» = 0.67, 0.4 and zero.

on the basis of this simple gas propulsion theory, at most 67% of
the associated energy, AW_, could become projectile energy. Factor "f" would
have a maximum value of 0.87.

In thermodynamic terms it is the free energy of the plasma which
accelerates the projectile. The associated energy is, in these terms, the
free energy of the electrical circuit and, depending on where the inductance
changes occur, some or all of it is added to the plasma. The addition of this
energy to the plasma causes it in turn to release free energy. The portion of
the added energy which does not in effect become projectile energy raises the
internal energy of the plasma and thereby raises its temperature.

In this discussion of the plasma arc several important factors have
not been included. For example, there is ohmic heating of the plasma, which
must raise its pressure and contribute to the projectile acceleration. Also,
at the high temperatures (30,000 K) in the plasma, energy is radiated away
rapidly. These factors are especially relevant to the jas pressure propulsion
model.

Altogether, the points raised show that the plasma arc method may
vary between very effective and very ineffective.

10
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CHAPTER 2

RAILGUN EFFICIENCY

This Chapter has two major objectives.

One is to estimate the energy loss due to current distribution upon
the rails.

The second objective is to develop efficiency expressions for
railguns, including segmented and distributed energy stored railguns that have
been proposed to reduce resistive lo<ses. From such equations the reduction
in size of the power source needed for the more complex guns can be balanced
against the complexity of their construction.

2.1 Introduction

The overall efficlency of the simple railgun shown in Fig. 1 is a
few percent. This is tolerable for small launchers, such as for experimental
work, but limits the scale of thelr use. Spaceship launching, for example,
might not be practicable bhecause of the large size of the power source that
would result from such a low efficiency.

It 1s important to quantify the various factors that affect
efficlency because even small improvements are important when the efficiency
is low. An improvement from 1% to 2% halves the size of the power source for
example.

One reason for low efficiency of rallguns is the 12R loss in the
circuit. The further that the projectile has moved from the breech in Fig. 1,
the greater is the resistance through which the current must flow. The rail
resistance is higher than the d.c. resistance because the current flows mostly
near the rail surfaces.

Another cause of low efficiency is the energy stored in the magnetic
field of the rails. As was found in Ch. 1, when the current is constant the
quantity of energy stored in the rail field is the same as the assoclated
energy, AW_, and in this case the maximum efficiency of the railgun is 50%.
Some of ths rail magnetic field energy may be recovered by usinjy long rails
and allowing the current to decline, or by the "distributed energy store-
scheme (wnich will be discussed later)

Another possible loss, particularly relevant to plasma arc guns, may
be due to gas particle propulsion of the projectile, as discussed in Ch. 1.

A more subtle cause of energy loss, also introduced in Ch. 1, is the
inductance change in places other than immediately behind the projectile.
These inductance changes are determined by the distribution of the current.

11
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The work in the following Sections is particularly aimed at the
eftect of current distribution on inductance losses and the resistive losses
as the current diffuses. The procedure is lengthy and complex and models have
to be construed such that calculations are possible.

Firstly, the energy losses assoclated with current distribution that
were introduced in Ch. 1 and embraced in factor "£" are expressed in terms of
"propelling™ and "uncoupled" fluxes.

Secondly, the factors that determine current distribution at various
parts of the ralls are discussed, leading to the selection of three current
distributions for rail inductance loss estimates.

Thirdly, the "propelling" and total inductances are calculated for
these current distributions, and, in turn, factor f is calculated.

Fourthly, rail resistive loss equations are derived for both
diffusing current and fully penetrated current, for breech supplied, segmented
and distributed energy store railguns.

Finally, various losses are combined to yield efficiency
expressions. These are evaluated for a particular example and discussed.

2.2 The *propelling® and "uncoupled" fluxes

If the railgun rails are thin, as indicated in Fig. 1, all the flux
of the current passes into the space between them and is crossed by the
current where it passes from one rail to the other. All the J X B forces
caused by current crossing flux act on the projectile. Alternatively, we can
see that when the projectile moves distance AX the flux increase is entirely
located in the area swept out by the projectile. The inductance
increase, AL, and the corresponding associated energy, AW_, arise directly at
the projectile and it is possible for all the associated énergy to become
projectile energy.

In Fig. 4 the rails are shown wider than in Fig. 1. Flux may now
exist within the rails, as well as between them, depending on how the current
is distributed.

12
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Fig. 4 Internal rail flux and the “"propeliing~ flux.

The internal flux contributes to the inductance of the rails and o
the associated energy AW_, but since it is not behind the projectile it cannot
produce force on the projectile.

It will become clearer later that the term "internal flux” 1s not
precise enough to describe the £lux which does not cause force on the
projectile. A better term is “uncoupled flux-".

Only the flux which is behind the projectile in Fig. 4 can cause
force upon the projectile. It 1s convenient to call this the "propelling
flux". This flux is very nearly what is called the "external"” flux of a
conductor.

Since the total flux linkages are the sum of those of the propelling
and uncoupled fluxes we can define the inductance change, AL, in terms of
propelling and uncoupled inductance changes i.e.

AL = AL + AL , (2.1)
p u

where AL 1is due to the flux linkages of the propelling flux, A¢ , and AL s
due to tge £lux linkages of the uncoupled flux, A¢ . The reader®is remlnged
that the inductance change, AL, is actually the chgnqe at the breech while the
projectile moves distance ax.

By comsgtison with Eqn. {1.8) it 1s apparent tgit AL ats some or
all of the term —= Ax while _aL 1s made up of the terms —_ Ay +P22 47 and

possibly a ::actfﬁn of the % ix term. ¥y 3z

The associated energy change, Awa' in terms of ALp and ALu is:

13
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The energy which the projectile may acquire, Awp, 1s the portion due
=3 AL , l.e. the maximum value of Awp is:

AW = L AL Iz, (2.3)
P 2 P

and the force on the projectile, F, is:
Fes B (2.4)

In Ch. 1, a factor, "f", was introduced to account for the reduct:sn
of the assoclated energy available to the projectile with the result that the
force could be expressed as:

From the foregolng equations it is apparent that a value of £ 1s given by:

~
w

The portion of the associated energy that does not get distr:buted
via the projectile force must be wasted. Because the energy must be
distributed via the forces it causes, and these forces are where current
crosses flux, the uncoupled flux portion of Awa must be dissipated in
stretchling and twisting the rails.

2.3 Force factor and efficiency 1

Let us now generalize the force factor, f, and relate it to
efficiency. The application of this factor ylelds the actual energy available
to the projectile, and hence the actual force upon it. Various effects
contribute to £. We have discussed the effects of current distribution and
the plasma arc. If the current distribution factor is 0.9 and the plasma arc
factor is .67, the compound value of £ is8 0.9 X 0.67 = 0.603.

To get the actral kinetic energy that the projectile gains, further
reductions in £ must be made to allow for effects such as friction, plasma
leakage past the projectile and air load ahead of the projectile.

Factor £ 1s not constant throughout the acceleration, but, for
practical application of the notion, we shall suppose that a realjistic average
value can be ascertained.

14
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If AW is the actuAW kinetic energy gained by the projectile, the
assoclated enerBy change 1is , Wwhere the value of £ 1s the overall value.
In the case of a constant current, resistanceless railgun, the source must
supply twice the assocliated energy {because it must supply an equal amount cf

stored energy). The increment of energy supplied by the source, Aws, in this
b case 1is:
4

2AW
AW = —£ (2.6}
s £

[ AW

and the efficlency, n = ZWE' is:

T

s

(2.7

-
»
[NR1LY

Thus, L1f the value of £ is 0.603, the maximum effliciency of the
railgun 1s 30%. Because of resistance, the actual value will be lower.

2.4 Current flow in the railgun

The manner in which the current 1is distributed within the rails and
over their surfaces determines the proportions of the uncoupled and propelling
inductances. The distribution near the projectile is of partlcular interest
because it has most effect on the propelling inductance and hence on the
propulsion force and factor f.

Although the current streamline flow has been discussed amongst
railgun researchers, the only published diagram is an intuitive sketch by
Marshall [(1]. In this and the following Sections the physical and
mathematical aspects c¢f electromagnetics that seem pertinent tO the current
distribution will be reviewed. This work is a preparation for selecting
current distributions for the calculation of propelling and total inductances.

At all times the general relationship between magnetic field
intensity and current must hold, i.e.:

aD
= - (2.8}
v XH J + It 2.8

where H is the magnetic fleld intensity, J is the conduction current density
and D is the electric displacement [2). Taking the curl of Eqn. (2.8) and
gubstituting J = oE where o is the conggctivicy and E is the electric field

intensity, and substituting v X E = - T leads to:

2 ,
]

a2, 2 (2.9
at

where » i3 the magnetic permeability and ¢ is the permittivity of the medium
in which the current flows.
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Eqns (2.8) and (2.9) may be separated into two simpler cases
i corresponding to non conducting and conducting mediums.
In a non conducting medium, such as the space surrounding a pair of
parallel rails, o = 0 and Eqn. (2.9) becomes:
2
V2H = ¢ é—%. (2.10a)
at
It is well xnown that the solution to this equation, for a pair of rajils (i.e.
a transmission line) having inductance, L, and capacitance, C, per unit length
is a travelling electromagnetic wave which propagates energy with velocity
1/VLC = 1/Jpe, the velocity of light in the medium around the conducting ratls
(21}.
N aD
1 In a conducting medium, J >> ETY and Eqn. (2.9) becomes:
2 34
- =. (2.
VH = os ¢ 2.10b)
This is well known as the "diffusion” equation (2,3,4]. It represents the

physical process whereby concentrations spread out to eventually become
uniform distributions, simply because a greater number of particles is likely
to move from the more dense regions to the less dense regions than vice
versa. In electromagnetics diffusion is complicated, compared to, say, heat
diffusion, by the requirement to satisfy induction and circuit laws.

The rate of spreading out by diffusion is dependent on 1/vos and 1is
b very much less than the velocity given by the analogous term, 1/Jes 1N the
wave propagation case. The rate of spreading by diffusion also varles

as 1/J4t, where t is the time from the start of the process; hence it
diminishes with time, in contrast to the constant velocity of pure wave
propagation.

1 Another important aspect of diffusion Ls that the diffusion equation
} does not specify the initial distribution, but only the manner in which it
changes from its initial state to a fina]l state.

In regions where both J and 20 terms exist, £qn. (2.9) applies and
its solution may be regarded as contalggnq both wave propagation and diffusion
components.

Let us now consider how the current in the rails moves with the
projectile. At first sight it seems that the railgun circuit must obey only
Eqn. (2.10b) because it has no capacitance. In this case current and magnetic
field variations would occur only because of diffusion. This cannot be the
case at the projectile, though. Diffusion is too slow for the propulsion
velocities attained and in any case is only a redistribution process and
cannot account for the propagation of the total current values to the new
portions of the rails. Note that diffusion includes J x B forces on electrons
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in the rails, so we cannot imagine the rail current to propagate in the same
manner as the projectile.

Current must therefore propagate with the projectile by travelling
wave means. Let us consider how this may come about given that the projectile
(or plasma arc) may be a perfectly conducting short circuit.

The first point to note is that even though the projectile may be
perfectly conducting, the flow of current at the rail/projectile interfaces is
not a continuous process. The current flowing in and on the rails may be
envisaged as many parallel filaments. When the projectile moves through its
own length every filament of current in that region must cease flowing and be
replaced by a new filament. The interruption causes high frequency induced
e.m.£.s. in the projectile region. Because the inductance of the circuit is
increased as the projectile moves, the new filaments must be established in a
circuit of greater inductance. The sliding surfaces are thus equivalent to a
great number of switched inductor circuits, such as Fig. 2, Ch. 1, in
parallel. Filaments near the front may readily transfer to new contact points
that arrive as the projectlile moves forward. Fllaments at the rear of the
projectile, however have to overcome a greater inductance change.

The second point is that when the projectile moves distance ax and
increases the circuit inductance by AL, it also increases the capacitance
which the rails would have 1f they were of the same length and open
circuited. It is tempting to suppose that the rear most current filaments may
continue their conduction via this capacitance increment, due to induced
e.m.£.s3., and so constitute a displacement current component which, together
with the AL component, results in a travelling wave.

In short, the above two points suggest that the current follows the
projectile because the projectile movement switches in L and C transmission
line parameters and causes high frequency excitation.

If we imagine the projectile to be extremely thin, then when it
moves forward 1t interrupts all the current. It is easy to appreciate in this
case that the rails are then open circuited and the current must flow via the
rail capacitance and reach the new projectile position by travelling wave
means. With a longer projectile (or plasma arc) the displacement current and
conduction current processes are probably intermingled and Eqn. (2.9) applies.

Even for perfectly steady D.C. conditions energy must be transmitted
by electromagnetic waves. The apparent magnetostatic condition can be
explained by a standing wave type of superposition [5].

The foregoing study leads to the same general picture of current
distribution as that proposed by Marshall (see Fig. 5), viz. that there are
three regions, A, B and C. :

A: Just behind the projectile, the current distribution is the high
frequency eiectromagnetic wave distribution. It {s essentially the
"end effect" high frequency distribution of a short circuited
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transmission line because electromagnetic waves move much faster
than the projectile. Marshall includes the current distribution
over the actual projectile in region A because it is velocity in-
variant also.

B: Further behind the projectile, the end effect is negligible and the
current filaments are established with the infinitely long
transmission line distribution.

C: Further yet behind the projectile, there are no displacement current

components and only diffusion occurs, eventually resulting in
uniform current distribution.

ﬁﬂ _

Fig. § Current flow pattern in railgun (Marshall)

\

2.5 Inductance in the projectile region 1s minimized

In the previous Section it was decided that the current is
established near the projectile by high frequency propagation. The next step
is to f£ind the current distribution which relates to electromagnetic wave
propagation.

Electromagnetic waves travel with velocity v = —i=. Since —i— = —— = ¢
the velocity of light, which is the maximum possible veloéggy in theVLC  Jae
medium, 1t follows that the product LC has the minimum possible value, i.e.

.

(Le) mm-l; (2.11)
[~
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Electric charge, however is always distributed cver conductors so as to
produce the minimum capacitance (6]. The minimum value of LC therefore occurs
when L 1s also least. The inductance in the projectile region is therefore,
per unit length,

L = —%— (2.12)
¢ C

where ¢ is the velocity of light and C is the capacitance per unit length,
both for the medium surrounding the raitls.

It follows that the current in the projectile region is distributed
over the rails so as to minimize the inductance. It also follows that one way
to find the current distribution would be to find the distribution which
yields the minimum inductance.

There 1s another way in which we can deduce that the inductance near
the projectile will be minimized. This is from the logical argument that the
current in the rallgun circuit will arise along the paths of least opposition,
i.e. minimal inductive reactance.

Inductance is least when there is no magnetic field within the
conductors. This is because the external flux is not affected by current
distribution within the conductors as much as is the internal flux. The total
inductance, i.e. the sum of the internal and external inductances, is
therefore least when the current is distributed so that the internal flux is
zero. The important conclusion that follows from this is that if the
inductance is minimal, then all the flux is external, and hence is
"propelling” flux.

2.6 Initial resistance in the projectile region

For there to be no internal flux, the current must be a surface
current. This implies infinite resistive opposition unless the conductor has
zero resistivity. The argument that current will distribute such that the
opposition is least leads to the conclusion that there must be some
penetration of real conductors and therefore some internal flux. We shall now
develop this idea to obtain a simple estimate of the current penetration.

As the current penetrates, resistive opposition will diminish while
the inductive opposition will increase owing to the internal inductance. This
suggests that the minimum total of these two effects wWill occur when they are
approximately equal i.e. when:

RI = %E (LLI)' . (2.13)

where R is the effective resistance, I is constant current and Ly is the
changing internal inductance. This can be seen by imagining the cross over
region of the graphs of the two effects, remembering that since the external
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flux links the whole cross section, it produces the same back emf, i.e. same
opposition, in every filamentary circuit and so cannot affect the current
distribution. Eqn. (2.13) is also, of course, Ohm's Law, but the minimization
interpretation seems more appropriate in the present context.

Suppose that the current is spread over a length ty where it passes
from the rails to the projectile. When the projectile moves distance ¢  the
current experiences the associated inductance change. If L' is the intérnal
inductance per unit length in this region, due to current p%netraclon, and
if At is the time to move distance 'a’ Eqn. (2.13) becomes:

i ‘a
N —— (2. )
R 2.14

where R is the effective resistance of length ‘y
i.e. R=L',V (2.15)

where v is the projectile velocity. Since we have defined £ = %9 - r—éﬁFIT ,
Eqn. (2.15) can be expressed in terms of the total inductance per P
unit length and the fraction of external inductance as:

R = (1-f) L' v {2.18)

where L’ is the total inductance per unit length in the projectile region.

As an example, consider a pair of rails, 1 ¢cm X 1 cm in section
spaced 1 cm apart with a total inductance of 0.5 sH/m, Oof which 90% is
external inductance. 1If a projectile travels at 1 km/s between these rails,
the rail resistance in the projectile region is given by Eqn. (2.16) as
50 s2. Depth of penetration can be calculated if some assumptions are made
about the current distribution. Thus if the projectile is a 1 cm metal cube,
we may take ¢ = 1 cm and we may calculate an equivalent depth of penetration
as if the cur%ent all flows on the inner sides of the rails. For copper
rails, the result in this case is an equivalent depth of penetration equal to
0.68 mm. If we imagine that current to be distributed over all four sides of
the rails, the skin depth is 0.17 mm. Although we have picked figures for the
sake of example and the parameters in Eqn. {(2.16) are actually tnterdependent
and not able to be separately selected, the resultant values for depth of
penetration are similar to those obtained from the usual expressions, such as
Eqn. (2.22), and hence suggest that £ = 0.9 is a realistic value.

2.7 The diffusion equation and depth of penetration,

Diffusion is the only electromagnetic process affecting the current
distribution some distance behind the projectile. As was discussed in Section
2.4 it obeys the expression:
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The resistive losses decrease as the current diffuses. An equivalent depth of
penetration of current is commonly used to estimate the resistive losses. We
shall require such an expression to calculate the rail losses. The depth of
penetration is also a guide to the internal inductance, and hence to factor f
type of losses.

We shall now demonstrate that a simple derivation of depth of
penetration consistent with Eqn. (2.10b), follows from the ideas in the
previous Section.

Based upon the idea of minimization of force opposing cuarenc flow,
it was suggested that current penetrates the rails such that RI = —(L I),
where Ly is the internal inductance of the rails. This expression cai be
shown to be a form of the diffusion equation.

Fig. 6. Current and flux penetration of rail.

Consider the expression

d
Ri = T (L1 1) (2.17)
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for the small element of the rail shown in Figure 6, 1n ¥n1cn current and flux
Xist in the aded area of the rail. Replacing R by ——— and

8 32 o h dy

it (Li 1) by Eqn. (2.17) becomes:

El
(3 de
= = (2.18)
oh dy dt
Application of the general law IHd:- I to the element yields:
dH = i/n, (2.19)
while ¢ may be written as I,szy. Equation {(2.19) becomes:
¢ dH d
Ldi _ S . (2.20)
o dy ~ dt [rtieay 2.20
Differentiating (2.20) with respect to y yields:
2
H dH
o LL S, pily (
2~ %% ac’ 2.21)
dy

which is a one dimensional form of the diffusion equation.

The depth of penetration, 8, is the equivalent depth of conductor,
measured from the surface as indicated in Figure 6, in which the current,
uniformly distributed, experiences the same resistance as is calculated from
Ri = 4% (L1 i). Because § 1s an equivalent depth, its value depends on its
exact definition, however it is always of the form:

$ = a JE—, (2.22)
os

where t is the time for which current has been flowing and a is a factor which
depends on the definition and on the time function of the current waveform
(7}. The usual way of evaluating & is by substituting the waveform time
function into the diffusion equation, together with boundary conditions. The
procedure is lengthy. Equation (2.22) can, however, be derived in a
simplistic manner from the general one dimensional form of tne diffusion
equation. Thus, Eqn. (2.21) can be written as:

1 dd dH
e dy - [ alye! dy. (2.23)

Let us now make the assumption that a4 {s constant. This enables Eqn. (2.23)

to be rearranged as: de

% I:dt - I‘([, dy)dy. (2.24)
o o
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= = b (2.25)
L.e o b2
t
or 3 = 1.418 y— ; (2.26)
os

which 1s of the same form as the well known expression (2.22) given above.

Equations (2.22) and (2.26) yleld a = 1.414. A more rigorous
derivation, referred to in Sect. 2.10.11, yields a = 1.772.

It must be emphasized that depth 5 does not prescribe where the
current and flux exist. It is simply a dimension which is compatible with
changing flux and current assumed to exist in the location where it s
calculated.

2.8 Inductance equations

In thls Section expressions for the propelling and total inductances
for three conceivable current distributions are set out. Inductance
expressions for rectangular rails are tedious to derive and are cumbersome. A
few specialists have derived expressions for rectangular sections for
particular purposes [8,9], but it is necessary to especially derive most of
the expressions of interest for the railgun, in particular for the propelling
inductance.

2.8.1 Selection of current distributions

To calculate inductance it {s necessary to know how the current is
distributed.

In the preceding Sections three factors that bear upon current
distribution were discussed, viz. that current is initially distributed such
that the i{nductance i{s a minimum, that with time it redistributes and that it
cannot flow in an infinitely thin sheet on the surface because the resistance
would be infinite. Three current distributions follow from these factors.

Firstly there i{s the distribution for minimum inductance. We have
deduced that electromagnetic wave propagation involves the minimum
inductance. It also involves the capacitance of the rails and tnhis enables
the current filaments that yield the minimum inductance to be located by the
"electrostatic analogy" {10]. By this it is meant that current initially
flows in the same places as where charge accumulates on the rails when they
are considered to be the plates of a capacitor. The physical reason for this
1s that the electric field component of the wave placus the moblle charges in
position on the surface and it is these charges which also move along the
surface as current. Kerrisk (11} has used a numerical procedure to calculate
the inductance of pairs of rectangular rails based upon a method for finding
the electrostatic charge density distribution. He has fitted an empirical
equation to the inductance values of a range of rail cross sections and
spacings, thereby enabling the minimum inductance to be readily calculated.
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since electric charges are distributed on conductors so as to
produce no internal electric field, there can be no internal magnetic f:.eld
either. (Time varying fields must have both magnetic and electrical
components.) The magnetic field is thus entirely external to the conductors,
as was previously argued for the minimum inductance case, and the minimum
inductance is also entirely propelling inductance.

It also follows that the minimum inductance is approached at high
frequency, since it is known that high frequency currents do not ditffuse
substantially into conductors.

The next current distribution of interest is a uniform surface
current over each of the sides of the ralls. The reason for considering th:s
distribution is that the minimum inductance distributicn is a non uniform
surface current that has infinitely dense current at the corners of the rails,
as shown in Filg. 7. Because of very high resistive opposition, it may be that
the current takes up a more uniform distribution, although still very near the
surface.

Magnetic
Field

Fig. 7 Flux and current distribution for initial inductance, redrawn from
Kerrisk's work.

.

It might seem that uniform surface current is actually more likely
because it would minimize the resistive opposition whilst the flux is all
external. All the flux, though, would not be totally external. Part of it
passes within the conductor, as shown in Fig. 8(b). These lines cause greater
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back e.m.f. in the filaments that they link than if the flux is completely
external and hence, except at D.C., must reduce the current in that region.
These flux lines, therefore, behave as "internal" flux, since truly external
flux induces the same back e.m.f. in every filamentary circuit within the
conductors.

l

<

,//
.

)

N

l

(a) (b)
Fig 8. Flux lines around rail (a) with current distributed so as to
produce minimum inductance (b) with uniformly distributed surface

current.

Nevertheless, 1f the inductance for uniform surface current is not much
may outweigh the increage in inductance so that current takes up a more
uniform distribution. The high currents and the randomly located arcing
contacts may increase the extent to which thls happens in railguns.

The other current distribution is that for full penetration of
current, which gives a measure of the greatest effect possible due to the
distribution of the inductance into propelling and uncoupled parts. It could
only occur in railguns with thin rails, or slow or very long railguns.

Mention should be made of a current distribution which is taken to
exist by some authors, viz. that the current is distributed over the inner
sides of the rails [12,19]. Near the projectile it is taken as a current
sheet on the inner surfaces and further back it penetrates the rails from
those surfaces.

The reason for considering such a distributisn is that high
frequency currents flow on the inner sides of parallel plate transmission
lines. The spacing of such transmission lines is small compared to the
height, though, and they are only a rough approximation to the railgun
geometry. This can be seen from the current profiles in Fig. 7, drawn from
data given by Kerrisk [11]. For the typical railgun geometry in Fig. 7, about
half as much current flows on the outer rail surface as flows on the inner
surface.

25

e




Of the three distributions that we have selected it is necessary =2
derive the propelling inductances for the uniform surface current and fully
penetrated current and the total inductance for the uniform surface current.
For the total inductance of fully penetrated current we shall use an
expression given by Arnold (13] and £or the minimum inductance we shall use
Kerrisk's expressions.

2.8.2 Propelling inductance of a pair of parallel current sheets

We begin by calculating the propelling inductance of a thin
rectangular sheet circuit as shown in Fig. 9. The method is to calculate the

7

7

Fig. 9. Rectangular current sheet circuit.

force, F, exerted on the current sheet crossing the ralls and to calculate the
inductance from:

~
1

L' =

(2.27)
P

(2]
nN

Equation (2.27) is the virtual work equation rearranged to give the
"propelling” inductance.

Before proceeding, it 1s convenient at this point to discuss the
differences between internal and uncoupled, and ext2rnal and propelling
inductances. The terms internal and external inductance imply that flux lines
are entirely inside oo entirely outside the conductor. If there are lines
that are partly i{nternal and partly external, as shown in Fig. 8{b), then some
of these lines will interact with the cross sheet current and so increase the
propelling inductance and the internal inductance. The difference due to
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these lines is small, but for accuracy we use the terms "propelling" and
"uncoupled" rather than "external" and "internal-".

The uniform current sheet rails provide a test of this theory; the
£flux lines which are not entirely external in this case 1ink the same
proportion of rail sheet current as the proportion of cross sheet current.
Calculation should show that the total and propelling inductances are the same
in this case even though there is some internal inductance.

Let us consider the sheets in Fig. 9 to be an assembly of
filamentary currents, such as in Fig. 10. To find the force on a cross

Flg. 10. Filamentary model.

filamernt, such that carrying current j, due to the current i in the bottom
filament, we require the vertical component of the flux density at points
along j, due to i. From Fig. 11, it can be seen that if the flux density at p
on j is B, the vertical component is B;.

Ly \-— |

\\8 vector

@

i
84—“4-

Fig. 11. Fleld at a point on filament j due to filament 1{.

1
Filament radius = r ——;
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The magnitude of the field at a point opposite the end of a filament of
current 1s half that which it would be if the filament continued
indefinite}y; because of symmetry (Fig. 12). The magnitude of B at P is

therefore Axw’

Fig. 12. Field at P is due to equal contributions from symmetrically lccated
current elements on either side.

The elemental force at P is, from the general law, force = BId:,

s 13
dF = -2 3 4s. (2.28)
4w W
Substituting 52 + h? = w? and noting that the force on the current j .s

doubled because of the go and return of current i, we obtain for the Zotal
force, F, on j:

js+‘ 5 4s, {2.29)

where r 1s the radius of the filament of current i. We next extend the
integration to obtain the total normal force, due to the current i, on the
whole current sheet. To do this replace j by % dh, where I is the total
current uniformly distributed over height H, and integrate. This gives:

a iI
[¢] H (S+r S /
. - 12.30)
F=oo [ (= 5) ds dn 2.30
[o] r 8 + h
or:
s I1
F o= th n((s+r)? + 1%) — n enlc? + n2) «
4xH

2(s+r) arctan(g%;) - 2r arctan(ﬁ)lh-ﬂ (2.31)

r h=oQ

Finally, we sum the forces on the cross sheet due to all the filaments such as
1, by writing 1 = ﬁ dh and integrating Eqn. (2.31). Since a filament at
height h produces force on cross sheets of height h below it and height (H-n)
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above it, it turns out that the integral must be doubled to get the total
force, F, i.e.

» I
F = —2—3 fﬂ (h 1n((s+r)2 + h2) - h :n(r2 + hz)
2xH [
+ 2(s+r)arccan(—ﬂ—) - 2r arctan(®)1dn (2.32
S+r r

Evaluating {(2.32) yields:

» 12 2
Fa2 (-4 nw? s (sen) D)
ir 2
H
2 2 (s+r)? 2
- G- t/®) me? v ) e R (s
H

- (/w)? in r2 + 4 iéiEl

arc:an(—g—)
S+r
- 4{r/H) arctan(H/r)l. (2.33)

Allowing the filamental radius to diminish, and converting to inductance by
expression (2.27) yields:

»
L‘p = 2—: {4(s/H) arctan{H/s) + {1 + <s/H)2) - s/ (1 o+ (/) (230

Equation (2.34) is therefore the propelling inductance per metre for the
uniformly distributed current sheets shown in Fig. 9.

At the beginning of this section it was deduced that the propeliing
inductance and the total inductance should be the same in this case. 1In the
Appendix the methcd of geometric mean distances is used to obtain the total
inductance for a pair of parallel current sheets. The result, (Eqn. (23) of
the Appendix)}, 1s the same as Eqn. (2.34) and shows the deduction to be
correct.

2.8.3 Force due to current sheets on tops and bottoms of rails

To obtain the propelling inductance for current uniformly
distributed over the surface of a pair of rectangular ralls, we require the
sum of the forces on the cross sheet due to current sheets on each of the 8
sides of the rails. Equation (2.33) will do for 4 sides; setting r = 0 gives
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‘the force for the inner sides and setting r = W, the width of the rails, j:ives
the force for the outer sides (Fig. 13).

W S w

" |

\
=

H —1 N
MEE
) o)
Fig. 13. Rectangular rails with uniform surface current.

To obtain the force on the cross sheet due to the top and bottom
current sheets on the rails it is necessary to use Eqn. (2.31) and integrate
in the direction of the width W, with r as the variable (Fig. 14).

! w 4 s L w ]
[~ ez
H a  =1=4
-01
JL__ = S T
KCED r r (:)K
Fig. 14. Top and bottom current sheets.

Let the current distributed over the lower surface be K, i.e. i = 5 dr; we
then have from Eqn. (2.31) the force, F, on the cross sheet:

F - FoIK 2

I l:n(ﬂ2 + (s+r)2) - m(H2 + ")

o]

4xW

(S+r)
H

arctan(—g—) -2 % arctan(ﬂ)l dr, (z.35)
S+r H r

where I 1s the total cross sheet current. When evaluated, this yields:

’

s IK 2 2 2 2 2
0 H™ + (S+W) s H® + (S+W) (S+W) H
F = {end ) + = ¢nl ) o+ arctan(—)
4 B2 4wl w #? + 52 WH S+
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H S+W H W W H
a2 2%, _ 2 5 -k =
* 9 arctan( a W arctan(ﬂ) " arc:an(w)
S H H s
J 2y o= 3y
wi arctan(s) w arctan(H J (2.36)

2.8.4 Propelling inductance of uniform surface current upon
rectangular rails

Using correctly proportioned values for the side and top/bottom rail
currents, Eqns. (2.33) and (2.36) can be combined to give the total force on
the cross sheet and hence, by Eqn. (2.27), the propelling inductance of a
uniform surface current upon rectangular rails. 1In this case it 1is
appropriate to refer to the inductance as the propelling inductance since not
all the flux that passes externally crosses the space between the rails. 1In
Fig. 8(b) it can be seen that the partial flux linkages on three sides are
such flux lines. The equation for the propelling inductance becomes:

L . foo W [m(Hz + (ssw)? s (B (s+w)?
¥ W
p 2% H+W w4 52 4l . 2
+ (S+W)zarctan(—ﬂ—) .4 arctan(22¥) _ B arctan(¥)
WH S+W w H W H
W H S2 H H S
-2 2y - 5 o-2 2)
5 arctan(w) perr arctan(s) W arctan(H )
']
o H S+W, 2 2 2 W, 2 2
* 3y Hew {r - (_i_) ) n(H® + (S+W) ) - (=)° (nw
W2 { )2
- (1 - (=)7%) m(H2 + oWl 4 1SN n(s+w)?
H 2
H
S+W H W H
2% =) . 4 = =
+ 4 m arctan(s*w) 4 " arctan pr
S H 8,2 §,2 H,2
s Y 5,2y _ (8 B
+ 4 a arccan(s) + mi1 + (H) (H) il + (s) B (2.37)

where H 18 the raill height, W the rail width and $ is the separation between

the rails and where the current on the top and bottom of the rails is —%— and
the current on the inner and outer sides is H+w: 28 proportions of the total

current,
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2.8.5 Propelling inductance for current uniformly distributed across the
whole rail cross section

The propelling inductance for this case is obtained by integrating
the current sheet expression, Eqn. (2.33) over the width, W, of the rails
(Fig. 15). The term 12 in Eqn. (2.33) is due to the product I x I, one I

| |

b
H =1
Yy
iR
dr
Fig. 15. Integration to obtain propelling inductance for current uniformly

distributed across rail cross section.

referring to the cross sheet cugrent and the other to the sheet current. We
now replace the latter term by = dr to obtain the force of an elemental
current strip of width dr. The total force is thus:

s I 2
-] W {(s+r) 2 2
F=amw Mt - S) ld® + (s+2)%)
[} H
r,2 2 2 (S+r)2 2 r.2 2
- (1 - (=% m(H® + %) —— m(s+)° - {=)° inr
H 2 H
H
{S+r) H r H
+ 4 m arctan(s+r) - 4 (H) arctan(r)l dr (2.38)

Evaluation of Eqn. (2.38) yields, after laboriocus integration by parts, for
the inductance:

» 2 2
L' = ;g [:n(ﬂ—;:—i§§zl—) + % m(H2 + (s+) D)
P * H + W ’
3 2
S e ot L e Y
i JH'W 3H
i
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2 B S+W w
£ R ) - c (=)
*3y (arctan( m ) arctan(y )
2 2 H 2 H S 2 2
2 By By 22,0t
* W ((s+wW) arctan(s+w) W arctan(w)) w5 H® + s°)
H .2 2 H S g? H
3 _ <= S = .39)
+ end1l + (s) ) I W arctan(H) 2 oh arctan(s)l (2.39

3WH

2.8.6 Total inductance for uniformly distributed surface current

Firstly, it is necessary to select a method for calculating the
total inductance. By calculating the workx done when two filamentary circuits,
such as shown in Flgure 16, approach each other, it is shown 1n text books
[14] that their inductance is given by:

dsl~ d32

*o
L = e ICI ICZ - (2.40)

which is called the Neumann integral. We can consider a circuit with a real
conductor to be made up of filamentary circuits parallel to each other. The
magnetic energy of the circuit is the total work done in bringing all the
filamentary circuits together and the corresponding total inductance is
obtained by evaluating Eqn. (2.40) for every pair of filamentary circuits. In
general it is only practical to evaluate Eqn. {(2.40) by numerical methods.

Fig. 16. Fllamentary circuits - Neumann integral.

If the filamentary circuits are long compared to any distance r
between them, as for pairs of parallel conductors, the "geometric mean
distance” method, due to Maxwell, transforms the {ntegration to a routine
process. As is shown in Appendix 1, the inductance expression for two equal
conductors becomes:

[}
- — - (2.41)
L [en R12 tn Rlll
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where R,, is the geometric mean distance between the conductors and R,, is the
geometric mean distance of each conductor from itself. This i1s the method
that we shall use.

The task is to calculate R12 and Rl1 for rectangular rails with
current uniformly distributed over their surfaces i.e. as if the rails were
very thin wall sections. This is done by combining the basic equations for
the geometric mean distances (GMD) of each side of one rectangle, from the
other to obtain Ryo, and from its own sides to obtain Ry;. There are, thus,
16 contributions to each of Ry and R11 (Fig. 17), viz.:

for Ry;/ GMD of each line from itself 4 cases
GMD of parallel lines 4 cases
GMD of lines at right angles 8 cases
for R,,; GMD of parallel lines 4 cases
GMD of lines in the same straightline 2 cases
GMD of lines diagonally displaced 2 cases
GMD of lines at right angles 8 cases

w S w

et
1 L]
H 4 2 [ ] )
3 7
Fig. 17. Thin wall rectangular section for total inductance calculation

with uniform surface current, geometric mean distance method

Calculation of Rl1

(1)} The GMD, R, of a line of length a from itself is given by Rosa and
Grover [15) as (n R = tn a - 3/2. The rectangular section H x W has
two lines of length W and two of length H, for which the basic
equations are:

tn R = mn W - 3/2 (2.42)
tn R = e H- 3/2 ! (2.43)
(11) For parallel equal length lines Rosa and Grover give an expression,
which for the lines 4 from 2, 2 from 4, separated by W and of length
K yields:
34
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W, 2 W, 2 2 2 W H
th R = (E) m W+ Yyl - (H) ) n{H” + W) + 2 q arctan(;) - 3/2. (2.44)

For the GMD's of lines 1 from 3 and 3 from 1, W and H reverse -he.r
roles in Eqn. (2.44).

(iii) The GMD of lines at right angles to each other does not appear %o

have been published and is derived in the Appendix. - .s (putting
s =0):

2 2 W
tn R = E%E [WH m(H2 + W) - 3WH + w2 arctan g + H® arctan E) (2.45)

The symmetry of this equation makes it applicable to all eight
combinations 1,2; 2,1 etc.

When these equations are combined according to the rule [16]

AB «n R)\B + CD n RCD +

tn R = AB + CD +

where R is the composite GMD of a system comprised of lines of lengths A and 3
with a GMD of RAB' lengths C and D with a GMD of RCD etc., we cbhtain:

tn R -1 [wzrn W o+ Hzln H + WH :n(H2 + wz) 3 (w»,H)2
11 2
{W+H)
W H ’
+ (W+H) (H arctan(ﬁ) + W arctan(;))] (2.46)
Calculation of R12
(1) Equation (2.44) applies to the parallel lines of the two rectangles

but with W replaced by s for lines 2,8 and by S+W for lines 4,8 and
2,6 and by S+2W for lines 4,6 (Fig. 17).

(11) For lines in the same straight line {.e. 1,5 and 3,7 the equation
given by Rosa and Grover (15] 13 used, viz.,

mR-znnw—l —1

(2.247)
12n2 60n4
in which n = §1E.
W
(111) For lines that are parallel but diagonally.displaced, i.e. lines 1,7

and 3,5 the following equation, derived in the Appendix, is used.

1 [((s+2w)2 - §%)

2W2 2

2

th R = fn(H2 + (s+2w)2) - 3W

+ 2HS arctan(%)

3s




S AC, v

2 2

+ 2H (s+2W) arc:an(sgzw) — 4H {S+W) arctan(ﬁiﬁ) - (ﬂ_;;_ﬁ_) m(H2 + sz)
+(H2 - (s+w)2) m(H2 + (S+W)21 (2.48)
(iv) The lines at right angles in this case are separated by distances §

and s+W and there are 4 cases of each separation. The following
equation applies to separation S and is derived in the Appendix:

1 2 2
tn R = TWH (H(S+W) en((S+W)" + H®) - 3WH
+ HZ arctan(gz!) + (g4w)? arctan(—ﬁ—) - HS m(s2 + Hz)
)3 S+W
- H2 arctan(%) - s? arctan(%)l (2.49)

Many terms cancel when combined to give the composite value for (n R__.

Substituting the composite values for «(n R12 and :n R11 into Egn. (5?41)
yields:
*o 2 H S
L = ——— [s° n s + 2(B-8) (s arctan{Z) - H arctan{(3))
S H
4 (W+H)

- 6H% + 2(s+W)? in(sew) + 2082 - (s+w)%) n(u? (5+W) %)

+ 4(s+W) H <arctan($) - arctan(-s;—w)) + (s+2W)% (n(se2w)

1 W ,2 1 W .4 2
( | (S+W) ) - 3W° - 12HW

2
+ 2w (n{s+wW) - 12 ‘S+w 0

2

~ 2HS m(s2 + Hz) + 2H(S + 2W) m((s+2w)2 + HY)

$+2W) | 2(s+2w)? arctan(=2—)

H S+2W

+ 2H2 arctan(

2 2

’
~ a(w? n W+ B in H + WH en(H? + WO - %(w+n)2
W H
+ (Wer) (H arccan(i) + W arctan(ﬁ)))
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W
2 ) + arctan( i

+
+ 2{s+2Ww) H (arctan{ M Stov

N, (2.50)
where L is the inductance in Henries/metre.

2.8.7 Total inductance for uniform current across section

The inductance of rectangular sections with the current uniformly
distributed across the section has been derived by Gray (16]. The equation is
more complicated than Eqn. (2.50). Arnold [(13] developed the following
approximate equation, which is generally accurate to within D}\.

. 2.3
L= ;2 nld.48(a + g) 4+ L= 2:4la v o’ 7) (2.51)

(1 + 1.348 + .651'5)

W
W - — - —
here a WiR and 8 W

2.8.8 Kerrisk's equations for minimum inductance

Kerrisk's equations for the minimum inductance of rectangular raills

are [(111]:
L =({A+B 1n(F1)] fn(Fz) sH/m, (2.52)
W W, .§
where Foo=1+ aI(H) + az(H) (H)

5 Ll 5 (¥
F, =b_+ bz(n) + bJ(H) + b4(H) (H)

A - 0.4406410
B = -0.0777133
a, = 3.397143
a = -0.0660307
b1 - 1.007719

b2 - 2.743651
bJ - 0.0220931
b‘ - 0.2637392
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2.9 Inductance equations - results and discussion

The inductance equations given in the previous section are tabulated
and graphed on the following pages. These results enable several ideas that
have been put forward to be assessed, viz.,

(1) that the initial inductance is the minimum total inductance,
(11) the range of "f" values that occur owing to internal inductance,

(114) the possibility of the current taking up a different distribution to
that which gives minimum initial inductance.

The tables and graphs (Fig. 18) show that Kerrisk's equation does
give initial inductance values lower than the total inductance values of
either the uniform surface or fully penetrated currents. (Kerrisk states that
his equation 1s not applicable to the case W/H = 0 and is generally accurate
within 7% (111).

e propelling inductance
The values of "f", defined as 1 inducta are plotted in

Fig. 19 for uniform surface and fully peneEggged currengg? Railguns generally
have rails with W/H in the range 0.2 to 1 with an approximately square bore,
i.e. S = H. The graphs show that for such geometries £ is in the range 0.8
to 0.95 for uniform surface current and 0.65 to 0.9 for fully penetrated
rails. Full penetration of rails with H = W would only occur in very slow
railguns, though, i.e. £ = 0.65 would be the worst case.

Two factors have been raised as influencing the current distribution
- the minimum opposition principle and the initial location of surface
charge. According to the minimum opposition principle, current will arise, as
the projectile sweeps over new sections of rail, such that the opposition due
to both resistance and inductance is least. The rail surfaces ahead of the
projectile, however, are charged by the voltage drop across the projectile (or
plasma arc) so that initial current flow in determined by the location of the
surface charges. One way to combine the factors, as noted before, is to
consider the initial charge locations as the boundary condition for the
location of current in the solution of the diffusion equation, which is
compatible with the minimum opposition principle. According to this scheme,
current would diffuse inwards with the same pattern as on the surface,
gradually overlapping from all sides until the distribution becomes uniform.
Resistance opposition, though, will all the time be favouring uniform
distribution in all directions. The issue is how much penetration will occur
before the current becomes substantially uniformly distributed at the
surface. 1In the railgun, other factors may have a role also. The transfer of
current to the projectile or plasma arc 1s a violent process, something of an
electrical storm. This may stir up the initlal distribution so that at least
on the inner surfaces of the ralls, the current is uniformly distributed. The
writer has examined railgun rails to see 1f there 18 evidence of preferential
arcing towards the edges of the rails in accordance with the minimum
inductance distribution. The examination showed only a uniform feathery
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Inductance tabulation, Rectangular rails, sH/m.

Minimum
Inductance
Kerrisk

Equation {2.52)

Propelling
Inductance
Uniform Surface
Current

Equation (2.37)

Propeliing
Inductance

Fully Penetrated
Current

Equation (2.39)

Total
Inductance
Uniform Surface
Current

Equation (2.50)

Total

Inductance
Fully Penetrated
Current

Equation (2.51)

W/n

2

.1
.105
.103
.097
.093
.090

.110
.097
.088
072
.058
. 044

110
.100
. 092
078
.059
.042

.111
.140
156
.206
.259
.323

.110
.163
.204
.286¢
.360
.430

39

.2
.187
.181
.170
.159
.150

.202
.179
.163
.134
.109
.083

.202
. 184
170
. 141
.11
.080

.202
.211
.222
.253
L2913
.345

.201
. 242
L2713
.337
. 395
.452

S/H
.5

.365
.353
.327
.303
.279

.407
.367
.339
.284
.234
.182

.407
L3717
.352
.297
.238
L1785

.407
.385
.376
.371
.380
. 404

. 408
. 423
.436
. 461
.485°
.500

.556
.536
. 496
. 456
.413

.628
576
.537
. 460
.387
.305

.628
.588
.554
L4177
.392
.296

.628
.583
.556
.517
. 494
. 485

629
<625
621
.611
.600
.588

.787
.158
.699
.640
L5758

.885
.824
.78
.682
.586
L 474

.885
.837
L7197
.700
. 591
. 462

.885
.823
.782

.6586
.608

.885
.B66
.849
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pattern across the width of the rails exposed to the plasma, l1.e. supporting
the uniform surface current theory.

The extent to which the above factors cause initial departure from
the minimum inductance distribution and hence affect the force on the
projectile depends on the increase in inductance that is incurred. If the
inductance increase for uniform current distribution is slight, the resistance
and arcing influences may cause this distribution to be favoured. By
examining the ratio of the minimum to total inductances we can gain an idea of
the relative ease of current flow under minimum inductance conditions and
nence the likelihood of more uniform current distributions.

Ratio of minimum inductance to total inductance

(1) Uniform surface current
S/K
/
w/H 1 2 5 1 2 5
1 15 89 395 95 98 97
2 66 52 94 36 37 98
S 47 67 88 96 98 98
1 36 54 80 92 98 99
(i) Fully penetrated current
S/H
W/H 1 2 5 1 2 5
1 64 11 86 89 91 93
2 50 66 81 86 89 92
5 34 50 71 81 87 30
1 26 40 62 76 84 89

The ratio tabulation shows that for railgun geometries (W/H in the
range 0.2 to 1 and S/H = 1) the minimum inductance is 96% to 90% of the total
inductance of a uniform surface current, i.e. the inductive opposition of a
uniform surface current is 4% to 10% greater than the minimum.

It follows that if a more uniform current distribution reduces the
resistive opposition by more than 4% to 10%, the total opposition will be
reduced and the more uniform distribution will occur. Examination of the
current distribution for minimum inductance (Fig. 7) suggests that
redistribution of the current peaks at the corners would reduce the resistive
opposition by about 10%. Bearing in mind the arcing and high current
densities in the railgun it is therefore suggested that the current is
initlally established with a distribution that is somewhere between that for
minimum inductance and a uniform surface current.
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Conclusions

We have used the uniform surface current distribution as a
convenient model from which to estimate the effect of a more realistic curren:
distribution than the ideal surface current distribution that gives the
minimum inductance.

Relatively small inductance differences were found between the
surface current distributions, for railgun geometries. On the assumption that
current flows such that total opposition is minimized, it is concluded that
current is initially distributed more uniformly than for the minimum
inductance. The factor £ is likely to be in the range 0.8 to 0.95, depending
on rail geometry.

The values of £ referred to above are those in the immediate
projectile region. Current penetration increases with distance behind the
projectile and the rail inductance increases. The associated energy of the
inductance increase behind the projectile is lost, as discussed when this work
was commenced, and hence the value of £ due to current distribution effects
during the whole acceleration period is lower than the above values.

Even if the current initially has very nearly the minimum inductance
distribution, so that £ = 1 at the projectile, the diffusion of current behind
the projectile will cause a lower value of f.

The effect of current distribution is least for thin rails;
therefore railgun rails should be as thin as other factors, such as heating
and strength, allow.

2.10 Efficiency equations for railgun configurations
2.10.1 Loss mechanisms

The losses in the railgun itself (i.e. not including the power
source) may be put into six categories:

(1) the magnetic energy stored by the rails, which limits the efficiency
of the simple constant current railgun to 50%;

(11) the magnetic energy of flux that 1is not coupled to tre projectile
and

(1i1) an equal amount of associated energy {included in factor f);
(iv) the resistive heating of the rails;

(v) the voltage drop across the projectile (or plasma), measured as the
muzzle voltage of the railgun;

(vi) friction and windage, which may also be included in the factor f.
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The energy required to accelerate the plasma is also generally .os<,
but this loss is not included in the above list, i.e. the plasma is taken %o
be negligible in mass compared to the projectile.

2.10.2 Improved railguns

To improve the efficiency of the simple railgun shown in Fig. 1, two
variations have been proposed. The first, due to Hawke [17], reduces the
resistive losses by breaking the lony ralls into a series of short rails, each
with its own power source, as in Filg. 20. This 1is called "segmentation-.
Cleariy, the resistive losses in all except the short section of rail
containing the projectile are eliminated. The other variation, due to
Marshall and Weldon (18], uses power from sources distributed along the lengzh
of the rails, each source being switched on when the projectile passes it
(Figs. 21, 22). 1In this scheme, called the "distributed energy store" scheme,
the currents from the individual sources are not constant, but decay to
zero. The currents from all the sources, however, sum to an approximately
constant current in the region of the projectile, so giving the desirable
constant acceleration. As well as greatly diminishing the resistance loss,
this scheme, by allowing the current to collapse to zero, automatically
recovers the field energy of the ralls. Marshall and wWeldon suggest that <his
scheme would have an efficiency of 70% in space launch applications. Both
these variations also improve the factor f, because there will be less time
for current to penetrate and give rise to internal inductance at any section
of the rails.
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Inductors

Fig. 20. segmentation of rails (Hawke).
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Fig. 21. Distributed Energy Stores (Marshall, Weldon)
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Fig. 22. Currents in distributed energy store scheme.

In the following Sections, equations will be derived for the efficiency of the
simple and improved railguns, taking into account the losses listed above.
Constant current is assumed for mathematical simplicity.

2.10.3 Ssimple condition for high efficiency

The extent to which resistance is a problem in attaining high
efficiency can be determined i{n a simple manner. As far as the power source
i1s concerned, the electrical energy that becomes kinetic energy of the
projectile, is dissipated. If the projectile is accelerated by force F and
has velocity v, then:

2
Fv REQI (2.53)

where RE is a resistance which dissipates the same power as the projectile
gains ang I {s the railgun current. Since F = %Q L'I*, where L’ is the
propelling inductance per unit length, we obtain:

Reg = Y, L'v (2.52)

.

This equation can be used to deduce the permissible resistance of
the rails and power source, since for an efficlent gun, these should be much
less than Rpy- If a 5 gram mass were to be launched at 10 km/s_from rails
with L' = 0.9 aB/m, REQ would have a maximum value of 2.5 x 10 ° ohms. The
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resistance of the rails and power source should be much less than 2.5 x 1973
onms for high efficiency. Owing to the current flowing near the surfaces, 1%
is difficult to makxe the rail resistance low except by using short ralls.
From this we can conclude that for high efficiency the acceleration must be
high. Note that the equivalent resistance relationship holds whether the
current is constant or not.*

2.10.4 Current penetration model

In Section 2.7 it was shown that the resistance may be deduced by
equating the resistive and inductive opposition forces and that this is a
solution of the diffusion equation. Depth ¢f penetration of the current, for
resistance calculation, can be an equivalent depth of a convenient current
distribution. For the railgun it is convenient to suppose that the current
penetrates from the inner rail surfaces as a uniform layer of cross-section d
X H where d 1s the depth of penetration and H is the height of the rails (Fig.
23). Hawke [19] and Barber [12) have used such a model previously. Actually,
as has been discussed, the current is distributed all around the rails and the
assumed distribution cannot be used for calculating rail inductance.

1 2 3 n-1 n N
l | | tha o 'n
H B
: et —
T I |
Breech T l ! Projectile Muzzie
) L
| | |
— L—ds
s
X
S
Fig. 23. Parameters used in equations.

* The ratio of the inductance to the equivalent projectile resistance at any

instant has the curious property of being equal to the time for which the
circuit has been switched on, in a constant current railgun. If the
projectile has moved distance x from the breech, the inductance is L'x and

L'x - L'X
REQ I/z L'y

but with constant current the force is constant and hence the acceleration is
constant and ’
X = l/ 2 vt

where t 13 the time for which the acceleration has proceeded. Hence, Lo t.
EQ
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2.10.5 Resistive loss in a portion of the rails

Consider a portion of the rails between distances s and x, as in
Fig. 23. The current has penetrated depth d at distance s from the breech and
the resistance of the elemental slice of width ds is given by:

- == (2.
dR Ha 2.55)

where p is the resistivity and H is the height of the rails. In Sect. 2.7 it
was shown that the depth of penetration, d, is given by an expression_ of the
formd = « 40‘ where t i3 the time for which current has flowed, o = ; is the
conductivity and s 1s the permeability.

The time for which current has flowed at a slice is the time elapsed
since the projectile passed it. Let this time be denoted by r i.e.

r=t -t (2.56)
X 8

The energy loss in the slice at distance s, 4W_, is therefore:

1 t. -t _1
/2 (f X US()7 72 4. gs {2.57)
[o]

IZ
AWS - E (pp)

Since the current is constant, the acceleration is nominally
constant and we may put ds = a ts dts, where a is the acceleration. The total
energy loss between distances s and x is the sum of the losses of all the
elemental slices in both rails and is given by:

2 1 t t -t
21%a /% X s -V,
Mt e (pn) It ( I (r) dr) tde (2.58)
3
2 t t t
16 I%a Yy, 5/2 .5 s s,3/2 8,5/2
TET (pn) tx l2 T, (1 ~ tx) + (1 - tx) ] (2.59)

Putting t, = ¢ we obtain the total resistive loss, W, in both rails
up to the time that the projectile reaches distance x:
2
16 I"a
¥ " 1s Ha #)

Y, _ s/2

t (2.60)
X
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Equations (2.59) and (2.60) enable us to obtain the loss 1n the
portion of the rails from distance s to x as a fraction of the total loss from
the breecn to x:

AW
Rail loss from s to Xx . R
Rail loss from breech to x WR
t t t
5 s s, 3/2 s, 5/2
T R | (1~ =2 (2.61)
e (- + 01 7.61
X X X

Eqn. (2.61) becomes much more useful when expressed in terms of the distances
reached at times tg and tx' Consider the rails to be divided into N equal
length sections by marks as indicated in Fig. 23. The energy lost in the nth
section is obtained by putting

{n-1)s ns
8 m — -

N ! N

where S is the total rail length, from which, since the acceleration is
constant, we have

t t 1
Eg - Eﬂ—l - (1 - ﬁ) /2 (2.62)
X n

Eqn. (2.61) becomes, on substituting Eqn. (2.62):

AwR - Rail loss in nth section as it is traversed by projectiie
wR Rail loss in all sections to end of nth
1 1 1
=2 /2(1 S - L2y (1 - (=522 (5 ¢y
2 n n n

AW
or, ;_5 = = (Y2, (2.64)

R 442

1

using(l-ﬁ) /2 =1-—1—', forn > 1.

2n

As an example of the use of Eqn. (2.64) let us £ind the loss in the
f£inal 10% of the rails of a simple railgun, compared to the total resistive
loss from the time that the projectile was at the breech., To do this, put n =
10 in Eqn. (2.64). The result is that 2.8% of the total resistive loss occurs
in the last 10% of the rails. ‘

As the projectile accelerates the depth of penetration of the
current decreases in the portion of the rails containing the projectile. It
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is important to know whether the resistive 1088 increases or decreases
compared to the energy gained by the projectile. Using factor f to denote the
effective force on the projectile due to flux distribution and factors such as
friction and air load ahead of the projectile, the energy gained by the
projectile in the nth portion of the rails, Awp, is:

1 . L2 2
W, = EL TN (b -t

2

n_1) (2.65)

where L' is the average total inductance per unit length and th-1 and t,. are
the times at which the projectile enters and leaves the nth portion of the
ralls. Eqns. (2.60, (2.62), (2.64) and (2.65), together with

(2.66)

where vh is the velocity at the end of the nth portion, enable us to obtain:

AwR - Rail loss in nth portion as it is traversed by projectile
Awp Energy galned by projectile in nth portion
-t G2 {2.67)
3HafL'I fL'n ’
or, alternatively:
Yy,
2
ﬁ - ﬂL 1'1/2 (er)” 374 (SM, Ya (2.68)
AW 3 Ha Nn ’

Eqns. (2.67) and (2.68) show that the energy lost in resistive heating in the
portion of the ralls containing the projectile diminishes as n, i.e. as
distance from the breech, increases. This means that the shorter time spent
by the projectile in traversing equal length portions outweighs the effect of
shallower current penetration.

2.10.6 Rall loss comparisons - breech supplied railgun

In formulating an efficlency equation for the breech supplied
rallqgun the following relationship is required: ‘

W
_R . Rail loss from breech to distance x
w Projectile energy at distance x
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Eqn. (2.60) together with Wy = !¢ L'I2x yields:

3/2

W 1 -
R £4 (mvx;.,.)/2 (£ L") (2.69)

W_  1sHal
P

Another relationship of interest for the breech supplied gun is:

AwR . Rall loss in nth portion as it is traversed by projectile

,tu) Rail loss in all portions during same time

(
"2 tan

This is obtainable from Eqns. (2.60) and (2.64); the result is:

LJ
4 R

wR(tn

L&

= (2n)" (2.70)

Lt
-1 tn

According to Eqn. (2.70) the resistive loss in the tenth equal
length section is 22% of the loss in the whole of the rails during the time
that the projectile traverses the tenth section, for example.

2.10.7 Rail loss comparison - segmented railgun

Equation (2.64) shows that if the power source could always be
connected to just the 10% of the length of the ralls that contains the
projectile, the rail losses would be reduced to 2.8% of those in a gun powered
from the breech. Such segmentation would require very short segments near the
breech. The total rail loss for a gun constructed with N equal length,
separately supplied, segments can be obtained by summing Eqn. (2.59) for all
segments. Together with Eqns. (2.60) and (2.64) this enables the reduction in
rail loss due to segmentation compared to a breech supplied gun to be
calculated.

WR(N)

. Rail loss, segmented railgun, N equal segments
L) Rail loss, breech supplied gun

t
« F (B 32 5 ()32

n=l oty a2
= == (1) -s/4 n§1 ()24 (2.71)
442
-1/
substituting g (n) 14 (N)U5 Eqn. (2.71) becomes:
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B N M (2.72)

R 442

Eqn. {2.71) predicts that for a railgun with 20 equal length, separately
powered, constant current segments the rail loss would be 23% of that of a
breech supplied gun. For 100 and 1000 segments, the losses reduce to 11% and
4% respectively.

For efficiency calculations we require the ratio:

wR(N) - Rail loss, Segmented railqgun, N egual segments

wp Projectile energy

This is obtained by multiplying Eqn. {2.72) by Eqn. {2.69).
The result is:

w_{N)
R ‘-I_G-(fL')

-3/2 1/,
W 3Hal
p

-9/20
(HVNF s) 2

(N) (2.73)

2.10.8 Rall losses - constant resistance per unit length

If the rails are thin, or the acceleration is slow enough, the
current will be uniformly distributed across the rail cross section and the
resistance per unit length will approach the d-c value. It is also of
interest to know ' hether uniform resistance per unit length would be
advantageous, if it could be attained by some special rail construction. Let
the resistance of the rails be R’ ohms/m. When the projectile is distange X
from the breech, the rail resistance measured from the breech is VZR a tx’
since we are assuming constant current and hence constant acceleration. "The
energy dissipated in the rails up to time ty is therefore:

W o= %— I"at’. (2.74)

If we consider the rails to be divided into N equal sections as in
Filg. 23, the energy dissipated while the projectile moves over the nth section

is:
R’ n 2 2
— - .7 )
W, = a Ic (t T, dt, (2.75
n-1 .
or
R’ .2 3 1 1, 3/2
R _ .4 - = (2.7
AWR "% 1° a . (1 3(1 n) + 201 n) 1, 2.76)
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where t, is the ﬁ;mezat wglch
section. Since —— I a t_is

the projectile reaches the end of the nth
the energy lost in the whole of the rails up to

the end of the ngn sectiofl, we have:

R - Rail loss in

nth section as it is traversed by projectile

W Rail

-1 ~ 3(1 - 1
n
o MR 312
wo 4 n

Egqn. (2.78) predicts that the
0.75% of the total rail loss,
proportional to t!

Eqns. (2.72) and (2.

loss in all sections up to end of nth

+ 2(1 - , (2.17)

1)3/2
n
12.78)

resistive loss in the final 10% of the rails .s
compared to 2.8% in the case of diffusion

77) and W, =Y, £L'1%x lead to:

(1) fg - Rail loss from breech to distance x
wp Projectile energy at distance x
4 -2
J . (2.79)
3 R va (L1} 2.79
AW R
(11) R - Rail loss in nth section as it is traversed by projectile
Awp Energy gained by projectile in nth section
R' MV -
- ——1;——-(5 L'I) (2.80)
R’ SM, 1/, .y -372
I (Nn) (£L) (2.81)
(using Eqns. (2.65) and (2.66) also).
(111) Rail loss in nth section as it is traversed by projectile
Rail loss in all sections in the same time
AW
R 1 ‘
- ———— 3 — (2.82)
wR(tn-l,tn) 2n
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According to Eqn. (2.82) the loss in the f£inal 10% of the raills is only 5% of
the loss in the rest of the rails during the same time, if the resistance per
unit length is constant. For the diffusing current case, Eqn. (2.70), the
result was 22% i.e. the loss in the final 10% was relatively much greater.

summing Eqn. (2.76) to obtain the losses in N equal length segments
and using Eqn. (2.74) we obtain for a segmented railgun:

WR(N) - Rail loss, Segmented railgun, N equal segments
"R Rall loss, breech supplied gun
3,1, 3/2 1, VY.
2 2 Ly 2 .
=3 (N) ngl (n (2.83)
1
which becomes, substituting 2 N/2 for the sum of the series for large N,
itk = (2.84)
wR 2N

1
For N = 20 the sum of the series is 1.70 N /2 and Eqn. (2.83) predicts that
the rail loss would be 6.4% of that of a breech §3pplied gun (compared to 23%
obtained for current diffusion proportional to t ‘2}.

For the ratio

W
R(N) _ Rail loss, Segmented railgun, N equal segments
wp Projectile energy !

we obtain:

WR(N) 2R’'MV

-2
"p - N (£LI) , (2.85)

by multiplying Eqn. (2.84) by Eqn. (2.79).

2.10.9 Other loss comparisons

In section 2.10.1 five losses were listed in addition to the
resistive losses discussed in the previous Sections - the stored magnetic
energy that 1s coupled with the projectile movement and that which is not, the
associated energy which is not coupled with the p:ojectile and friction and
windage, and muzzle voltage losses.

The total magnetic energy, Wy, at distance x from the breech of a
simple railgun is:
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W, = Y, L 1%x (2.86)

This includes both the energy of the flux that couples the projectile and that
which does not. Since the projectile energy is wp - Y, fn 1%, -

W
M
— (2.87)
2.8

P

[ I

As was discussed in Chapter 1, the assocliated energy, W., equals the
total magnetic energy WM' We have supposed that only fraction £ of the
associated energy becomes projectile energy, therefore the total wasted,
including that which is dissipated in friction and windage, is (1-f) W, and

(1 - £)w
a

-6 Y, L12 -

3 % -1 (2.88)
P Yy gLt

L

The muzzle voltage in guns with conducting projectiles is usually
negligible (less than 10V). 1In arc driven guns the voltage ls in the range
200V to 300V for typical currents, i.e, 200kA to 500kA. The resistance of the
arc is therefore around 1 mg, which means that the energy dissipated in the
arc 1s comparable to the energy gained by the projectile, especially at low
velocities. If the arc voltage 1is VA' the ratio of arc energy to projectile
energy is:

\4
WA 4 A

w * FLvI (2.89)
P

where Vv is the velocity at any point in the gun. The expression applies to
breech supplied or segmented guns.

2.10.10 Efficiency expressions
The efficliency, w», is:

- Projectile energy
Projectile energy + losses

l.e ) L
- ) (1-£)w W W
1 + M + + R + A
W W W w
p 4 14 P

which becomes, substituting Eqns. (2.87) and (2.88)

- —W (2.90)
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Equation (2.90) is applicable to breech supplisd and gegmented
railguns, upon substitution of relevant expressions for wg and W;-

The chief difference between segmented and distributed energy store

railguns, so far as efficiency is concerned, is that the magnetic field energy

1s recovered, i.e. there is no loss Wy to be included.

g =

Putting Wy =0 yields:

(2.91)

Equation (2.91) may be applied to the distributed energy store railgun with a
"segment"” defined in terms of the number of energy stores which contribute to
the region of substantially constant current behind the projectile.

Throughout the development of these equations we have taken f as
constant. As was discussed before, £ must have a variable part because 1T,
includes the effect of flux penetration of the rails, which has the same t "2
dependence as resistance. To allow f to be a variable would make the
derivations too difficult. We therefore take f to be an effective value,

found by experiment.
W w

Substituting for R and ﬁé in Eqn. (2.90) yields:

W
P

(a) for current diffusion proportional to Jtime:
s (Breech supplied) =

£
w (2.92)
5 . S84 Mves Yy (L)~ , _A
15Hael £ L'vI
where v is the exit velocity.
y (N segments) =
£
T (2.93)
T L TR L L s W
34aI £ L'v. I
where VN is the exit velocity at the Nth segment.
(b) for constant resistance, R’, per unit length of gun:
» (Breech supplied) =
£ T, (2.94)
2+ SRMY (-2 _A
3 £ L'vl
$5
&
Y
A A

-

,L__._AA<3L¢_.__AA‘,.Aa‘{;‘-_‘A__._._m~‘.;_‘.-h__¢j‘



v (N segments) =

£
(2.
2 R' Mv av 2.95)
2+ N (L’I)_‘2 +
Nf L'v, I
N
(c) for distributed energy store ralilguns, the equations are the same as

(2.93) and (2.95) but with the 2 at the left hand end of the
denominator replaced by 1, and N is the number of equivalent
segments, i.e. the total number of energy stores divided by the
number of stores connected to the region behind the projectile where
the current is substantially constant.

2.10.11 Example calculations and discussion

To evaluate Eqns. (2.92) and (2.93) the value of « is required,
where a Es the factor which adjusts the general skin depth relationship
d = a v&= for the particular case. As noted before, the skin depth is an
equivalbnt depth and need not represent the actual distribution of current.
Instead, the current may be considered all to flow on the inner surfaces.
Barber [(12,22] considers this applicable to the railgun and gives

d = 4153 (2.96)

from which a = Jx = 1.772, compared to a = 1.414 by the simple evaluation in
Sect. 2.7. As the current redistributes, the value of a will change, but as
with factor £, it would be too complicated to allow a to be a function of time
and location along the rails.

Suppose that a mass of 5 grams is to be launched at 10 km/s from a
rallgun with the average total 1nduc§ance per unit length, L’ = 0.5 sH/m;
copper rails for which p = 1.72 x 10 at room temperature; rail height =
1.25 c¢m and arc voltage = 200V. Eqns. (2.92)-(2.95) give the tabulated
results. R’ = 1.502 m@/m 1is used for the constant resistance per unit length
equations because that is the value which gives the same efficlency at_500 kA
and £ = 1 as in the equations for current penetration proportional to Jt and
so gives a common reference condition.

In the tabulation, figures are substituted into Egns. (2.92)-(2.95)
in the same order as given above in those equations to enable their relative
proportions to be seen. Two efficiency figures are given, (i) for systems 1in
which the rail field energy is not recovered and (1i) for systems in which it
is recovered. In the tibulations for segmented guns, these values could be
taken as the upper limit for distributed energy stores guns with an
approprtate number of energy stores (eg. 4 or 5 per "segment”). In the last
two tabulations, the temperature is considered to have risen near to the
melting point and the resistivity i3 taken as 4 times that of the room
temperature copper.
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Inspection of the tabulations shows a wide range of efficiencies;
from less than 1% to 63%. Flve factors stand out.

(1) The dominance of the factor £. By virtue of its definition, the
efficiency cannot be higher than f£. The value of £ must be greater
than 0.5 for high efficliency. 1In small railguns, e.g. 1 cm x 1 cm
bore £ is = 0.25. The figure improves with bore size, presumably
becanse friction forces diminish relatively.

(ii) 20 segments 1s a sufficient number to reduce the resistance loss
term to a magnitude similar to the sum of the other loss terms. A
greater number of segments would not increase the efficiencies
greatly. Ways of reducing the arc loss, for example, then become
necessary in order to make further gains in efficiency.

(iii) Constant resistance per unit length does not generally result in
much higher or much lower efficiency than diffusing current; except
in the case of breech supplied rails that are very hot, where
diffusing current has lower losses.

(iv} The higher the current, the higher the efficiency. This is because
the acceleration is higher and the time for losses to accumulate in
the raills and arc is less, for a given final velocity.

(v) By taking the ratio of efficiency for segmented railguns to that for
breech supplied railguns, the reduction in total energy and hence in
total power source size can be estimated. From the tabulation, for
diffusing current (i.e. the practical situation), the power source
size is in the range 1/3 to 2/3 that required for breech supply. To
attain this reduction, however, requires 20 power sources in the
case of segmented designs and perhaps 100 in the case of distributed
energy stores (allowing 5 stores per "segment”). The complication
of so many stores, including the means of switching them into
circuit at the right moments, makes the reduction in required energy
a questionable achievement.

Since segmentation and distributed energy stores reduce the rail
losses, they will be of most value where the rall losses would otherwise be
the deminating losses. An example might be where, as a breech supplied gun,
efficiency would be 1% and segmentation or distributed energy stores might
raise it to 10%, thereby reducing the power source size to 1/10 and justifying
the complexity.

Lower acceleration designs would also benefit, since they would
require longer rails and a longer time in order to obtain a given veloctity.
Space launch applicatlons might be such an application; several seconds
rather than 1 ms being required to attain say 8 km’s, on account of the
limited launch forces which the cargo could withstand.

It must be observed that the diffusion efficiency equation cannot be
used when the current has diffused to greater than the rail width. After that
time the resistance per unit length becomes constant, i.e. Eqns. {2.94) and
(2.95) apply. The relatively slow acceleration space launch is again an




Efficiency Tabulation: 5g accelerated to 10 km/s Room Temperature
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Efficiency Tabulation: 5g accelerated to 10 xm/s - Hot Rails

£ Diffusion « Vvt const R/m
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example. In long, slow acceleration guns, segmentation and distributed energy
stores could be used to improve factor £, by preventing current diffusion, but
this would be a marginal benefit since £ includes other effects as well.

Finally, it can also be seen that if the efficiency of the gun with
a breech supply is a high proportion of the maximum allowed by factor £, then
little would be gained by segmentation or distributed energy stores.

As was indicated at the beginning of this Section, the losses
related to the power source have not been included in tne above treatment. In
particular, the energy remaining in the storage inductor of the power source
will be dissipated when the projectile leaves the gun unless there is a
recovery means. Without a means to conserve this energy the efficiency of the
gun plus power source system may be only a fraction (e.g. 1/3) of the values
calculated above.

’

Since the distributed energy store scheme allows the energy of its
storage inductors to fully discharge into the qun, it is much less affected in
this regard.
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APPENDIX 1 TO CHAPTER 2

INDUCTANCE CALCULATION BY GEOMETRIC MEAN DISTANCES

The geometric mean distance method 1s useful for calculating the
inductance of parallel conductors when the filaments of current are known to
be uniformly distributed over the whole cross section, {.e. strictly speaking
it applies only to D.C. Although the method is referred to in the works of
specialists such as Grover, Rosa and Grover and Higgins [20,15,21], they do
not explain it from fundamentals. The best explanation that the writers have
found is that by Gray (161 in 1893, upon which the following development 1is
based.

consider two long, parallel conductors, A and B, whose cross
sections have areas S; and 5, as shown in Fig. 24.

X2.Y2

Fig. 24 Cross sections of long parallel conductors.

The conductors form a circuit in which current y flows. Consider filamentary
areas located at XY 1D A and X,,Y, in B to form a circuit. We now
calculate the flux that links this circuit due to another filamentary current
located in A at xi y: and having an area ds:. The fluy density, at a
distance r from a straight filament of currént I {is 5%;. Therefore the flux

linking the filament at X10¥q is:

s vds!

<] 1 - dr
2r S I T per unit length, (1)
1 ril

where ri is the distance between x’,y’ and Xy.¥q- The flux from the fillament
at xi,y1 that links the filament at Xy1Ya is:

» vds;
;% —E—l f' %5 per unit length, (2)
1 rlz

where ri is the distance between x:!,y! and Xy1¥q- The flux that passes
through Ehe area between the two Ellam;nts that form the circult 1s:

FoT dSi I- dr I- QE] (1)
2lS1 T , r

11 12
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p_1ds
i.e. = 2 (e, - ncr
: 2rs, 12 11

) (4)

The total flux linking this filamentary circuit due to all the filaments in A,
de, , 1is: -
A

Fo'l

de =

A 2'51

{ (en ;) - enory ) ds; (s)

A similar equation is obtained by considering the flux that links this
filamentary circuit due to the current in B, viz.,

Fo'l

2152

dOB =-

£ (enry - enory)) ds; (6)

We next calculate the stored energy of the circuit, using the fact that
inductive energy is given by U} I ¢ where I 1s the current and ¢ the flux.
since the curre . in every filamentary circuit is the same in a filament
in A and its recurn filament in B, §— ds, = - ds,. The energy, dw, of a
filamentary circuit can be written a3: 2

;07 dSZ dS1
4= 1 o . .o 1 . ,
= Yy g (5D [stz IA en r7.ds; % jA e orioods;
1
ds ds
1 . -2 . .
s | mry ds; - == [ oo, dsp) (7
1’2 B S5

To get the total inductive energy, W, we integrate:

2
[
o 2 1
W o= (—=— j [ ;e ds oas - = | j en r’_ ds: ds
4
4 5152 B A 12 1 2 sf A A 11 1 1

=1
- — en r., ds: ds ) (8)
SZ B'B 22 2 2
2
Now write: S.S, e R, = I I en r, ds ds, (9)
B A
s? ;R = I I en r' ds’ ds (10)
1 11 11 1 1
A A .
2 . .
s; MR, = [ | o £y, ds; ds, (11}
B B
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Substituting (9), (10) and (11) in (8) yields:

2
L%

- - 192)
[2 ¢n R12 en Rll tn R22) {12

2W
from which, since L = Y we obtain:

Y

o
- — - - (1)
L 7 {2 R12 on R11 en R221 13
The integration of ¢n r type of terms in (9) - (11) is the same as the

logarithm of the producéjof all Ly values,

i.e. f f en rlj = E E (tn rlj)
= (r11 I FPRRIE PR rNN) A
(x%)
The latter term can be written ¢n R where
1
2
N
R = (r11 < Eyg v Tyg cen rNN)

i.e. R is the geometric mean distance of all the points in an area from every
point either within the area that it is itself part of, or from an outside
area. These cases correspond to Ryq and Ry, and R,, respectively.

If the conductors have the same cross section, R11 - R22 and Eqn.
(13) becomes:

»

o]
L= - [en R12 - Rxxl (14)

Since (13) and (14) give the inductances of parallel thin tubular conductors
or radii Ry and R,, separated by distance Ryq between their centres, it can
be deduced that the geometric mean distance is a transformation from other
shapes to equivalent tubular geometry.

As three examples, the geometric mean distances of lines at right
angles and of lines of equal length that are parallel but diagonally displaced
are derived, and the inductance of a pair of parallel thin strip conductors is
found. 4
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Lines at right anqles (Fig. 25)

]

N
J I

Fig. 25 Lines at right angles, separated.

Gray (16] gives the GMD of a line of length a from a point P, distant p from
one end as: -

tn R = %: la ln(p2 +a®) - 2a + 2p arctan(%)l (1s)
which, substituting H for a becomes:
th R = %i {H zn(pz + Hz) -~ 2H + 2p arctan(%)) (16)

To extend thls equation we integrate with respect to p

i1.e. tn R = L r S {8 m(p2 + Hz) - 2H + 2p arccan(ﬁ)l dp (17}
ELTR P
1 2 2 2 P 2 H, S+W
P {Hp tn{p” + H®) 3Hp + H arctan(a) + P arctan(p)]s
J
- H(s+W) ent(s+w)? + #%) - 3r(s+W) + # arctan(3t¥)
+ (s+w)2 arctan(—ﬂ—) - HS m(s2 + Hz) + 3HS - Hzarctan(§)
S+W H
- Szarctan(%)l (18)
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Equal parallel diagonally displaced lines (Fig. 26)

Fig. 26 Equal parallel diagonally displaced lines.

We require the sum of the logarithms of distances between points such as P,Q.
on the lines of length W, displaced H vertically and S horizontally.

The GMD is given by:

M R = —33 j" I" o (H2 + (£ + s + ©)%) dt dr (19}
W o o

Integrating with respect to t yilelds:

mR--l';JS[(r+S+W) tn(H2+(W+S+t)2)—2H
2W o

+ 2H arctan 15—1—5—1—El - (r + s} m(H2 + (r + s)2)

- 2H arctan(gii)l dr

(20)
which when integrated with respect to r yields:

1 (S+2W)2 - Hz 2 2 2 S

m R = —— [(————) (n{H + (S+2W)°) - 3W° + 2HS arctan()

2 H
2w
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+ 2H

+ (H

2

)

2
{5+2W) S+W 2
(s+2W)arctan " (

4H(S+W) arctan(—;—) - ———%—i-)ln(ﬂz + S

2 _ (sem ) enti? + (sem) ) (21)

Inductance of parallel strips (Fig. 27)

in Fi

Let the strips have height H and be separated by distance §, i1.e. as
g. 9. Eqn. (2.44) in Sect. 2.8.6 for parallel equal length lines gives

the value for :n Rlz to be used in Eqn. (14), by putting S for W, i.e.

tm R

For
Sect.
tn R1

5,2 L 5)2 2, 2 s By
12 (H) tm s + (1 (H) ) en(H” + 8%) + 2 g arctan (s) 3/2 (22}
r& 5-01
H
Fig. 27 pParallel strip conductors {or current sheets).

tn Rl we use the equation for the GMD of a line from itself (Eqn. (2.43)
2.8‘&) {.e. (n R = (i H -3/2. Substituting for (n R and

N in Eqn. (14} yieélds: 12

8 (52 1 (52 2 2 £ Hy _
3 [(H) m s + Y01 (H) ) m(H® + 8%) + 2 g arctan (S) tn H)
1.3
o 4 S H 8,2, _ (5,2 H,2
. [ m arctan(s) + il + (H) ) (H) mll + (S) D] (23)

which is the same as Eqn. (2.34) of Sect. 2.8.2. Thls shows that the total
inductance and the propelling inductance are the same for this case.
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CHAPTER 3

A REVIEW OF PULSED POWER SOURCES FOR ELECTROMAGNETIC PROPULSION

The power sources being used and proposed for railguns are described
and discussed in this Chapter, especially in terms of the energy delivered per
unit mass. An overall pulse energy density of at least 1 kJ/kg is considered
to be necessary for railguns to be at all comparable with powder guns.

It is shown that the mass of a system that stores kinetic energy in
some form can be simply estimated and that about 10 kJ/kg is an upper limit
for metal structures.

The battery and pulse transformer scheme ls introduced and shown to
have potential advantages.

3.1 Features required of a power source

3.1.1 Quantity of enerqgy required is 1MJ or more

For masses up to a few grams the chief reason for electromagnetic
propulsion is to obtain velocities greater than those possible with light gas
guns i.e. greater than about 8 km/s. For masses in the kilogram range there
is military interest in attaining velocities of about 3km/s, about twice the
present artillery velocities. There 13 also lnterest in accelerating masses
of the order of tonnes to apout 10 km/s for space launching.

For the reasons discussed in the previous chapters, the maximum
efficlency of actual guns is likely to be in the range 10% to 30%. Allowing
50% efficlency for the transfer of energy from the power source to the gun
indicates that the power source (an inductor) that flnally operates the gun
must be supplied with 7 to 20 times the kinetic energy that the projectile
acquires. For the three applications mentioned, the energies required at the
final stage of the power supply system typically become 1MJ, 100 MJ and
hundreds of thousands of megajoules.

3.1.2 Filnal component of power source must be an inductor

The important contributions which Barber made were the realizations
that railguns should be operated with a constant current and that the fina.
component of the power source should be an inductor. A constant current
produces a constant acceleration force and lowest overall stresses for a given
final velocity. An inductor current source automatically provides the e.m.f.
necessary to maintain the current against the rising resistance and back
e.m.f. presented to it by the gun. Voltage sources such as capacitors would
glve extremely high (and destructive) currents initially, but the current
would fall rapidly and the acceleration would fall even more rapidly.
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3.1.3 The ANU homopolar generator power source

Having identified the inductor as the final component, the power
source problam is how to charge the inductor and connect it to the railgun.
The homopolar generator scheme devised by Marshall and Barber at the
Australian National University [Fig. 28! shows that this can be a complicated

task.

HPG

SWITCHING §

SLUG RAILGUN

RAIL SWITCH

COTTON WOOL
DECELERATOR

Fig. 28 ANU Railgun power source.
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Fig. 29 The inductor used in the ANU railgun. The 1nductor, which is now
located at the Materials Research Laboratories in Melbourne, has an
inductance of approximately 20 xH. It is approximately 2m long x
1 m dia and is constructed from 4.3 X 4.3 cm hollow aluminium
with 7 turns effectively, each "turn" consisting of 4 turns in

parallel. At the maximum operating current of 500,000A it stores
2.5 MJ.

The homopolar generator (HPG) charges the inductor, L, via switch S1
and the "rail switch" which is itself a short, large bore railgun. The
"switching slug"” in the rail switch is restrained mechanically {(e.g. by pins)
while the current builds up. The HPG is equivalent to a large capacitor and
its energy transfers to the inductor in a quarter of a cycle of the resonant
period of the inductor and the equivalent capacitance of the HPG. When the
current reaches the desired value the switching slug is released and switch S$2
is closed. The switching slug accelerates along the rail switch and, when it
crosses the gap, current flows via the rails and projectile. At a pre
determined time, before the projectile reaches the muzzle, switch S3 1is closed
so that the inductor 1s short circuited and dissipates the remaining energy in
itself. Resistor R1 is to limit the short circuit current of the HPG while S2
is closed until S1 is opened. Resistor R2 absorbs the energy of the rail

field, thereby preventing muzzle damage from the arc that would otherwise
arise.

The system can be simplified if the remaining Bnergy of the inductor
and the HPG 1s allowed to dissipate in the muzzle resistor R2. R1, S2 and §3
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can then be omitted, together with the associated synchronizing requirements
of the switches. This simplification applies particularly to the case of a
homopolar generator that stores only enough energy for one shot. If a large
HPG is used, as for a rapid multishot gun, the more complex arrangement is
necessary.

In principle it is possible to return the energy of the inductor and
rail field to the HPG, since the inductor and HPG form a resonant pair. To do
this, R1 and S2 would be omitted. The rail field would be recovered by
replacing R2 with a shorting switch and omitting S3.

The HPG must be brought up to speed, either by running it as a motor
or by means of another motor. If electricity is used for the purpose, a
powerful source of electricity is necessary to bring the HPG up to speed
within a few mlnutes. A powerful source of electricity is also needed to
supply the field of the HPG particularly if it is to be run up to speed as an
electric motor. The full "power train" i{s therefore long and much more
complicated than the railgun itself.

3.1.4 Features of an ideal power source

In contrast to the practical system just discussed, we can list the
features of an ideal system. Ideally a power source should:

(1) have simple switching with no need for synchronization i.e. one
switch only and that a closing switch;

(11) contain its own prime energy store, e.g. chemical fuel;

{111) have high power and energy densities so as to be low in mass and
volume;

(iv) be reliable and safe, so that despite high power density the risk of
destructive release of the energy is low (a fuel made up of a two
part mixture with the parts well separated and brought together in
just the required amounts when required, for example);

(v) be low cost.
Bearing in mind the above points and the practical HPG system we can

say that the power source problem is how to charge the inductor and connect it
to the railgun in the simplest and most compact manner.

3.1.5 Desirable power source pulse energy density

Although the advantages of railguns, such as high velocity, may
justify them even if they are considerably more massive than powder guns, it
is obviously desirable that their total mass be as low as possible. 1In
particular, the power source mass should be as low as possible.
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By examining the performance of powder guns an estimate can be made
of the desirable minimum quantity of energy per unit of mass which a ra:ilgun
power source should deliver in a single pulse. The tabulation below lists the
projectile energies (muzzle energies) compared to masses for the smallest to
the largest powder gquns [1,2].

Muzzle energy Mass Muzzle energy/Mass
Powder gun J kg I/xg
Colt 45 471 1.13 422
Winchester 270 3905 3.63 1080
M14 7.62 rm 3562 4.1 869
155 mm Artillery 8.e5 x 10° 12,372 715
16" Seacoast 364.5 x 10° 454,000 802
The tabulation shows that greatest muzzle energy to mass ratio

is about 1 kJ/kg. Assuming the gun ;. pulsion to be about 30% efficient, the
energy released by the powder is abou 3 kJ per kilogram of gun mass. We can
use this value as an indication of the energy to mass ratio, i.e. energy
density, which railgun power sources should attain to be comparable with
powder guns. Assuming further that the railgun itself has a muzzle energy to
mass ratio of 1kJ/kg, the following values are obtained for the muzzle energy
te mass ratio of the system comprising the railgun and power source.

Railgun Power Source Railgun Muzzle energy/Mass
Efficiency Energy Density Energy Density (Total system)
25% 1 kJ/kg 1 kJ/xg 200 J/kg
3 xJ/xg 1 kJ/kg 429 J/kg
50% 1 xJ/kg 1 kJ/kg 333 J/kg
3 xJ/kg 1 xJ/xg 600 J/kg

The railgun tabulation shows that for railguns to approach the
performance of powder guns, power source pulse energy densities in the range 1
to 3 kJ/kg are required together with railgun efficiencies in the range 25% to
50%. As the study in Ch. 2 shows, such efficiencies are very optimistic.
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We can conclude that the power source should deliver at least 1!
kJ/kg f£or the total railgun mass to come within a factor of 2 of that of a
revolver with the same muzzle energy.

3.2 Capacitor based power source

A capacitor based power source can have two important advantages,
viz. a simple circuit and a low mass inductor. The capacitors themselves,
however, are massive.

3.2.1 Large mass and simple circuit

Capacitor banks can power railguns because they can discharge energy
at the rate of megajoules in tens of microseconds. Whilst their power density
is extremely high {10° W/xg) their energy density, between 100 and 200J/kqg, is
an order of magnitude less than is desirable. Even for the lowest energy
applications of railguns, the capacitor bank must have a mass of several
tonnes. Nevertheless capacitors are useful for small scale launchers because
they can transfer their energy quickly to an inductor via the railgun and
thereby permit particularly simple switching (Fig. 30).

S, L
_]_ MUZZLE
C -[ S, DUMP

Fig. 30 Railgun with capacitor power source

The capacitor in Fig. 30 is selected so that its quarter cycle
resonance period is a small fraction of the time to accelerate the
projectile. The capacitor is charged to a voltage that stores the energy
desired in the inductor and switch S1 is closed. Current immediately flows
via the inductor and the railgun and reaches its quarter cycle peak before the
projectile has moved far. At this time all the energy has transferred to the
inductor and the voltage across the capacitor is zero. Switch $2 is then
closed to {solate the inductor, which thereafter drives the projectile with
the desirable approximately constant current. Both S1 and S2 are active only
as closing switches and hence triggered spark gaps and lgnitrons can be
used. Only the closing switch S2 needs to be synchronized, but the timing 1s
not criticai.
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There must of course be a prime energy source from which to charge
the capacitor in the first place. If the charging is to be done quickly this
source must be powerful and hence massive, as was mentioned in regard to 4G
systems.

3.2.2 High voltage limitation

To launch a 5 gram mass at 10 km/s in one millisecond from a railgun
with an inductance of 0.5 sH/m would require an inductor of about
16 ad charged with about 2MJ of energy at a currenrt 2f 500 kA. If we allow
100 as for the quarter perifod transfer time of the capacitor energy to the
inductor, a capacitor of 250 sF would be needed, charged to 125 kV. This
example shows that the simple capacitor scheme may require impractically hign
voltages. A voltage of 125 kV is close to the limit for which capacitors can
be constructed and poses great safety and technical problems, such as in
protective fusing and charging.

In the ratlgun application the capacitor 1s infrequently used and
since it is clamped when the voltage reaches zero it (s not subjlect to reverse
voltage. Under these conditions it could be constructed to store energy at
about 200 J/kg and so to store 2MJ the capacitor bank would have a mass »of
about 10 tonnes.

The problem of the high vcltage required on the capacitor ~2uld Ze
overcome by using a larger capacitance to store the energy. This, nowever,
means that the inductor must be charged before 1t is connected tg the
ratlgun. That makes the capacitor similar to the HPG and brings us tack -: 3
scheme similar to Fig. 28.

3.2.3 Low mass inductor

The higher the voltage from which an inductor (s charged, the
smaller can be its mass for a given loss in the conductors. Smaller
conductors can be used because, although their resistance 1oss i{s hijher, ~re
higher voltage charges the inductor in a shorter time. Since capacitors
operate at very high voltages compared to HPGs (which typically have voltages
of 100V), the inductors for capacitive power sources are much less mass.ve
than for HPG power sources. The massiveness of the capaciltors tnemseives
nullifies this advantage, though.

3.2.4 Limttations to the energy density of capacitors

If capacitors are to be used for other than low anergy ratlguns
their energy density needs to be increased to at ieast 1 kJ/kg i{.e. a factor
of 10 improvement is necessary.

In considering the energy density of capacitors 1% must be realized
that their energy density s not an absolute value but ls the value compatilt.e
with a certain lifetime under certain condltions. In railgun service the
lifetime is the number of discharges and the chief conditions are the voltage,
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the time for which the capacitors are required to hold voltage before being
discharged and the degree of voltage reversal before clamping is accomplished.

(1) simce capacitor life varies with voltage according to (voltaqe)'K
where K is in the range 5 to 7, the decrease in life with voltage 1is
rapid [3). 1Increasing the voltage by 25% beyond the rated value,
and so increasing the energy density by 50%, may reduce the life to
25% of the rated life.

(11) The life of a capacitor depends upon the time for which it must
withstand electric field stress and this includes the charging and
holding time as well as the conditions during discharge [4]). The
capacitor should be charged quickly and immediately discharged to
obtain the rated number of discharges. In railgun service it may be
desired to hold the capacitors charged for several minutes prior to
discharge, which would directly reduce the number of discharges
prior to failure.

(111) Another factor to be borne in mind is that the likelihood of
dielectric breakdown dus to randomly distributed faults increases
with area, and therefore with the capacitance. This {s important in
regard to capacitor banks as well as to individual capacitors, $ince
the whole bank fails 1f one capacitor fails. As an example, the
maximum energy stored in a single capacitor appears to be 10 kJ with
a 90% survival rate after 10~ shots with zero voltage reversal
{5}]. 100 of these capacitors would be required in parallel to
obtain 1MJ and 10 of them could be expected to fail before the 10
shots were obtained. On average there would be a fallure every 10
shots. Since capacitors fail by internal short circuit, the energy
of the rest of the bank may discharge into the failed capacitor,
with destructive effects on busbars and other capacitors, unless
protective fusing is carefully devised and installed.

4

From the preceding discussion 1t is evident that no further trade
off of life can be made to increase energy density of capacitors for railgun
service*. Increased energy density must come about through improvements in
one or both of two basic factors, viz. increased electric stress for the same
life as at present and increased dielectric constant.

There are two limitations to the electric stress in capacitors; the
dielectric strengths of the insulating materials and corona. These factors
presently limit the average dielectric stress in capacitors to 100 to
200 V/sm [6]. To increase the energy density by a factor of 10 would require
the average electric stress to approach 600 V/am. Such electric stresses are

* such trade offs can be made for capacitors in other service.
Defibrillator capacitors store 400 J/kg. They have the highest energy
density of any capacitors. They are rated at 5000 shots with 95%
survival. The maximum storage time is 60 seconds and they are small
(approx 1 kg).
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presently only attained as the intrinsic dielectric strengths over small
areas.

Corona occurs in two ways - through the degradation of the
dielectric materials (especially at sites where there are impurities or
faults) (7} and, more importantly, at the edges of the foil electrodes [8].

To obtain an energy density of 1 kJ/kg through increased electric
stress evidently requires practically perfect dielectric films in large areas
and practically perfect impregnants to eliminate all water and air and new
construction techniques that will reduce electric stress concentrations at the
foil edges. Perfluorocarbon impregnants have been recently claimed to be near
perfect impregnating liquids [9).

The paper, plastic and oil combinations presently used for energy
storage capacitors have dielectric constants in the range 2-5. If the
dielectric constants could be increased for the same dielectric strengths as
the present materials have, higher energy densities could be obtained. There
is a difficulty with this option, though, because high dielectric constant
goes with ease of polarization, and the easier it is to polarize a molecule
the easier it is to remove electrons, i.e. to cause ionization and corona.
f101.

Taking into account the facts that multi megajoule capacitor banks
require hundreds of individual capacitors and that for operational reasons a
large part of the capacitor life must be used up in charging and holding
voltage, the 90% survival life of each capacitor needs to be 106 discharges to
ensure 10° trouble free railgun shots. Ennis (11], after considering the best
existing materials and design strategies, concludes that the attainment of
even 200 J/1b (440 J/kg) with a 10% shot life is unlikely.

Overall, we must conclude that unless unforeseen breakthroughs in
materials occur, capacitors can be considered only for small, infrequently
fired, railguns.

3.3 Flywheel based machines - inertial storage

3.3.1 Flywheels

Flywheels can easily store energy at densities in excess of the
1 XJ/kg rate which we have nominated as the minimum for a railgun power
source. The tensile strength of a flywheel determines the amount of kinetic
energy that it can store. Using carbon fibre/epoxy composites, flywheels can
store energy at 300 kJ/kg i.e. thousands of times more densely than capacitors
f12]. Metal flywheels cannot store energy as densely as can the new
composites because their density is much higher but their tensile strength is
much the same. (Steel or beryllium copper flywheels can store up to 66 kJ/kg
(131.)

To make use of a flywheel it must be incorporated within an
electrical generator and there must be a means of bringing it to speed. The
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need to place windings on it or to use brushes reduces the speed at which it
can be used. These necessary features cause the energy density of the overall
system to be far less than that of the basic flywheel.

3.3.2 Homopolar generators

For about 20 years the homopolar generator has been recognised as
equivalent to a large capacitor which is able to store energy with the same
density as does a flywheel. Intensive development of these machines has been
undertaken at several places in the last 10 years, especially at the Center

for Electromechanics, University of Texas [14]. The principle of the machine
and one of the developmental models at the University of Texas are shown in
Fig. 31.

SUDING
CONTACY

10 MJ MACHINE 'Wtiﬂ’)

Fig. 31 Homopolar generator.

From the diagram of the principle, the two major features of the
machine can be seen. Firstly, since it has only one turn the output voltage
is low. Secondly, the machine can deliver high current, fast rising pulses
because it has only one low resistance, low inductance turn and because the
armature reaction is small (the field lines of the radial current paths on the
flywheel with brushes all around the rim are concentric circles at right
angles to the exciting field). The field of homopolar generators may be
separately excited or self excited. If self excitation is used the machine
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and its load are interdependent and a c¢ritical speed must be reached before
the machine will generate [15]. The output characteristic is no longer like
that of a discharging capacitor.

The rotors of the machines cannot take advantage of the energy
storage potential of modern composites since they must be made of metal to
conduct electricity and furthermore their peripheral speeds must be lower than
about 500 m/s because of brush limitations.

A most difficult aspect of homopolar generator development has been
that of collecting the high current which they can produce. Mercury and
liquid sodium-potassium jets appeared to have the ability to collect current
from the whole rim surface, but have many problems [16]). Marshall has shown
that copper graphite brushes, similar to those used in car starter motors,
work satisfactorily for rubbing speeds up to 200 m/s, even though they may run
red hot for the second or so that current is collected [17]. According to
Marshall, the important point 1s that sparking be prevented by maintaining
sufficient pressure on the brushes. For the highest current, fastest
discharges, the flywheel rim should be covered with brushes. The need to
mechanically actuate the brushes and hold them with the correct pressure adds
to the complexity of the machine and to the operation sequence of Fig. 28.

Taken togethet, the rotor and brush properties enable currents in
the range 105 ~ 107 A to be obtained from machines in the S-10 MJ range.
Megajoules of energy may be discharged into a low inductance, low resistance
load in tens of milliseconds [18].

The most serious limitation of the homopolar generatoer in the
railgun application is that its output voltage 1s ordinarily less than about
100V. This low voltage (or alternatively the large capacitance of the
machine) means that the time to transfer the energy to the railgun inductor ts
long, and unless the inductor is wound with massive conductors, most of the
generator energy will be wasted in 1% R losses. Attempts to cvercome the lcow
voltage include transformers (19], superconducting windings to raise the
exciting field to 6 Tesla (20] and multiple rotors connected in series [(21].

The incentive for building flywheel type machines is that they
appear to have the potential for much higher energy density than capacitors.
unfortunately, when all the necessary parts are considered, the improvement,
although significant, is disappointing. For a start, it 1S necessary to
supply a magnetic-field, and as can be seen from the machine in Fig. 31, the
flywheel becomes a small part compared to the iron and copper that surrounds
it. The flywheel of the machine in Fig. 31 has a mass of approximately 1
tonne (22], hence, when it stores 10MJ its energy density is 10 kJ/kg. From
the drawing of the machine we can estimate its total mass at about 10
tonnes; hence its overall energy density is only about 1 kJ/kg i.e. about
five times that of capacitors. When we take into account the fact that it may
deliver only half its energy into an inductor which 1s many times the mass of
an inductor into which a high voltage capacitor would de'iver most of 1ts
energy, and the mass of the apparatus needed to bring the machine to speed,
the advantage over capacitors diminishes to a factor of only two, with a great
deal of operational complexity added.
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Another example is a relatively high technoloqy design [(20]. The
machine in this cass stores 10MJ at about 14 kJ/kg 1n two counter-rotating
aluminium rotors and uses superconducting coils fed with liquid helium to
establish a field of 6 Tesla. From the dimensions given we can estimate .%s
mass at abous 40 tonnes and consequently its energy density at 250 J/kg.

The degrading effect of the iron and copper that does not rotate
prompted Marshall to devise a machine in which the field coils are set .nto
the flywheel and very little iron is needed in the frame for the flux return
path [23]. The rest of the frame can be of aluminium instead of tron. Such a
machine, the AIR (all iron rotating) or compact homopolar generator, has tbeen
recently completed at the University of Texas and stores 6.2 MJ with an
overall density of 4 kJ/kg. This development has led to o-her concepts wh.ch
in theory could treble this figure [24].

Even If these new machinss eventuate, the energy density of the
total system may still not exceed 1 kJ/kg. The low voltage (S0V) of the
compact HPG results in an inductor with a mass of 1.5 tonne (the same mass as
the machine) that must be cooled with liquid nitrogen in order to store the
energy of the HPG with 50% efficiency [(25]. Thus, for the inductor and HPG
the stored energy 1s 1.1 MJ from a total mass of 3 tonnes, or 1 kJ/kg. When
we include the mass of the power source required for the field and
auxiliaries, such as a 200 HP electric motor, the energy density is .ess
again.

3.3.3 Ordinary large alternators

Ordinary or modified alterrators have been used under vir-ual.y
short circuit conditions to produce up to 20 times the normal rating cf -he
frame size. Manufacturers of large circuit breakers use machines :in "“his way
for testing their products. Up to J gigawatts can be produced for a few
cycles [(26]. The energy densities are less than those of homopolar machines,
though, because their rotors cannot be run to store the same energy densities
owing to the windings and slots. Also, it DC is wanted expensive
rectification 1s necessary.

3.3.4 The compulsator

The "compulsator” is a machine recently invented at the University
of Texaas especially for pulse production (27). It combines in the one machine
the flywheel storage principle and an inductor to which the flywheel energy :is
transferred. The transfer from the flywheel to the inductor takes place by
“magnetic flux compression”.

Consider a conducting loop with inductance Ly and current I,, as:n
Fl1g. 32 {(a). Suppose that a uniform pressure is applied around the
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Fig. 32 Magnetic flux compression.

circumference of the loop so that it decreases in diameter. The small loop
has a smaller inductance, L,, than the large lcop. If the compression 1s
quick so that 1% losses are negligible, the flux linkage remains constant.
Thus we have L, I, = L,I,, and since L, < L,, I, is greater than I, and in’
particular the stored energy of the small loop, VszIzz 18 greater than that
originally present in the larger loopp The quick compression has resulted 1in
an energy magnification in the ratio §%/ the increase coming from the work
done by compressing the loop against tRe J x B force present on 1it.
{Analogous to whirling a stone on a string and pulling it towards the centre
against the centrifugal force - the kinetic energy and the angular veloclity cf
the stone increase).

The way that the compulsator employs this principle is shown 1in
Fig. 33.

Stationary
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Fig. 33 The principle of the Compulsator (Weldon 1978).
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The machine has identical rotor and stator windings which are
connected in series via a slip ring. The output is obtained from the other
ends of these windings. When the turns are parallel, with the current in the
same direction in each, the circuit has maximum inductance. If the rotor
moves to the-other parallel position in a time that is very short compared to
the initial = value for the circuit, the flux linkages will be conserved. 1In
this position the currents are in opposite directions and the inductance
decreases to about 2.5% of its value at the first position. The current and
the energy of the windings could therefore increase by a factor of 40, in
principle, during the rotation from one position to the other. The mechanical
energy of the rotor is converted to magnetic energy through the work it does
in moving the rotating winding against the J x B forces. At this stage, the
machine is equivalent at its output terminals to an inductanceé charged with
perhaps megajoules of energy at hundreds of thousands of amperes. The
machine, however, continues to rotate, the inductance increases and the
magnetic energy returns to the rotor and the current pulse is "switched off",
and so on. In Fig. 33 there is shown the current pulse calculated for a
machine which stores 108 MJ in its rotor.

During the millisecond or so that the machine 1s equivalent to a
charged inductor it could conceivably power a railgun. In particular it could
do so, in principle, at least once per revolution and a repetition rate of
tens of shots per second appears possible. With the machine rotating, one
closing switch to power its field would be all that is necessary for the whole
power train.

A fundamental difficulty exists in the application of this idea
though. In order for the flux compression principle to work the machine must
generate an initial current, via the railgun, as a normal generator. Since
the railgun is virtually a short circuit early in the acceleration this seems
possible. However, during the flux compression stage, the rate at which
energy 1s extracted should be much less than that at which it is stored. 1If
high power is supplied to the railgun during the compression stage, the flux
compression will be degraded. The degradation will increase with the velocity
of the projectile because the equivalent resistance of the railgun increases
with velocity. From the flux compression view point, the best way to operate
the machine is to use a switch to short circuit it until the compression 1is
complete and then to open the switch so that the current flows via the load.
That, however, would defeat one of the attractions of using the compulsator to
power the railgun. Another possibility is to ensure that the railgun power 1is
small compared to the compression power, but that means using an otherwise
over sized machine and hence degrading its energy density. If the compulsator
and the railgun are designed together a resolution of the conflict is
apparently possible {28); although, from the sinusoidal current versus-time
plot given in the reference indicated, it seems that not much flux compression
takes place.

The energy density of the compulsator in terms of the energy which
it can deliver in a pulse is low. The mass of a machine which would store
108MJ in its rotor is given as 87.6 tonnes [29] 1.e. ..23 kJ/kg. But less
tnan 10% of the rotor energy could be delivered in a single pulse, which gives
an effective single pulse density of 123 J/kg, about the same as for
capacitors. The justification for the compulsator as a railgun power source
therefore has to be its potential for rapid, repetitive shots.
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3.4 Explosive magnetic flux compression

For about 30 years magnetic flux compression by means of explosives
has been used to generate megagauss magnetic fields and megamp currents.
Explosive magnetic flux compression has also been used to power railguns
[30]. In the simplest form the explosive destroys the generator and so the
generator 1s one shot. Reusable types have been proposed (31).

EXplosives are attractive as pulse energy sources because they
release megajoules of energy per kilogram in microseconds. The energy is
firstly released as heat. The heat must be converted into kinetic enerqgy of
the current carrying medium which compresses the flux.

A simple example of the technique is the strip generator (Fig.
34). The chamber, which is formed into a single turn coil at one end, is

DETONATOR

STRIP GENERATOR (FOWLER)
SINGLE SHOT-GENERATOR DESTROYED
HIGH EXPLOSIVES

COMPRESSED
FLUX

INITIAL FLUX CREATED 8Y
CAPACITOR DISCHARGE LOAD COIL

COMBUSTION CHAMBER
(METHANE & AR)

ARMATURE CATCHER  pyLSAR GENERATOR (COWAN)
GAS COMBUSTION OR PROPELLANT
RE-USABLE MULTISHOT

CAPACITOR BANK

® CROWBAR WHEN ARMATURE COUPLING
IS MAXIMUM AT EACH COIL

Fi1g. 34 Pulse generation by flux compression.

initially charged with current by discharging a capacitor bank into it at the
other end {32]. The explosive strip is detonated and it shorts together the
open end of the chamber so that the current circulates. The explosion

80

-4



progressively compresses the chamber as indiciced by the dashed section. The
compression process is rapid compared to the - value of the chamber at any
stage {in theory) and therefore flux linkages are conserved. The force of the
explosive, in moving the chamber walls against the magnetic field force,
causes a portion of the energy released by the explosive to become magnetic
energy in the single turn load coil. A variety of configurations has been
tried. Helical designs [33] for example enable the ratio of initial to final
inductance to be large (100:1) and hence should produce a greater energy
conversion.

The "Pulsar” device shown in Fig. 34 is an attempt to produce a
reusable explosive flux compressor {31]1. It uses a piston {(also called an
armature), which may be metal or plasma, to increase the mutual inductance
between itself and a conducting coil. A circulating current is induced into
the piston and magnetic energy is created by the action of forcing together
the like poles of magnets. A variety of fuels (diesel, natural gas, petrol)
may be used to drive the piston. A capacitor bank 1s required to create a
magnetic field in the first section, but thereafter the sections induce
currents into the succeeding sections and create the required magnetic
field. The "Pulsar" is claimed to be suitable for producing pulse energies of
10 MJ and above, and as a power source for railguns.

The proportion of the heat energy of the explosive that becomes
electrical energy is only about 5% in devices constructed so far (34]1. From
the literature on flux compression it seems that there are three main reasons
for the low conversion efficiency. The f£irst is that the conversion of the
heat energy to kinetic energy 1is at best only about 40% (35] (although the
temperatures are high enough to give a Carnot efficiency of about 90%).
Secondly, although in principle the extremely rapid compression obtained with
explosives reduces the time for I2R losses, it also means that the generated
current is confined to the conductor surfaces and the resistive losses are
high. Since most of the current increase occurs towards the end of the
compression, the 12R losses increase rapidly as the compression proceeds
(temperature rise of the metal surface, including melting or even
vapourization i{s reported (36]1). Thirdly, a fundamental conflict exists
between the need for compression to be quick enough to reduce 1%R losses and
the conversion of all the kinetic energy of the moving part (37], because as
the kinetic energy is extracted the moving part slows down. The compression
process must have a slow ending in the presence of high currents if the
majority of the kinetic energy 1s to be converted. Owing to I“R losses the
maximum magnetic energy must occur while there is still considerable kinetic
energy. In the case of the "Pulsar” the excess kinetlic energy can pass out of
the system, but in one shot devices it shortly destroys the generator itself.

since about 5% of the heat energy becomes magnetic energy, the
explosives energy density is effectively about 100 kxJ/kg (hydrocarbon fuels
must have the correct amount of air supplied e.g. as compressed air). The
containment structure however, greatly degrades the overall density. In the
self destructive types only the final portion of the apparatus must be strong
enough to contain the delivered energy. On simple jressure vessel
calculations it is unlikely that the enerqgy density for this portion can
exceed about 20 kJ/kg. The capacitor bank needed to charge the generator with
an initial current must be included toc. If the energy gained from the
explosive is 100 times that supplied by the capacitors, since capacitors at
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best store about 200 J/kg, the overall energy density cannot be greater than
20 kJ/kg. Considering the other masses necessarily present also, the overall
energy density even of the self destructive explosive magnetic flux compressor
cannot exceed about 5 kJ/kg. The nondestructive "Pulsar", because its entire
structure mudt survive the explosion, must have much greater associated masses
and hence a lower overall energy density.

Marshall has recently (38! investigated a reusable flux compressor
in which a sliding armature progressively reduces the number of turns in an
inductor. The compression is carried out relatively slowly (15 ms) but this
allows the current to fully penetrate the conductors and the resistive losses
turn out to be only about 10% of the stored energy of 50 MJ. The overall
energy density 1s only abosut 3 kJ/kg even in this almost lossless flux
compression process.

3.5 Minimum mass of energy stores

3.5.1 Force is required to contain kinetic energy

To introduce this Section let us discuss the fundamental necessity
for there to be containment forces associated with stored kinetic energy.

According to Newton’'s 1st law, force is present whenever the motion
of a mass is altered in magnitude or direction. If a set of moving part:cles
is constrained to remain within a fixed volume, forces must be exerted on the
particles to change their direction of motion at the boundaries of the
volume. since the moving particles have kinetic energy, we can say that a
force is necessary to store their kinetic energy within the volume.

The description above is the basis of the kinetic theory of gas
pressure, but let us apply it more widely. A flywheel, for instance, stores
kinetic energy within its spinning volume. 1In this case the direction of the
particles is changed gradually all the time by the centripetal force, and we
can say that it is the centripsetal force that constrains the kinetic erergy of
the flywheel to remain within the spinning volume. The expression for stored
magnetic energy, viz. 1/2 LI2, has the same form as that for the stored energy
of a flywheel, viz. 1/2Ie . This suggests that magnetic energy is a form of
kinetic energy, stored as if by a flywheel, and that the J X B force on
current crossing its own magnetic field is, like centrifugal force, the resul:
of "particles” being constrained to move around curved paths (39].

3.5.2 Minimum mags of kinetic energy stores

The power sources that we have considered make use of kinetic energy
in some form. The notion that kinetic energy can be contained within a finite
volume 1.e. can be stored only if there are forces which change the direction
of the moving masses, enables the minimum mass of th. container to be
calculated. The minimum mass and stored enerqgy relationship has been
attributed in the literature (40] to the Virial Theorem by Clausius, but, as
we shall show, the results are directly obtainable from the boundary force
notton.
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(1) consider a volume of gas at pressure P :n a container
length ¢ and cross section A, (Fig. 35 (al)).
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Fig. 35 Kinetic energy stores. {(a) gas, (b) magnetic '‘c) flywheel.

Suppose that the walls are rigid so that they do not tend Dut age
neld in place by three struts at right angles to each other. The mass =f Tre
strut of length ¢ 18 given by:

M= p ¢ As, 3
where g 1s the density of the strut and A  is 1S Cross secticnal area. 3.
“ne cross sectional area of the strut equa.s the fcrce on the wall 1.v.ded oy
the tensl.e stress, 9y 10 the strut, which leads to:

M - pPV
o
3

' 23.2

where V, = Av' 1s the volume of the container c¢f gas. From the k.net.cC
theory of gases, the kinetic energy associated with one direction in a gas :s
Yy PV; therefore (3.2) can be written:

2pW . .
M= ‘l—. (3.3
a
s
where W is the kinetic energy of the gas 1n one direction. Since the same
result 1S obtained in each direction, equation (3.3) also yields the mass n¢

the three struts where W 1s the total kinetic energy (3/2 PV), assuming the
struts all have the same density and tensile stress.

(119 For the case of a magnetic field contained by surface currents as
indizated i Fig. 35 (b), the magnetic energy is PV, since the
pressure, g:—, i{s the same as the energy stored per unit volume. We obtain In
this case: ©




~rere W .s the stored magnetic energy ! 95 L1?).

trist Let the portion of the thin rimmed flywheel associated with each
spoke have mass M (Fig. 35 (c)). The kinetic energy, W, of mass M is:

2
W o= I/ZM.Rzn,
which may be written as:

1
W= lYyFR, (3.5)

where F 1s the centripetal force on the spoke. The mass of the spoke is given
by

M= p R As' (3.6)

where p 1s the density of the spoke and As its cross section, which may be
written:

wa~2RE
05

(3.7
Where os is the tensile stress in the spoke. Using (3.5), we €inally 2kTa.n:

waoloH
05

B b

0

where M 1s the total mass of all the spokes, W the total kinetic enerzy ¢
rim and % the tension in the spokes.

The above results give the minimum masses for the cong:.%. =
may be halved if the struts become plates and support biaxial -ens. - Ty
of uniaxial [41]. 1If compressive forces are also caused by <-e s° a3 - =«
as in a solenoid by the flux lines as they bend over at the enzs 4:°

mass 1s required (421].

For general estimates it can be stated tha- <he ~.n » .~ ~.s
system that stores kinecic energy 1s given by M = ﬁﬂ, wrere 5 “
of the containment structure, °s is the tensile strlss ara w < .
energy.

AS an example, high tensile steel K s-:esse: ° ~
kJ/kg. If there are compression forces as we,, s "a s «
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masses not directly working to hold the energy, the energy density of the
assemb.y is degraded. As these factors are invariably present, it can be seen
that it is hard to attain an overall energy density greater than 10 kJ/kg.
Knowing this, and the baslc cost of raw materlals, the minimum cost of a
system can be estimated from the total stored energy [(43}.

Note that we are referring to the energy contained in the volume
enclosed by the structural mass and not its own elastic energy, which is very
small. Steel, for example, at 300 Mpa has a strain energy of only 30 J/kg.

3.5.3 Inferences concerning the ultimate energy density of capacitors

Energy storage in the dlelectric of a capacitor is simple in concept
- the energy is stored by the work that the applied field does in displacing
electrons and polar atoms and molecules within the material. 1In principle the
limitation to capacitive storage is the ability of the atomic nuclel to hold
electrons as the applied field is increased. This simple model predicts
dielectric breakdown at electric fields which would give peripheral electrons
their ionization energies within interatomic distances. Since ionization
energies are of the order of 10evV for good insulators and the distances are
about 1071 m, it predicts breakdown field strength of the order of 10!l -
v/m. If this were the case, then by working capacitors to 1/10 of the
dielectric breakdown, energy densities of 1 MJ/kg would appear to be possible,
based upon materials with a dielectric constant of 2 (electron polarization
only at such high field strengths) and a density of 1 g/cmj.

In fact the intrinsic breakdown fields of dielectrics have maximum
values of around 109 Vv/m at whicn the stored energy density is about 10
kJ/kg. For the reasons discussed in Section 3.2.4 even this value far exceeds
energy densities attained in practice.

Dielectric constants very much greater than 2 at fields of 109 v/m
are probably unlikely pecause high dielectric constants require matertals with
highly polar molecules, and such materials tend to have lower breakdown
strengths than non-polar, low dielectric constant materials.

The reason why intrinsic breakdown fields are such a small fraction
of those required to directly ionize an atom is considered by von Hippel,
Frohlich and Whitehead (44] to be that a few conduction electrons are
inevitably present due to a variety of causes. Calculations by Frohlich show
that 1f such electrons are present, then at fields of about 10° V/m they will
gain sufficient enerqgqy in between collisions to eventually ionize the
dielectric atoms and produce a gas discharge type of breakdown.

Capacitive storage involves forces upon the charges and in turn upon
the electrodes and the dielectric and mechanical strenrgth must be considered
as well as dielectric breakdown. In a similar manner to the derivations at
the beginning of this Section it can be deduced that t/i1e mass, M, of the
dielectric of a simple parallel plate capacitor is:

(3.9}
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where p is the density of the dielectric material, W i{s the stored energy
and % is the compressive stress in the dielectric.

Equation (3.9) is the same as Eqn. (3.4) for the containment of
magnetic energy, except that the stress is compressive. Stresses upon the
metal electrodes and their masses must also taken into account in obtaining
the overall energy density. The result is that mechanical strength
considerations probably set an upper limit of 10 kJ/kg for capacitive storage,
regardless of the limit due to dielectric breakdown.

3.6 Battery and pulse transformer concept

Except for capacitors, all the power sources discussed in the
previous sections are still being developed and except for the homopolar
generator the development has a long way to go. At best the overall energy
density of these systems may be 5 times (HPGs) to 20 times (explosives)
greater than for capacitor systems, but are much more complicated. The
compulsator and the reusable flux compressors have yet to be proven in real
railgun firings. EXxplosives are a very compact primary energy store but pose
handling and storage problems which detract from one of the possible
advantages of the electric gun, viz. that it can eliminate explosives.

A method of supplying power to a rallgun that does not seem to have
been investigated is one based on batteries and a pulse transformer, as shown
in Fig. 36.
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Fig. 3e Battery and pulse transformer »ower source.

In the battery and pulse transformer scheme the switch S is closed
and the current in the primary rises to a pre selected value, at which time
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the fuse, F, blows and rapidly interrupts the primary current. A current that
is N times the primary current arises in the secondary during the rupture time
of the fuse. The secondary current passes through the conducting material of
the projectile and the secondary becomes the charged inductor that is needed
to power the -railgun.

Provided that the system works as described, it comes nearer to the
ideal system described in section 3.1.4 than do the other systems. Firstly
its switching 1s simpler; there is nothing more to the power train than is
shown in the diagram. No switching {s involved on the high current side.
Whilst it involves an opening switch in addition to a closing switch, no other
switches are necessary. The opening switch design is simplified (a fuse) by
the low current to be carried and interrupted on the primary side. The energy
necessarily dissipated in the opening switch can in principle be reduced to
zero by tight primary to secondary coupling.

Secondly, batterlies are a compact means of storing energy. Lead
acid batteries have one of the lowest energy densities yet in 1 tonne they
store 100 MJ. Batteries can therefore be used to store sufficient energy for
many shots and so can be regarded as the prime energy store.

Thirdly, use of the transformer reduces the mass of the batteries so
that the scheme is competitive with the other systems. This is because the
primary charging time is much longer than the secondary discharge time. For
example, to accelerate the 5 gram particle mentioned in Section 3.2.2 to 10
km/s in one millisecond, using a lead acid battery connected directly to the
rails, would require at least 1000 tonnes of batteries. Using a pulse
transformer with a primary charging time of one tenth of a second, the battery
mass 1s reduced to 10 tonnes, *he same mass as was calculated for a high
voltage capacitor system. If e charging time was one second, the battery
mass would become 1 tonne, whi.. would be comparable to that of one shot
destructive explosives systems.

Fourthly, the energy is contained safely in chemical form in the
batteries, which may be subdivided into many small units so that an internal
short circuit does not produce destructive release of the total energy, much
more easlily than for capacitors. The transformer 18 inherently much safer
than machines with rapidly rotating flywheels.

Finally, the cost of the system should be low hbecause the batteries,
fuse and transformer, once they are understcod and developed for the
particular purpose, are very simple devices.

Bacause the battery and pulse transformer scheme has not received
any attention for electromagnetic launching, and because it has some
attractive possibilities, it 1s investigated in detail in this Report.
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CHAPTER 4

GENERAL CONSIDERATION OF THE BATTERY AND PULSE TRANSFORMER POWER SOURCE

This Chapter is the beginning of the investigation into the battery
and pulse transformer power source for the railgun. The requirements and
advantages of the scheme are examined, for the scheme as a whole and in terms
of the main components, viz. the transformer, the battery and the fuse (or
opening switch).

The scheme is compared with a battery-inductor scheme %that 1s free
of problems that are due to the transformer, but the low current of the
transformer is thought to be a more important advantage.

The Brooks Coil is used to estimate the overall pulse energy
densities that may be achieved. It is found that 1 kJ/Xg can be approacred
provided the battery can supply 1 kW/kg and the transformer is cooled to the
temperature of liquid nitrogen.

Because of the major influence of the power density of the battery
upon the total mass, the maximum power density of lead-acid batteries is
estimated in a detailed study.

4.1 Limitations of the pulse transformer scheme

In Ch. 3 a number of advantages of the battery and pulse transformer
power source were listed. There are, however, limitations. The transformer
itself introduces three parameters which must have acceptable values for the
scheme to work, viz. the high voltage that is induced in the primary, the
coupling of the primary and secondary and open and short circuit conditjions
required for the secondary.

4.1.1 High voltage across the primary

The voltage which is across the secondary while it discharges into
the railgun also appears across the primary, Stepped up according to the turns
ratio. The voltage across a railgun with an inductance of 0.5 ,H/m and a
current of 500 kA is at least 2.5 kV when the projectile reaches 1> km/s, so
if the transformer has a turns ratio of 100, the primary voltage is at least
250 kV.

Dielectrics such as those used for capacitors can withstand
100 V/sm, so in principlc about 0.25 cm thickness of such material would
sutfice for insulation. Polythene has been reported to withstand 1MV RMS/cm
for 40 minutes without breakdown {1). The short time (milliseconds) for which
the high voltage pulses would be present in the pulse transformer decreases
the likelihood of breakdown.
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Breakdown of air around the primary, unless it actually damages the
insulation, would not affect the pulse transformer performance because the
great majority of the secondary energy would discharge into its own circuit.

The high voltage across the primary though ultimately limits the
number of primary turns, which otherwise could be as many as desired to reduce
the primary current. Wheve there is danger of high voltage breakdown,
protective spark gaps might be installed across the primary to prevent damage
to insulation.

4.1.2 Coupling between primary and secondary must be tight

It is well known that it is difficult to open a switch in an
inductive circuit carrying high current because of the arcing which occurs.
The reason for the arcing is that the magnetic energy of the circuit must be
disposed of before current flow can cease. If the circuit contains a high
power source of electricity there 1s danger of current continuing to flow via
the arc, which in effect has short clrcuited the switch, until sufficient
destruction occurs to interrupt the current.

In the pulse transformer the short circuited secondary ideally
absorbs all the magnetic energy of the primary, thus eliminating the opening
switch problem because the opening switch (the fuse) does not have to
dissipate any of the stored magnetic energy. This situation would only cccur,
though, if the primary and secondary were perfectly coupled i.e. all the flux
of cne winding linked the other winding.

In Chapter 5 it 1s shown that the energy, Wg,, which is not
transferred to the secondary, and hence which must be disposed of on the
primary side when the fuse opens, is:

2
Weyw = (1 - k%) LI
Y

where k is the degree of coupling of the windings and W, is the stored energy
of the primary. Exploding type fuses can be reliably designed to dissipa-e
energies in the tens of kilojoules range [2). If a fuse which could dissipate
10 kJ were to be used to transfer 1 MJ from primary to secondary, the above
equation shows that k would have to be at least .995, which is extremely tight
coupling.

The upper limit to the energy which the scheme can handle is thus
determined by the degree of courling attainable and the abillity of fuses {or
other opening means) to dissipate the energy which cannot be transferred.

It is also evident that the design of the transformer so as %o
attain a high degree of coupling 18 a most important cbnsideration.




4.1.3 oOpen and closed circuit requirements of the secondary

Whilst the primary is being charged with the secondary closed, as
indicated in Fig. 36, current will flow 1n the secondary by normal transformer
induction. In fact, if the secondary were perfectly coupled to the primary
and if the secondary also had zero resistance, the primary would be rendered
non inductive and would not store energy at all. Ideally, during charging of
the primary, the secondary should be open. At the moment when the fuse opens,
though, it is vital that the secondary be closed otherwise all the primary
energy will dissipate in the arc, possibly with destructive consequences,
especlally should the arc be maintained and the entire energy of the battery
be discharged through ic.

Since the secondary current that is induced during the charging of
the primary flows in the opposite direction to that which which flows when the
primary circuit is opened, a diode may be used to automatically provide the
open and closed functions. 1In plasma driven guns this diode might be a small
expendable device placed across the rallgun breech instead of a short
circuiting foil. The destruction of the diode would then be the means of
initiating the plasma arc. Synchronized mechanical switching of the seccndary
can also be imagined but would have to be incorporated without introducing
stray inductance, which would degrade the coupling of the secondary circuit to
the primary.

In Chapter 5 it 1s shown that the problem 18 in fact not too
severe. So long as the secondary has a time constant which is short compared
to that of the primary, the primary can be charged with very little effect
from the closed secondary, and with relatively little induced current in the
secondary. In the railgun application the secondary does have a short time
constant compared to the primary, hecause its operating time is only
milliseconds, whereas the primary must have a time constant of a second or
so. Thus, it is possibie to have the circuit operate as in Fig. 3s.

4.2 Transformer versus inductor

4.2.1 Basic equivalence of battery/transformer and
battery/inductor schemes.

The pulse transformer enables the current from the battery to be
reduced to a small fraction of that needed to power the railgun. This
requires the battery to be of series ‘onnected units which produce a
relatively high voltage. Instead, the units could be connecied in parallel
and used to charge the secondary directly with the high current, as shown in
Fig. 37. This is the battery-inductor scheme and would be free of the
limitations of the transformer discussed above.
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‘ Railgun

Fig. 317 Simple battery-inductor power source
To compare the two schemes We note the following two points.

(1) By cutting the primary of the transformer into N equal parts and
connecting the parts in parallel with the secondary, the transformer
could be converted into an inductor with the same mass as the
transformer, the same inductance as the secondary and with virtually
the same time constant as the transformer primary.

(11) By dividing the batterY into N units connected in parallel its
voltage is reduced to ¥ of the battery voltage in the transformer
scheme.

Because the nductor resistance 1s reduced to (-1—)2 times that of the
original primary, the maximum current from the rearranged battery and coil is
N times the original primary current. The battery and transformer scheme
could thus be rearranged as the battery-inductor scheme and charged in the
same time as could the transformer primary and therefore would have the same
ability to reduce the battery mass. There 18 no fundamental advantage of one
over the other. The transformer system has the practical restrictions
discussed in the previous section. The requirement for high degree of
coupling means that the transformer design and construction is much more
difficult than that of the inductor.

There are several requirements of the practical implementation of
the inductor scheme though, of which the pulse transformer is free, and these
may be more troublesome than the pulse transformer requirements., These are
discussed in the following sections,

4.2.2 Inductor scheme requires means of disconnecting the battery

The inductor scheme cannot actually be as simple as shown in
Fig. 37; it requires a switching system similar to that in Fig. 28, so that
it is possible to disconnect the battery. The battery, soc far as stored
energy 1s concerned, is like a homopolar generator which stores far more
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energy than is extracted for a single shot. (It does not of course behave
like the HPG in the sense that the HPG is similar to a capacitor.) The need
for a switching system that enables the battery to be disconnected can be
appreciated by considering the simplest battery/inductor system, shown 1in
Fig. 37. -

In Fig. 37, the batteryY charges the inductor to the required
current, whereupon the switch S 1s opened and the current is diverted into the
railgun. When the projectile leaves the muzzle of the railgun the energy
remaining in the inductor and ralls of the gun will cause an arc. Since the
separation of the railgun ralls is of the order of centimetres, it is possible
that the arc will not cease to conduct simply by dissipating the energy
remaining in the inductor. 1If the arc causes virtually a short circuit across
the rails, the inductor may become recharged {(which would only take a second
or so) and so fuel the arc. The discharge could conceivably continue until
the battery had exhausted its energy, dissipating hundreds of times the e:ergy
of a single shot in the system and probably destroying it.

The design and operation of shunt switch $2 and the series switch $1
and resistor R1 shown in Fig. 28 are not simple; they must carry currents of
hundreds of kA and be synchronized with each other and the railgun
operations. S1 and S2 must be certain to work because of the destruction
which might ensue if they fail.

To minimize the ability of the battery to sustaln an arc its voltage
should be as low as possible (e.g. 10V). Low voltage means that it would take
longer to charge an inductor and the inductor mass must be increased to give
it a correspondingly longer time constant.

4.2.3 Transformer scheme does not require a rail switch

The switch across the railgun in the battery/inductor scheme has the
same requirements as in the HPG scheme, i.e. it must shunt the railgun for the
time required to charge the inductor and then must divert the current into the
raligun. Marshall and Barber‘s rail switch would therefore be suitable. 1In
contrast, the secondary of the pulse transformer is rapidly charged during the
explosion of the fuse and so can be charged via a short circuiting foil across
the railgun breech in a similar manner to the high voltage capacitor powered
railgun.

Although the rail switch is a proven practical means (3] of
diverting the inductor current into the railgun it must suffer some damage at
its trailing edge each time it is used. This is because there must be an arc
between one rail and the conducting leaves at the trailing end of the
switching slug as they break contact and switch extra inductance into the
circuit at the railgun gap (see Fig. 28). Maintenance or replacement of the
switching slug is therefore necessary. Even if the rail switch were to work
for a large number of shots without attention it s a considerable
complication to the breech region of the railgun.
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4.2.4 Batteries can be conveniently located in transformer scheme

In the inductor scheme the leads from the battery to the inductor
must have resistances in the micro-ohms region to carry currents of hundreds
of kA without excessive voltage drop. Consequently the leads must be massive
busbars and the battery must be adjacent to the inductor so that they are as
short as possible. The magnetic forces on them must also be considered as the
forces could be of similar magnitude to those in the railgun.

The greatly reduced current in the transformer scheme enables the
leads to be much less massive (e.g. 1/10) and enables the batteries at the
same time to be located further away (e.g. 10 times as far). These are
important practical advantages; it should be remembered that the massive
busbars required was one of the reaons why the attempt tTo build an electric
gun in Germany was abandoned.

4.3 Overall system energy density

4.3.1 Interaction of battery, ¢oll and charging time

Although batteries store energy very compactly, (e.g. 100 kJ/kg for
lead-acid batteries), the energy can be released only slowly. The slow
release of the energy means that batteries must be regarded as sources of
power and thelr effective pulse energy density in a pulse type of application
depends on the duration of the pulse. A battery which can deliver power at
100W/kg, if used in 1 second pulses, has an effective pulse energy density of
100 J/kg. If it is used in 10 second pulses it has an effective energy
density of 1kJ/kg. Since the mass of a system must be greater than that of
the battery alone, the overall system pulse energy density cannot exceed that
obtained from the battery.

The greater the length of time for which the primary of the pulse
transformer can be charged, the greater will be the effective pulse energy
density of the battery. The length of time which can be selected for the
charging is limited by the coil time constant; very little energy is stored
after about 3 time constants. Long charging times require correspondingly
long coil time constants, 1.e¢. a low coil resistance and therefore a more
massive coil. Long charging times are undesirable from the operational
viewpoint because they limit both the response time and the firing rate of the
railgun.

From the previous two paragraphs it is apparent that there is a
maximum energy density that is attainable, because the coil mass must be
increased in order to reduce the battery mass.

4.3.2 Examples based on Brooks Coil

.

To convert the above ideas into figures we can suppose that a Brooks
Coil is charged from a battery. The Brooks Coil is not suitable as the
primary of the pulse transformer, but as it has the longest time constant for
a given mass it will yield the maximum values for overall pulse energy
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density. If suitable values cannot be obtained with the Brooks Coil they w:ill
not be obtainable with any other winding form. (The Brooks Coil 1s further
described in Ch. 6).

Gréver (4) gives the mass of the 3rooks Coil in terms of its time
constant as:

W = 0.05027 13/2 kg (copper, at room temp.!

where w 1s the coil mass and r is the time constant in milliseconds. If we
select the time constant as 1 second, the above equation yields a coil mass of
1.6 tonnes. To store IMJ in this coll in 1 second using a battery capable of
charging the coil at an average rate of 1 kW/kg would require 1 tonne of
battery. Thus we would have 1 MJ stored in the coil from 2.6 tonnes of
battery and coil, or an overall energy density of 384 J/kg. This energy
density is intermediate between that of capacitors and the advanced homopolar
generator {(remembering that the HPG uses a liquid nitrogen cooled coil). If
the battery also stores 100 kJ/kg and the efficiency of charging is 50%, about
5% shots could be fired before it was necessary to recharge the battery.

Commonly, lead acid batteries are reckoned to deliver only about
100W/kg; 10 tonnes of such batteries would be needed to charge the coil with
1 MJ in 1 second and the overall energy density would drop te 86 J/xg i.e.
somewhat less than that of capacitor systems. Alternatively, 1 tonne of
batteries capable of 100 W/kg could deliver 1 MJ to the coil if its time
constant was increased to 10 seconds. 1In this case the coil would have a mass
of 50 tonnes and the overall energy density would be only 19 J/kg. Obviously,
i1t would be preferable to increase the mass of the batteries, because, as well
as ylelding a greater overall energy density, a greater number of shots (500)
could be fired and with a more rapid response (1 second instead of 10
seconds) .

Instead of increasing the coil time constant by increasing its mass,
the time constant could be increased by a factor of 7, compared to room
temperature, by cooling the coil with liquid nitrogen. Thus, cooling the 1.6
tonne coil would increase its time constant to 7 seconds. In this case 1.4
tonnes of batteries capable of 100 W/kg would be needed to charge the coil in
one time constant, ylelding an overall energy density of 330 J/kg. The
improvement in energy density must be balanced against the complexity of the
cooling. Using liquid nitrogen cooling, a coil with a time constant of 1!
second would have a mass of 90 kg. Together with a battery capable of
charging it at an average rate of 1 kW/kg for 1 second, a 1 MJ system would
have an overall mass of 1.09 tonnes and hence an energy density of about 2800
J/kg, 1.e. about the same as the advanced H.P.G. system.

The energy density of the 1.6 tonne coil used to store 1 MJ is
600J/kg. Based on a typical strength of copper, the theory in Chapter 3
predicts that 10 kJ/kg is possible. The mechanical st.ength of the coil is
therefore under utilized. For the 90 kg liquid nitrogen cooled coil, the
energy density is about 11 kJ/kg i.e. the mechanical strength is well
utilized.
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In the table below, the various options are summarized.

summary of 1MJ Brooks Coil and battery combinations

Battery : 100 W/ Battery : L KW/kK
Charge time cotl vl k9 ¥ 9
= Coll Mass Energy N
Overall No of Overall No of
. tt. .
Time Const Density ::sz Energy 1 MJ i::z Energy L M3
Density Shots Density Shots
1 sec. 1.6t 600 10t 86 500 1t 384 50
Room Temp. J/xg J/xg J/xg
1 sec 90 kg 11 10t 99 500 1t 900 50
LN, cooled kJ/Xg J/kg J/ kg
7 sec. 1.6t 600 1.4t 330 70 140 xg 575 -7
LN, cooled J/kg J/kg J/kg
10 sec 50t 20 1t 20 50 100 kg 20 5
Room Temp. J/Xg J/ kg J/ kg

The discussion in this Section leads to the conclusion that
batteries capable of at least 1 kW/kg together with liquid nitrogen cocled
s0ils are necessary to yield pulse energy densities that approach 1 kJ/kg and
are comparable to those of advanced HPG systems. With batteries capable of
100W/kg, the charqging times must be ten times longer and the overall pulse
energy densities are comparable to those of capacitor systems.

4.4 Batterlies

It is evident from the previous Section that the battery has a great
bearing on the performance of the pulse transformer system in two ways, viz.
as a prime energy store which determines the number of shots and as a source
of high power electricity that suits the transfcrmer.

We shall now examine these aspects in relation to lead-acid
batteries, especially power density.
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4.4.1 Safe, low mass prime energy store

The rallgun power source problem includes the provision of
sufficient energy for a large number of shots, i.e. it includes consideraticn
cf the prime energy store. Except where the prime source of electrlcity is
also provided for other purposes, e.g. the electricity grid, its mass must be
included in the overall mass of the railgun system.

There are three forms of energy storage which may be utilized for
the railgun; these are fuels, explosives and batteries. They all store
energy in chemical form, which is to say by means of the inner forces of
molecules, and this is much more compact than storage in flywheels and
capactitors.

The most compact storage is in hydrocarbon fuels, which, provided
they are burned in air breathing engines, can be reckoned to store energy at
40 MJ/kxg. Taking into account the efficiency of diesel motor generator sets
(20 - 25% [5]) about 8 MJ of electrical energy can be obtained from each
kilogram of hydrocarbon fuel.

Explosives store several megajoules per kilogram, which may be
converted to electricity by flux compression devices as discussed in ch. 3 or
by explosive MHD generators (6] (which appear not to have been examined for
railguns). The low conversion efficiency of these methods (= S%) means that
only about 100 kJ of electrical energy can be obtained per kilogram of
explosive.

Batteries (and fuel cells which are presently impractical) are :n
principle ideal devices for storing energy for electrical systems because they
convert chemical energy directly into electrical form without additional
apparatus and with 100% efficiency. Lead-acid batteries store about 100
xJ/xg, which is one of the lowest energy densities of all the various types of
batteries.

On the above figures, it requires the same mass of explosives as of
lead-acid batteries to obtain a given electrical output. Since the safety
problems assoctated with the storage of say 1 tonne of explosives are vastly
greater than with 1 tonne of batteries, to say nothing of the complexity of
the conversion system associated with the explosives, batteries are
preferable. The batteries must eventually be charged, but this can be done at
a low rate over a long time, and hence by means of a small motor generator
set, from hydrocarbon fuel at the rate of 8 MJ/kq.

Unfortunately, ordinary motor generator sets cannot provide the
power to charge railgun inductors in a short enough time. This is the whole
reason for the developments discussed in ch. 3, and is further examined in
Sect. 4.5. The conclusion from this discussion is, therefore, that a mass of
batteries sufficlient to provide enough energy for a burst of shots and a tank
of hydrocarbon fuel, together with a small motor generator, comprise a prime
energy source of high power electricity which is safe and as compact as
possibie.
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4.4.2 The pulse power density of lead-acid batteries

Although batteries, together with a small motor generator and a fiel
tank, yleld a safe and low mass prime energy store and the pulse transformer
system has sfmple switching, the most important measure is the energy which
the pulse transformer system can deliver per shot from its total mass, i.e.
the pulse energy density.

The work in Section 4.3 shows that for a battery based power source
to attain an energy density of 1 kJ/kg the battery must have a power density
of at least 1 kW/kg. This calls for "nigh rate" discharge batteries. Such

batteries have been developed, for military purposes in particular (7]. The
silver oxide-zinc battery is a notable example; it has energy and power
densities at least four times those of lead-acid batteries [(8]). The most

practical battery to consider in this study is the lead-acid battery because
of its availability and low cost and because it appears to have the potential
for high rate performance.

From elementary theory the maximum power delivered by a battery
occurs when the load resistance equals the battery internal resistance. This
is complicated by the effects of the chemical reaction which cause the battery
voltage to decrease rapidly when it is heavlily discharged. i

Information about the power produced by commercial lead-acid
batteries loaded to the above condition is not generally available and often
is not known by the manufacturers. A value of 100 W/kg is spoken of, based
upon the most common high rate application, viz. cranking of engines, for
which a typical specification is 350A for 30 seconds and a terminal voltage
not less than 7.6 V at -18C. A battery which meets this specification has a
mass of about 24 kg.

There is also little in the literature concerning the maximum power
density of batteries. The present interest in electric vehicles is raising
the matter because a power density of 100-200 W/kg 1s required to give
electric vehicles adequate acceleration and hill climbing ability (38]1. In the
case of electric vehicle batteries, these figures must be achieved in
conjunction with high energy density (200 kJ/kg) and long cycle life (1000
cycles). These requirements, long cycle life in particular, could be
sacrificed in the case of a railgun battery. The writer (DRS) found four
instances where high rate power denslties of lead-acid batteries are reported
in the literature.

(1) The "Cyclon" cell, 600 W/kg maximum power density. Duration not
given [10].

(11) Aircraft starting battery, 24V, “Chloride", 400 W/kg for 50 seconds
at 1.42 volts per cell [(11), which implies 470 W/Xg maximum power
density. ,

(1i1) Experimental electric vehicle battery, 650 W/kg maximum power

density, duration not specified (12].
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(iv) EXperimental electric vehicle battery, 440 W/kg maximum power
density, duraticn not specified [9].

To determine the power density of batteries for periods of seconds, the writer
short circuited various types of automotive starting batteries and recorded
the battery voltage and battery current. Fig. 38 is a typical record,
although the results vary greatly from one battery to another. {More results
and discussion are given in Chapter 10).

Fig. 38 9 seconds short circuit test on Exide "Torque-Starter" battery.
Lower trace is the battery current (800A/div), upper trace is the
battery voltage (4v/div). Time is 1 second/div. Battery voltage
prior to test is shown for the first second of the trace. Battery
mass = 14 Xg.

From Fig. 38 it can be seen that the current diminished to about
half its initial value after 9 seconds. The average current during the first
second was about 1500A, and since the battery voltage fell 10.5V the internal
resistance was about 7 m@. The maximum power from the battery for the first
second would therefore be about (6.25)2/7 x 10”3 = 5.58 kW, or about 399 W/kg,
since the battery mass was 14 kg. The average power density during the 9
second discharge would be about 300 W/kg.

The tests carried out showed that automotive type batteries can
deliver energy into matched loads at rates in the range 270W/kg for 10 seconds
to 1 kW/kg for 1 second. These batteries are the products of designers in
pursuit of high cranking power at low temperature for the automotive market
and the short circuit currents at room temperature are more or less accidental
results from that effort.
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The above tests carried out by the writers upon the newest types of
automotive starting batteries and the published values up to 650 W/kg suggest
that a lead-acid battery could be constructed to have a maximum power density
of 1 kW/kg for several seconds.

4.4.3 Factors limiting the high rate discharge of lead-acid batteries

We shall now review the theory relevant to high rate discharge of
the lead-acid battery anl then apply it to estimate its maximum feasible power
density.

Electrical energy is released at the rate of 600 kJ/kg from the
substances that actually react in the lead-acid battery. The overall energy
density of the battery is about 100 kJ/kg because the active substances are
not fully used due to polarization and because of the need for electrodes with
which to collect the current and the need for a container. If all the
molecules of the reacting substances could contact each other simultaneously
their entire mass would react simultaneocusly with the production of a pulse of
electrical energy at the rate of 100 kJ/kg. If this condition could be
attained, 100 kJ/kg electrical pulses could be produced in times similar to
those for explosive reactions.

Let us now consider the reactions in the lead-acid battery and
identify the factors which prevent such a rate.

When the external circuit of the battery is closed, electricity is
produced by the complementary need in the chemical reaction for electrons and
H* tons to be given up at the lead plate and supplied to the lead dioxide
plate. The reactions are (13):

Pb + H,SO, + PDSO, + 28 4+ 2 87,

at the lead, or negative, plate; and
+ -
PbO2 + HZSOA + 2H + 2¢ o PbSO4 + 2H20,

at the lead dioxide, or positive, plate (via intermediate reactions).

The electrons reach the positive plate through the external circuit
and the HY ions reach it by passing, as current, through the electrolyte.

There are two baslic restrictions to the rate at which the above
reactions may proceed. One is the rate at which eleitrons and H' lons are
able to reach the positive electrode. The resistance of the circuit,
including the resistance of the lead, lead dioxide and electrolyte, determines
this 1limit. The other restriction is the rate at which lead and electrolyte
ions arrive by diffusion at the electrode - solution interfaces of both plates
from the bulk to replace those that have been used up, or in other terms, the
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rate 1s determined by the equilibrium concentrations at the electrode “double
layers” (13].

The lead sulphate, which ls produced in solution at both electrodes
and is immediately deposited as crystals, impedes the diffusion of lead and
electrolyte ions from the distant regions to the interface region and also
increases the electrical resistance. Until the proportion of lead sulphate is
relatively high (60-70% of the active materials converted), which is towards
the end of the battery’'s useful discharge capacity, the lead sulprate does not
greatly increase the ohmic resistance [14). When the battery is nearly fully
charged it has a negligible contribution to ohmic resistance.

The effect of lead sulphate on diffusion is more serious. In
particular it inhibits the passage of lead tons (Pb**) from the active
materials and into solution (15). The degree to which this limitation occurs
depends upon the nature of the electrodes; fine pores become blocked. The
lead sulphate is deposited with many cracks and imperfections rather than as a
uniform layer and it is not until the active masses are largely converted that
it virtually prevents the passage of lead ions.

Water is produced at the positive electrode, as well as lead -
sulphate. The water dilutes the acid, which must have a specific¢ gravity
greater than about 1.1 for the reaction to proceed. The water also increases
the electrical resistance of the electrolyte, approximately doubling it if the
battery is deeply discharged. As with the lead sulphate, the water has the
greatest effect in fine pores. Calculation shows that the volume of
electrolyte required is about 18 times that of the lead dioxide. Long, narrow
pores would be depleted of acid before the active material at the pore
surfaces had been used up, and furthermore, diffusion between the liquid
within such pores and the fresh electrolyte outside them would be slow.

We now have to consider the relative importance of the above factors
in the context of maximum rate discharge for periods of seconds, with such
time between the discharges that diffusion reestablishes the acid
concentrations.

The limiting effect of the lead sulphate upon the diffusion of lead
ions can be distinguished from that upon the diffusion of the electrolyte.
The release of divalent lead ions (Pt™ ) from the tetravalent lead ions
(pb****) of the lead dioxide electrode requires the supply of electrons and
thus can only occur when the battery is delivering current. Electrolyte
diffusion, however, can take place when the battery is allowed to rest.
Therefore, if lead ion diffusion is the limiting factor the battery will not
recover when it is allowed to rest, even though the electrolyte specific
gravity is adequate.

The above discussion leads to the conclusion that while a battery
has useful capacity, electrolyte depletion must be the factor that causes the
current to decline from its initial, ohmically deternined, value. At the
positive electrode, not only is the electrolyte used up, but water is formed
as well. We therefore conclude that for maximum rate discharges for periods
of seconds (e.g. up to ten seconds), the positive electrode needs particular
attention.
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The current waveform in Fig. 38 can now be explained. While the
battery was at rest before the test, the ion concentrations in the electrode
interface regions reached their maximum values. The initial current peak is
limited only by the ohmic resistance of the circuit, and exceeds the rate at
which the lom concentrations can be replenished. The current declines for
about a third of a second towards an equilibrium value. The generation cf
water, and, to a lesser extent, lead sulphate, continues to reduce the
diffusion rates and the current continues to decline, but at a slower rate.

The water also causes the electrolyte resistance to increase, but
for short duration discharges the resistance increase is too small to cause
the current to decline.

4.4.4 Design and performance of a high rate lead-acid cell

We shall now estimate the power density of a lead-acid battery
constructed to minimize the rate reducing factors that we have just discussed.

Firstly, the ohmic resistance must be low enough that the power
density can attain desirable values. Most of the resistance is due to the
electrolyte, so the electrodes should be as close together as possible and of
as great a surface area as possible. The increase in resistance due to
dilution by water can be prevented by providing enough acid to prevent the
§.G. falling below about 1.2, starting with an S$.G. of 1.3.

Secondly, diffusion must be maximized, i.e. the electrolyte must
have easy access to the active materials, especially at the lead dioxide
electrode. Since pores restrict the access, we shall suppose that the
electrodes are thin foils upon which the active materials are formed as thin
films. This means that large areas are needed for capacity, but large areas
are consistent with low electrolyte resistance. Porous structures are used to
give high capacity in a small volume, so to gain high diffusion rates we
sacrifice energy density. A compromise might be to use a surface with a short
bristle like structure.

According to Vinal, each AH of charge (i.e. each 3600 Coulombs)
produced by a lead-acid cell consumes [16]):

Pb 3.866 grams, having volume 0.341 c.c. (s.G. = 11.34)

PbO, 4.463 grams 0.476 c.c. (S.G. = 9.4)

H,S0, 3.660 grams 2.815 c.c. (s.G. = 1.3)
from which it yields:

PbSO, 11.32 grams 1.797 c.c. ($.G6. = 6.3}

H,0  0.672 grams 0.672 c.c. (§.G. = 1)

.

Additional H,50, must be provided to prevent its S.G. falling below
1.2. Calculation shows that 18.4 c.c. are required to be provided instead of
just the 2.815 c.c. actually consumed (17].
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Dividing the above volumeszby 3,600 yields tge average thickhesses
of the substances per coulomb per ¢m‘ (i.e. per 2 J/cm® from a 2v cell):

Pb _ 1.0

PbO2 1.3 &

Electrolyte 51 »

Pbso, 2.5 5 (each electrode)
H,0 1.9 » (Pbo2 electrode)

The thinness of these average layers confirms the feasibllity of thin foil
construction with formed active surfaces.

A cell with electrodes of 1 m? and the above thickness of active
materials could produce an electrical pulse of 20 kJ, in principle. If there
was 1mm of electrolyte between the electrodes and the Pb and PbO, layers were
increased to 20 p and 26 x respectively, 400 kJ could be obtained from about
1.8 kg of active materials. Let us now check the performance of such a cell
in terms of ohmic resistance and diffustion.

The resistance will be approximately that of the electrolyte, taking
the electrolyte resistivity as 1.3 8-cm yilelds 13 48 for the cell resistance,
which could dissipate 308 kW from the 2V cell and in principle could discharge
the cell in 1.3 seconds. The ultimate power density as set by ohmic
resistance is thus about 75 kW/kg, allowing 2.2 kg for electrodes, extra
active material and a container, and thus a total mass of 4 kg.

Diffusion will greatly reduce the above power density. With the
large area thin film electrodes that we are assuming the high rate limitation
1s chiefly due to electrolyte depletion at the positive electrode, which has a
greater need for electrolyte than the negative electrode [(16) and at which the
electrolyte is diluted by the production of water. An estimate of the rate of
diffusion from the bulk electrolyte to the water layer can be obtained from
the following expression (16]:

Q = D AC {(a/:)

in which Q is the quantity of electrolyte diffusing per unit time; D is the
diffusion coefficient (at least 1 x 10 ° cm?/sec); AC 1is the difference in
concentration between the water and the bulk electrolyte (0.3 gm/c.c.); a is
the aggregate area into which the electrolyte is diffusing (io0 cmz) and ¢ 1s
the depth of the pores through which the diffusion occurs. The thickness of
the Pbo2 layer, if solid would be 26 a; allowing for extra material and that
the Pbo2 is in fact a porous thin layer let us suppose ¢ to be effectively

50 s. Substituting in the above expression yields Q = 6 gms/second. Since
the positive plate consumes nominally 3.660/2 = 1.83 gms per 7.2 kJ of
electrical energy, diffusion to the positive plate could support a discharge
of 23.6 XJ per second. ‘

In this calculation we assume that the water produced at the
positive electrode is the single most important rate limitation; allowing for
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other factors let us derate the above figure to 20 kJ/second l.e. 20 kW.
Allowing the resistance of connections to be such that half the power is
dissipated before reaching the terminals, the maximum delivered power is
10 kW.

Since the useful mass of the active materials is 1.8 kg, the total
energy produced is 400 kJ. Assuming a total mass of 4 kg for the cell, we
finally obtain an energy density of 100 kJ/kg and a maximum power density of
2.5 kW/kg, which diffusion could support until the 1.8 kg of active materials
had been used up, i.e. for 20 seconds.

The diffusion calculation upon which the above result depends refers
to still liquids. Other factors may improve the transport process by
agitating the liquids, =2.g. convection due to heating by the high rate
discharge. It may be possible to assist diffusion, e.g. by vibrating the
electrodes.

Frem the foregoing study it appears that it is possible to construct
a lead-acid battery with a maximum power density of 2.5 kW/kg when dilution by
water at the positive electrode is the chief limitation i.e. for several
seconds hefore there is significant production of lead sulphate. If the lead
sulphate can be deposited so that it does not greatly interfere until the
active materials are mostly used up and the quantity of acid is sufficient
that its resistance does not alter greatly, 2.5 kW/kg may be attained for 20
seconds. This performance may be at the expense of other desirable
properties, cycle life in particular.

4.5 Motor-generator instead of batteries

4.5.1 Power density of motor-generator sets

If motor-generator sets had power densities greater than those of
batteries, it would be preferable to use a motor-generator set to charge the
transformer primary. Investigation of this possibility showed that motor-
generator sets are unlikely to exceed 250 W/kg for 1 second times and
therefcre cannot compete with batteries.

The above figure is obtained as follows. The maximum power from a
tuned up ordinary car engine is around 1 kw/kg (18]. From suppliers catalogs
a "ball park" figure of 100 W/kg applies to generators, continuously loaded.
If such a generator under maximum power condition could be overloaded for
1 second to deliver 500 W/kg, which is unlikely, since the study in Ch. 3
indicates that specially constructed flywheel machines are necessary for such
an output, the overall power density when coupled to the engine mentioned,
would be 250 W/kg.

That 250 W/kg is a generous assessment of motrr-generator sets can
be seen from the figures for an actual motor generator set, rated for 30 KVA
continuously, and which has a mass of 1100 kg. The 1.5 second rating for this
set 1s 45 KVA, or 40 W/xg, and is only 50% above the continuous rating. The
designers of this set stated that they would not dream of applying a load to
it equal to its internal resistance {19). Whilst the generator might stand
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such a test, the mechanical shock transmitted to the engine might break the
connecting shaft or the crankshaft. The engine would have to be fitted with a
large flywheel in which the desired amount of energy was stored, and decoupled
from the engine when the electrical pulse was required. That, of course,
brings us back to flywheel machines, discussed in Ch. 3.

4.5.2 Response time limitation of motor-generator

Since a motor cannot go from off to full load at full speed in a
fraction of a second, it must be running at the full speed prior to the demand
for full power by the generator. If the time of the firing demand is unknown,
the motor must run continuously at full speed with a fuel injection system,
able to instantly supply the fuel for full power, synchronized with the firing
demand. This is especially important if the system 1s not provided with a
flywheel in which the energy for a shot is stored.

Batteries, however, can remain idle for long periods (e.g. a year)
with no consumption of fuel and yet instantly supply full load power.

4.6 The primary opening switch

4.6.1 The mechanism of energy transfer

The purpose of the fuse, or other means of causing the primary
current to cease, i3 to transfer the magnetic energy of the primary to the
secondary. The energy transfer actually takes place through a chain of
events. When the fuse commences to operate its resistance rapidly increases
and the energy dissipated in it diminishes the stored energy. The primary
current and the primary flux fall and the portion of the falling flux that
links the turns of the secondary induces within the secondary an e.m.f. The
secondary is charged by this induced e.m.f. and acquires energy from the field
of the primary with which it is mutually linked.

Since the secondary will dissipate in 1ts own resistance the energy
that it receives, the secondary resistance must be small enough that the
energy 1s not dissipated as fast as it is received. This means that the
primary current must fall in a time that is short compared to the secondary
time constant.

From the foregoing it can be appreciated that the important action
of the fuse 1s to cause a rapid enocugh fall of primary current. The energy
will be transferred to the secondary whatever means is used to bring about
such a fall of primary current. Opening a switch across a capacitor in series
with the primary would suffice, provided the capacitor and the effective
inductance of the primary during transfer has a high enough resonant
frequency. An advantage of this method over fuses is that the capacitor would
not have to be replaced every shot, as does a fuse. Another method that has
been proposed to replace fuses is to use liquid nitrogen cooled wires (20].
The wires are rapidly heated to a sufficient resistance, but not exploded, and

so can be used repetitively. Carbon filled polymers are another possible
reusable fuse material (21].
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4.6.2 Opening time, evnergy, voltage and resistance of the switch

since the acceleration time in typical rallguns is about a
millisecond, the energy of the primary should be transferred in about
100 s3 and the time constant of the secondary should be several
milliseconds. The resistance introduced into the primary should therefore
cause the primary current to fall to zero in 100 xs.

We have previously discussed the fact that the energy which does not
transfer to the secondary must be dissipated in the opening switch, and that
the amount of energy is determined by the coupling between the primary and
secondary. If the current is assumed to fall linearly with time during the
opening of the primary, and we know the energy to be dissipated, we can
estimate the average voltage across the switch. Thus, if the primary current,
I, is S000A and is reduced to zero in t = 100 ss together with the dissipatiocn

Wew = 10 kJ in the switch, then

I
-V =
Ws" 2 c,

from which the voltage, V, across the opening switch is 40 kV.

From the above expression, we see that the shorter the opening time,
the greater the voltage which the switch must withstand during opening.
Opening times which are unnecessarily short compared to the secondary circuit
requirement should be avoided because of the high voltage across the switch.

with 40 XV across the fuse at S000A, its resistance would be 8
ohms. When the resistance has reached 80 ohms all but 1% of the energy would
have transferred to the secondary. This shows that it 1s not necessary for
the fuse to attain what is normally considered an open circuit.

During the transfer of energy from the primary to the secondary, the
turns per volt are not the same for each winding. If the primary energy
transferred to the secondary in 100 ss was 2 MJ, and if the secondary current
was 500 kA, the secondary voltage would be about 80 kV. If the turns ratio
was 100 and the same rate of change of flux affected each winding, the primary
voltage would be 8MV. The rising current in the secondary, however, induces a
counter e.m.f. in the primary which reduces the primary back e.m.f. to 40 kV.

4.6.3 Fuses and vacuum arc switches

The major challenge in the design of the opening switch is to absorb
the energy that cannot be transferred without the switch breaking down and
reclosing the circuit. Fuses are an effective means of doing this because the
energy is got rid of by using {t to destroy the switch.

The actual mechanism by which the fuse works is that the energy to
be dissipated converts the metal of the fuse to a vapour at temperature and
pressure conditions such that the vapour is a poor conductor. The vapour is




condensed in a medium (e.g. sand) so that it is too dispersed to conduct. The
basis of design is to select the mass of metal such that its vapourization
energy equals the energy to be dissipated. If there is too much metal, 1Lt
will not be properly vapourized and if there ls too little, the excess energy
will lonize the vapour [(22].

Fuses, in the form of exploding wires or foils, have been developed
over the past 30 years for the transfer of energy from one inductor to another
in thermonuclear fusion experiments. Designs which can absorb 70 kJ have keen
reported [23]. Wires exploded in water have been reported to withstand 1.1
xV/cm for milliseconds (24] and 16 KV/cm for microseconds [25].

Unless an opening switch is placed across the fuse to divert current
into it, the fuse design must be such that it does not commence to rupture
until the desired current is reached. This requirement seems to be able to be
met, in general, because the fuse action culminates in a rapid positive
feedback process. The more the fuse heats, the higher its resistance becomes.

A switch which could function upon an electrical command as either a
closing switch or an opening switch would be preferable to the closing switch
and fuse in Fig. 36. Because there 1s a general need for reusable
opening/closing switches in inductive-circuits, attempts are being made to
devise such switches. The vacuum arc switch being developed by Gilmour {26!
is an example {(Fig. 39).

A

CATHODE MAGNETIC

INSULATOR

FIELD COWL

IGNITER
ELECTRODE

Fi1g. 39 High voltage arc interrupter (Gilmour)
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To turn the switch on, a pulse is appliedsto the igniter
electrode. The igniter electrode has a metallic film deposited on it which
enables it to generate a plasma and conduct between cathode and anode. As an
opening switch, it works by the magnetic blow-out principle. A pulse applied
to the field ‘coil sets up a magnetic field which causes forces on the current
carriers travelling between anode and cathode. These carriers must in effect
climb a hill, in the process causing a large voltage between anode and cathocde
and absorbing the circuit switching energy. Eventually the carriers
(presumably mostly electrons) strike the anode. The anode thus is the
structure in which the energy is ultimately given up, as heat.

4.7 Previous use of pulse transformer method

Although the pulse transformer concept for generating a high pulsed
current is simple, it appears to have been investigated only a few times. The
writer has found only three accounts in the literature.

The first attempt was by Peter Kapitza at the Cavendish Laboratory
in 1924 (27]. He wanted to use the high current from the secondary to produce
a nigh magnetic field in another coil. He did not analyse the factors
involved and evidently tried to use mechanical switching. He found it
imposgible to prevent sparking and the loss of all the energy and abandoned
the idea.

The next use of the idea seems to have been by Walker and Early at
the University of Michigan in 1957, 58 [(28]. They did not analyse the factors
involved in detail, but successfully produced a 117:1 current step up
transformer to transfer 105 kilojoules to a load at 525 kA. Walker and
Early’'s papers (28,29) are frequently cited, hence the pulse transformer
concept must be widely known. The reascon for thelr papers being frequently
cited is probably that they established several basic practical features of
inductive storage, e.g. the economic advantages with coil size, the use of
flywheel machines to store the energy with which to charge the coils and the
use of mechanical switches in parallel with exploding wire fuses to transfer
energy.

The third account of the idea was given [30) in 1979. The objective
in this case was to generate megavolt pulses at powers of 1011 watts by
dumping the stepped up current in the secondary into a resistive load. The
pulse transformer is not suited to this because of the stepped up voltage
across the primary, and the idea was not actually put into practice.

None of these attempts, it seems, was based on a detailed study of
the power supply, switch and transformer interactions.

4.8 Current transformer concept

’

We have discussed a number of problems and advantages of the
transformer scheme and similarly of the inductor scheme. A method o’
obtaining the advantages of each is shown in Fig. 40, in principle.
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1. Charge coil

- N
- turns

2. Apply short circuits
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Raiigun

3. Cut turns

Fig. 490 Current transformation using one winding.

Firstly, the coil is charged with current, I. Secondly, the busbars
of the railgun are shorted across the turns as shown in the second diagram.
The coil has a very low resistance so that the circulating current is not
affected by the busbars. Finally, the turns between the shorting busbars are
severed. The current in each of the turns diverts via the busbars and
redistributes via the turns on the other side and continues its flow around
the N turn circuit. The current through the railgun, however, is NI.

The effect is that the turns are charged with current when in ser.es
and discharged in parallel, corresponding to the way in which capacitors are
charged in parallel and discharged in series to obtain high voltages.

If the coil connections could be remade and the busbars removed, the
current would resume its path through the coil alone. In this way the energy
of the coil could be tapped.

The method retains the low current charging of the transformer.
Since the same winding is used for both low current charging and high current
discharging, it has in effect perfect coupling. There is no primary into
which a high voltage is induced during the discharge into the load. Because
there is no need to consider degree of coupling, the coil can have convenient
geometry; in particular so as to be as compact as possible and to not produce
external magnetic field.

The difficulty with the idea is in the switching. A set of make
before break contacts can be imagined. The problem is the same as for the
inductor scheme where the rail switch is used, except that the current 1is
subdivided into perhaps 100 parallel paths which must be separately
switched. The disconnection of the battery is not as difficult as with the
inductor scheme because it is done at low current.
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CHAPTER 5
ANALYSIS OF THE PULSE TRANSFORMER CIRCUIT »4

In Chapter 4 an overall view of the pulse transformer system was J
presented; in particular it appears competitive with advanced H.P.G. systems
1n terms of energy density per shot, given a not unreasonable improvement :.n -
the pulse energy density of batteries. The finer detalls of the scheme are
now studied. Firstly, in this Chapter, the discharging and charging preccesses
are analysed mathematically, irrespective of the actual form cf the
transformer. Secondly, in Chapters 6 and 7, the geometry of the transforrer
1s considered.

5.1 Energy transfer (discharge) equations
5.1.1 Circuit parameters

The equivalent circuit of the pulse transformer system is shown .n
Fig. 41.

Ry
L| L2

Ve

’-l-_ i () io(t) Le

Flg. 41 Clrcult for analysis of pulse transformer scheme.

The primary and secondary self inductances are Ly end L, and M 1s
the mutual inductance. RC is the resistance of the primary clrcult, including
that of the voltage source Ve when switch § is closed. RL includes the
secondary and load resistances and Ly includes the busbar and locad
inductances.

The fuse, or other means of opening the primary circuit, 1is
represented by the switch S and parallel resistance R,. It is impossible %o
define Ry mathematically, as it depends on the switching means and may have a
strong interaction with the other circuit parameters. We shall suppose that
from the manner in which a fixed value of RD affects the discharge, the role
played by the switch resistance can be adequately inferred.
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In the following Sections the circult will be analyzed, first’.y, .o
a simple manner, and then rigorously by network analysis. The complex
express:ons from the rigorous analysis are then simplified and thelr pnys.zal
meaning is discussed.

$.1.2 Simple analysis

For the simple analysis we assume that R, has a large enough value
~hat, when the switch is opened, the primary current falls to zero virtually
instantly compared to the time required for appreciable energy to dissipate .n
~ne secondary circuit. In this case the flux linkages with the secondary are
conserved whille the primary current falls to zero. Let the current in the
primary be ll(t) - 11(0) just prior to the opening of the switch. Then:

Mll(o) = - L, i, (o) {(5.1)
M. 5
ie Lz(o) = - E; 11(0) (5.2) 1

where the flux linkages with the secondary prior to switching are glven by
Mil(o) and 12(o> is the secondary current immedliately after switching.

= (5.3}
Since M kJLle 5.3/

where k is the degree of coupling between the primary and the seccndary,

L1
i ) = - — (5
12(0 ll(o) k iz 5.4)
2
If the transformer windings are geometrically similar, then:
L N
— - ﬁl (5.5)
2 2
w“here N, and N, are the primary and secondary turns, and so:
Nl
{ - - Kk— S.61
12 o) kN 11(0) (s.6}
2
The energy transferred to the secondary, Wy, is:
’ 2 2 2 2
W= Y Vo= 1 = (s.7)
2 2L2(12(o) /o X Ll(il(o kW 5

where Wl is the primary stored energy just prior to t = 0. The energy lost

during the switching, wsw' i1s:




i
N
r W W W, o= (1 -k W (s.83)
sw o1 2 1 ‘
The energy lost is dissipated in the resistance R, since Ry was assumed to
have a relatively high value compared to Re.
- Equations (5.7} and (5.8) show that the coupling facror determines
the energy transferred to the secondary and the energy which the switch must
dissipate, as was discussed in Chapter 4.
3 5.1.3 Rigorous Analysis
[
The simple analysis is independent of the value of the circuit
] resistances and gives no measure of how quickly the primary should be opened.
These are the reasons for carrying out a rigorous analys:s of the circuit.
The analysis is in terms of the circuit time constants and thereby includes
the circuit resistances.
Applying Kirchoff’'s voltage law to the primary and secondary at <ime
t =0, i.e. immediately after the switch is opened, we obtain:
di1 diz
Vc - (RC + RD)i1 + L1 P M I (5.9)
di2 dl1
0 = R/L, o+ (LL + Lz) T T Mo (s.10)
T Taking Laplace Transforms aad using the initial conditions
v
il(o+) = 1,{0), 12(o+) = 0, and letting i (o) = §£, i.e. the final value of
[ the current which would flow if the primary were tharged for a long time prior
to t = 0, we obtain:
L 2
ol L _sM°
Vc‘[s + Rclxs(LL + L2) + RLl R, }
II(S) - ™) (5.11)
ISL1 + (Rc + RD)I(S(LL + Lz) + RL] - 8™
L MV
1 1 C
- + — - — (
SM[VC (S + RC)] RC [SL1 + RC+,RD)]
- (5.12)
IZ(S) 2 2 5.12

(SL1 + (RC+ RD)][S(LL + Lz) + RLI - S™™

\. —



L L, + L
Let T, + §E~%~§—, T, = —ziz——x, Ty = Eé where T, and T, are the primary

circuit time constants prior to, and after, t = 0 and T2 18 the secondary t:ire

constant. Let k - ——T—M—————T i.e. the coefficient of coupling between <he
primary and secondary &lréuitszrather than of the transformer alone. With
these substitutions we obtain:

(s + 1) (s + 10 - %2
T, T,
Il(s) = I (o) T T >3 (5.13)
si(s + E_)(S + =) - 8%k
1 2
1__1
T T
M 1
1.(s) = 1 (o) (s.14)
2 V7 L+ Ly s+ s+ by - 5%
T T,

Since k2 S 1 the roots of the quadratic expressions are real. We obtain nrext,
factorizing the expressions:

- (S + v)(s + &) ,
Il(s) I.{o) ETE_:IZTTE_:_?) (5.15)
11
T T
M o 1
Iz(s) = Il(o) T 217 5+ a0+ (5.186)
L 2
[- (l— + 1 s J(l— + l—)2 iil_:_ﬁzl ]
where T T T L )
1 2 1 2 172
a,f = - 2 (5.17)
2 (1 - k%)

and y, & are given by the same expression except that Tl is replaced by T
Using partial fractions and taking the inverse transforms we finally obtain:

. 18 (y-8)ld-a) (y-g)(8-8) -8t
11(t) 11(0) [aﬂ o (p-a) * T glacs) © 1 (s.18)
1 1
[— - =1
M TO Tl -at -ft

12(c) - 11(0) le - e 1 (5.19)

(LL + Lz) (8 - a)
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owing to the need to evaluate a, #, v, & using (5.17) it ts not
possible to deduce much by inspection of equations (5.18) and (5.19). They
can be readily evaluated by computer and the results presented in tables or
graphs. A compact mathematical expression that is easy to evaluate and
interpret is more useful than tables or graphs. 1In addition, we really need
the expressions to directly use the values of To’ Tl' T2 and k rather than an
obscure function of these variables.

By noting some relationships between the roots of quadratic
expressions we can obtain reasonably good approximations to (5.18) and (5.19)
in terms of the desirable variables. The relationships are:

1

2 ’
(1 - x%)
1 k T1T2

v & = '_____i______; (5.21)

2
(1 - x%) ToT2

Z
and; if (%— + 2, 4(; ; x ) (5.22)
1 2 1°2
2
1 1,2 4(1 - x°)
and (T + 7 1 > T T , (5.23)
0 2 02
L, 1
then, T T
1 2
a = 2 (5.24)
1 -k
1
8 = , (5.25)
Tl + T2
i, L
To Tz
T = 2 (s.26)
1 -k
1
§ = T+ T (5.27)
° 2

.

. Before utilizing these approximations let us lnvestigate thelir
degree of accuracy. Suppose we desire the error in a, 8, v, 8§ to be less than
S%. Taking into account the effect of the square root on errors we deduce
that Lif

#

ey
?




' (s.28)
(5.29)
then «, # will be estimated by (5.24), {(5.25) to within 5% (Likewise for
Y, 3 except that T, replaces Tl.)
Let T, = m T, in (5.29). Then, (5.29) becomes:
2 mo+ é
2 0.9 - . .30)
4 0.9 70 (5.30

From this last equation we can deduce that form 2 18 orm $ %34 a and 4 will
be estimated by (5.24) and (5.25) for any value of K2,

This means that if Tz/T1 and 'ro/'r2 are greater than 18 then no
matter what the value of kz we canh substitute the simpler relations for
a, 8, v, 8 within S% error bounds.

20

T2/Ty or To/M

Fig. 42 Values which k? must exceed for errors in estimates of a, 8, v, & toO
be less than 5% or 1%.

Fig. 42 shows graphs of the values which k% must exceed for 5% and 1% error
bounds, as functions of the time constant ratios.
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To estimate the errors that might apply to the pulse transformer
analysis it is necegsary to know k2 and the ratios T2/'r1 and To/Tz' In Ch. 4
it was found that k2 should be at least 0.99 for ease of switching; Figure 42
shows that in this case the errors in «, 8, vy and & will be less that 1%
irrespective of the time constant ratios. Since the switching must be
completed in a time that is short compared to the secondary time constant
(T2/T1 = 100, e.g. T, = 10 ms, T, = 100 s38) and since the time to charge the
primary is long compared to the secondary time constant (TO/T %100, e.g. T,
=18, Tl = 10 ms) it can be seen from Figure 42 that a, 8, v gnd & will pe
accurate to within a few percent £or even very low values of k*.

Using Eqns. (5.20) to (5.27) together with the assumption that T2/T1
and TO/T2 are very much greater than unity, Eqns. (5.18) and (5.19) can be
written as:

- 12 5 ot
Tl 11(1 - k%) 2 Tl Tz
11(t) = Ll(o) { Tote + Kk e ] {5.31)
0 2
t - S
L, T1(1 - k%) T,
1.(e) = 1 (o) kx v [ e - e ] (5.32)
2 1 L o+ )

Eqns. (5.31) and (5.32) are plotted in Fig. 43, taking the primary

discharge time to have a normalized value of unity, and Tz/Tl and TO/T2 each

+

equal to 100, and JE——l—E— = ﬁl = 10 (the ratio of primary to secondary
turns). L 2 2

For the time ratios stated, il(t) and 12(t) will always be accurate
to within a few percent.

5.1.4 Discussion of discharge equations

As was made clear before, the derivations in this Chapter are based
upon RD being constant whereas in fact Rp varies greatly with time. The
equations cannot, therefore, give accurately the values of the currents.

Thelr principal features, however, should be a good indication of the
influence of circuit parameters. By inspection of the above equations and the
graphs, we can draw the following conc.usions. .
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(i) The primary current has three components. The first component,
11(0) fl, 1s very small because the switch resistance soon becomes
o

much larger than the circult resistance. The component :s silmply
due to the fact that whenythe switch 18 opened the current suppl.ed
by the battery becomes Re + Rp eventually.

The second component is the dominating one for most of the
discharge. It shows that the time constant of the primary during
discharge is diminished by the factor (1 - x2). a high coefficient
of coupling therefore speeds up the transfer of energy 1n a manner
which 1s not obvious without this analysis.

The third term shows the influence of the secondary discharge. Its
effect is negligible during the actual transfer of energy Lo the
secondary because TI/TZ << 1. In the case of a fuse, RD would
become virtually infinite at the end of transfer of current tc the
secondary and therefore the effect of the third term on the primary
current is virtually zero.

In view of the above discussion we can further approximate the
primary current by the expression:

_ T
Tl(l - k2)
11(c) = il(o) e (5.33)
(i1) Equation (5.33) can be further approximated by:
t
b Ll(t) = 11(0)(1 - 2 ) (5.34)
T (1 - k")
1
- This is because an exponential waveform i3 approximately linear with

time for the first time constant.

} The significance of this approximation is that it enables us to
easily estimate the voltage induced across the primary, while the
fuse is opening, as was dcne in Section 4.6.2.

(1i1) The energy dissipated in the primary during switcning can be fzund
using Eqn. (5.33);

- 2
i.e. L L (Re + R,) 1, 7(t)

2t ‘
' 2 Tl(l s
- (Rc + RD) 11 (o) L e
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ot s g

, T, - )
- (RC + RD) 4 (o) T e—
L

2 1 2
= (R_ + R} 1 “(o) = (1 - k%)

c D 1 2~RC + RD)

X .1 _ 2 2 - _ 2)

i.e. LI /o (1 - k7)) Lt (o) = (1 -k L

This 1s exactly the same as obtained previously (Eqn. (5.8)) and
testifies to the vallidity of the approximations involved in
obtaining Eqn. (5.33).

(iv) The equation for the secondary current can be written:

—_t .
N T, - k) - ?;
= - - 1, {s.
iz(t) Ll(o) ' m [ e e 5.135
2

L .M
since Vi—o - = §o Lf Lp << L, and the geometry is the same for both primary

L 2 2
and secondary (i.e. so that primary and secondary differ only in the numters
of turns).

owing to the rapid decay of the first exponential term, shortly

after ¢t = ¢ the secondary current becomes ﬁl X ll(o), which is the same as
obtained by the constant flux linkage method.

The rise of the current is controlled by the first term with the
effective time constant Tl(l - k°). The second term represents the discharge
of the secondary energy in the load and is of no consequence during switching,
so long as T, >> 11(1 - k4.

5.2 Physical Explanation of Transfer of Enerqgy

The mathematical methods used so far enable the transfer of energy
to the secondary to be plotted instant by instant. They do not, however,
explain why 1t occurs. The following discussion shows how the mutual induced
voltages control the exchange of energy. In this treatment the coefficients
of coupling of the primary and secondary are individually designated. This
enables changes in current, voltage and energy to be identified with primary
or secondary flux changes. In the preceding analyses it was only possible to
use the composite coefficient and therefore the indiwidual effects of the
windings could not be identified.

Fig. 44 shows the equivalent circuit for this discussion. Current
L‘<o) circulates in a zero resistance primary which is coupled to a shorted

L 4




zero resistance secondary. The permeance of the flux path of the primary 1s
P1 and that of the secondary is Pz' as used by Fitzgerald and Kingsley [(1].

a—1t:-0

)

iuo) L1 Lz

N|p1 N2P2
ky k;

Fig. 44 Circuit for analysis based upon physical events.

The fraction of the flux of L1 that effectively links all the turns of L2 is
Ky and the fraction of the flux of L,y that links L, is k,. N, and N, are the
primary and secondary turns, respectively.

The variable resistor represents the fuse or other circuit opening
means. When some resistance is introduced the inductor L, loses energy and
current i, diminishes. Consider the effect of a decrease Ai  in the primary
current. The accompanying change of primary flux causes an induced voltage in
the secondary and hence a current Ai_ in the secondary. Due to the combined
effects of Ail and A12 the flux link%nq the primary decreases by Aol, where

- - . .36)
A¢1 Nl A&lPl + kzuzAizpz (5.36

The voltage induced in the secondary is:

N
2 4%m

- - S (5.37)
e e 5.3

where A.l - - kl NlAilP is the mutual portion of the flux change arising
from Al Tn time At. Notinq also that for inductors i = %1 in general, we

obtain:

- - (5.38)
ai T ' 5.38
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Which tecomes, by substitul.ng ._ = N P,

Equation (5.39) can now be subst:itured in (5.36). The result :.s:

- - (1 - ). '5.40)
ae, N1 AllPl 1 k1k2 5

since L = |%2| 1n general, this expression can be written as:

2
‘- - ) = (1 ~ ). {5.4:
L Nl P1 (1 klkz L1 klkz 5.4

This is the incremental inductance during the transfer of energy to the
secondary. If the primary time constant is T, then the effective time
constant during switching is Tl(l'klkz) which is the same result as obtained
previously, since k k, = k2. The implication of (5.41) is that if Ky = %, =1
then the inductance of the primary would be zero during energy transfer and so
no matter what the rate of change of current there wou.d be no induced voltage
in the primary and hence a switch could be opened without any arcing.

Equation (5.39) will now be developed into an expression for the
secondary current. From elementary electromagnetics, k,P, = k,P

171 272
N1
A 12 - k2 ﬁ; Ail (5.42)
dlz(t)
Putting A12 T At, etc and allowing At -+ o and integrating gives:
e S S S
dt 2 Nz L dt

Integrating and inserting the initial conditions 12(t) = 0, il(t) = 11(0)
gives:

z

1
12(t) - k2 (11(t) - 11(0)) (5.43)

[ 8]

AS T 4 e all the energy in the primary is dissipated or transferred to the
secondary and so 11 -+ 0. Finally, therefore:




1 = -k, — i (o). (5.44)

This 1s the same equation as obtained by the previous methods except for one
thing, viz., the coefficient of coupling that 1is effective ls that due to the
secondary, and has nothing to do with that of the primary. As was implieq,
this method has the advantage of being able to reveal this. If the
coefficients of coupling are equal, as is usual, then the result is of no
practical significance. Configurations will be described for which they are
not the same and then Eqn. (5.44) does have a practical application.

By comparing the terms of Eqn. (5.43) and (5.35) an expression for
the primary current can be deduced, viz;

—_—t
1 N 11(1 - x%)
2 ﬁ; il(t) - 11(0) k ﬁ; e

X

Since we have deduced above that k = k,, we have:

T

T, (1 - k%)
11(t) - il(o) e

This is precisely Eqn. (5.33) and is a valuable check of both the physical and
mathematical analyses.

Equation (5.44) shows that the secondary current is independent of
the degree of coupling which the primary has with the secondary. Even if k1
were zero, current would be induced in the secondary, according te (5.44). It
seems contradictory that current, and energy, could be transferred to a
winding to which it 1s not coupled. Let us, therefore, calculate the energy
in the secondary, using Eqn. (5.44).

N
1 2 _ 2 1,2 2
2 L,i, /2L, X, (Nz) 1,7 (o)
B 2
ut, L, = N,° Py ,
1 2 _ 2 2 2
/2 L, 1, /p N,© BN T 1 %),
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and, since k2P2 = k1 1’
1 2 ok k. Y, N Yo,
2 Ly, Kiky Y2 NP,
Also, N,%P, = L
P N TPy 1
p 2. 1. 2 (o) (5.45)
L,1, Kk, VoL 1] , ;

i.e. the energy transferred to the secondary is L@ kz L 112(0), where

k2 = klkz' which is the usual result. No energy could 1n fact be transferred
if k1 is zero, but, according to (5.44) current would still flow in the
secondary. The somewhat artificial nature of k1 and k2 and the resolution of
the above difficulty will be discussed in Section 5.3.

The preceding paragraphs show that by the process of induction the
primary energy does actually transfer to the secondary. In addition we can
see that:

(1) As stated previously, the role of the switched in resistance is to
cause flux change. Other ways of causing the flux to change would
also transfer energy. For example, capacitors, reverse voltage,
change of permeability and change of coupling factor might be used.

(ii) The secondary current is not completely accumulated until the
primary current has decayed to zero. There is no way of
transferring the kyk, portion of the primary energy and keeping a
current flowing in the primary of such a value as to save the
portion of primary energy which is not transferred.

(111) The accumulation of the secondary current depends upon the secondary
resistance being low enough that the first induced increments of
secondary current have not diminished significantly before the
primary current decays to zero.

(iv) The energy transferred is not the same as the energy in the mutual
field of She primary. The initial mutual field energy is 2
klkg L, 1, "(o) whereas the energy transferred is k k, Vleil (o)
5.3 Coupling factors

5.3.1 Simplified model

The coupling between the primary and secondary of the pulse
transformer is such an important parameter that it is necessary to be able to
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evaluate it numerically for various transformer designs. To do this
rigorously is extremely difficult except for certain ldealized cases.

The model upon which the treatment in the previous section is hased
1s one 1n which the flux of each winding is considered to consist of a port.en
whi:h links all the turns of both primary and secondary (the "mutual" flux)
and a portion which links only the winding from which it arises (the "leakage"
£lux). Such a model is set out in detail by Fitzgerald and Xingsley (1) :in
connectiocn with iron cored transformers and enables the degree orf coupling
between one winding and another to be expressed as the ratio of the mutual
flux to the total flux. The situation is actually more complicated,
especially in air cored coils, because each turn of each winding produces flux
which links the other turns of its own winding in varying degrees and the
turns of the other winding in varying degrees.

The simple model is still applicable, though, because it gives the
correct induced e.m.f.s., which are the overall effect of the flux linkages,
however they are actually distributed. This can be shown as follows. Let the
back e.m.f. of a primary of N, turns be EI and the induced voltage in a
secondary of N2 turns be Ez' The ratio of the average e.m.f. per turn 1n each
winding, e.qg.

E2/N2
EI/NI

for the secondary to primary ratio, can be written as:

d *im
dt
d $

dt

which, since the time changes are the same for each e.m.f., has the value:

>

1

3

>

1

which is the usual definition of coupling factor k,. The flux ‘lm may be
conveniently be regarded as the mutual flux in the simple model and
fiux ¢ may be conveniently regarded as made up of the mutual flux and the so

called "leakage" flux.

For the toroidal transformers proposed in the following Chapters the
simple model is in fact applicable because the fluxes can be clearly separated
into mutual and leakage portions.

-
*




5.3.2 Relationships between self inductances and coupling factors

In Sect. 5.2 the use of idealized coupling factors k1 and L led to
che conclusion that it was possible to induce current into a coil from ancther
coll even though none of the flux of the inducing ¢oil links the second c¢o:l
(Eqn. 5.44), although no energy could be transferred. The difficulty is
resolved by showing that the self inductances and coupling factors are
related, as follows.

Firstly, let us define the coupling factors in the usual (:idealized)
fashion:

-

im
K = —
1 01

and similarly for k5, where ¢ denotes the average flux per turn of the
primary and ‘1 denotes the average flux per turn which the primary induces
into the secongary.

Let M 2 be the mutual inductance of the secondary, due to current ;.
in the primary }and similarly for M,,}, )

e “12’21““'2111
1 1
L.e M = N X L (547
* 12 TN, 171 v
1
similarly,
¥
M i; Ky Ly (5.48)

Now M,, = M,, always. Tnls must be so to satisfy conservation of energy
(21.

(5.49)

~

Equation (5.49) resolves the difficulty in Sect. 5.2 because it
shows that Lf kl is zero while k2 is not zero, then either L2 is zero or L1 s
infinite. If L2 1s zero the secondary does not exist and if L1 is infinite
the primary can never be charged i.e. either way there can be no energy in the
secondary.

oo

e




(1)

(1i)

(ii11)

which,

Further conclusions can be drawn from £qn. (5.49).

The ratio of the coupling coefficients must be constant no matter
what the separation or orientation of the coils may be. This 1is
because the self inductances, L, and Ly, are not affected by the
placement of the colils, i.e. Ll' L2, N1 and N2 remain constant in
Eqn. (5.49).

The maximum proportion of the energykstore% in one coil that can te
tranferred to the other is given by El or ;3, selected such that the
dernominator has the largest value. T%is is because the maximum
value tQat k1 or X, may have is 1 and because, as shown
abovg, El Qust remain constant. Hence, the maximum value of Kiky 13
1

1 X = or — X 1.

k2 k1
For maximum energy transfer, the windings must have the same shape
factors. This follows from the fact that L and L2 may be expressed
as L1 = Nl A and L2 = N B where A and B are shape factors {or the

permeances) which have the dimensions of length. We thus have:

L
2 B
L1 = (N ) A (5.50)

using Eqn. {5.49), yields:

=

1
)

» o

(5.351)

From (ii) it follows that for maximum energy transfer, B = A. (Further
consideration shows that the shapes must be identical in size and form and
coincident in space.)

5.4 Coaxial-toroidal transformer geometry

Coaxial cable with a tubular inner has a flux distribution which can

be clearly separated into parts in accordance with the theory just presented
(Fig. 4s(al)). Since no flux can exist within a hollow cylinder carrying a
uniformly distributed current, the f£lux of each conductor is entirely external
to that conductor. The flux of the inner is clearly divided into two

portions;

that which is between the inner and the outer and which therefore

links the inner only and is therefore leakage flux, ¢nd that which surrounds
both the outer and the inner and is therefore mutual flux. All the flux of

the outer,

however, surrounds both outer and inner and therefore there 138 no

leakage flux of the outer.
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Fig. 45 Coaxial toroidal transformer.
(a) Fluxes of coaxial tubes. (b) Transformer with similar flux
distribution.

A transformer which incorporates the coaxial cable flux distribution
is shown in Fig. 45 (b). Assuming that the primary turns function as a
cylinder with uniformly distributed current and that the ratio of the major to
minor diameters is large enough that the flux at any section 1s the same as
that due to long, straight conductors, the transformer flux distribution is
the same as that of the coaxial tubes. 1In particular, the coupling
coefficient of the secondary, k,, 1s unity. Using Eqn. (5.44) we obtain

1
i, = -~ ¥ 1 (o) (5.52)

in the shorted secondary when the primary is opened, i.e. exact transformation
in the ratio of the turas.

’




-

5.5 The charging of the primary

From a thecretical point of view the primary should be charged with
the secondary open to prevent secondary current during the charging. From a
practical point of view it would be simpler to charge the primary while the
secondary 1s shorted. In the following Section various measures of the
efficiency of charging the primary while the secondary is open are
developed. 1In the Section after that the possibility of introducing
resistance into the secondary to permit charging with a closed secondary 1s
examined.

5.5.1 Secondary open

When an inductor is charged all the energy initially supplied :s
stored, i.e. the charging is 100% efficient. As the charging proceeds, energy
is dissipated in the resistance of the inductor and by the time the inductor
is 90% charged most of the energy supplied has been dissipated in the
resistance. We seek an optimum charging time which combines high efficiency
of charging with the storage of a large fraction of the total energy which the
coil could store if charged for a long time.

During charging with the secondary open the charging current can be
written as:

-5
VC To "
hleh = Re (G- D=ty 1) (5.53)
where
v
il(INF) =R i.e. the final value of 11(t)

C

and, n = number of timepconstants for which charging has proceeded
i.e. n = %h where T, = §l. (see Fig. 41).
o C

Let wo be the energy supplied by the voltage source, Vc. up to any
instant. Then,

t
LA jo Vcil(t) dt

1512 (n-1+eM

11 (INF) (s.54)

e e . m



If wl is the stored energy at any instant, then the efficiency of charg:ing :.s:

-n,2
1. a-e ) (5.55
"

k)

o 2{ln -1 + e

The fraction of the maximum energy, W(iyp)., that the inductor can store for a
given voltage, 1s at any instant given by:

W
wl - 1+ ™" (5.58)
(INF)

The ratic of the energy supplied to the maximum stored energy is:

W

o n

~=2(n-1+¢e") (5.57)

W 1xF)

These expressions are plotted in Figs 46 and 47. Fig. 46 shows how
the energy supplied, wo, rapidly exceeds the stored energy if the charging
persists beyond one time constant. Fig 47 shows the efficiency of charging
and the fraction of maximum possible stored energy as functions of charging
time. The fraction of final current is also shown.

Wy / Wiine)

0 04 08 12 16 20 24 28

net/T

Fig. 46. Effectiveness of charging an inductor. W, is the total energy
supplied after n time constants, Wiyp 18 the maximum possible stored
energy, W, 1s the energy stored after n time constants.
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Fig. 47 Effectiveness of charging an inductor, . is the efficiency of
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Fig. 48 Effectiveness of charging on inductor, showing rate of change of
efficiency against fraction of maximum possirle stored energy.
The crossover point in Fig. 47, at approximately 1.2 time constants,
is the point of simultaneous maximum of efficiency of storage and of the
. fraction of maximum possible stored energy. At this point the current is
129
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approximately 70% of its maximum possible value and the efficiency of storage
and the utilization of the coil’'s storage capacity are each about 50%. This
is not necessarily the optimum charging period, however, because wl/wo and
wllw(INF) vary nearly linearly over a broad range of t/'x‘° values. Fig. 48
shows that imitially the losses ilncrease more rapidly than the stored energy
but that from about 0.7 of a time constant to 2.5 time constants the rate of
losses is smaller and remains approximately constant. This is because the
stored energy immediately increases with the square of the current but the
losses require time to accumulate. From about 3 time constants onwards the
rate of the losses rapidly exceeds the storage rate. This is because the
current and hence the stored energy remain almost constant with time whereas
the losses continually increase.

It is desirable to have a single factor which measures both the
efficlency of charging and the utilization of the coil‘s energy storage

w
capacity. The product of the two factors, ﬁl and is proportional to a
[}

W( 4
INF}
measure of the energy density of the charging source and the transformer.

Firstly, we note that the mass of the charging source is proportional to the
power it must deliver and also to the total energy required. The basic pulse
transformer scheme minimizes the mass on account of the power requirement. We
now seek to minimize the mass by reducing the losses as much as possible, and
hence reducing the amount of energy which must be stored. Since W, is tre
total energy supplied by the charging source per pulse, we have:

Wo = CiMer

where C, 1is a constant and Me is the mass of the charging source.

Secondly, as discussed in Chapter 3, the maximum energy which the
transformer can store is a function of its mass, therefore:

Wionm T CMpe

where C, 1s a constant and Mp is the transformer mass.
Let us now consider the product:

2

=

" "1 ) w
wo w(mr) c1c2MCMT

If we define an equivalent mass, MEQ' as:

M = JM_M (5.58)

then:
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since C, and C, are constants.

w w
Thus, from the product of the factors gl and ﬁ%_—_T' we can obtain 13
o INF
composite factor for the enerqgy density of the charging source and the

transformer. Fig. 49 shows how this factor varies with charging time.
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Fig. 49 Plot of stored energy density factor, gl—, scaled to JCICZ = 1,
EQ

Figure 49 indicates that to fully utilize the mass of the system,
the charging should proceed for at least one time ccnstant. Further charging
does not degrade the utilization of the mass until the resistive losses
greatly exceed the rate of storage of energy, after more than 3 time
constants.

Another way of measuring the optimum charging time is by considering
the average useful power during charging. In order for the voltage source to
be capable of charging the primary in the exponential manner assumed, it must
be capable of maintaining its terminal voltage until it delivers current
il(INF)‘ If the supply voltage is constant the power versus time graph will
have the same shape of graph as the current (Fig. 47). The fraction of the
energy that is stored is the useful energy and we may consider a ratio defined
as

Wl/t
L (5.60)
C 1{INF)

3
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to be a "power utilization" factor. It measures the average power of the
stored energy compared to the necessary power capability of the voltage
source.

The maximum storage capacity of the coil can be expressed as:

1 2
Wowe) T 258 (o)
v, 2
- 1 £ .
SNESN
c
Yy (5.61)
--e WINF) 2T Vel (nm)
Using (5.60) we obtain:
it
PU - —————. (s.62)
Wy

Fig. 50 is a plot of (5.61). The curve reaches its maximum value of 0.2036 at
1.25 time constants, and to make the maximum use of the necessarily installed
power capacity of the voltage source charging should continue for at least
this time. (For comparison, if the voltage source was used to deliver power
to a resistive load instead of the inductor, the power utilization value would

be 0.5, 1.e. when the load was matched to the internal resistance of the
voltage source.)

0.3
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PU /7 !\‘
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Fig. S0 Plot of power utilization factor, P.U.




on the basis of Figs 47, 49 and 50 we can conclude that charging for
about 1.2 time constants is optimum, because it is a long enough time for the
\ energy density and power factors to approach their high values while
maintaining the energy efficiency high also (approx 50%).

Three points are worth noticing, in conclusion.

(1) The discussion assumes that the voltage of the power source remains
constant during charging. This means that the internal resistance
of the voltage source must be included in the value of R. used in
the equations. However, 1f the internal resistance increases during
the charging, e.g. due to polarization in the batteries. the current
curve will flatten earlier and the optimum charging times will
shorten.

(11) The problem of finding an optimum charging time is fundamental and
would not be eliminated Lf the coil resistance could be greatly
reduced, e.g. by using superconductors. Because Rc includes the
resistance of the voltage source and the busbars, reduction of the
coll resistance to much less than these other resistances has little
effect. Also, 1f the voltage source resistance was negligible, the
voltage source could power the railgun directly, without the pulse

transformer.

(1i1) When an exploding wire fuse is used to interrupt the primary the
resistance will increase during the charging and the optimum
charging time will be shortened, as in (i). If the effect of the

fuse were too limiting, it would be necessary to short it with a
parallel switch until the desired current was reached, an
undesirable complication.

5.5.2 Secondary Closed

The study of charqging with the secondary closed requires the
solution of the circuit equations for Fig. 51.

2"

Re iz(l))

T (N1) (N2)

Fig. S1 Clrcult for closed secondary charging.




di (t) di_(t)
v, =1 (t) R, + L L - M 2 (5.63)
c 1 (o 1 dt dt :
diz(c) dil(t)
0 = 12(c) R2 + L2 It - M at (5.64)

Taking Laplace Transforms and using the facts that initially i, and
1, are zero, one eventually obtains:

11(t) = { + e 1 (5.65)

and V. k _
12(t) = 2 [e - e 1 (5.66)
(1 - k“)(y = &) JL1L2

2
where k2 = —!——, and y and 8 are, as before, given by:

L1L2
1 1 1 1,2 a(1 - kz)
- (- (= =) 2 y({z— + =) - ———=—)]
T T TT
Q 2 o] 2 0 2
7,8 = , (5.17)
2
2{1 - k")
L L
and To -t and T2 - EZ'
(o 2

By applying the approximation technique in Sect. 5.1.3 we can

obtain:
(-Tl—-+ %—)c
_ o 2 _ t
1 (e) = (1 T2 (- xh "o e To Tzl
1 1({INF) ro T, T, T, (s 67)
and
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v v vt
i,
X El B t _ T th
N, T, + T, 1 - k2
12(t) = 1 (INF) T fe - e 1. (5.68)
1 + E—

~

As before, the accuracy of these approximations depends upon the TQ ratios.
2

The content of these equations parallels that of the equations obtained for
discharge of the primary energy. The primary current consists of a steady
state term and two transient terms. The secondary current consists only of
two transient terms. One of the transient terms contains the factor

{1 - x2) which, for high k, causes it to rapidly decay. For k = 1 we can
therefore approximate the currents by:

_ t
T +7T
. 1 o 2
il(c) = 11(INF) 1 - _—__F; e 1 (5.69)
1 + E—
o
. Moo v
1{INF) N2 To + T2
and iz(t) = T e (5.70)
0
1+ E—
2

T
In the propcsed pulse transformer system the ratio TQ will be large,
2

at least 10. (The charging time, and hence Tor will be at least 100 ms and
the discharge time will be typically ! ms. If the short circuit resistance of
the secondary is about 1/10 of the rail plus projectile effective resistance
then T, = 10 ms) If the turns ratio is 100 then from (5.70) we obtain:

o7

12(c) x 9 1 e

1{INF)

since i, (ryF) Would be in the region of 5,000 A (in order to give a
current of approximately 350,000 A in the secondary, which 1s typically
required for electromagnetic launching) the peak induced secondary current,
due to charging, would be about 45,000 A. This 1is not large compared to the
working current of 350,000 A and may be tolerable. Typically, the charging

time would be about 1 s and Tﬂ % 100. In this case the secondary current

would be only 5,000A, 1.e. the same as the primary current.
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To assess more accurately the effect of the shorted secondary upon
charging it is necessary to calculate efficiency factors as was done for
charging with the secondary open. Since the effect is most pronounced for
T

=2 values less than 10 the full expressions given by equations (5.65), (5.66)
t2

and (5.17) are used.

The quantities to be calculated are:

(1) wl - Stored energy of primary

W(INF) Max. possible stored energy

[ ve 1, e - [ R, 112 dc - | R2122 dt

3 .
1
/2 LY (e

W
(11) ;l = Efficiency of charging
0

fve 1,4t - [rg ledt - IRzlzzdt
= [vcildc

(i11) 2. Energy density factor
Meq

W

1
=y X v
o

and (iv) P.U. = Power Utilization Factor

LJ
1

20 Wior)

The results of these calculations are shown in Figs. 52-56. 1In all
these plots k = .99. The curve parameter is the T? ratio and %he dashed
curves are for the secondary open i.e. the limiting curves as ?g approaches
infintity.
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Fig. 52 Primary and secondary currents, il(t) and lz(t), during charging.
To obtain actual 12(t)/11(INF) value, multiply value from graph by

Nl/Nz'
03 T T T T T T T T Y T T T T T
o sec O/c 1
0.2 i — D G S S S ame =1
i ”’ 5 “‘§§:\
S~
2
§
\To/T, values 8
L i L. L A L A i A
12 1.6 20 24 28

t/ T
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The graphs of primary and secondary current (Fig. 52) show that at
t =0
(i) there is a current step, and
(i1i) the magnitude of the primary current step equals that of the
secondary current step for unity turns ratio. Inspection of the
approximate expressions (5.69) and (5.70) shows that this is to be
expected in general, for, at t = 0:
1 1
{ = - — ] = —_
4 e i1(1::?) (1 T2] Litnm T,
1 + — 1 + —
To TZ
i1.e. il(t) - 12(1’.) when Nl/Nz =1,
—1
The factor 1+ Eg gives the height of the initial step, approxXimately.
T ’

~0 2
For T, 1/ 2 3nd 5 this expression gives initial step heights of 0.5, 0.333
and 0.167. These values are very close to the actual values in Fig. 52, which
were obtained by computation using the complete current expressions.
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A final point to note about the current curves is that the curve £5r¢
T
¥§ -TS does not differ qrea%ly from that for the secondary open, i.e.
for TQ -+ «. Therefore, if TQ values of about 10 can be attained, as seems
2

likely, the effect of the secondary being closed during charging will be
negligible, so far as the storage of energy 1s concerned.

Examination of the other graphs confirms the above conclusion. In
all eases, after charging the primary for about 1.2 time constants,
<he TQ = 5 curve reachas at least 70% of the secondary openpcurve. The lowest
figuz3 is for the efficiency of charging. 1If the value of TQ 1s 10 then the
efficiency of charging becomes about 85% of the open seconda®y value and all
the other factors are around 90% of the open secondary values.

5.6 Physical explanation of closed secondary charging

There are two features of charging with a closed secondary that are
quite different to charging with the secondary open. Firstly, there is a
sudden step in the primary current instead of it rising gradually from zero
(Fig. 52). secondly, efficiency of energy storage is initially very small,
{(Fig. 54), whereas when the secondary 18 open it 1s initially at its maximum.

The initial step in the primary and secondary currents, and their
magnitudes, can be explained by simple transformer theory in which the primary
current is divided into two components. One component is the magnetising
current and the other is the reflected load current of the secondary. The two
portions are related by the requirement that the magnetising current must
change continuously in such a way that the back e.m.f. of the primary is the

N
voltage drop across the transformed resistance, (§1,2 Rz' of the secondary.
2

Initially, the magnetising current is small and primary circuit may be
regarded as purely resistive. The primary current, 11, therefore rises
immediately when the primary is closed to the value given by:

11 - ————, (5.71)

where RC + (—l) R2 is the equivalent resistance of the primary The above
2 L
equation may be rearranged as follows, using the fact that (-l) = —* and
L

L
L 2
< —2 s §
denoting Re by 11(INF)' R2 by T, and R, by To

1
1 (INF) 1
- ———— . (5.7
11 To 11(INF) (1 Tz) 5.72)
1+ T 1 4+ T
2 o
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Equation (5.72) is the same as (5.69) at t = 0 and therefore justifies the

above explanation. Furthermore, Eqn. (5.72) multiplied by ﬁl gives the
secondary current, and is the same as Eqn. (5.70) at t = 0. 2

The second feature of closed secondary charging, viz. that the
efficiency of energy storage is initially very small, follows simply from the
fact that the circuit is initially virtually purely resistive and the energy
is dissipated instead of stored.

To maintain the secondary voltage constant, and hence the secondary
current constant, the rate of change of primary flux must remain constant.
This would require the magnetizing portion of the primary current to increase
linearly with time; the voltage drop across Re, the primary resistance,
though, means that the voltage across the primary inductance would diminish as
the current increases. The secondary voltage and secondary current must,
therefore, decrease with time. As the secondary current diminishes, so does
its corresponding component in the primary current. The voltage drop across
Re therefore diminishes, allowing the voltage across the primary inductance to
increase. This interaction between the secondary current and the primary
current slows the rate of decrease of the secondary current, and explains why
the primary and secondary time constants are the sum of those of the
individual circuits in equations (5.69) and (5.70).

Since very little of the energy supplled initially is stored, the
effective inductance of the primary is initially very small, when charging
with the secondary closed. The magnitude of the initial inductance can be
found in the same manner as in Section 5.2. In summary, a f£lux change A¢, in
the primary causes a secondary voltage which produces a cancelling flux c%ange
K szol 8o that the net change in primary £lux is (1 -~ k_k_.) A¢.. Since a¢. is
tﬁe flux change which the primary self inductance produceés for current
change Ail, the initial equivalent primary inductance, L(EQ) is:

= (1 - klkz) L (5.73)

Y]
where Ll - KTl is the primary self inductance. If the coupling factors kl,k2
are high, L(Eé) is small.

Primary resistance, as explained above, and secondary resistance
cause the secondary current to diminish from its initial peak. The voltage
induced back into the primary then reverses and causes primary current to rise
more slowly than when the secondary is open. Thig can be seen in Fig. 52. If
the secondary has a short time constant, such as =2 - 10, as can be seen in
Fig. 57, the equivalent primary inductance approacies its normal value after
about one time constant. If the primary and secondary time constants are the
same, about 5 time constants are required.

The variation of the equivalent primary inductance can be obtained
as follows. Let the inductance of the primary at any instant during charging
be L(EO); then the stored energy, Wl, is:
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2
(5.74)
L(EQ) 11 (t). 5.74

2 W,
L - —, (5.75)
(EQ) L 2(e) .
1
L W i

or ngl - 1 ( i(fzﬁ))z (5.76)

1 (INF) 1

Fig. 57 shows the results of calculations of this quantity for k = .99. Curve
T
parameters are TQ rattos.
k 2

Leay/ Ly

24 28

Fig. 57 Equivalent inductance of primary with secondary closed.

_— L
With k = Jklkz = 0.99, the value of _%EQL at t = o0 1s obtained from
Eqn. (5.73) as: 1

L
—EQ) = (1 - K.k ) =1 - .99% - .0199
L, 172

This value is too small to show on the graphs, but the calculation print out
gives .0199, i.e. equation (5.76) agrees exactly with equation (5.73).
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The value of W, in equation {(s.76) is calculated from:

wl = stored energy = Energy supplled by voltage source, (Jvcildc)
R 2
~ Energy dissipation Rc,(J'i1 (c)Rc dt)
- Energy dissipated in R,, (fizz(t)R2 de).
The full expressions for il(t) and 12(t) were used (Eqn. (5.65), (5.66) and
(5.17)). The evaluation is thus an elaborate check on Eqn. (5.73).

other values of k were fed into the program used to evaluate EqQn.

(5.76) and the results, for t:/T° = .01, TQ = .2, were:
2

kK = .8, {1 - klkz) = .36, printout = .3629
k= .4, (1 - klkz) = .84, printout = .8400

These values confirm Eqn. (5.73) at t = 0.

$.7 Summary

In this Chapter we have studied the discharging and charging
processes in depth. We have used routine circuit analysis and we have used
physical insight to justify and corroborate the mathematical results.

This work leads to the following conclusions.

1. Since the three pulse transformer time constants, To, T1 and T2 have
ratios 'ro/'r2 = 100 and '1'2/1‘1 = 100:

(1) simplified expressions adequately describe the primary and
secondary currents;

(11) the primary can be charged while the secondary is closed,
with negligible effect on efficiency of charging or on the
railgun.

2. The proportion of energy transferred to the secondary 1is klkz times

the primary stored energy.
3. The inductance of the primary during its discharge is (1 - klkz)

times its self inductance. This means that (he voltage across the
primary is greatly reduced by a high degree of coupling.
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The optimum time to charge the primary for reasons of energy
efficiency, minimum mass and utilization of the charging source
power capability is about one primary time constant.

The simple notion of mutual and leakage fluxes leads to correct
results.

There is a simple and important relationship between self
inductances and degrees of coupling.
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CHAPTER 6

ASSESSMENT OF VARIOUS TRANSFORMER GEQMETRIES

The objectives of this Chapter are to compare several basic winding
Jeometries and methods of forming the secondary in terms of their time
constants relative to the conductor mass, the degree of coupling between the
primary and the secondary and the mass of conductors needed to contain the
stored energy.

The analysis and discussion by which the objectives are achieved
takes up the first four parts of the Chapter. In the last part the actual
currents, fluxes and inductances of coils with real conductors are considered,
as opposed to idealized coils with current sheet distributions.

The time constant, degree of coupling and stre.gth parameters are
evaluated for three coil geometries, viz. the solenold, the "external field"
toroid and the ordinary toroid in which the magnetic field is almost entirely
internal.

Degrees of coupling are evaluated for four forms of secondary
applied to each of the three geometries listed above. As there appears to be
no literature concerning the calculation of degree of coupling, techniques
that seem appropriate to these geometries are developed.

6.1 Time constant and masses
6.1.1 Relationship between battery mass and circuit resistances

In Ch. 4 it was pointed out that battery mass is reduced by charging
the primary for as long as possible. This requlres the primary winding to
have a correspondingly long time constant and, if the time constant is made
longer by increasing the conductor size, the coil mass increases. The primary
circuit time constant, however, is determined by the resistance of the battery
as well as that of the winding. Before proceeding with the study of time
constant in terms of coil geometry, let us determine the relative importance
of battery and winding resistances upon battery mass.

The primary circult resistance during charging, denoted as Ro in Ch.
5, 1s composed of the internal resistance of the battery, Ry, and the winding
resistance of the primary, Ry

The peak power, PC(INF)' which the battery would eventually supply
is given by:

2
Pecrve) = Yromwe) Ra t Rpl (6.1)

’

v

where 1y (1nF) * R, +

L

L
Multiplying each side of Eqn. (6.1) by El' where L, is the primary
inductance, enables it to be expressed as: 1

R and Ve 1s the open circuit voltage of the battery.
B




v » i —yr Y
2%
(INF)
- —NED (6.2
Pelinm) L Ry * Rg) 2!

1

where "(INF) 1s the stored energy When the current in L1 is il(INF)'

PC(INF) may also be expressed in terms of the power density, p, of
the battery, where p is the maximum power, i.e. the power delivered to a load
equal in resistance to the internal resistance of the battery, divided by the
battery mass, il.e.:

where Mg is the battery mass. Note that p is a constant for a battery
assembled from a given type of cell; it has the same value no matter what the
arrangement of cells in parallel and series.

EXpressing Pp(yp) as:

VC2
P - (6.4a)
C{INF) (Rw + RB)
and incorporating Eqn. (6.3) yields:
4pM_R
B B
P - ——— (6.ab)
c(INF) (Rw + RB)
combining Eqns. (6.2 and (6.4b) yields:
L] R R
M_ = _L1NF) R, (—E + 2 + EE) (6.5)

B 2Llp W R

Eqn. (6.5) gives the relationship between battery mass and the
primary winding resistance, Ry, and the battery internal resistance, Rg. It
shows that one way to minimize battery mass is to geduce Ry and thereby to
increase the Clrculﬁ time coastant, as we have discussed. The other way is to

" v
minimize the term (E- + 2+ EE). This term, graphed as a function of E§ in
Fig. %2, shows that Ehe battegy mass is minimized when the battery resigtance
and winaing resistance are equal. Egn. (6.5) represents a family of curves, .
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each curve becoming shallower as Ry approaches zero. Ry clearly has the
greatest control.

4
\ 9?2
3 ’1
RELATIVE N\ A R
BATTERY 2 /-7‘ L 5
MASS ; e Rw* 0 -
0 [
0 2 4 6 8 10
Re Battéry Resistance
Rw Winding Resistance

Fig. 58 Plot showing the variation of battery mass agcording to EQn. (6.5).

The battery mass is normalized so that when EE = 1 and Ry =1
battery mass has unit value. W

For the condition Rp = Ry, Eqn. (6.5) may be expressed as:

M =, (6.6)

the primary circuit time constant,

El
which, since R, = R,, + Rp and = T,.,
C L B RC [}

becomes:

W
M = (INF).

(6.7a)
B T p

Using the exponential relationship for the current reached after
charging for n time constants (Eqn. 5.53), the battery mass may be further
expressed as:

.




M -, (6.7b)

or M = ———, (6.7¢)
-n,2

To(l -e )

where I is the current and W is the stored energy when the primary current 1is

interrupted after n time constants. (The derivations in this Section assume

that the battery internal resistance remains constant during the charging of

the primary. They do not apply if diffusion limits the current to a lesser

value than 11(INF))'

In this Section we have determined the influence of the battery
resistance and the winding resistance on battery mass. The result, Eqn. 6.5,
shows that the winding resistance has the most direct effect. In Ch. 4 {t was
calculated that to increase the time constant of a Brooks Coil from 1 second
to 10 seconds by increasing the conductor size, the mass would increase from
1.6 tonnes to 50 tonnes. There is thus a large mass penalty in reducing
resistance by increasing conductor size. It follows that an important measure
of the geometry of the transformer primary is its resistance for a given
inductance, or in other terms its time constant, for a given coil mass. Even
if cooiing is used to decrease the winding resistance, a coil which has a high
basic R ratlo is advantageous because it reduces the cooling required.

In the following Sections the L ratios and masses of three basic
winding geometries are derived and compared to the Brooks Coil. The
geometries selected are the solenoid, the "external field” toroid and the
ordinary toroid.

6.1.2 The Brooks Coil

Firstly we shall find the relationship between the time constant and
the mass of the Brooks Coil.

The Brooks Coll 1s known to be the multilayer coil which has the
highest inductance for a given resistance and is a convenlent basis for
comparing the designs in the following Sections. Grover, (1), gives the
inductance of the Brooks Coil as:

L= o.oxssgauz aH (6.8)

where a is the mean coil diameter (cm) and N is the number of turns. The coil
geometry 1s shown in Fig. 59.
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Fig. 59 Brooks Coil.

Suppose that the coil is wound from a wire of éeggth ty and géameter
d and that the insulation is negligible. sSubstituting (E) for N and > for a

and using metres instead of centimetres we obtain:

L = 1.6994 X 35; aH
2d

The resistance of the winding is:

4 pt
-

'd2

R =

where p is the resistivity of the conductor material.
obtained:

(1.6994 x 3w, c”
8p 2

L.
R
which can be arranged as,

x (Vol of conductor)z/s,

8 p (—:—)

(6.9)

(6.10)

From these equations is




2

d
by using the fact that the volume of the wire, —— ¢

3
4 w’ !

3x
1s equal to < ¢

Taking the conductor to be copper, for which the density is 8.89 x
103 xg/m” and the room temperature resistivity is 1.7241 x 10_a ohm-metre, we
finally obtain:

L 2/3
= = 7. . (6.
(R)BROOKS 7.559 x (Mass of copper) ms 6.11)

where the mass of the copper is in kg and is for a winding at room
temperature. Note that (6.11) is independent of the length and diameter of
the wire, and of the number of turns.

6.1.3 The single layer solenoid compared with Brooks Coil
The inductance of a solenold is given by:

2
K poN A

L = —— (6.12)
t

where A 1s the cross sectional area, ; D 1s the diameter, : is the length,
N is the number of turns and K is a correction factor for length/diameter
ratio. Using the facts that, for a closely wound solenoid, the length of the

2,2
conductor is NxD and the conductor volume is Hl—%—n where d is the conductor
diameter, we obtain:

Ka

]
X Volume of conductor.
dtwp

L,
R
Introducing the resistivity and density of copper vyields:

(L - .6524K X Eiii—Q%—EEEEEE ms

R soL. (6.13)
where ¢ is the solenoid length in metres and the mass is in kg.
From (6.13) and (6.11) we obtain:
(L/R} 1/3
TE7ET§9£___ = .0863 K X 15%551 (6.14)
BROOKS

as a comparison of the solenoid and Brooks Coil time constants for coils wound

Wwith the same mass of copper. (They may have different lengths and diameters

of conductors). Since the volume of copper in the Brooks Coil is given by
2.3

d2.S-, Eqn. (6.14) can be rewritten as:




(L/R)
(L/R)SOL = 3.4846 %5 {6.15)
BROOKS

Furthermore, it is known (2] that a single layer solenoid has its maximum L/R
value when the ratio of diameter to length is 2.46, and that for this rat:io,
K = 0.48. Eqn. (6.15) can therefore be written as:

<L/R)SH.

(L/R)BROOKS

SOL _ 1 6726 % (6.16)

where "SH SOL" denotes "short solenoid"”, and the equation refers to solenocids
and Brooks Coils wound with equal masses of copper.

To evaluate (6.16) we must first determine a realistic value for the
ratio %. Since the volume of wire in the solenoid equals that of the Brooks
Coll, we have:

N Dd2 - 3c3
s

where Ns is the number of turns on the solenoid. Furthermore, if the solenoid
turns are touching and we neglect insulation thickness:

¢t = N d.
s

Combining these two expressions yields:

c D .1/3
- (JNs') . (6.17)

Substituting D/¢ = 2.46 into (6.17) enables Eqn. (6.16) to be written as:

{L/R) o sor, _ 1.566

v (6.18)
(L/R)BROOKS N;/3

which is the desired comparison in a coanvenient form.

It Ns = 100 turns, as would be desirable on the primary of the pulse
transformer, Eqn. (6.18) predicts that the time constant of an optimum short
solenoid used for the primary would be 0.337 of that of a Brooks Coil wound
Wwith the same mass of wire.
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6.1.4 The external field toroid compared with Brooks Coil

In the normal toroid the turns are wound around 1Ts minor diameter
and nearly all the f£lux 1s internal. If the turns are wound around the major
iiameter, as shown in Fig. 60, nearly all the flux 1s external.

2R ﬁ|

‘ _.LI/
- — - - ———
/ -\
1
t [}
2a
Fig. 60. External fileld toroid section through minor diameters.

To distinguish the above toroid from the usual toroidal winding it is referred
to, in this work, as the "external field" toroid. The inner winding of the
coaxial toroidal transformer discussed in Ch. 5 (Fig. 45) is an external fie:d
toroid.

An expression for the inductance of the external field toroid is
obtainable from the inductance c¢f a thin walled tube bent into a circle (3],
upon which a uniformly distributed current flows, viz;

L-;OR[(1+(—:E)2) m:-R—zl, (6.19)

where R is the major radius of the toroid and a is the minor radius.

To obtain the inductance for a toroid of N turns instead of a tube,
we ncte that if the turns are closely packed they approximate a current
sheet. If the current in the turns is I, the N turns are identical to a
surface current NI upon the tube, and the magnetic field and energy stored
will be the same also, 1i.e.

1y 1?1

2
(
2 “(N¥ TURN COIL) 2 Y(rusg) ND)
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i

2
= NL ' (6.22)
o Ly Tury corL) {1UBE)

wrere L represents inductance. The inductance of the external field toro:d
with a thin layer of N turns, is therefore:

2 a 2 8R
= (— = - . (6.21)
L(EXT TOR) N AOR [(1 + 2R) ) ¢n 3 2] 6.21

To compare the external field toroid with Brooks Coil we proceed as
for the solenoid. The length of the wire in the toroid is 2«NR, and if the
wire diameter is d, the resistance of the winding is:

4 p (2NwR)
> .
=d
a 2 8R
(E) ) ,ol(1 + (ZR) ) 3 -2] NR'dz
R’ EXT.TOR 2xp 4R

2
since the volume of the wire is 2N=R (12—) we can obtain:

a .2 8R
L . L+ BRI T =21 el of wire
R EXT.TOR 2 R
ix p

(

Substituting for the resistivity of copper and converting the vclume to mass,
and also converting to milliseconds, we obtain finally:

L a 2 8R Mass
(R)Ex,r TOR = 0.2077 ((1 + (ZR) ) el 2] R Os (6.22)
Using Eqn. (6.11) for the Brooks Coil gives:
(L/R) 1/3
( )
75757551—395 - 0.0275 ({1 + (%E)z) en 55 - 2] x —5355— {6.23)
BROOKS

’

as the comparison of the time constants for equal masses of copper windings.

By ilntroducing the volume of the copper in the Brooks Coil, viz 1{* c3, into
(6.23), the expression is given in terms of ﬁ as:




(L/R)EXT TOR

(L/R)BROOKS

a2 8R ¢
- 1. (==)°) — - = .
1.109 [(1 + 2R tn 7 2] 3 (6.28)

To evaluate (6.24), we must determine the ratio c/R. This can be
done by equating the volume of the wire in the toroid to that of the Brooks
Coil, as was done in the case of the solenoid. If there are Np closely wound
turns upon the toroid then:

2 3
2 NE Rd™ = 3¢7,

and, if the turns are touching and the insulation ls negligible:

2%xa
NE Fek

Combining these two relationships gives:

- —2:975 (6.25)

[+
R NEI/J(R/a)Z/J

substitution of (6.25) in (6.24) ylelds, finally:

(L/R) fr qon 3-299 ({1 + (%E)z) tn %5 - 21 e
(L/R)BROOKS ) Ngl/3 (R/a)2/3 26
10 —T
08 | Ne = 10 tums
(L/R) Ext tor 06
(L/R) Brooks 0.4 <__Ng = 100 tums
0.2
0
0 4 8 12 16 20
R/a

Fig. 61 Time constant of external fleld torold relative to that of a Brooks
Coil wound from an equal mass of conductor.

Eqn. (6.26) is plotted in Fig. 61 as a function of g and the number

of turns, Np. The maximum value occurs at about 3 = 3, but the peak is quite
broad, especially for large numbers of turns. For 100 turns and a values of

154

NV N



about 5, the time constant of the external field toroid i{s about 40% of that
of a Brooks Coil wound from the same mass of conductor, i.e. slightly more
than for the short solenoid (34%). The time constant ratioc increases as the
number of turns decreases. Because the turns are considered to touch each
other in deriving these time constant ratios, the conductor diameters increase
as the number of turns decreases and the equations do not apply for low
numbers of turns f{(e.g. 3).

6.1.5 The ordinary (or internal field) toroid

A toroid which has the turns in the plane of the minor diameter may
be regarded as a solenoid bent into a circle, with virtually all the flux
lines forming closed <circles within the winding. The inductance expression
for this toroid, based upon it being a solenoid of length 2«R (Fig. 62) with
the correction factor, K, equal to unity, is:

2
pONZa
L = R (6.27)

where N 1s the number of turns and R and a are the major and minor radii,
respectively.

The flux density actually varies inversely with the radius, r, (Fig.
€2). When this is taken into account, the expression for the inductance is
(4]:

L= ,ONZR 11 - y(1 - (%)2)1. {6.28)

For & values down to 2, that ts, for all practical toroids, (6.28)
differs from (6.27) by, at most, 7%. Eqn. (6.28) 1s therefore adequate for
the purpose of estimating time constant ratios.

Fig. 62. The ordinary toroid in which the field is virtually all internal.
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Using Eqn. (6.27) and the same methods as in the previous Sections,
we obtain:

L Mass
= = 0.1038 x
(R)INT TOR 0.1

ms, (6.29)

where the conductor is copper and the mass is in kg. Using Eqn. ‘6.11) we
further obtain:

(L/R) INT TOR c
(L/R) BROOKs -~ '*>%° - (6.30)

Assuming that the turns are tightly packed and that the insulation
thickness is negligible, and equating the volume of conductor in the toroid to
that of the Brooks Coil, we obtain:

c 2.9746
R TR/ 16.31)
(N_ =)
Ia

where Ny is the number of turns on the toroid. substituting (6.31) 1into
(6.30) finally ylelds:

(L/R) INT TOR . _1.650

(6.32)
(L/R) BROOKS (N Ry1/3
Ia
12
08
(L/R) Inttor
(L/R) Brooks Ny = 0
04
R R
o T
0 4 8 12 % 20

R/a

Fig. 63. Time constant of internal field toroid relative to that of Brooks
Coil wound from an equal mass of conductor.
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The plot of equation (6.32), Fig. 63, shows that, except for very small
values, the time constants of the internal field toroid are about half the
corresponding values for the external field toroid.

6.2 The degree of coupling of several forms of secondary

The major problem with the secondary 1s how to couple it tightly to
the primary. In this Section, mutual inductance calculations and the theory
in Section 5.3 are used to estimate how the form and location of the secondary
limit the coupling. This is done for four forms of the secondary applied to
the short solenoid and the external and internal field toroids. Extremely
tight coupling appears possible by using a coaxial cable form of primary and
secondary with either the short solenoid or the external field toroid.

6.2.1 Basic theory

There is little in the literature concerning the calculation of
degree of coupling. The only method would seem to be to derive the composite
coupling factor, k,;k,, from the mutual and self inductances of the coils
concerned. Mutual inductance expressions, however, appear to have been
derived for only single turns and solenoid type coils. 1In addition, the
expressions are cumbersome.

Another method, though, which particularly suits the toroidal type
transformers, can be pased upon the ratio relationship, Eqn. (5.49). This
relationship enables ;l to be found immediately from the self inductance
expressions for the widdings. If one of k, or k, can be found, the other
value and hence the product klkz can be found by means of the ratio
expression. For the toroidal transformers virtually all the flux is known to
be either inside or outside the winding and one of the coupling factors can be
taken to be unity.

From purely physcial reasoning it is evident that perfect coupling
between two coils requires the flux of one coil to link every filament of
current in the other coll in exactly the same manner as it links its own
current. This can only come about if the two colls are physically identical
and occupy the identical space. Furthermore it requires the current to be
distributed over the turns so as to have no internal flux, because internal
flux cannot link any other turns.

The ratio relationship. together with a knowledge of one of the
coupling factors, gives a measure of the extent to which the coil geometrical
requirement is met.

The distribution of current is another matter. The current in the
primary of the pulse transformer is distributed uniformly over the turn cross
section because of the long charging time, whereas the current in the
secondary (which is to be connected so as to be effectively a single turn) has
a transient distribution during the transfer of energy. For the present we
shall assume that the secondary current distribution adequately matches that
of primary and that the winding geometry has the major influence on degree of
coupling. This assumption is justified in Section 6.5.4.
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(1) Use of the ratio relationships

[

The ratio relationships, Eqn. (5.49) and (5.51), viz.: .

L2 N2 kl kl B
- (E-) PR and — = x
1 1 2 2

k X
and the observation that the lesser of Fz or fl gives the maximum value of
1 2
klkz, and hence of the energy that can be transferred, enable a simple
assessment of the coupling between any primary and secondary to be made.

As an example of the application of the theory, consider two "long"®
solenoids, as shown In Fig 64{(a).

1—2ch-
jo— 2R
- 2R1 ~
— %
r——Tﬂ l‘ I~ 2£2
|
{ |
] 1
L ‘h—T
| : Z
{
Lo L L,
o
.
N i
)1 O N |
(a) (b)

Flg. 64 Long solenoids for examples of coupling factor theory.
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Since the solenoids are long, the factor "K" in the expression for
solenoid inductance (EqQn. 6.12) is approximately unity. Egns. (6.12) and
(5.49) then yield:

2 2
X z R * R R
e P SR 1% 3

(6.33)
X, t 1

We can immediately state that the maximum possible fractéon of stored energy
which can be transferred from one c¢oil to the other is (El)z. This will be

2
actually attained only 1if kl or k2 is unity. If R2 is not much greater

than R, and since the solenoids are also long, very little of the flux of
the inner solenoid will return by passing through the space between the
windings. Thus the inner solenoid has very little leakage flux and

Ky will be_very nearly 1, and we can state that the value of k1k2 is

actually (El)z. Obviously, a means of determining how closely k, approaches

unity is degirable. This 1s done later in this Section using a mutual
inductance expression for solenoids.

From Ean (6.33) it can be seen that the "shape factors", B and A,
in terms of which ;l may also be expressed, are the cross sectional area to
2
length ratios of thé coils, 1n other words, the "permeances” of their flux
paths.

The above example clearly applies to the simple model of flux
distribution, where the fluxes can be considered to have "mutualk_and
"leakage" portions. In Section 5.3 1t was pointed out that the —

relationsnip applies in general, though. The two solenolds shownzin

Fig. 64(b) are an example of a geometry in which the flux cannot be divided
into mutual and leakage paths. Let us imagine that both sclenolds are “"long-,
but one 1is twice the length of the other, and that they are of virtually the
same diameter.

Since there is no gap between the solenoids, there 1is no "leakage"
f£lux. All the flux of the longer coil links the shorter one and all the flux
of the shorter coil links the longer one. Applying Egn. (5.49) to this case
yields:

U S L
P Al
2 2 1 2

As all the flux of the long coil clearly links the turns of the short coil in
the same manner as its own turns over length ¢, , we-deduce that k, = 1 and
therefore that x, = %. In terms of the simple equivalent average flux model,
k, 1s one half because the equivalent average flux of the short coil exists
only over length ¢_ and has no linkage with the half of the long coil that
extends beyond 1it.

159




(i1) Internal flux limitation

The internal flux of a winding limits the extent to which its
coupling factor can be unity. The situation is similar to that in the ratilgun
where the internal flux of the rails could not act upon the projectile. 1If
the equivalent average internal flux is ¢,  and the equivalent average total

flux is ¢, the maximum fraction of the flux that can couple another winding
9
is reld which may also be written:

L—Li
k( y T v (6.34)

where L 1s the total inductance of the winding and Ly is the internal
inductance. For solid, round ccnductors’in which the current is uniformly
distributed, the internal inductance is 3% H/m, or approximately 50 nH/m.
Eqn. (6.34) in this case becomes:

f
=2 X length of conductor
X - - & {(6.35)
(MAX) L ’

In the pulse transformer, the internal £flux limitation applies to
the primary, where the current flows for a long enough time to be uniformly
distributed. The current induced into the secondary flows initially near the
conductor surfaces and there is negligible internal flux.

For a solenoid, for example, the total inductance is given by

2 2
s .xD
L o= —2

Y , and Eqn. (6.35) becomes:

=1 - (6.36)

X —
(MAX) 2KN#xD

In the case of the optimum time constant solenoid, D/¢ = 2.46 and
K = 0.48, ylelding:

0.135
Koy = ' - T w - (6.37)

If the short solenoid has N = 100 turns as the primary of the pulse
transformer, k, has a maximum value of 0.9986 according to Eqn. (6.37).

(111) Calculation of coupling between solenolds using mutual
inductance expression

Maxwell derived a fundamental formula fos the mutual inductance, M,
of two equal length, coaxial solenoids, (5], viz.

M= 4-2a2n1n2 [¢e - 2 Aa) cgs units (6.38)




” —— v p— ——— verey

where a is the radius of the inner, A the radius of the outer, : is the csmmon
length and n, and n, are the turns per centimetre of the irnner and outer
windings respectively (Fig. 65). This expression, together with self
inductance expressions, enables k1k2 to be directly calculated for equal
length coaxial solenoids.

Flg. €5 Parameters for calculation of klkz £rom mutual inductance of equal

length coaxial solenoids.

In Eqn. (6.38), a is given by:

o = AsL+e A (1-5)_34 (.1_+2£_§.£)
2A IGAZ 1‘3 64Ad 2 r5 2 r'l
6 7
_ 35 a_ (l _ 8 A . 4 S _ 3A11)
6 1 T .1
2048 A c Ig rll
63 _a (s, san’ asat ssal® 143"
8
2X1282 A 9 9 1’.‘9 r11 1‘13 3 r15
1
_ 231 a'? (L _ 128 alt , 128 A e a?®  sa0al? 2 At
- ,
5122 AIO 1 11 rll r13 r15 1‘17 r19

.

(6.39)
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\
where r = J(lz + Az).

Since M = Jk_k L L_, (6.80)
172172
and, in cgs units,

2.2 2
- (6.41)
L1 arATn e K1 6.41

and L, = 4:232n 2 t K (6.42)

where K1 and K, are the Nagaoka factors (6], k1k2 can be obtained from:

1 -

a2 2Aa.2
(A) . ]

12 KIKZ

The tabulation below shows the values of k,k, given by Eqn. (6.43)
as the radius of the inner ceoil varies from 0.9 to 0.999 of the radius of the
outer coil. The ratio of the coupling factors, from Eqn. (5.49), is also
given, enabling the individual values of ky and k, to be found. One
tabulation is for A/: = 1, ie a short solenoid, and the other is
for A/t = 0.1, le a long solenoid.

A/¢ = 1; short solenoid

a/a klkz kl/kZ ky ky
0.9 0.689924 0.848377 0.901261 0.765510
0.85 0.827280 0.546374 0.934964 0.884826
0.99 0.955707 0.984679 0.985179 0.970085
0.995 0.973098 0.992337 0.990259 0.982670
0.999 0.987473 0.998235 0.994595 0.992839
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A/¢ = 0.1; long solenoid

a’A k1k2 kl/kZ k2 k1
0.9 0.797181 0.816643 0.988012 0.806853
0.95 0.894933 0.906189 0.993770 0.900543
0.99 0.978013 0.980896 0.998529 0.979453
0.995 0.988709 0.990427 0.999132 0.989568
0.999 0.997317 0.998082 0.999617 0.997699

Table

Coupling factors for equal length coaxial solenoids; a = inner coil
radius, A = outer coil radius.

Because of the slow convergence of (6.39) as a approaches A, all the

terms in (6.39) must be used.

(1)

(11)

(111)

The following points can be seen from the tabulation.

Coupling factor k2 is greater than kl' ie the inner is more tightly
coupled than the outer. This was argued to be the case previously,
because the space between the windings contains the main £lux of the
outer, which consequently cannot link the inner, whereas only the
weak external flux of the inner passes through it and does not link
the outer.

Since we desire to have k k, at least 0.99 in the pulse transformer,
the radii of the two windings must be equal to within one part in a
thousand, if it is a short solenoid. For long sclenoids, the two
radil must be equal to within one part in two hundred, which is much
easier to attain.

1 4

For solenoids the value of El is not a sufficiently accurate measure
2

of klk for our purpose, except in the case of long solenoids

with 33A 2 0.99.

.
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€.2.2 Short solenoid with various secondaries

We shall now apply the theory of the previous Section to the short
solenoid, and the external and internal field toroids with four possible types
of secondary, viz:

(a) a thin sheet;

{(b) a layer of turns identical to the primary, but each turn cut and
connected in parallel to output busbars;

{c) a bifilar winding, instead of a separate layer winding, with the
turns cut and connected in parallel to busbars; and

(d) a coill wound of coaxial cable, the inner conductor forming the
primary and the cable sheaths being cut and connected in parallel to
busbars to form the secondary.

Firstly, we shall deal with the short solenoid.

(i) sShort solenoid with sheet secondary
It is natural to imagine that a thin sheet of metal, in tight

contact with a primary winding, Fig. 66, would form a secondary with a high
degree of coupling. In the pulse transformer application, the sheet can be
thin compared to the primary, because the secondary need only have a time
constant of milliseconds whereas the primary must be thick enough to have a
time constant of about a second. Walker and Early (7! and others (8] used
thin sheet windings. Walker and Early reported an overall coupling factor
(Jklkz) of 0.98 and in another case, (9], 0.97 was reported.

To calculate the degree of coupling we need to know where the
current in a real primary may be considered to flow as a current sheet.
Inductance expressions are derived for current flowing as a sheet at the mean
radius of the turns with correction factors for turn spacing and conductor
size, but this does not automatically mean that the current can be considered
to flow at the mean turn radius for degree of coupling purposes. Examination
of this question in Section 6.5.1 suggests that when the secondary is on the
inner side, as in Fig. 66, the primary current may be considered as equivalent
to a sheet current approximately 1/3 the primary conductor diameter from the
conductor inner surface, and when the secondary is on the outside, the primary
current 1is effectively a sheet current at the mean radius. Thus, somewhat
tighter coupling will be obtained when the thin sheet secondary 1is placed on
the inside, because the separation of the primary and secondary is d/3
compared to d/2, where d is the primary conductor diameter.

v - ——
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Fig. €6. Thin sheet secondary on inner side of short solenoid primary.

In the case of a short solenoid with D/¢ = 2.46 and 100 turns and a
separation of d/3 between the primary and secondary current sheets, the ratio
% applicable to Fig. 65 is 0.9973. The coaxial solenoid tabulation shows
that k1k2 would be about 0.981, which is barely acceptable for high energy
pulse transformer applications. If the secondary is on the outside, the
separation is d/2 and K;k, = 0.976.

The above calculation assumes that the length of the secondary is
exactly the same as that of the primary. Because the effective length of a
solenoid varies with its diameter (given approximately by ¢ + 0.45D), the
effect of a difference in length is diminished. A difference of 1%, in the
case of a short solenoid with D = 2.46¢, limits k1k2 to 0.995. 1In order to
not degrade the value calculated in the previous paragraph, the sheet
secondary must match the length of the primary to within 1%. 1In addition to
the question of the active length of the sheet secondary, the current paths
are not exactly defined as with separate turns. The study of the transient
current distribution of the secondary in Section 6.5.4 suggests that the
secondary emfs will have the same distribution as the primary back emfs and
will thus cause secondary current to flow in a duplicate pattern to that of
the primary current. The degrading effect of secondary current paths will
therefore be minimized, provided the sheet secondary is not shorter than the
primary.

(11) Separate layer winding
The principle of a separate layer winding with its turns cut and
connected to busbars to form a secondary is shown in Fig. 67.
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Fig. 67. Identical layer winding with cuter layer turns cut and connected <o
busbars.

The reason for considering such a winding is that it provides each
turn of the primary with a secondary turn that is ldentical, except that the
outer radius is greater by the conductor diameter. The current in eacn
primary turn can be imagined to transfer to 1its matching secondary turn, to
which 1t is more tightly coupled than to all but the turns on either side of
it in the primary winding ltself.

The extent to which the enercy transfers from a turn to an adjacent
secondary turn can be calculated using an expression for the mutual inductance
of coaxial circles, due to Maxwell (10], viz:

M = aga {(n %%; - 2] ¢gs units, (6.48)

where a and A are the radil of the inner and outer adjacent turnds. The
inductance of a turn of wire of diameter (A-a) bent into a circle of radius A
18 accurately enocugh given by:

A
LA = 42A N (A-a) cgs units. (6.45)
2

since M = JklkzL we obtain for the adjacent turns:

ALa'

8a 2
{in 777 - 2)
a A-a
- = . 46)
kiky =2 nzA D (6.45
tMa-a A-a
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a
If the solenoid has D/¢ = 2.46 and 100 turns, ' %%%,

(6.46) ylelds k,k, = 0.782. Although this indicates that the majority of the
energy can be considered to transfer on a turn to turn basis, it also implies
that by no means can individiual turn to turn coupling reach the high values
that we require.

and Egn.

For the windings as a whole, the coaxial short solenoid tabulation
with % = %%% = 0.992 shows that k k, is around 0.96. It makes no difference
which side the secondary is on; either way the equivalent current sheets are

separated by one wire diameter.

At 0.96, the coupling factor product of the identical layer windings

is rather low. The uncertainties of length and path of the secondary currents
present with a sheet secondary, do not exist, though. Cutting and connecting
the secondary turns to busbars must be done without degrading the coupling.
If the secondary conductors are identical to the primary, the secondary mass
is the same as the primary mass, whereas on resistance considerations it need
only be a fraction as massive. Hollow secondary conductors could be used to
overcome this disadvantage.

(111) Bifilar winding

By bifilar winding we mean winding a coil with a pair of identical
diameter conductors, with the two conductors side by side and touching each
other. The advantage of bifilar winding is that the two windings have
identical diameters, lengths and number of turns and therefore, if each
winding also has the same current distribution, ky = X,

However, the two windings are displaced axially by the diameter of
one turn, and, 1f they are very long solenoids, the the simple equivalent flux
model enables us to say that the degree of coupling -0of each winding would be

E , where N is the number of turns. If N 100, then k, = k, = 0.99 and
kik, = 0.98. For short solenolids k1k2 would be less than 0.98 (but always
greater than the fundamental value for two turns that touch, e.g. 0.78 if the
conductor diameter is T%? of the turn diameter, as calculated in the previous
Section). According to this reasoning, thousands of turns would be necessary
on a short solenoid to obtain kik, = 0.999 using a bifilar winding.

A major disadvantage of the biflilar winding is that it doubles the
iength of the solenoid and to maintain a particular dlameter to length ratio,
the solenoid diameter must also double, resulting in double the length of
winding and double the resistance. As with the layer winding there is the
practical problem of cutting the secondary turns and connecting them to
busbars without degrading the coupling.
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(iv) Coaxial cable winding

The coaxial cable method was apparently first proposed in 1939, 1n
Russia (11}, to reduce the leakage inductance of transformers.* Provided that
the solenocid diameter is much greater than the cable diameter, all the flux cf
the outer is external and links the inner L.e. the coupling factor of the

outer is unity (Fig. 68). The flux of the inner, 01, however, has three
components, viz:

ot and L

where ¢ 138 the average mutual flux which links both the inner and outer,
¢ 1is the portion in the space between the inner and the outer and 41 is the
ffux within the solid inner.

Fig. €8 Coaxlal cable transformer.

In standard texts [12] the inductance of coaxial cable is shown to be:

° )
2r ‘03 H/m,

* The ldea was first described to the author by W.H. Weldon, University of

Texas.




for the component due to ol, and,

*o

i H/m

for the component corresponding to ‘1' where do and di are the cable outer and
inner diameters. Altogether, we may write for the inductance, L, of the
inner:

N¢
m 0 1
- — — + =) .47)
L1 I + RNpo(ln d1 + % (6.47

where N is the number of turns and R is the solenoid radius. When current I
flows in the outer it produces only flux ‘m’ exactly equal to the
£flux ‘m which the inner produces. The inductance of the outer, L,, is

N

¢
therefore —Tm, or:

dO 1
L2 'Ll —RNpo(tnd—i-hI) {6.48)

The ratio of the coupling factors, by Eqn. (5.49), is thus:

d

(on 2, L
RN;O\ln Tt 4)
1 1

k_-l ——_'L__—_ (6.49)
2 1

Substituting the inductance expression for the short solenoid for L,, viz.

2_p2
Ks N“fR
L, = —&——, Eqn. (6.49) becomes:
o 1
k1 2(n dl + 4)
el (6.50)
2 K« N-=

¢

(assuming that the spacing of the inner turns has negligible effect on Ll)
where K is Nagaoka's factor. Since k, = 1, Eqn. (6.50) gives the value of
KyKo

1%2
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Fig. 69. X k, for short solenoid wound with coaxial cable.

Eqn. (6.50) is plotted in Fig. 69, for a short solencid with
diameter to length ratio (D/e¢} = 2.46 and K = 0.48. The broken curves are for
a tubular inner and are obtained by omitting the Y, term in (6.50). With N =
100 turns k k, = 0.996 can be obtained with do/d1 = 1.5 i.e. with considerable
space between the outer and the inner for insulation. The coaxial cable
method clearly has the highest k1k2 values of the methods examined.

6.2.3 The external field toroid with various secondaries

As was discussed in Ch. 5, this form of winding with a secondary has
flux distribution similar to coaxial cable, provided the ratio of the minor
diameter to major diameter is not too great i.e. provided the toroid is not
too "fat". All the flux of the outer winding links the inner winding, and the
coupling factor of the outer winding 1s unity.

(1) Sheet secondary

A cross-section of an external field toroid with a thin sheet
secondary is shown in Fig. 70. sSince the flux is external, tighter coupling
will be obtained with the thin sheet secondary on the outside, as shown, than
on the inside by similar reasoning as in the case of solenoids.

Using the inductance expression for the external field toroid,

2 a 2 8R
viz, L N 'oR[(l - (ZR) ) «n P 2],
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we have for the ratio of the coupling coefficients:

a, 2
2 8R
kl (1 + (ZR) ) n 2, -2
o T 3 , (6.51)
2 1 8R
(1 + (ZR) ) -2

where a, and a, are the minor radil of the primary and secondary,
respectively. If a is 5 and if the thin sheet could be located effectively
1

2R

.,

Flg. 70. External fleld toroid with thin sheet secondary.

within d/3 of the position of the equivalent current sheet of the primary,
then, assuming that the N primary conductors are tightly packed so

that Nd = 2:a1 and a, = al(l + %ﬁ), Eqn. (6.51) yields ii - 0.989. Since k,

will be very nearly 1, this is also the value of Kyk,.

The thinner the toroid, the better the coupling; for example
1£ B~ 15 20 instead of 5, Eqn. (6.51) yields k;k, = 0.993.
1

The internal flux of the primary conductors cannot be coupled to the
secondary; Eqn. (6.35) applied to the external field toroid becomes:

-1 - 1

X (vax) , (6.52)

a, 2
1 8R
aN((1 + (2R) ) «n - 2]

1

and yields Ky(yay) = 0.9986, for 5; = 5 and 0.9992 for 3~ - 20. The /3
separation which results in k, values of 0.989 and 0.993, is a much more
severe limit.
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An advantage of the toroid over the solenoid is that there is no

length ambiguity in the toroid case.

However,

this {s countered by the fact

that the sheet secondary on the toroid must be cut somewhere to enable busbars
to collect the current.

(i1) Separate layer of identical diameter conductor

The distance between the currents in this case is at least the
conductor diameter, and it makes no difference wh&sh winding is considered to

be the secondary. Eqn. (6.51), with a, = a,{(1 + ¥

turns:

K
, = ;l - 0.9671 if %— = s,
2 1

K
, = El = 0.9803 Lf %— = 20.
2 1

), yields for N = 100

As with the short solenoid, the coupling of a separate layer winding

is relatively low,

(1i1) Bifilar winding

The factor which degraded the coupling of a bifilar winding in the

short solenoid case,
does not apply to the toroid.

unless thousands of turns are used.

viz. the position displacement of one turn at each end,
The bifllar windings can be icentical in all

respects, and, therefore can couple all but the {nternal flux of the primary

turns. Thus, with solild conductors and a
1

- 5, klk2 = 0.9986, for exampile.

The very high degree of coupling will however be degraded by two
practical considerations, as usual the need to cut and parallel the secondary
turns to busbars, and the extent to which the two windings actually have the

same major and minor radii.

written as L = s RN’

ﬂ'lm
[ ™)

This equation
estimated, as

a

kl
-5
Ry 2

with a large number of turns,
should be minimal, as the mean radii of the two should be ver
same. Noting that the external field toroid inductance,
to within a few percent, we can deduce that:

L

this last factor

nearly the
2 5 can be

(6.53)

enables the tolerance on the position of the conductors to be

in the tabulation below.

172

k



rv y e v r 4 - —r
|
)
)
b
N
: Y 208, 208,
’ ’
. %, Ly Y
|
! 0.990 1.016 1.030
0.992 1.013 1.024
‘, 0.994 1.010 1.018
. 0.996 1.006 1.012
0.998 1.003 1.006
[ L1
) From the tabularion, it appears that o = 0.994 could be attained if the
2
! average radii of the two windings are within 1% of each other, e.g. about 2 mm
tolerance in a minor radius of 20cm.
(1v) Coaxial cable winding
To assess the coaxial cable method, we use the inductance expression
for the external field toroid as L, in equation (6.49). The result is:
d<> 1
n — + =
k1 dl [
— =1 - , (6.54)
X, 3,2 8R
Nl{1 + (==) ) n — - 2]
2R a
1
which, since ky, =1 is also kik,.
100
%._ R/a = 20 N = 100
\ .~ 3 | b —
-] ==
\[Ra=5_, T -
\[ N =100
)
Kyks 099 X
\ Rla=5 _.—Sdid inner ]
_{N=0 - e Tube nner
\A
\
098 \
l 1 2 do/d, 3
| .
|
|
Fig. 71. klk2 for external field toroid wound with coaxial cable.

173




Eqn. (6.54) 13 plotted in Fig. 71. Values of k1k2 greater than ¢.99
appear easily attained, as in the short solenold case, with N = 100 tyrns.
the values for tabular inner conductors are obtained by omitting the I term 1n
the numerator of (6.54).

6.2.4 The internal field toroid with various secondaries

The internal field toroid behaves as an infinitely long solenoid.
The factor X in the solenoid inductance equation is unity and the external
magnetic field is zero. When a secondary is placed upon it, all the flux of
the inner winding links the outer; ie the coupling factor of the inner is
unity.

(1) Thin sheet secondary

As with the solenoid, the tightest coupling will be obtained with
the thin sheet secondary on the inside, as in Fig. 72.

2R -

Fig. 72 Internal field toroid with thin sheet secondary on inside.

If the radius of the thin sheet secondary is a,, and the radius of the primary
is a, (Fig. 72}, then using the inductance expression (6.27) and the fact that
k2 is unity, we obtain from the ratio of the inductances that:

a, 2
k1¥2 - (;—) . (6.55)

1

For an internal field toroid with N tightly wound turns of diameter
d and the thin sheet secondary iocated 3 away from the ideal location, Egqn.
(6.55) becomes:

2« R 2
klkz (1 - N al)

(6.56)
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If N = 100 turns and g— = 5, Eqn. (6.56) yields KX, = 0.80 and if % = 20,
K ky = 0.34. 1

(1i) Separate layer of identical diameter conductor

The separation between the currents is the conductor diameter and
Eqn. (6.55) becomes:

2r 2
k. k., = (1 - " ), (6.57)
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1

which for N = 100 and %— = 5, ylelds Kiky = 0.4704.
1

(iiy) Bifilar winding

As in the case of the external field toroid, the bifilar windings on
the internal field toroid can be identical in all respects and all but the
internal flux of the primary conductors can be coupled. Eqn. (6.35), for the
maximum value of a coupling factor due to the internal flux limitation,
becomes:

R
Yoy T T 2Na, f6.58)

which yields kl(MAX) = 0.975, which is also the maximum value of k1k2‘

(iv) Coaxial cable winding

For the coaxial cable method, we use Eqn. (6.49) with radius a
instead of R, and Eqn. (6.27) for L,, with the result:

d
R ] 1
X 2 a (en T+ 4)
Lo, ot (6.59)
X N -39

1

o
N e

0.975
.957
.934
.906

N e
"N

Since kz = 1, these are also the values of klkz'
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Even though the internal field toroid has the benefit of one of the
coupling factors being unity, it has much lower values of k1k2 than the
solenoid and external field torscid. The secondary busbar connections to the
internal field torold would be cumbersome also, since they would have to be
made around the whcle major perimeter.

6.3 Forces and masses of windings in terms of stored energy

So far, in this Chapter, we have examined three forms of windings
with regard to time constant and to their coupling to four forms of
secondary. In this Section we will examine the winding forms in terms of the
masses which they must have in order to have sufficient strength to contain a
given amount of energy.

The need to consider winding strength can be seen from the example
of an external field toroid of 1 m radius and 100 turns, carrying a current of
10,000 A. If the g ratlo is 5, the field at the conductors would be about 1.4
T and would cause a force of 700 kgf/m which would bend the conductors inwards
unless a supporting structure were provided.

In Ch. 3, using a simple pressure model, we determined that the
minimum mass of the structure in tension, Ogr that resists the forces on a

colil storing energy, W, was M = ﬁ! , Where M is the mass, and p is the density

of the structure. For the windins forms that we have studied we wish to know
to what extent the minimum mass is approached and how much strength the
conductors can contribute, and hence to what extent it is necessary to provide
additional support structure.

6.3.1 Mass of the short solenoid

According to the method of virtual work, the force, F(x), acting in
direction x on a winding that carries current I is:

2 3L

% (6.60)

1
Flix) =21

Eqn. (6.12), written with an approximation due to Wheeler [13) for
the factor K, gives the solenoid inductance, L as:

p°'N2R2

s~ ¢ + 0.9R’

sl
(6.61)

where N 1s the number of turns, ¢ is the solenoild length and R is the solenoid
radius. Eqn. (6.61) is in error by less than 4% for T S 2.5,

According to (6.60) and (6.61) the radial force, F(p), ©on a solenoid
is: .

2
1 2 2 2R 0.9R
F - I° =N"I -
(R) s .
270 t + 0,.9R (e + o.gn)z

I,

o

-




which may rearranged as:

W 1
v _ (6.62)
Fy R [1 + 62

1+O.9%

where W, = % Ly 12, is the stored energy of the coil.
Eqn. (6.61) is positive; this indicates that the force acts in the
direction of the radius ie is a bursting force (Fig. 73). Let us now suppcse

the windings to act as a thin cylinder which resists the burstiag force.

Fig. 73 Radial forces on solenoid. The force, F(r) 9iven by wvirtual work,
is the total radilal force.

To resist the bursting force, there must be a tension, T, in the cylinder.
Since F(R) 1s the total radial force on the whole coil, the force per unit

F
length of the circumference 1is 5%%1. The vertical component of the force over

F
a small arc, R dé¢, is 5%31 sin¢ d¢. The tensile force, T, resisted at A and B
is therefore:

/2 F(r)
2n

T =2 [ sine dé,

[

(6.63)

177

A




If the tensile stress in the cylinder is o and cross section is ¢ x b, we
have:

The volume of the cylinder wall is 2«R¢b, and if the density of the cylinder

material is w, the cylinder mass, Mg, is w2«R¢b and hence:

WRF
a = R (6.64)

t M
3

substitution of (6.62) into (6.64) gives:

(6.65)

Wi 1
M o+ T o.em/e”

Half the flux of a long solenoid bends over and passes through the
turns before reaching the end [14]. The rest curls over the end turns. The
turns therefore have axial forces on them as in Fig. 74. Although the
greatest forces are induced in the end turns, the centre turns have the
greatest forces on them, because the accumulated forces are transmitted to the
centre turns. The axlal forces are well known to eventually destroy high
field magnet coils because every time the magnet is pulsed the end turns
receive an impulsive force which causes them to "ride over" the others and to
damage insulation.

The total axial force is obtained from:

2 3y

F Y

I

8-

(¢)
which, when applied to Egn. (6.61), yields:

w 1

(e) ¢ 1+ .9&/:1' (6.66)

The ~ sign indicates that the direction of the force 1is opposite to that in
which ¢ increases, i.e. it indicates a compressive force. If the turns are
rectangular in section and packed against each other they could resist this
force (Fig. 74). Suppose that this is the case.
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Fig. 74 Axlal forces on solenoid. Rectangular section turns assumed for
simple mass estimation.

The section over which the total force, F(l), acts is 2«Rb, and hence,

() = % 2%Rb,

where o _ 13 the compressive stress experienced by the centre turns.

Substltﬁting wW2tR¢b for the mass, Mg, enables us to obtain:

W
% = N F(')t. (6.67)

Substituting (6.66) gives:

1

1+ 0.9R/l] f6.68)

W
9. = " W
s

We have now obtained a tensile stress and a compressive stress at
right angles to each other. We need a failure theory for combined stresses.
According to the maximum shearing stress theory (discussed further in ch. 8),

e




the sum of o_ and . at fallure is the yield stress in simple tension, o ,
Adding Eqns. (6.65) and (6.68) and rearranging yields: Y

Moz Moy —2 (6.69)

y 1 + 0.9R/¢

For the short solenoid with maximum time constant, % = 1.23, and its

mass, M is from Eqn. (6.69):

ss’

M2 1.95 EH, (6.70)
ss °

where oy is the yield stress of the conductor material.

6.3.2 Mass of the external field toroid

wWhen the inductance expression for this toroid, viz.,

2 a2 8R
= _— — .
L N ,OR {1 + (2R) ) 3 21

is manipulated to obtain the forces in the major, R, and minor, a, radial
directions, the results are:

1- (2% (2 n 8 _
F ¥ 2R a ] (6.71)
(R} "R 1+ (392 g 8B _, ‘
2R a
W 1" (%E)z {2 n B _ )
and F - - a 1, (6.72)
(a) 3.y a R,
2R

where W is the stored magnetic energy.
Eqn (6.71) 1is always positive, since R > a, and implies that the

force in the direction of the major radius is a bursting force. To obtain the
tensile stress due to this force, regard the toroid as a hoop (Fig. 75).

180




T 2192 182 TWE RA1LCUN AND (1% B
ap-asa 10 Rhoalin it it SRR LBIRH Y

UNCLASSIFIED F/G 2073 L Y




4

R S

N o
.wnhhmuuun.n

VB

{ 43 -
EE

0

W25 L L,

-

L




P

Fla)

Fig. 175 External field toroid model for mass calculation.

The geometry is similar to that for the short solenold, and, hence
the tension, T, in the conductors at A and B, is:

The cross sectional area of the wall (i.e. the sum of the cross
sectional areas of the turns) is 2rat, and the stress in_the conductors,
Sy is T/4rat. since the volume of the conductors is 4x Rat, we obtain o as:

w
o, = ME R F(R) (6.73)

where w i3 the conductor density, and Mp is the conductor mass. Substitution
of Eqn. (6.71) into (6.73) yields:

8R

a 2 8R
W 1 - (ZR) (2 ¢ a " 1)
o, = — [1 + i . (6.74)
Mg (1+ (2% n 8 _,
2R a

Eqn. (6.72) is always negative; this implies that the force in the
direction of the minor radius {s a compressive force. As the calculation in
the introduction to this Section shows, it may be large. Unless the

T — s G




conductors were specially shaped to form the wall of a tube, as indicated in
Fig. 75, they could not resist the force and the coil would be crushed. As
this is impractical, we must suppose that inner suppeort, e.g. a tube, is
provided. 1In either case, the force is resisted by hoop stresses, and the
compressive force, C, across the wall area, 4sRt, is:

C = , (6.75)

and the compressive stress L can be written in terms of the mass of the tube
as:

w
o, =y 2 F(a) (6.76)
E
substituting (6.72) into (6.76) gives:
a 2 8R
w 1~ (2R) (2 en rl 1) )
oL =N [ P R 1 (6.77)
E (1 + (;E) ) 3 2
Using o_ + o = o as the fallure criterion, the mass, Mp, of the
external field toroid Es obfained from Eqns. (6.74) and (6.77):
201 - (322 n B _ )
wW 2R a
M, 2= (1 + ] (6.78)
E o, (1 +(29%) o8B _,
2R a

Evaluation of (6.78) gives:

R wHW
PO 2 2.08 =

Y
R wW
a = 20, ME 2 1.65
b4
6.3.3 Mass of the internal field toroid

The inductance expression for this toroid, viz,:

2

2 a
L=s¥ R
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gives the force components in the major and minor radial directions, in terms
of the stored energy, W, as:

w
- - = (6.79)
F RI
and F - (6.80)

The signs of these equations imply that the major radial force is
compressive, while the minor radial force is tensile, i{.e. the opposite Lo
those of the external field toroid (Fig. 76).

Fla)

= QD)) | (&

Fig. 76 Internal field toroid model for mass calculation.

The tensile forces can be resisted by the hoop shape of the conductors around
the minor radius, but the compressive forces cannot, except in the impractical
case in which the conductors are wedge shaped, to form a solid hoop in the
major radial direction. An inner tube is therefore necessary to resist the
compressive forces, in reality. The tension and compression stresses for the
model in Fig. 76 are:

3

{6.81)

)
o
[ ]
|
-

(6.82)

S+

and the mass, MI, is: ,

M_ 23— (6.83)
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6.4 Discussion

Having studied various primary and secondary forms we are now able
to choose the best geometry for the pulse transformer. The forms studied have
been single layer windings, and a brief consideration of multilayer windings
in this Section suggests that they are not suitable.

6.4.1 Comparison of the single layer winding forms

In the Section on time constants, we obtained the following results
for a winding of 100 turns.

Coil type Time constant, relative to Brooks Coil

D

Short Solenoid: i 2.46 0.34
R

Ext Field Toroid: a " 5 0.42
R
2" 20 0.29
R

Int Field Toroid: Pl 5 0.21
R
a-20 0.13

In the Section on degree of coupling, the following results were
chbtained for a winding of 100 turns, for four types of secondary.

Degree of coupling: Maximum values of k152

Type of secondary

Coll type
Thin sheet Separate layer Bifilar Coaxial cable
(do/di = 1.5)
Short Solenoid:
%- 2.46 0.981 0.96 0.98 0.996
E.F. Toroid: % = 5 0.989 0.967 0.999 0.996
% = 20 0.993 0.98 0.599 0.998
I.F. Toroid: % = 5 0.80 0.47 0.975 0.934
184
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The following results were cbtained for the minimum mass required to
store energy, W, if the conductor shearing stress is oy, its yleld stress in
simple tension, and the conductor density is w.

Coll type Minimum mass
short solenoid: 1.95 EE
Yy
E.F. Toroid, R 5: 2.08 wW
a ]
y
5-20: 1.65ﬂ
a [}
y
I.F. Toroid 3 3!
y

In each of the above categories, the internal field toroid is a
relatively poor performer. The short solenoid and the external field toroid
have similar properties, except in the case of bifilar windings, where the
external field toroid is much superior. Note that for the bifilar winding on
the external field torolds to have the limiting k1k2 values shown, the
conductor placement would have to be accurate to within a few parts in a
thousand.

On the above figures, the short solenoid and the external field
toroid, using coaxial cable windings, are equal best choices. Consideration
of some more subtle points, however, favours the external field toroid.

Firstly, the forces are distributed evenly over the external field
toroid, whereas both the tension and compression forces on the solenoid vary
with axial distance from the centre. The compression forces of the solenoid
accumulate so that the centre turns have the greatest force on them. Unless
rectangular section conductors are used, these compression force may cause
conductors to ride over each other, and every time the solenoid 1is pulsed, the
ingulation of the centre turns receives a blow. In addition, the last half of
each end turn of the solenoid is not restrained by hoop stress and tends to
unwind. A restraining structure is necessary for these turns. 1In the
external field toroild, each turn experiences only its own compression force;
not the accumulation of the forces on the conductors around it and therefore
the insulation must bear only the force of one turn. There is no end turn
problem because the minor radial forces hold the turns in place against their
inner supports and because the beginning and end turns are adjacent to each
other and may be easily coupled to a linkage to complete the "hoop" to resist
the major radial forces.

The second reason for favouring the external fieid toroid is that
its symmetry ls more likely to produce high coupling during the transfer of
energy. The coupling factors which have been calculated assume equal current
distribution amongst the secondary conductors, but initially the current will
distribute so as to produce no internal flux. The external field toroid




practically has this propcrty with a uniformly distributed current, hence we
can expect the transient distribution to naturally match the primary current
distribution. Although, as discussed in Sectior 6.5.4, the induction process
should force equal current division in the solenoid secondary, the natural
transient distribution would be for current to crowd towards the end turns.

6€.4.2 Tension and compression components of coil mass

The expressions (6.69), (6.78) and (6.83) for winding mass, M, are
all of the form:

M-:—"-I(1+x) + KI, (6.84)
Y

where K i3 a dimensionless factor derived from the coil geometry. In the case
of solenolds K is Nagaoka‘'s factor.

Inspection of the expression in section 6.3 shows that factor
{1 + K) yields the portion of the mass due to tensile forces and factor K
ylelds the portion of the mass due to compression forces. Wwhen K becomes
small compared to unity, the compression portion diminishes and the mass

approaches the minimum value of gﬂ. This is the same value as was found in

Yy
Ch. 3 from quite general considerations.

putting K = 1, 1.e. the long solenoid factor, we obtain
M=3 ﬁﬂ, which is the same as the internal fleld toroid mass, since this

toroid is effectively an infinitely long solenoid. In this case % of the coil
mass 1s due to compressive force and 3 to tension force. The shorter the
solenoid, the less is factor K and the less is the proportion of mass due to
compressive force. For the maximum time constant solenoid, K = 0.48, and 19%
of the mass is due to the compressive force. The factor K in the case of the

external field toroid is approximately —li (EQn. 6.77). The greater a l.e.

e
the thinner that this toroid is, the lesgathe proportion of the mass is due to
compressive force. Note that making the toroid thinner does not eliminate the
compression forces; they actually increase, but the tension forces increase
at a much greater rate. Very short solenoids and very thin external field
toroids approach the pure tension, minimum mass given by EH.
y

6.4.3 Multilayer coils

Multilayer colls, such as the Brooks Coil, are more compact and have
longer time constants than the single layer coils which have been studied.

In the Section on degree of coupling it was pointed out that perfect
coupling requires two coils to be physically identical and to occupy the
identical space. A bifilar winding of many layers of fine wire enables two
identical colls to occupy the same physical space and tlLus to have the
geometrical basis for very tight coupling. There is a practical difficulty in
cutting the turns of the secondary winding and connecting them in parallel to
form a single turn secondary. More importantly, the high frequency response




of such a secondary might be poor. The resistance of multilayer coils is
xnown to be hundreds of times the d.c. values at frequencies of about a
kilohertz (15]. The secondary time constants may be so short during the
transfer of energy that the efficiency would be quite low, even though the
degree of coupling is basically high.

Another limitation of multilayer coils is that intense magnetic
flields act upon the lnner layers of, for example, solenoids and cause high
stresses which determine the maximum stored energy, even though the stress in
other layers may be quite low. Thus, for multilayer coils the energy stored
for a given mass will be less than for single layer coils when strength is
taken into account.

Although a more detailed investigation of the above limitations is
necessary to rule out multilayer colls altogether, no further consideretion is
given to them in this work.

6.5 Flux distribution and inductance of real windings

The investigations so far in this Chapter and in Ch. 5 give us a
fairly detailed understanding of the pulse transformer in terms of
electromagnetics and circuit theory and the physical reality of the
transformer. The transformer models used have still been idealized in that
inductance expressions used generally apply to current sheet distributions.
In this Section the effects of using real conductors are examined in four
ways, viz:

(1) the location of an equivalent current sheet;
(11) the flux distribution of real conductors compared to current sheets;
(111) the inductance of a real coil compared to current sheets; and,

(1v) the transient current distribution of the secondary.

6.5.1 The location of an equivalent current sheet

Perfect coupling requires a winding to have the same flux linking
another winding as links itself. With real conductors there is internal flux
that cannot link another winding; this was dealt with for solid round
conductors in Section 6.2.1. Some of the mutual flux of tho turns may also
not be fully linked to both windings. 1In effect the windings are separated
and we wish to know what the separation is.

Fig. 77 shows a section of a winding of round conductors with a thin
sheet secondary. There is fiux on one side of the windings and none on the
other, so they may be taken to represent either a toroid or a long solenoid.
In Fig. 77(a) the thin sheet is on the flux side of ‘the primary and in 77(b)
it is on the other side. The distributed current in the primary causes its
flux density to vary from zero to B, across the section whereas the flux
density of the secondary rises as a step function.




d
Thin sheet r- -1
/ secondary
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Primary '
Fiux Density
P —

Secondary
Flux Density

Fig. 77 Round conductor primary with thin sheet secondary. (a) secondary on
£lux side, (b) secondary on non flux side of primary.

When the thin sheet secondary is on the flux side of the primary,
the flux within the primary cannot link it. With the simplifying assumption
that the primary is rectangular in section, with thickness d, and that the
flux rises from zero to B, linearly, the tlué linkage per unit width within
the primary, obtained by integration, is B, 3. The primary current can
therefore be replaced by a ﬁurrent sheet which gives rise to flux density B,
and is positioned distance 3 from the flux side surface of the primary
conductors. Such a current sheet will cause the same flux linkage per unit
width with the secondary as the actual primary current and will also have the
same uncoupled flux linkage.

When the sheet secondary is on the zero flux side of the primary, it
has partial flux linkages per unit width with the distributed primary current
to a value of B, 3, instead of a full linkage of Bod. The linkage is
therefore diminished by B, and in this case an equ.valent current sheet for
the primary is located at d}Z.
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6.5.2 The flux distribution of ¥ conductors compared to a current sheet

One way to determine the number of conductors needed to approximate
a current sheet distribution is to calculate the flux distribution of discrete
conductors and compare the result with a current sheet distribution. A
convenient conductor system to study is a set of N parallsl wires on a long
cylinder, since the internal and external current sheet flux densities are
easily calculated. If the wires on a cylinder have practically the same flux
distribution as a current sheet, then no matter what shape the cylinder of
wires is bent into, its flux distribution will be the same as a current sheet
of that shape.

Fig. 78 shows a cross section of the cylindrical arrangement. The
conductors are symmetrically spaced. Since there is no current within the
cylinder, there can be no complete flux lines within it. TIf there is flux
within the cylinder, therefore, its vector sum around any path must be zero.
Since the conductors are arranged symmetrically, the flux vectors along radial
lines through the conductors, at equal radial distances (such as at X,Y in
Fig. 78), must be identical. These considerations suggest that the flux
vectors, within the cylinder of wires, must oscillate in sign and complete at
least one cycle over the angular distance between conductor positions.

| 18t Conductor

2nd Conductor

ith Conductor

A Y

Filg. 78 Geometry for calculation of flux distribution of a cylinder of
paraliel conductors.
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Fig. 78 shows the field components at a point P, due to the ith conductor.
Each conductor carries current I. The field at P is given by:

0 1
B (i) = 2y (6.85)

The radial component, (BP(r)l)' and the tangential component, (Bp(°)1)’ are:

.OI sm(o1 - oo)
-2 g — L O (6.
Bp(r)1 7. @ 2 6.86)
¥y

2 I (x ~a cos(.l - oo)l

Q
BP(Q)1 = 3. 3 (6.87)
Yy

The total component values at P are therefore:

s Ia N 51n(01-o°)

BP(r) - 151 yz (6.88)

i

s Ia N (x/a - cos(o1 - °o)]

0
BP(O) == 151 2 (6.89)
Yy
where y2 =- 32 + x2 - 2ax cos{e -0 ) {(6.90)
i i o
and B = [B2 (r) + 8% (o)1 Y (6.91)
P P P )

Although the above equations are derived for point P within the circle, they
also apply to points outside.

To display clearly the manner in which flux accumulates, let us
select N = 6, i.e. a small number of conductors. Fig 79 shows the vector
fleld .
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Fig. 79 Flux vectors for 6 conductors.

given by Eqn. (6.91), and Figs 80 and 81 are plots of the magnitudes of the
components of the flux vectors as a function of angular position between

PPes
conductors. In these plots, a is taken as unit length and -2-3— is also taken

as unity.
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Figure 79 shows that the internal space is filled with flux vectors
which are oriented at all angles between 0° and 360- and rapidly diminisn in
magnitude in the central region. The magnitude and orientation of these
vectors must be such that no matter how a closed path is taken, their line
integral 1s zero. Near the circumference (e.g. at § = 0.9) the vectors in
between the conductors oscillate less and point in the same general
direction. The reversed vectors, necessary to make the line integral zero at
a radius just within the circle, are concentrated near the conductors. The
unidirectional tendency of the vectors in between the conductor positions is
the same as that of the vectors just outside the circle i.e. there is no sharp
distinction between the external field and the internal field. The
internal/external field difference is concentrated near the conductor, where,
internally, the conductor field is opposite that of the in between vectors,
and, externally, the conductor field is in the same direction as that of the
in between vectors. At the conductor positions the field clearly curls around
the conductors as if they were isolated.

The magnitude of the internal vectors diminishes rapidly with
distance from the circumference; at § = 0.5 their magnitudes are only a few
percent of the values at g = 0.9. Even with only 6 conductors, the field
inside rapidly becomes practically zero i.e. rapidly becomes the same as 1if

there were & uniform current sheet at the clrcumference.

Also shown in Fig 79 are the vectors for a conductor by itself
(conductor A) at points along a radial line through its centre, and for the
external fleld which a current sheet of magnitude NI would produce. The
individual conductor fields make the dominant contribution near the
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conductors. Externally, they rapidly become a smaller part of the total field
and internally, they are rapidly cancelled. For example, at g = 0.5, the
total internal field has a relative value of 0.191, whereas the single
conductor field has a relative value of 2. The results indicate that the
external field soon reaches current sheet values, also. At § = 1.25, the
field varies between 6.7 units and 3.5 units, compared to a current sheet
(1.e. the average) value of T.35 = 4.8 units.

Figures 80 and 81 show how the internal and external field
components vary in between conductor positions. In both cases, the radial
components oscillate in sign, and the peak values are near the conductors, 3o
as to cause the resultant field to cross the circumference at right angles.
The internal field radial components are similar in magnitude to the
tangential components, near the conductor positions where they cause the field
to curl around the conductor. ExXternally, the radial components are much less
than the tangential components.

The flux distribution for only €& conductors clearly settles down
rapidly to that of a uniform current sheet. At § = 0.5 and g = 2, the field
is almost indistinguishable from that of a current sheet. As the number of
conductors is increased, the mutual cancellation of the internal flux and the
additive effect of external flux will increase. Current sheet like results
will thus approach the circumference rapidly as the number of conductors 1is
increased, e.g. to a few times as many as $ixX. The minimum number of
conductors that produces a field equivalent to a current sheet in all the
space about the coil will be the number required to cause the field at the
conductor surfaces to be very nearly the same as would be produced by a
current sheet.

Let us now calculate the effect of increasing the number of
conductors. Let us also consider only points on radial lines through the
conductor positions {(ie @ = ¢ in Fig. 78). The greatest distortion in the
flux distribution occurs gt these points, so when the flux density at these
points is close to that of a current sheet, the flux density at all other
points will be very much closer. In the case of the external field the
comparison with a current sheet is glven by

BP(N COND) x N [x/a - Cos 011
5 =51k 5 , (6.92)
p{SHEET) y

i

s NI
in normalized units, since B - and, through the conductor
P(SHEET) 2%X

positions, ¢ = 0. In the case of the internal field, the current sheet value
is zero, and to measure the extent of cancellation as the number of conductors
is increased, let us compare the field of N conduc*tors with that produced by
an isolated conductor. For a point at distance x from the centre, along a
radial line through a conductor position, the distance from the conductor to
the point is (x-a), and so the field intensity due to that conductor alone is:
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p{1 cOND) Yy
Eqns. (6.92) and (6.94) are plotted in Figs 82 and 83. Both
diagrams show that when the number of conductors exceeds about 48, the fields

approach current sheet values quite close to the circumference i.e. as x/a

approaches 1.

The internal field at § - 0.9 is only 3% of the field which an

isolated conductor would produce at the same point, and the external field at
the same distance from the other side of the circumference (i.e. § = 1.1)
only 1% above the current sheet value. As these are the worst case flux

density departures from current sheet values, we can conclude that 48 or more
conductors yields a field distribution that is indistinguishable from a

Fig.
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Flux density outside cylinder of N conductors compared to current
sheet. ‘
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Fig. 83 Flux density within cylinder of N conductors, compared to isolated
conductor.

current sheet, except within a few percent of the radius from the
circumference.

Let us next take into account the conductor radius, since this
determines how near to the circumference we can in practice take point P. 1If
the conductors almost touch each other:

X L]

(a) = 1 - - for internal points, and,
%) = 1 + %, for external points.

a MIN N’

The locus of (1 - ﬁ) is plotted on Fig. 83; it crosses the conductor curves
at Bp(y COND)/BP(I conp) Values between 0.1 and 0.14. If the conductors
almost touch each other the field intensity just outside the conductor inner
surface is thus less than 0.14 of the intensity tust outside the isolated
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conductor surface, for all practical numbers of conductors. The locus

of (1 + ﬁ), plotted on Fig. 82, shows that, for all practical numbers of
conductors, the external flux density at the conductor surface 1s less than 7%
greater than the current sheet value. Since Figs. 82 and 83 represent the
worst case departures, we can conclude that for all practical numbers of
conductors, that virtually touch each other, the flux density in the space
within and without the cylinder is practically indistinguishable from that of
a current sheet located at the mean diameter of the cylinder.

If there is space between the conductors the conductor diameters
must be less than when the conductors touch, and the conductor surfaces become
closer to the mean diameter, i.e., they are in regions where the current sheet
approximation is poorer. If the conducto§szggcupy fraction K of the
circumference, the conductor diameter is and the surface flux density
ratios, using Eqns. (6.92) and (6.94) are:

L x
B (1 +==) N ({1 +==)/a -Cos s I
P(N COND) - KN £ KN 1 , (6.95)

Bp(sugeT) N =1 yi

for the external flux, and,

T
N {1 - KN)/a - Cos .1]

x
= (1 - KN) 151 3 . (6.96)
Yy

Bo(n conp)
Bo(1 conp)

Eqns. (6.95) and (6.96) are plotted in Fig. 84, from which it can be
seen that for all numbers of conductors greater than about 10 the relative
flux density at the conductor surface is constant. For K = %, as in bifilar
winding, the external flux density is about 27% greater than the current sheet
value. Using Fig. 82, we can deduce that for as few as 12 conductors, the 27%
increase drops to only 4 or 5%, one conductor diameter further away from the
conductor surface.
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space factor.

The flux distributions have been calculated for conductors that are
exactly symmetrically placed. This may not occur in practice, although if the
space factor is unity, placement errors will be reduced. Errors in placement
might occur because a conductor is not exactly on the circumference, or
because there are random pitch errors, causing conductors to bunch together in
places and to have gaps at others, or because there is a constant pitch error,
causing a gap that is too narrow or too wide.

The writer investigated the effect of pitch errors by modifying the
flux density equations (e.g. by the use of random generacor functions) and
when the programs were run, the results were:

(1) the internal field increases greatly with placement errors,
especially in the neighbourhood of the smallest gap between
conductors;

.

the external fileld also increases, but not nearly so much, again in
the nelghbourhood of the smallest gap;

(1)
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(1i1) overall, the increase in total flux was small, and in the case of
the external field, the disturbed regions did not penetrate far from
the circumference.

Altogether, it did not seem that tnductance would be significantly .
altered (i.e. > 1%) by likely errors in conductor placement.

6.5.3 The inductance of an ¥ conductor external field toreoid

The calculations and graphs in the previous Section suggest that the
flux of a cylinder of conductors that touch each other is practically the same
as a current sheet in all the space around the conductors. We expect the same
to be true for other configurations. In this Section we shall calculate the
inductance of the external field toroid, which is the cylinder of parallel
wires bent into a circle, from basic expressions to see show much its
inductance, with N turns of round wire, differs from the current sheet
expression.

The total inductance, LT' of a winding of N turns consists of two
parts; the sum of the mutual inductances of every turn with every other
turn, andeL , the sum of the self inductances of the individual turas. Thus,

N N N
LT - mEI nEI an + 121 le. (6.97)

If we consider the filaments to carry current in parallel instead of in
series, the current is NI instead of I, where I is the current in each
conductor, and, since energy must be conserved (as was argued in Section
6.1.4), the inductance is the value given by (6.97) divided by N2. As

N » « Wwe obtain the uniform surface current condition to which Eqn. (6.19),
viz.

) ) 8R

L=y R {1 + ( tm — - 21,
a

applies.

The geometry of the external field torold for inductance
calculations is given in Fig. 85. For the mutual inductance calculation we
consider the turns to carry filamentary current concentrated at their
centres. This will not produce quite the same flux linkages as the actual

.
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Fig. 85 External fleld toroid geometry for inductance calculation.

Fig. 86 Coaxial circles to which mutual inductance expression applies.

distributed current, but the error will be very small, especially for large
numbers of turns. We use this model because there exists a mathematically

exact expression for the mutual inductance of coaxial fllamentary circles of
current, [16]1, viz:

4w —_ 2 2
M = o JAa l(c - ¢JF - c E) aH, (6.98)
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where A and a are the radil of the circles (Fig. 85) and

24A4
Ce——
Ji(a+a)® + B"1]

and F and E are the complete elliptic integrals of the 1st and z2nd kinds
respectively, of modulus c.

In Fig. 85, R is the major radius, r is the minor radius, A is the
radius of the ith turn and a is the radius of a turn x positions further
around the minor diameter. From the figure we have:

A =R + r Cos Lo, (6.99)
and, a=R+rCos (i +x)e, (6.100)
and, b =1r {sin(i + x)e - sin le] (6.101)

where & is the angle between conductor positions i.e. 9 = 360/N. Since My, =
Moy etz. 12 is only necessary to form the sum of half the combinations,

i1.e. = combinations where N is the number of conductors (circles), and
then double the answer.

The self inductance of each turn should, strictly, be calculated by
Eqn. (6.98) also. However, because the conductor diameter is small compared
to the circle diameter (e.q. T%Et ) the expressions:

A
L, = ;OA e rw' (6.102)

where Ly 1s the conductor radius, is accurate enough. The self inductance
term is small compared to the mutual inductance term and errors in it do not
greatly degrade the overall result. Radius A is different for every conductor
position, but calculation shows that we can in fact use the mean value, R, for
A, with small error. Thus,

R
L Ls = N'oR tn . (6.103)
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(Exact calculation of (6.102) for the case where % = 2 and N = 12 showed that
(6.103) 1s in error by about 3%. When 8 = 5 and N = 100, the error is about
0.2%).

The effect of conductor space factor can be simply included because
it 1s related to the conductor radius, Tue If the space factor is K, ie the
conductors cover fraction K of the minor circumference, then:

Ker
- — (6.104)
r, N 6

Eqn. (6.97), divided by N? to yield the “"single turn" inductance for
comparison purposes, evaluated using Eqns. (6.98) and (6.103), is tabulated

Maj/Min Rad. 10
Ly 3.007 sH 2.169 gxH 1.189 XH
X 1 0.5 0.25 1 0.5 0.25 1 0.5 0.25

LT 2.911 2.965 3.020 2.072 2.126 2.181 1.087 1.142 1.196
.602 .602 2.602 .817 . 817 .817 0.905 0.905 0.905
Lg 0.309 0.363 0.418 0.254 0.309 0.363 0.182 0.237 0.291

[
<3
~
~
-
=
-

N = 36 Turns

Ly 2.964 2.988 3.103 2.126 2.150 2.174 1.144 1.68 1.92
.799 .799 2.799 1.984 .984 .984 1.034 1.034 1.034
Lg 0.166 0.190 0.214 0.141 0.166 0.190 0.109 0.134 0.158

[
<3
~
~
-
[

N = 60 Turns

LT 2.981 2.996 3.o010 2.143 2.157 2.172 1.162 1.176 1.191
Ly 2.871 2.871 2.8 2.047 2.047 2.047 1.085 1.085 1.085

N = 100 Turns

LT 2.992 3.000 3.009 2.153 2,162 2.17 1.172 1.181 1.190
.919 .919 2.919 2,089 .089 .089 1.120 1.120 1.120
Lg 0.072 0.081 0.090 0.064 0.072 0.081 0.052 0.061 0.070

(g
X
»N
&
~
~

Tabulation of inductance {(in microhenries) for 1 m major radius external field
toroid, for various numbers of turns, N, and space factors, K, normalized to
the single turn value. LSH is the inductance given by the current sheet
expression, (6.19), and L., LH and Ls are the total, mutual and self
inductances for the toroigs made up of turns.




below. The total, mutual, and self inductances are given for space factors,
K, of 1, 0.5 and 0.25. The inductance given by the thin tube expression
{6.19), Lgy, 18 also tabulated. The inductance values are for a major radius
(R} of 1 m.

Examination of the tabulation enables four statements to be made.

(1) The total inductances agree closely with the current sheet
expression. We can conclude that the current sheet expression,
(6.13), is indeed accurate.

(i1) The mutual inductance is at least 90% of the total inductance. The
self inductance portion diminishes as the number of turns is
increased, e.g. from about 10% to 3% as the number of turns is
increased from 16 to 100,

(111) The total inductance is not much affected by the conductor space
factor. This is because the space factor affects only the self
inductance, which is much less than the mutual inductance.

(iv) Since the inductance values agree 8o closely with current sheet
values, the flux distributions in the space about the conductors
must also be very nearly the same as those for current sheet
distributions. This supports the previocus conclusion that this
should be so for all practicable numbers of conductors, based on the
results found for a cylinder of parallel conductors.

Finally, we should note that the paths around the major
circumference of the toroid do not have the same resistance. A path taken
around the inner side is shorter than a path around the outer side. Unless
the resistance or e.m.£f. is compensated for each path, the current in each
path is different, in contrast to the uniform current sheet assumption. This
raises the question, considered in the next section, of whether the same
current flows in each turn of a parallel connected secondary of the pulse
transformer.

6.5.4 The transient current distribution of the secondary

In all the preceding work we have assumed that the uniform current
sheet expressions for inductance apply to the secondary as well as to the
primary. In particular we have assumed that the secondary current is divided
equally between the secondary parallel turns. This assumption is justified as
follows.

consider a solenoid, which is an example where the flux is
distributed non uniformly through the turns, with a layer secondary, as in
Fig. 87.

— o ——
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Fig. 87 Non uniform distribution of flux through the turns of a solenoid and
a layer secondary.

The f£lux that links the central turns of the windings is more intense than
near the ends; therefore the back e.m.f. per turn is greater for these
turns. The same flux {practically) links the corresponding turns of the
secondary (outer layer). Each portion of the primary has a different back
e.m.£. and the same e.m.f. (practically) is induced into the corresponding
turns of the secondary. Slnce the primary e.m.f£. distribution is the result
of equal current in each primary turn, the secondary e.m.f. distribution,
being the same in a geometrically similar winding, implies the same current
distribution as in the primary, i{.e. equal current per turn.

The same reasoning applies to the external field toroid. The e.m.f.
induced in each secondary turn matches that of lts corresponding primary turn
of equal length. The varying length of the turns means only that the turn
resistance will cause the induced current to decay faster in the outer turns.

Let us next consider the distribution of the current upon individual
turns. As with the rails of the railgun, the flux which externally links a
turn induces the same e.m.f. into every filamentary path in the turn and
therefore cannot affect the current distribution. The current distribution is
determined aimost solely by the rate of change of the internal flux of the
current within the turn. As discussed in Ch. 2, this leads to the conclusion
that initlally the current will distribute to produce the minimum self
inductance of the turn, which further implies that it produces no flux
internally. (This does not mean that there is no internal flux at all,
because some mutual flux passes through the turns).

Since the zero internal flux condition means that the self flux of
each secondary turn is all external, and only the external flux can link the
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primary, the secondary current is induced in such a way as to maximize the
flux linkage with the primary, for the glven boundary geometry of the
secondary conductors.

Finally, let us examine the extent to which the inductance
expression for the secondary 1s, as we have assumed, the same as for the
primary. We have found that the secondary current is equally divided amongst
the turns and therefore the general distribution of secondary current matches
that of the primary, but that on each secondary conductcr it is distributed so
as to cause no internal flux, whereas the primary current, owing to the long
charging time, will be uniformly distributed over the conductor cross section
and will produce internal flux. The way in which the current is spread over
each conductor has very little effect on the external flux though, and hence
the turn self inductance and the mutual inductance with other turns are not
much affected. This suggests that, since the magnitude of the current per
turn matches that of the primary, the secondary transient inductance will be
closely given by the same expression as for the primary steady state
inductance.

An assessment of the difference between the inductance expressions
for turns of round wire, under zero internal flux and uniform surface current
conditions, can be made by considering each turn to be an external field
toroid whose major radius is the turn radius, R, and whose minor radius s the
conductor radius, r,,- For an external field toroid with N closely packed

turns, the ratio of major to minor radii of a turn, . is:
w

e
]
w o
.|z

w

where a is the toroid minor radius. If B -5 and N = 100, B 15,
W

The initial inductance, L of an external field toroid in the form
of a thin tube bent into a circle 1s qiven by Malmberg and Rosenbluth as
{171:

1 1 -1
L-pn-z-(-ﬁ:ﬂ/ztt Cnvy, ]
° e v Tl dn + Yyt s 3/2) BF ALY

(6.105)

where L, is the inductance in Henries; R is the major radius; y is the ratio
of majof to minor radii, i.e. v = %—- P!, .1 and @'y .1, are the first
order, half integral, Legendre func¥ions ot tﬁ% first and %econd kind,
respectively; ¢ = 2 forn = -1; and ¢ = 1 for n > -1.°' The norma1*zatlon of
(6.105) agrees with that of NBS tables of functions P . yzan Q V [181.

204

PP

sl




Eqn. (6.19), viz.

a 2 8R
- —_— —— ]
LSH ‘OR ({1 + (2R) ) 3 2],
gives L.,, the surface current sheet inductance with which to compare Eqn.

(6.108).

Eqn. (6.105) is plotted from values given by Maimberg and
Rosenbluth, together with Eqn. (6.19), in Fig. 88, for R = 1m.

x
g

d"’
w2 A7
2 L 7
o '
Q /A
é // Lo Major Radius = 1m
e 1 / _
(] [ 4
g /
-

1 2 3 4 5 6 7 8 9 10
MAJOR / MINOR RADIUS RATIO

Filg. 88 Initial inductance, Lo, and uniform surface current inductance, for
external field toroids.

Clearly, the two curves approach each other for %— values as low as 10. For
- 10, L° 1s given as 2.960 sH, while Lgy is 3.¥07 sH ie a difference of
aBout 1.6%. sSince the turns of the coils will have %— values greater than
100, it is apparent from Fig. 87 that the initial and¥uniform surface current
inductances will differ by only a fraction of a percent. (The NBS tables of
Legendre functions only cover the range to y = 10; evaluation of (6.105) for

r values of the pulse transformer turns requires the generation of these
w
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functions. This may be done using elliptic integrals, but is a laborious task
which the writer has not carried out).

Since the current sheet and initial inductance values for individual
turns are so close, we can conclude that the initial secondary current
distritution is practically the same as a uniform surface current. From the
study of flux distribution in Secction 6.5.2 we know that the field in the
space about the turns will be much less distinguishable from that due to a
uniform surface current than it is near the turn surface. Eqn. (6.19) is
therefore applicable for the total secondary transient inductance and,
multiplied by N2, to the external flux portion of the primary steady state
inductance.

In particular, the degree of coupling values calculated in Section
6.3 are much more affected by the geometrical factors discussed therein than
by inaccuracy in the inductance expressions during the transfer of energy from
primary to secondary.
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CHAPTER 1

THE FORCE REDUCED TOROIDAL TRANSFORMER

7.1 Problems caused by compressive forces

In Ch. 6 the external field toroid was found to have the best
combination of time constant, degree of coupling and natural strength. The
forces on thisg toroid are mostly tension, which can be naturally resisted by
the conductors without the need for additional structure. The compressive
forces, however, would cause the conductors to bend because, in contrast to
the conductor shape assumed in Cch., 6, the turns have no structural strength to
resist them. An inner structure, such as a rigid inner tube or a series of
disks, must be provided to support tRe conductors against the compressive
forces. Eqn. (6.84) shows that for — = 5 the mass of the inner support would
be about a third of the mass of the conductors, if it was made from material
of similar strength and density to the conductors.

Even if the inner support is provided the windings are not relieved
of the compressive forces. The support will prevent the bending stresses from
arising but the conductor materials must still bear the direct compressive
forces while transferring them to the inner support. Each time that the coil
is operated, the conductors and the insulation will impact against the
support. The secondary is particularly vulnerable since it may be much
thinner and hence much weaker than the primary, yet must bear the same forces
as the primary when the primary energy is transferred to it. The coaxial
cable construction 1s advantageous from this viewpoint because it couples the
strength of the primary to the secondary. The risk exists, though, that the
insulation between primary and secondary will be damaged and cause
primary/secondary short circuits which would immediately destroy the
functioning of the transformer and be extremely difficult to repair. Since
compressive forces could be so disastrous, it is worthwhile examining a form
of winding which reduces their effects. This concerns large coils in
particular, since coil strength increases with size at a lesser rate than its
ability to store magnetic energy. If large numbers of large coils were
constructed, such as thousands of 100MJ coils for a space ship launcher, great
attention would have to be paid to ensure that the life of the coils was of
the order of a century (i.e. equivalent to that of larger civil engineering
works such as dams and bridges).

7.2 Magnetic force balancing

The major radial and minor radial forces of the external and
internal field toroids point in opposite directions (Figs. 75,76). By winding
a toroid so that it produces both internal and external flelds simultaneously,
the two sets of forces will partially cancel on the same winding.

.

With the proper proportioning of the internal and external field
strengths either the major radial or minor radial forces may be practically
cancelled where they arise instead of being transmitted to other parts of the
structure. This 1s the basis of "force reduced" coil construction. It was
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explored in the 1950's [1,2] for producing "force free" regions in high field
strength clectromagnets wound with fragile superconductors. For multilayer
coils the winding pattern is very complicated [3) and, to the writer's
knowledge, the idea has not been applied in practice.

Fig. 89 shows how the external field toroid can be arranged to
produce an internal field. The conductors are twisted around the minor
diameter while also progressing around the major diameter, in the fashion of a
multistart screw thread. The diagram shows a winding with 4 turns around the
major diameter, with 4 twists around the minor diameter. The coil thus has 4
turns producing external field and 16 turns producing internal field.

Forces

Fig. 89 Toroid with combined internal and external magnetic fields,
resulting in self balancing forces. Winding shown has 4 turns
around the major diameter with 4 twists around the minor diameter,
giving 4 turns producing external flux and 16 turns producing
internal flux.
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It is impossible to have both the major and minor radial forces
simultaneously balanced to zero i.e. to have a totally force free coil. This
is because, as discussed in Ch. 3, where there is stored kinetic energy there
must be forces at the boundaries of the container.

Let us now consider the force balance in more detail. The internal
field and the current on the inner side of the conductors produce outward
pointing forces and vice versa for the external field. The conductor material
is "pinched" between the outward and inward pointing forces. If these forces
are equal they have no resultant and no structure is required to support the
winding. The internal field provides a "magnetic" former.

The compressive pressure which the conductor material must withstand
is the magnetic field pressure, 92/2p°. This 1s much less than that due to
the total compressive force acting over the thickness of the thin wall tube in
Fig. 75 and in particular is much less than the local high pressure spots that
may damage insulation in the external field toroid.

Reduction of the compressive stress to negligible values leaves the
force reduced coil as an all tension structure. The coil mass will therefore
be the minimum possible, viz o+ as discussed in Ch. 3. The mass reduction
associated with force reduction has been considered an important reason for
employing it (4,5) but has been criticized by others [6,7]. Although mass
reduction is a valuable side effect, the important reason for considering
magnetic force balancing in the present context is to eliminate the
potentially damaging compressive forces.

To conclude this general discussion on force reduction, three points
may be noted.

(1) The time constant and degree of coupling properties of the external
field toroid are degraded by combining it with the internal field
toroid. To compensate for the resistance increase, the voltage, and
hence the mass, of the battery used to charge the coil must be
increased. To compensate for the degree of coupling decrease, the
ratio of inner to outer diameter of the coaxial cable winding must
be increased and hence the insulation must be diminished.

(11) The total stored magnetic energy is increased, compared to the
external field torold, owing to the internal magnetic field.

(111) The winding is much more difficult to construct than that of the
external field toroid.

The benefit of reduced structural compressive forces and diminished
mass must be weighed against the increase in battery mass, reduction in degree
of coupling and increase in construction difficulty.
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7.3 Basic force reduction relationships

7.3.1 Total inductance expression

The same current causes both the internal and external fields, which
is the same as i{f there were two windings in series. The two flux patterns
are normal to each other and exist in separate spaces so that there is no
mutual inductance. The total lnductance is therefore the sum of the internal
and external toroid inductances i.e. Eqns. (6.21) and (6.27); yielding:

2 "I a
- y (L a
L s N g RI /n (NE R)

2 8R

+ (14 (z—R)Z) m B - 2) (7.1)

where N. is the number of turns around the major diameter and N, is the number
of turns around the minor diameter. If we imagine the winding to consist of
the Np turns of an external field toroid twisted around the minor diameter as
they progress around the major diameter, then:

NI = NE T, (7.2)

where T is the number of twists. Furthermore, since the pitch of the twists
is 4™ while the distance around the minor diameter is 2wa, the helix angle of
the winding, «, is given by:

-1

I

tan a =31 - (7.3)
R NE

w o

Since 21 and Np must be whole numbers, not all helix angles are possible fcr a
given g.

7.3.2 Force reduction conditions

Differentiating the inductance expression (7.1) with respect to the
minor radius, a, yields:

a
da to

® |
=], &

m

a2 3,2 8R
E) -1 + 1/2 (E) (1/2 + tn a—)] (7.4}

moN

,

For zero force we require %f = 0. Egn. (7.4) yields:

14
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1
— = [(-:-)2 - Y (Y, + 25)] /2 (7.5)

For g values of 5 and greater (g)2 1s at least 10 times the negative term, and
so we have:

’ (7.6)

2 le

m
4
» o

as the conditiog which will yield zero net minor radial forces on the
toroid. Since ﬁl is the number of twists that each turn of the external field
E

toroid must make around the minor diameter, we have the simple rule that to
make the external field toroid have zero net minor radial forces, each of its
turns should be twisted R/a times about the minor diameter. From Eqn. (7.3)
we see that the helix angle is then 45°.

since Eqn. (7.6) is an approximation, the minor radial forces will
not be exactly zero. Eqn. (7.6) represents a slight degree of overtwisting
and when it is substituted in Eqn. (7.4) the result is:

dL 2 a 8R
P —= 1 S .
da ;ON T /y + tn 2 ) (7.7)

which is positive, indicating a small tensile force in the direction of the
minor radius.

Differentiating Eqn. (7.1) with respect to the major radius, R,
yields:

N
oLt - Gt B o oy GF B (7.8)

E

setting g& = 0 to obtain the condition for zero force in the major radial
direction, ylelds:

N
I_R a2 &R Y,
¥ 3 2 (1 - (2R) ){en a - 1)1 ' (7.9)
E
which is closely approximated by:
N 1
2R m B /2 . (7.10)
a a
E i
i
|
!
211 !
3
H
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since (‘;—R)2 <<1 and n 8 = 2.079 = 2,

As an example, for R/a = 5 we have from Eqn. (7.6) that twisting the
turns of the external field toroid 5 times about the minor diameter will
reduce the net compressive forces to approximately zero, and from Eqn. (7.10)
we find that if they were twisted 11 times the major radius tensile forces
would be approximately reduced to zero. For numbers of twists between 5 and
11 the coil would be in tension in both the major and minor radial
directions. For numbers of twists greater than 11 the minor radial forces
would be tensiie and the major radial forces would be compressive, 1.e. the
properties of the internal field toroid would outweigh those of the external
field component.

We wish to retain the long time constant and high degree of coupling
properties of the external field toroid as far as possible. The

condition ﬁl - § achieves the objective of getting rid of the undesirable
E

compressive forces with the least degradation of the desirable properties of
the external field toroid.

7.3.3 Magnetlc energy of the force reduced coil

The energy stored by the force reduced coil is increased because of
the addition of the inductance of the internal field component. Substituting

N
- §, for the condition in which compressive forces are balanced, causes
1Rductance expression (7.1) to become:

2 1 a 2\ BR_
L= s, N R (s (1 4 (TR) Yoen 25 - 20, (7.11)
which can be arranged as:
LsL(l_._._l_.) (712)
E R’ :
2 tn =
a
where L_ = N2 Ri(1 + (3% g 8B _ 2). Eqn. (7.12) 1is correct to within 2%
E o E 2R a
R
for 2 s,

Since magnetic energy is given by U&le, Eqn. (7.12) can be used to
obtain:

(7.13)
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where Wy is the total magnetic energy of the force reduced coil and Wp is the
magnetic energy of the external field toroid. Using Eqn. (7.13), the
following tabulation is obtained.

R Y
a WE
+ 5 1-311
7 1.257
’ 10 1.217
20 1.170
The tabulation shows that the smaller the g values, i.e. the
"fatter” the toroid, the greater is the increase in stored energy compared to

the external field toroid. Since the force reduction requires the winding to
have a 45° nelix angle, and hence a 41% increase in resistance for given
conductor size, the tabulation shows that we should choose as fat a toroid as
possible to compensate for the resistance increase.

7.3.4 Use of a high permesability core

If the inner of the torold contains a magnetic material which raises
the effective permeability of the internal field toroid component by a factor
L the total inductance equation becomes:

A N
2 r I a,z2 a 2 8R
L= N R(2 (NE R) + (1 - (2R) } «n a 2] (7.14)
P Differentiating the ahove expression with respect to the minor radius, a, and

setting the result to zero for balance of compressive forces, yields:

1 EE = —E: %, (7.15)
F E er
1

and Tan @ = — (7.186)
I

N.
It b, - 10, the number of twists, ﬁl' is reduced by a factor of 3 and the

helix angle of the force reduced winding becomes 17.5° instead of the 45°
angle required when s = For This would mean that compressive force balance

A}
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would be achieved with a 5% increase in conductor length instead of a 41%
increase and hence would overcome the disadvantage of increased resistance of
the force reduced winding.

Unfortunately, it does not seem that this can actually be done. For
the differentiation of Eqn. (7.14) to apply to the physical situation, the
conductors must move in the medium of permeability s . If a high permeability
core were provided the conductors would, however, sti11l move in free space and

N
hence 1t would still be necessary to have iﬁ - §, i.e. the 45° winding.

By providing an inner core of high permeability, though, the energy
stored may be increased without increasing the forces on the conductors. This
is because the extra energy 1s stored by the core and the core material must
bear the associated forces. Eqn. (7.13) becomes, for an effective inner
permeability ’r:

L} »
S (1.17)

W R
E 2ma

Eqn. (7.17) shows that for ,_ = 10 the total stored energy would be about 3
times as great as for the frge space condition, with g - 5,

Two points to be considered against the use of a high permeability
core are (1) that it increases the total mass of the core and the material
used would have to have a low density to not degrade the overall energy/mass
ratio; and (i11) that the core material must have a resistivity high enough
that the stored energy is released via the secondary instead of within itself.

7.3.5 The mass of the force reduced toroid

Each turn of the force reduced toroid is 41% longer than the direct
distance around the major diameter. In principle its expansion would be
resisted by twisting stresses, and not until the major diameter had increased
by 41% would the stresses become simple tension. If though, the turns are
held together, e.g. fastened to bands at a sufficient number of places, they
will not be able to move independently and the resu.t will be a structure that
behaves like a thin walled tube. We will assume this to be the case 3o that
we can regard the force reduced toroid as a ring upon which a uniform
expansion force acts (Fig. 90).




Cross

O O

Fig. 90 structural model for force reduced toroid.

The mass 1s calculated in the same manner as in Ch. 6. Let the
total force in the direction of the mgjor radius be F(o,. The force per unit

length of circumference is thegefore 2(:)
(R) ¥

a small angular element d¢ is —;:“ 3in ¢ de. Integrating this expression

giveg the total tensile force, T, being resisted at A and B, and
(R)
T= .

L 4
e, we have

, and so the vertical component over

If the cross section of the tube is A and the tensile stress is

)

T {R)
A= 20 © 2ve '
R FR)
and the volume of the tube 1s 2#RA = ——, If the density of the tube
material is w, we obtain the mass, M,:
w
- = . 7.
M ° R P(R) , (7.18)

The force expression, Fp), ls obtained by the method of virtual
work,
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where gﬁ {s given by Eqn. {(7.8). substituting the condition for zero minor
radial force, i.e. ﬁl - %, we have:

E
<112 ¥ - (2% 8R _ _1
Fir) /2 T * Vg ti1 (2R) en (a 1) =141, (7.19)
which can be rearranged as:
» N2 R
Ly, g2 foE a,2, B8R _ . . (a2 R
FiRr) /s T R [(1+(2R) ) m 7 2 +1, (2R) (2 en 2 + 1)1, (7.20)

The negative terms on the R.H.S. contribute less than 4% for g 2 5. The
remaining terms can be seen to be the same as Eqn. (7.11) i.e. they yield the
total inductance, L, of the force reduced toroid, and so:

2y I L _ T
F(r) /2 R R ' (7.21)
where Wy is the total stored magnetic energy.
Substituting Eqn. (7.21) into (7.18), yields:
w .
M= s wT. (1.22)

Following from the previous discussions, this is the result to be
expected for a structure that confines magnetic energy by means of members in
uniaxial tension.

7.3.6 Flux densities for force reduction

Since force per unit length on a current is given by the praduct of
the magnitude of the current and the magnitude of the normal component of the
magnetic field intensity, equal forces on a given current imply equal magnetic
field intensities. That the average internal and external magnetic field
intensities of the force reduced toroid are equal is‘shown as follows.




(1) The average internal flux density, By, of the internal field is

given by:
(11) The average external flux density, Bp, of the external field, is
given by:
BE - :ngf—i (7.24)

(1) and (i1) follow from the line integral relationship between
magnetic intensity and current linked.

(111) Substitute the force balance condition N. = N_ X into Egn. (7.23).
I E a
This yields:
s N I
o E -
BI T T2xa ! (7.25)

i.e. BI - BE.

7.3.7 Reason for major radial force

The force reduction condition apparently cancels the forces which
act -ound the minor circumference. The demonstration that the average
internal and external flux densities are equal reinforces this notion. If the
forces were totally cancelled all around the minor circumference there would
be no net force on the conductors at all and consequently no force in the
direction of the major radius as well. From general reasoning, to do with
boundary forces and stored kinetic energy, we know that this could only be the
case in a system where the kinetic energy is unconfined and hence unavailable,
or in a system which stored no energy, such as a non inductive coil.

The reason that there are major rddial forces is thau the magnetic
field intensities 2reunoi in fact uglfﬁrmt Referring to Fig. 91, the internal

at A to L

field varies from Ze (R + a7 at B.

2x (R-a)

k
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Fig. 91 Flux intensities at conductors.

The external field is glven by elliptic integral functions instead of Egn.
7.24. Only at points C and D do Eqns. (7.23) and (7.24) apply closely and
practically zero force conditions pertain.

Evaluation of the elliptic integral function for the external field
[8) ylelds, for R/a = 5:

BA = 14.18 units
BB = 6.69 units

1.e. the field strength at B 1s 0.47 of that at A. The internal field at B
compared to A is :a = 0.67. The external field at A is more intense than the
internal field ang the nett force at A is in the direction of the major
radius. The external field diminishes more rapidly at B than does the
internal field and hence at B the nett force is again 1in the direction of the
major radius.

The net force on the conductors under the force balance condition
is therefore always in the direction of the major radius. It varies from
approximately zero at C and D to greatest values at A and B, with the maximum
force being at A. The fatter the toroid, i.e. the greater that a is compared
to R, the more accentuated are these effects.

7.4 Degree of coupling - coaxial cable force reduced transformer

In Ch. 6 the basic equation for the coupling coefficlent ratio of
the coaxial cable transformer was derived, viz.:




1
k RN ' (en do/di + /4)
- 1 - , (7.26)

2 L1

for a cable with a solid inner, where N is the number of turns related to the
primary inductance L, do/d1 is the ratio of coaxial cable outer diameter to
inner diameter and R is the radius from which the total length of the cable
can be calculated.

For the force reduced winding, we have to increase the length
by v2 because of the helix angle, 459, of the winding. Using Eqn. (7.11) for
L,, t.e. the force reduced inductance, Eqn. (7.26) becomes:

d
2 (en =2+ )
kl di

- =1 - . (7.27)
k a 2 8R

2 NE[1+(2R) ;m 2 - 1.5]

If the inner is tubular instead of solid, the Y, term in the
numerator is omitted.

As discussed in ch. 6, on the assumption that all the flux of the
outer, i.e. all the flux of the secondary, links the inner, k, = 1 and Egn.
(7.27) yields the maximum value of k,k,, which directly determines the
proportion of primary stored energy able to appear in the secondarg. Eqn.
(7.27) is plotted in Fig. 92 as a function of dg/d, for & = s and & = 20,

solld and tubular inners and Np = 100 turns. Comparison of the values in Fig.
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i Flg. 92 Degree of coupling for force reduced toroidal transformer.




with these for the external field toroid show that the degradation in degree
of coupling is not great. The increased length of cable required for the
force reduced transformer increases the proportion of primary flux that is not
coupled to the secondary, but this is partly compensated by the increase in
primary inductance due to the internal inductance that is added.
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CHAPTER 8

DESIGN AND PERFORMANCE OF TOROIDAL TRANSFORMER/BATTERY POWER SOURCE

In previous Chapters the charging characteristics of coils, time
constants, degree of coupling and forces have been individually studied. 1In
this Chapter the results of these studies are brought together and applied fcr
the most advantageous coll geometry, viz. the external field toroid and 1its
force reduced form, wound with coaxial cable.

8.1 Management of the variables

Altogether, the following variables have to be amalgamated:

Stored energy W
Major radius R
Primary current I
Battery voltage \'

Number of primary turns ¢
producing external flux Np
Ratio of major to minor radii 5
Resistance of the primary winding Ry
Resistivity of conductors P
Mass of primary conductors Mp
Density of conductors 1
Stress in primary conductors o
Degree of coupling kik,
Efficiency of charging the primary 7
Mass of the battery Mp
Power density of che battery p
Primary circuit time constant To

Many relationships can be formed between the variables listed
above. The problem is to separate them into suitable given and dependent
variables. By setting a desirable value for one parameter, such as for the
primary circuit time constant or for the number of primary turns, other
parameters may become unacceptable.

In the following Sections equations which permit two design
approaches are derived. Firstly, general expressions for Mp, I, Vo, Np and T
are given in terms of W, R, ar W0 and o for assumed values of klkz and ».
These expressions can be plotted as families of curves as functions of W and R
with values assumed for the other variables, and from these plots a design
which is a broad compromise can be quickly found. Because the primary
conductor stress, o, is a given variable in these plots, the resulting coil
designs all have a fixed energy density.

ol

The other approach is to directly use equations to fix parameters %o

yield certain other desired parameters such as secondary current, T, and Ngp.




\ This is essentially a cut and try approach and the conductor stress, 1in
3 particular, is allowed to be determined by other factors.

Another aspect to be considered in design is the support of the
windings, especially the inner support of the external field toroid.
Equations are given for a method using disks to support the conductors against
the minor radial compressive forces of this torotd.

The plots and equations are applied to a range of example designs
from which the most suitable energy range for the pulse transformer-battery
r system can be ascertained.

Since overall pulse energy density 1s the most important common
measure between different types of power sources, it {s discussed with the aid
of an expression that shows the influence of various factors.

8.2 External field toroild - general relationships

The parameters of most direct concern in the design of a primary to
store a given energy (W), are the primary current required (I), the charging
voltage (VC), the number of primary turns (NE)’ the primary circuit time
constant (T,) and the mass of the primary conductors (Mp).

In this Section general expressions are obtained for these
parameters in terms of W, R, ar pr o and w.

8.2.1 Assumptions

The work in previous Chapters enables certain relationships to be
} assumed.

§ (1) In Ch. 5 it was shown that the optimum charging time was about one
' primary circuit time constant. Let us select the charging time to
be 1.23 T,, at which time (Fig. 47) the energy stored is 50% of the
1 maximum possible and the efficlency of charging is just less than
s0%.

The current, I, at this time is:

Ve

(8.1}
v2 Rc

where RC is the total primary circuit resistance and Vc is the open circuit

voltage of the battery.

(14) In Ch. 6 it was shown that the battery mass, My, is minimized when
the battery internal resistance, Ry, equals the winding resistance,
{ RW' of the primary. Let us assume this condition. Since
Re = Ry + Rg, Egn. {8.1) enables R, to be expressed as:
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R, = £ (8.2)
2421
(1i1) Let us assume that coaxial cable construction is used, with a solid

inner to reduce primary resistance, and that a ratio of the outer
diameter to the inner diameter of 1.5 gives sufficient space for
insulation between primary and secondary and a suitable value for
the degree of coleinq, klkz' Fig. 71 shows that k1k2 would be
about 0.995 for 2 2 5 and about 100 primary turns.

(iv) According to the discussion in Ch. 6 the secondary current wilil
naturally divide equally amongst the secondary turns even if there
is no insulation on the outers of the coaxial cable. Let us assume
that the insulation on the outers is geqligible. Together wWith
(ii1) this implies a space factor of 3 for the primary conductor.

8.2.2 Mass of the primary in terms of resistivity, ,.

The basic expression for resistance, viz r = 2% yhere p is the
resistivity, ¢ is the length of the conductor and A is %ts cross sectional
area, may be rearranged as:

2
volume of conductor = ai— (8.3)

Substituting for ¢ the length of the external field torold winding, viz
2%RN_, and using (8.2) for r and multiplying by the density, w, of the
conductor yields the mass, Mp, of the primary:

84212 R2 Nz wpepl
M = E (8.4)
P VC

For Np we may substitute an expression ohtained by rearranging the
stored energy equation W = U&Lglz. Instead of the lengthy expression (6.21)
for Lp let us use:

2 R
LE- *o NE R n a (8.5)

which is less than 7% in error for g 2 5. This error is tolerable for the
purposes of the equations to be derived. Using (8.5) yields:

Ng - —;—3!_—__E (8.6)
I'a R th =
o} a f

and, substituting in (8.4) we obtain the mass of the primary as:
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MP - Am—i— R’ (8.7)
o viIm =
Cc a

where p is in g-m.

8.2.3 Mass of primary conductors in terms of tensile stress of
stored energy

In Ch. 6 it was shown that the mass of the conductors can also be
related to the tensile stress, o, due to the stored energy. The relationship,
Eqn. (6.74), can be rearranged as:

1
M o= (1 + R), (8.3)

which slightly overestimates the mass.

8.2.4 Power requirement

From equatlons (8.7) and (8.8) we obtain:

2
VCI - 16J2x opR —, (a.9)
ko (1 + tn =)
a
where p 1s in g8-m,
or VeI = 1,777 - NN (8.10)

1 + n R
a

where o 18 in g@-cm.

Together with Eqn. (6.7b), viz.,

VCI
M, = ————
B oaa - e Mp

these expressions enable the mass of the battery to be obtained.
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8.2.5 Primary Current

From the assumptions that the ratio of outer to inner diameter of
the coaxial cable is 1.5 and that the secondary insulation is thin, we can
write for the primary conductor diameter, diz

~
-
[+

(8.11)

o
¥
[RRTNY

|

From the general relationship r = ii and Eqn. (8.2), we can further obtain:

v (xa)?
C

p = ——-___——3- (8.12)
9J2I R NE

Substituting for Np from (8.6) and then substituting the resultant expression
for p into (8.9) yields:

( W
1 + mﬂ
9 a
I =— —— (8.13)
492 . /s P R'I/2 (en 2)1/2
1 3/2
—) W
{1 + ,nE
R,2 a
or I 14.57 (a) 772 WVE (8.14)
o R { ¢en=)
a
8.2.6 Battery Voltage
Eqns. (8.9) and (8.13) yield the battery voltage, V.:
. o2 , R9/2 ('nﬁ)s/z
= 0. (8.
vc 0.1220 x 10 3 "2 372 8.15)

R —
(a) (1 + rna) w

where p is in 8-m.
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8.2.7 Number of primary turns

The number of turns producing external flux, NE, can be obtained
from Eqns. (8.6) and {(8.13). The result is:

Br‘ L] R3 tn %
N =22 — 3 (a.16)
E 9% B2 (14 mdiw
a a
8.2.8 Primary circuit time constant
The primary circuit time constant, To, is given by:
To - %— {(g.17)
Cc
2W [
since L = = and R. =~ ——=—, (8.17) can be expressed as:
2 c e }
2J2W
T = ’ (g.18)
v
o cI
which, upon substituting (8.9) for VCI, becomes:
-7 (1 + ¢ R, W
7 - 1X10 a (8.19)
[} 2x o p R

8.3 Disk supported external field toroid

It is easier to fabricate an inner support structure in th. form of
a series of disks on a flexible rod which can be bent into a circle (Fig. 93)
instead of the rigid toroidal inner considered in Ch. 6.

Whereas the minor radial compressive forces cause only compressive
stresses when a rigid toroidal inner is used for support, they cause tensile
and shearing stresses in the conductors as well as compressive stresses when
disks are used. In this Section we determine how closely the disks must be
placed to prevent excessive tensile stress being caused in the conductors as
they bend inwards (i.e. stretch) under the minor radial forces.

226

I —




ot

PU—

e -

i 1 S

Note that this tensile stress adds to that caused directly by the
stored magnetic energy.

LI L

Fig. 93 Disk support for conductors

The magnetic field that encircles the minor diameter causes a
uniformly distributed load on each conductor. The magnitude of this loading,
q N/m, is given by:

qQ= 1@ X magnetic field intensity x conductor current.

For present purposes we shall use the nominal magnetic field strength given by
Eqn. (7.24), although, as has been discussed, the field strength is actually
greater on the inner side and less on the outer side of the minor diameter.
The variation in distance ¢ will tend to compensate for this effect, ¢ being
shorter on the inner side and longer on the outer side. Using Eqn. (7.24), we
have:

‘NIz

2 E (8.20)

a= drxa
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The situation is similar to that of a uniformly loaded suspension
cable (except that in this case the loading increases as the conductor moves
inwards under the loading, which we ignore!. From handbooks (1! the
increase, $§:, in the length of a wire stretched between supports separated by
distance ¢ and uniformly loaded (Fig. 94) is:

2

w |
~ |

[ (8.21)

V4

e
e/m 4__-1.

.

Fig. 94 Uniformly loaded suspension cable.

where £ 1s the deflection of the mid point of the wire.

It can also be shown that the horizontal component, H, of the
tension in the wire is given by [2]):

=
)
~F
-~
|~

(8.22)
Eqns. (8.21) and (8.22) can be combined to yield:

-9 (B Y
Hedlo (37 (8.23)

where E = iz is Young's Modulus and o is the tensile stress in the wire due to

H. If the'wire has cross sectional area A, the stress, o = %, is:

g2 23 ‘
o= l%:;—xl . (g.2¢)
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substituting (8.20) for g, we have:

2
/3
s NI E 22

c = (—Ejzj::rjrﬂ . (8.25)

Rearranging (8.25) ylelds the length between supports for a given
“bending" stress:

/
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t = 3 L@ , (8.26a)
NE I" E
which, using the expressions in Section 8.2 may be written as:
4 R4 03/2 tn R
16J6 « a
t = 9 R.3 Y « (8.26b)
(2)° N E2wW
a E

To obtailn the total stress in the wire, the "bending" stress should be
combined with the direct stresses due to major radial tensile forces and minor
: radial shearing forces.

At the supports, the compressive force Is the total load over the
distance ¢, 1.e. q r. The direct compressive stress in the conductor due to
this is:

c td (8.27)

where d is the conductor diameter and t is the thickness of the disk.
Thickness t must be selected-so that the insulation between primary and
secondary of the coaxial cable winding is not damaged by repeated pulsing of
the coll.

8.4 Force reduced toroidal transformer

8.4.1 Assumptions

Let us assume for the force reduced toroidal transformer the same
charging time, battery resistance/winding resistance and coaxial cable
parameters as set out in Section 8.2.1 for the external field toroid.

-




8.4.2 Cable diameters-winding space

The inner major circumference length, 22{R-a!, limits the space
available for turns. The turns pass through it at an angle to the vertical
given by arctan (Rﬁi). For B = 5, this ts 38.6°. only on the top and bottem
do the conductors have exactly 45° pitch angle. On the outer side the angle
is arctan (B—ﬁ—ﬁ) and for B . S the outside angle is 52° to the vertical, and
tne conductors are more widely spaced. If the diameter of the outer of the
coaxial cable is d, then the projected distance of d, along the inner
circumference is do Ji1t + (1 - 2)2), since all the turns producing internal
£lux must cross the inner circumference, the maximum number of such turns s

22(R - a) (8.28)
2,2,
R

d vi1 + (1 -
[+]

N
Using the force reduction relationship ﬁl - g and the coaxlial cable inner to

outer diameter relatlonship d, = % dy, Eqn. (8.28) can be rearranged to yield
the inner diameter:

4 rxal1 -%)
d1 =3 ") (8.29)
(1 - 2
NEJII + (1 R) )
(1 -%)
The function ———————— yields the following values:

a,?2
vi1 + (1 = R) 1

R function
a

S .625

7 .651

10 .669

20 .689
INF <707

The tabulation shows that the function is in the range 0.6 to 0.7. Let us
select a factor of 0.6, which will allow a little extra winding or insulation
space for all practical E values. We then have

4 = .Bra ’ (8.30)

i NE




8.4.3 Mass of the primary 1n terms of resistivity

The derivation is the same as for the external field toroid, except
that:

(i} the length of conductor is increased by v2

(i1) the approximate inductance expression

2 R 1
= = (8. )
L-'RNE['na+2] 8.31

for the force reduced toroid is used.

The expression for the mass becomes:

- 32J212 Wp RW

(8.32}
R 1

- _)

) VCI (en 3t 2

where W 1s the total stored energy of the internal and external fields.

8.4.4 Mass of the primary in terms of tensile stress of stored energy

The mass of conductor required to resist the tensile force of the

stored energy for the force reduced toroid with bands so that it behaves as a
thin wall tube is:

wH
MP -G (8.33)

as shown in Ch. 7.

8.4.5 Power requirement
Eqns. (8.32) and (8.33) yield:
3242 2 R

VI = LS 9p (8.34)

c s

R 1,
-} (zna + 2)

where p is in g-m,
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or v.I=3.55¢ —22% 18.35)

where p 18 in s8-cm.

8.4.6¢ Primary current

From the expressions for primary resistance, diameter of the inner
{i.e. the primary) and the length of the primary conductor, we obtain:

0.02 V.« a2
p = (8.36)
IR N

M

Substituting for Np an expression cbtained by rearranging (8.31) and the
stored energy expression W = %@ LI%, and then substituting in (8.34), we
obtain:

(B2 o 3/2
a
o R7/2 (¢

I = 28.62 2 116 (8.37)
n-+ )
a 2

8.4.7 Battery voltage

Using (8.34) and (8.37) yields:

4 o2 . R9/2

1
(nd 4 L) 2 (By2 372
a 2 a

vc = 1.242 x 10 (8.38)
8.4.8 Number of turns producing external flux

Rearranging the expression W = U&sz, using Eqn. (8.31) for the
inductance, and using (8.37) ytelds

(8.39)




8.4.9 Primary circuit time constant

substitution of Egqn. (8.38) into Eqn. (8.18) yields:

R 1
-1 =4 =
1 x 10 (en 2t 2) W

= (8.45)
To iv op R 8

R
8.5 Discussion of parameters o, p and 3
8.5.1 Hilerarchy of paramsters

The main dependent variables, I, V., Np and T, have been related to
the stored energy, W, and the major radius, R, which are the chief independen:
variables, and to the tensile stress, o, due to the stored energy of the
primary and to p, the resistivity of the primary conductor and to 3+ the ratio
of major to minor diameter. For initial design purposes it is convenient to
have the equations derived in the previous sections plotted as functions of
the stored enerqgy, with families of curves to show the dependence on the maior
radius. This means that we must select values for the variables that remain,
viz. e, p and a These variables are discussed in the following Sect:ions.

8.5.2 Conductor stress theory

The stresses 1n the conductors are quite complicated, especially in
the disk supported external €£ield toroid. 1In this case the conductors

experience
(1) tensile stresses due to:
(a) the stored magnetic energy
(b) the stretching caused by minor radial forces
(11) compressive stresses at right angles to the above due to:

(a) pinch effect
(b) the reaction at the supporting disks

(111) shearing stresses due to the minor radial forces

(1v) tension and compression where the conductors bend over the
supporting disks under the action of the minor radial
forces.

The region of greatest stress, and hence the most vulnerable region,
is where the conductors pass over the disks because all the factors are
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1involved at these points. The situation is simpler in the force reduced
toroid because, i1deally, there are no resultant minor radial forces and hence
no stretching of the conductors, bending, shear and compression that these
forces cause.

The fact that the secondary can be much less massive than the
primary on account of its short operating time also complicates matters. When
the primary enefgy is transferred the tensile stress which it brings with it
1s directly proportional to the secondary conductor mass. If the secondary
mass is one tenth that of the primary then the secondary tensile stress .s ten
times the primary tensile stress. 1In order not to over stress the secondary,
the primary stress must be relativel:y low. Thils does not necessarily mean
that the primary strength is under u~ilized because the primary should have as
low a resistance as possible, which means that the cipper used for the primary
would have a relatively low proof stress.

In strength of materials texts (3] it is stated that for ductile
materials the maximum shear stress i8S a satisfactory criterion of failure and
that the maximum allowable shear stress, o , 1s half the yield
stress, oy’ obtained in a simple tension or compression test, i.e.

o
4 { )
% max ~ 2 {8.41
When the stresses on an element consist of tension, in one directicn anz
compression, S at right angles, the maximum shear sEress is given by:
o -1 (o, + o) (8.421}
s max 2 t c

Combining (8.41) and (8.42) shows that the failure criterion in the maximum
shear stress theory becomes:

Equation (8.43) applies to the region over the support disks with
o and % the resultant stresses of the various effects listed above.

In the region between the disks the stresses on an element are
tension, o_, and shear, og at right angles. The raximum shear stress in such
an element is (41]:

o
t,2 2
O max -'4[(2 IS (os) ) (8.44)

and hence, using (8.41), the fajilure criterion is:

Jia 2 + 4o 2l =0 (8.45)
t s y
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The maximum of (8.44) will be at the edges of the support disks because the
bending and shearing stress components are greatest at these locations.

For preliminary design purposes it is convenient to suppose that the
tensile stress directly due to stored energy and stretching by the minor
radial forces considerably exceeds the other stresses. The failure criterion
then becomes simply o, = o,. To allow for the neglected stresses we select
o_ as a fraction of o,. Désign of the external field toroid would then
réquire subsequent checking of neglected stresses and adjustments to the
spacing and width of the supporting disks.

For the force reduced toroid we may use oy = o, where o, is due only
to the stored energy, because the other stresses should ge negligible.

8.5.3 Primary and secondary tensile stress and conductor materials

Two factors are to be remembered in the selection of conductor
materials and stresses. Firstly, as mentioned before, the masses of the
primary and secondary differ greatly and the tensile stress directly due to
the stored energy is greatly magnified when the energy transfers to the
secondary. This is because the outer of the coaxial cable is assumed to have
negligible mechanical connection with the inner so far as tensile forces
arising within it are concerned. Secondly, and in contrast to the above, the
coaxial cable acts as a whole to resist the minor radial forces of the
external field toroid because the outer cannot move inwards without
transmitting force to the inner and vice versa. This means that there is no
change in the tensile stresses in the primary and secondary due to minor
radial forces when the energy transfers from the primary to the secondary.

From the above paragraph it follows that we may write:

(1) for the total tensile stress in the primary conductor of the
external field toroid, Sy
%e " %w * °wr’ (8.46)

where o 1s the tensile stress directly due to the stored energy,
W, and "o is the tensile stress induced by the minor radial

forces;
(11) for the total tensile stress in the secondary conductor of the
external field toroid with a coaxial cable winding, Lo
=- (8.47)
°2t l(oIw + °MR’ 8.4
where K 1s the rutio of the primary to secondary mass;
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(1i1) for the force reduced toroid
= (8.48)
%1 T 1w 8.48
- (8.49)
%¢ " Ko 9

since the minor radial forces are negligible.

As a consequence of the magnification of tensile stress transferred
to the secondary, the secondary material should be of high strength. Such
materials will be alloys with relatively low conductivity (20% - 40% of that
of pure copper) but this would not matter, particularly for large coils. For
large coils the primary time constant would be seconds, compared to
millisecond secondary discharge times. The mass ratio could therefore be
hundreds even for secondary conductivities equal to 10% of that of the primary
material conductivity (pure copper). An example of a high strength alloy is
copper cobalt beryllium (2% - 3% Co, 0.35% - 0.7% Be), which has a 0.1% procf
stress of 600 - 800 Mpa and a conductivity 45% - S$5% of that of pure copper
[5]. Another possibility is copper with tungsten filaments, which has a .l%
proof stress of 1500 Mpa [5]. Iron filaments may also be used. Pure copper
has a 0.1% proof stress in the range 30 to 300 Mpa, depending on the cold
working to which it has been subjected after being fully annealed. (For
copper we take the 0.1% proof stress to be the same as the yield stress, oy).

The most important consideration for the primary conductor is that
its conductivity be as high as possible, which means that a low strength, pure
copper be used. Pure copper ls desirable to ensure that the greatest benefit
is obtained by cooling, e.g. with liguid nitrogen. For ease of manufacture
the coaxial cable should not be too stiff, and since most of the stiffness
would be due to the primary, it should be suitably low in strength on this
account also. Let us assume that pure copper with a 0.1% proof stress of 100
Mpa is compatible with the foregoing requirements.

For the external field toroid we must divide the primary strength
between the stress o,.,, due directly to the primary stored energy, and the
stress oyp, dye to the minor radial forces. As an example, we might select
o1y = 30 Mpa and OyR * S0 Mpa, leaving 20 Mpa to cover the neglected shearing
and compressive stresses. If the mass ratio, X, were 10, the secondary
tensile stress would be 350 Mpa according to Eqn. (8.47). In this case a
cadmium copper might be selected for the secondary. If the mass ratio were 50
though, the secondary tensile stress would be 1550 Mpa and {t would be
necessary to use a tungsten filament copper for the secondary, or to
reduce o4+ In the case of the external field toroid, the decrease
in o4y could be taken up by increasing oyp- In the case of the torce reduced
toroid, the primary strength would have to be under utilized to avoid
overstressing the secondary, or advantage of the situation could be taken to
use a fully annealed copper to benefit ease of manufacture. Alternatively,
the mass ratio could be set to suit the copper available for the secondary.
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8.5.4 Resistivity

The general investigation in Ch. 4 showed that to attain time
constants of around 1 second and overall pulse energy densities of 1 kJ/kg 1t
was necessary to cool copper conductors to the temperature of liquid nitrogen.

We shall therefore assume that the coils are cooled with liquid
nitrogen with the result that copper conductors have resistivity, p, equal to
0.25 X 107 ° g-m.

8.5.5 The % ratio

Examination of the expressions in Sections 8.2 and 8.4 shows that
(g) enters directly into those for the current, the battery voltage and the
number of turns. In these expressions it enters as (a) and therefore has
considerable control. 1In all other cases it has much reduced effect,
generally only as ¢n ;.

The g ratio should be as small as possible to maximize the increase
in stored energy of the force reduced winding and to minimize the compressive
forces around the the external fileld toroid.

on the other hand, the g ratio should be as high as possible to
increase the degree of coupling, to reduce the mass of the external field
toroid for a given stored energy and to enable the force reduction principle

to work as ideally as possible.

The_effects in the above two paraqraghs are relatively slow
functions of g though and the major effect of a can be used to adjust I, VC
and N,

E

From preliminary calculations it seems that § should be in the range
3 to 10 for the external fileld toroid and in the range 5 to 10 for the force
reduced toroid. Because of the inductance approximations (8.5) and (8.3;) the
expressions in this Chapter should not be used with § < S.

8.6 Design graphs

For initial design purposes it is helpful to be abie to select the
major radius which yields the most desirable combination of current, voltage,
number of turns and time constant for a given stored energy. This is
conveniently done by graphs of the equations given in Sections 8.2 and 8.4.
By plotting on logarithmic axes, straight line graphs are obtained. Other
parameters of interest are the inductance of the priinary and the magnetic
field at the conductor surface. These parameters are plotted in Figs. 95-102
for § = 5 and E = 10, for both the external field and force reduced toroids.

The graphs have been plotted from the following equations
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Current, I Equations (8.14) and (8.37);
Voltage, V. Equations (8.15) and (8.38);

Number of turns producing
external flux, Ng, Equations (8.16) and (8.39);

W
Inductance of the primary, L, from L = 33 where W is the stored
energy I

Primary circuit time constant, T,, Equations (g.19) and (8.40)

Flux density, B, Equations (7.24) and (8.6)

The tensile stress in the grlmary conductor, o, due directly to
stored energy W, 1s taken as 30 x 10° pa; p, the primary conductor

resistivity is taken asg 0.25 x8-cm (copper at 77°K); w, the primary conductor
density = 9 x 103 kg/m°> (copper).

8.7 Design examples

We shall now use graphs, equations and other information that we
have derived to make a set of trial designs of coils for energies in the range
100 kJ to 1 GJ. From these trials the interactions of various factors can be
agsessed.

8.7.1 100 kJ example design; external field toroid, given tensile stress

(1) Initial values from graphs

A 100 kJ railgun system would be a small experimental system,
desirably powered from automotive type batteries. Assemblies of such
batteries could supply currents of a few kA and therefore about 100 turns
would be required on the primary to produce the secondary currents of a few
hundred kA required by small railguns. It is also desirable that the primary
voltage be as low as possible, e.g. 2 or 3 kv maximum, so that safety and
insulation problems are minimal.

As was discussed in Ch. 4 the primary circuit time constant should
be as long as possible in order to reduce the battery mass, a desirable value
being about 1 second.

From the graphs for the external fleld toroid with g = 5, Figs. 95
and 96, it is found that for W = 105 J a coil with a major radius of 0.5 m
will have current, voltage and turn values in the desired range. The To graph
shows that the time constant is the maximum for the radii plotted, but is only
about 0.1 seconds. .

Subsgituting R = 0.5, together with B .5, 6=30x10°%and
p = 0.25 x 10 , into Eqns. (8.14), (8.15), (8.16) and (8.19) yields:




I = 5,551 A

VC - 460 V

NE = 179 Turns
0.111 Seconds

-
A

(ii) Mass of the transformer

The mass of the primary is given by Eqn. (8.8) in terms gf the
tensile stress due to the stored energy. Substituting o = 30 x 10 , (which
was suggested in Section 8.5.3 as a possible proportion of the total allowable
stress) and w = 9 X 103 for the density of copper conductors, yields:

MP = 49 Kg.

Allowing the secondary to have 10% of this mass and the supporting
structure a further 20% yields a transformer mass of 64 kg.

(1ii) Mass of the battery

Eqn. (6.7¢), for the mass of the battery, viz.

W
M=,

B -n,2
To(l -e 17 p

where n is the number of time constants for which charging proceeds, and p is
the battery power density, becomes:

~
=

M_ =

B {8.50)

-3
o

[+]

upon substituting n = 1.23 (Section 8.2.1).

To evaluate Eqn. (8.50) we must select a value for p. A convenient
and realistic value for lead-acid batteries constructed especially for railgun
application 1s 1 kW/kg for a period of a few seconds (Ch. 4).

Substituting p = 1 kW/kg, and T, = 0.111s, Eqn. (8.50) yields My =
1802 kg.

({v) Overall pulse energy density

From the energy W = 105 Joules and the totel mass, 1866 kg, of the
transformer and battery, the overall pulse energy density is 54 J/kg.
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(v) Number of support disks

Eqn. (8.26b) enables the spacing between support disks to be
calculated. In this equation o is the tensile stress allowable due to
stretching under the action of the mingr radial forces and as suggested in
Section 8.5.3 we shall set o = 50 X 10 .

Substituting values in EQn. (8.26b), with E = 1011, yields the
spacing, ¢, between disks to be 5 cm. Since the major circumference of the
toroid with R = 0.5 m is «m, 62 disks are required.

(vi) cConsumption of liquid nitrogen

The resistivity, 0.25 x 1078 g-m, assumes liquid nitrogen coocling.
The charging of the transformer primary is approximately 50% efficient. Since
the winding resistance and battery resistance are equal, half the wasted
energy is dissipated in the primary. In addition the secondary will not
discharge into the railgun with 100% efficiency. Assuming 50% of the
secondary energy is dissipated in itself, the total energy dissipated in the
transformer per shot equals the stored energy, W.

Using the latent heat of liquid nitrogen, 47.6 kcal/kxg [é], the
liquid nitrogen consumed per shot is 500 grams.

(vii) Number of shots from battery

Since the efficiency of charging is 50%, the battery supplies 200 kJ
per shot. Assuming the battery is lead acid with an energy density of
100 kJ/kg, a battery mass of 1802 Xg could supply 900 shots between charges.
The 100 kJ/kg value for the energy density applies to the 2 hour rate, so the
900 shots could be fired in 2 hours.

8.7.2 100 kJ external field toroid with improved overall energy density

The above design consists of a small mass transformer (49 kg
primary) and a large mass battery (1802 kg). The reason for these proportions
13 that the tensile stress in the primary conductors due to the stored energy
was preset. The conductor mass and, for given R and a values, the total
conductor cross section was also fixed, and a high resistance short time
constant design was the eventual result.

By allowing the stress tc decrease the transformer mass is increased
and, as Eqn. (8.19) shows, the primary circuit time constant is increased and
the battery mass is decreased.

.

The following design procedure allows the stress to "float" and
gives flexiblility in other parameters, e.g. the secondary current, as well as
the primary circuit time constant.
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Suppose that we desire the secondary current from the 100 kJ
transformer to be 300 KA.

(1) Major radius

The major radius is fixed 1f a single turn secondary 1s specified
for a certain energy and current by the relation:

where Ly is the secondary inductance and I, is the secondary current. sSince
the single turn inductance 18 approximately given by:

R
L_= s Rin -,
s [¢] a

the radius R is given by:

. 2" )

R = 2 R (8.51)
I s tn T
s 0 a

substituting Iy = 300 x 10°, W = 10°

and % = 5 yields
R = 1.099 m.

(11) T, Ny relationship

To and NE are parameters over which it is desirable to have control,
e.g. we may wish T, to be 1 second and Np to be 100 turns, and hence their
product should be 100. By multiplying Eqns. (8.16) and (8.19) we obtain an
expression for To Np which is independent of the stress, o, Vviz:

(8.52)

Substituting R = 1.099 together with % =5, p = 0.25 X 1078 yields:

TONE = 42.86. '

Let us select Ty = 0.5 seconds and Np = 86 turns as being as good a
balance of these parameters as is possible.




(111) Stress due to stored energy

The selection of ’ro and NE fixes the remaining parameters,
viz. o, and the mass of the primary. The stress can be found by rearranging
the equations given in Section 8.2, e.g. that for T,. We find
o = 3.023 Mpa, appreximately 1/10 that assumed in the previous design.

(iv) Mass of the transformer

Eqn. (8.8) yields the mass of the primary as 483 kg. Applying the
1.3 factor as before yields 628 kg for the mass of the transformer.

(v) Mass of the battery

Eqn. (8.50), with p = 1 kW/kg, yields Mg = 400 kg.

(vi) oOverall pulse energy density

The energy stored, 105 J, and the total mass of the transformer and
battery, 1028 kg, yield an overall pulse energy density of 97 J/kg, about
twice the value with the coil stressed with 30 Mpa by the stored energy.

(vii) Primary current

The turns ratio, 86, and the secondary current, 300 kA, yield the
primary current as I = 3488A.

(viii) Primary voltage

Eqns. (8.9) or (8.15) may be used. Alternatively, an expression for
Vel in terms of T, may be used, viz.

22 W
VCI -= (8.53)

[}

which is obtained from the relationships in Section 6.1.1 with n = 1.23.

Using Eqn. (8.53) we obtain Ve = 162 V.

(1x) Number of support disks

,

Since the stress due to stored energy is only 3 Mpa, we may allocate
extra stress to resist the minor radial forces, e.g. 70 Mpa instead of 592
Mpa. sSubstituting in Eqn. (8.26b) yields ¢ = 1.7 m; {.e. very iittle support
is needed; e.g. 16 disks might be used, simply to aid construction.




(x) Number of shots from battery

The 400 kg battery, with an energy density of 100 kJ/kg, would
supply 200 shots.

(xi) Summary of 100 kJ designs

The parameters for the two 100 kJ designs are:

(1) stored energy (ii) stored energy
stress = 30 Mpa stress = 3.023 Mpa
E 0.5 1.099 m
- 5 5
t 5.55 3.488 KA
VC 460 162 v
NE 79 86 turns
Mp 49 483 kg
Mp 1802 400 kg
overall energy density 54 97 J/xg
No of shots 900 200
No of support disks 62 16

In the second design the transformer mass exceeds that of the
battery, in contrast to the first design. The total mass though, has reduced
to about half and the overall energy density has increased from 54 J/kg to 97
J/kg. These designs suggest that for an energy of 10° J, the maximum overall
pulse energy density, on the basis of batteries with a power density of !
kW/xg and liquid nitrogen cooled copper conductors, is about 100 J/kg.

8.7.3 10MJ external field toroid transformers

(1) Design with stress due to stored energy = 30 Mpa

Inspection of the graphs for § = 5 suggests that a major radius of
3 m would yleld an acceptable combination of current, voltage, number of turns
and time constant.

Carrying through the calculations as in 8.7.1 yields, for R = 3 m:

I = 10,500 A .
Vc = 1,456 V

Nz = 173 Turns

Ty = 1.84 seconds

M, = £,900 kg
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Mp = 10,900 kg

Overall energy density =~ 579 J/kg
Number of shots from battery = 55
Number of support disks = 66

The current from a single turn secondary would be 1.82 MA; this is
likely to be too large and suggests that the secondary should be connected so
as to yileld effectively 2 or 3 turns to reduce the current.

(i1) I, and ¥, selected, stress allowed to float

Following the procedure in Section 8.7.2, we first determine the
major radius from the stored energy and the desired secondary current.
suppose the current is 1 MA.

Eqn. (8.51) ylelds R = $.889 m, which 1s much larger than the graphs
suggest 1s necessary. Therefore we select a two turn secondary which reduces
R 0 2.475 m.

Eqn. (8.52) yields T,Ng = 217.38; let us select T, = 2 seconds,
NE = 109 turns.

Continuing as in Section 8.7.2 the design is:

(o]
[ ]

18,349 A
¢ Mmv
NE = 109 Turns
T = 2 Seconds
Mp 4,348 kg
Mp = 10,000 kg
Stress due to stored energy = 33.56 Mpa
Overall energy density = 639 J/kg
Number of shots from battery = 50
Number of support disks = 74 (°MR =~ 50 Mpa)

<
]

(114) summary

In both these 10 MJ designs the energy density has improved
considerably compared to the 100 kJ designs. The number of shots from the
battery has diminished greatly, although 50 1s still probably an adequate
number. The fact that the stress due to the stored energy reaches 30 Mpa
together with time constants of about 2 seconds suggests that at higher
energles the stress limit, rather than the time constant, will determine the
coil mass.
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8.7.4 100 MJ and 1GJ designs

(1) Liquid nitrogen cooled conductors (as previously)

100 MJ and 1 GJ transformers would be useful in space launch
applications, either on earth or in space.

1200 transformers, each storing 100 MJ and delivering 5 MA secondary
current, distributed along a 12 km length of 2 m square bore rails upon a
mountainside, could launch a 1 tonne vehicle into space at 8 km/s, assuming
about 25% of the stored energy becomes kinetic energy.

Alternatively, 120 transformers, each storing 1 GJ and delivering &
MA secondary current might be distributed along 19 km length of rails, in this
case taking 5 seconds to accelerate ! tonne to 8 km/s instead of 3 seconds for
the 100 MJ system.

Using the methods in the previous examples the fol%gwinq design
parameters were_found. As in previous designs p = 0.25 x 10 , but for the 1
GJ transformer 2" 6 instead of 5.

100 MJ, S MA 1 GJ, 4 MA
B 5 6
R 3.955 13.88 m
I 50 16 kA
Ve 1.02 11.62 kv
NE 100 500 turns
To 5.55 15.22 seconds
MP 19.28 166.68 tonnes
M 36.03 131.4 tonnes
Stress, stored energy 75.7 84.1 Mpa
Overall energy density 1637 2873 J/kg
No. of shots 18 6
No. of disks 362 1180
No. of secondary turns 1 2

The trend evident with the 10 MJ designs continues with these higher
energy designs. Time constants of the order of ten seconds are attained with
stored energy stresses that approach the 100 Mpa maximum selected in Section
8.5.3 for annealed high conductivity copper and overall energy densities are
in the kilojoule per killogram region.

The high stresses due to stored energy, as discussed in Section
8.5.3, mean that a high strength material must be used for the secondary if
its mass is to be no more than about a tenth of that of the primary.




The high overall pulse power densities are the result of the long
time constants and the calculation assumes that the batteries can deliver
power at 1 kW/kg for these times.

The low number of shots suggests that the battery mass should be
increased, even though the overall energy density would be thereby
decreased. Additional batteries could be connected in series or parallel.
Either way, the primary would then be charged in less than the 1.23 time
constants that we have allocated and hence would be charged more
efficiently. The number of shots would be increased both through the greater
stored energy in the battery and the increased effliciency of charging.

(11) Room temperature operation of high energy transformers

If battery mass is t¢o be increased, advantage can be taken of the
situation to operate the transformers at room temperature instead of cooled
with liquid nitrogen. Room temperature operation would increase the
resistivity of copper by a factor of 7, thereby requiring 7 times the voltage,
and therefore 7 times the battery mass for the same current as in the cooled
conductors. The time constant would also be reduced by a factor of 7, so the
primary would be charged more quickly and the system response time would be
faster.

The need for liquld nitrogen is of course eliminated by operating
the coils at room temperature. On the figures used in the 100 kJ example, a 1
GJ system would vapourize 5 tonhes of liquid nitrogen per shot.

The parameters affected by operating the 100 MJ and 1 GJ
transformers at room temperature become:

100 MJ 5 MA 1 GJ 4 MA
VC T.14 81.34 kv
To 0.79 2.117 seconds
MB 252 920 tonnes
Overall energy density 361 879 J/kg
No. of shots 126 46

Note the high voltage, 81 xV in the 1 GJ system, required of the
battery in room temperature operation.

8.7.5 Force reduced transformers

The examples show that external field torolds that store greater
than about 10 MJ and have suitable time constants are also highly stressed by
the stored energy and require a large number of support disks.
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For energies above about 100 MJ the tensile stress due to the storea
energy 1s a large proportion of the strength of the copper (e.g. 80 Mpa
compared to a proof stress of 100 Mpa for high conductivity copper). This
means that higher strength copper, which has a lower conductivity, must be
used to cope with the stresses due to the minor radial forces, or as in the
examples, the number of support disks is so large that they practically form a
solid inner.

The above results, and the potentially damaging effects of the minor
radial compressive forces discussed in Ch. 7, lead us to consider force
reduced windings which greatly reduce the effect of the minor radial forces
and enable practically all the strength of the conductors to be used to resisc
the stress directly caused by the stored energy.

Oon the supposition that the stress due to stored energy is 80 Mpa,
the 100 MJ and 1 GJ designs in Section 8.7.4 with liquid nitrogen cooled
conductors have the tabulated parameters when converted to force reduced

forms.
100 MJ 4.4 MA 1 GJ 3.7 MA

Y 5 6
R 4 13 m
I 48 34 KA
Ve 2.8 11.9 kv
NE 90 215 turns
To 2.1 7.0 seconds
Mp 11.25 112.5 tonnes
MB 95.33 285.14 tonnes
Stress, stored energy 80 80 Mpa
Overall energy density 919 2380 J/ kg
No. of shots 48 14
No. of secondary turns 1 2
No. of support disks 16 16

Examination of the tabulation shows that the transformer mass is
reduced while the battery mass is increased, compared to the external field
toroids. The VeI product is more than doubled, primarily due to the increased
winding resistance which is in turn brought about by the as® winding pitch.
The time constant is reduced by the increased resistance.

Apart from its main purpose of reducing potential damage to
insulation, the only benefit of force reduced construction is that the inner
structure 1s minimal. 1In the above tabulation 16 disks have been nominated,
the number being selected simply as sufficient to aid construction.
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8.8 Discussion - overall pulse energy density

Although different power source schemes have individual advantages
which may suit one circumstance more than another, such as capacitors for lcw
energy experimental work, they can all be compared on the basis of pulse
energy de.ivered per kilogram of system mass. From the considerations in
Ch. 3 a target figure of 1 kJ/kg was selected for the overall pulse energy
density for two reasons, viz.:

(1) for railguns to be at all comparable with powder guns,

(ii) for alternative power sources to be comparable with HPG systems.

8.8.1 Values attained by the pulse transformer-battery systems

The example designs in this Chapter yielded the following results.

Overall pulse

stored energy
energy density

100 kJ 97 J/kg
10 MJ 639 J/kg
100 MJ 1637 J/kg

1 GJ 2873 J/kg

It is evident that the pulse energy density increases with the
stored energy. For energies in the range 100 kJ to 1 MJ the pulse energy
density of the pulse transformer system turns out to be in the range 100 to
200 J/xg, which is comparable to capacitor systems. When the energy exceeds
about 10 MJ the pulse energy density approaches the 1 kJ/kg target and for
very large energies, such as might be used for space launch, it becomes
several kJ/kg.

The energy densities at low energies are only a fraction of 900 J/kg
estimated in Ch. 4 for a 1 MJ system on the basis of the Brooks Coil. The low
figures come about for two reasons, viz.:

(1) the time constant to mass ratio of external field toroids is only a
fraction of that of the Brooks Coil (e.g. 40%, Ch. 6).
(11) the 1.23 time constant charging time doubles the mass of the battery

(Eqn. 8.50) compared to the relationship assumed in Ch. 4.

With the aid of an expression for overall pulse energy density we
can assess the control that various factors have.

e




———

P ol "Rl o

T—§<

8.8.2 Expression for the overall pulse energy density

Equation {8.52) for T N may be manipulated to give an expression
for T, that is independent of R. This expression can be used in Eqn. (8.50)
for the mass of the battery, Mp, which together with Egn. (8.8) for the mass
of the primary, multiplied by 1.3 to allow for the inner support and the
secondary, gives the overall pulse energy density of the external fleld toroid
as:

R,2
(=)
28.404 x 10° p (NE 173 % a y2/3 , 1.3 a -1

2/3 R R o R
W P lﬂa 1 + «n a tn

LA (8.53)
M

where M is the total mass of the battery and transformer.

Equation (8.53) shows that the energy density ilncreases with stored
energy, as we have found. The increase is because the battery mass increases
only as the cube root of W.

To maximize g, the two components in (8.53) should each be
minimized. The variation with NE and o is slow. The principal varilation is
due to (§)5/3 therefore g should be selected as small as possible. The
chief limitation to selectin § small is the reduction in degree of
coupling. We have selected a =3 because it yields suitable accuracy in thre
simplified inductance expressions and acceptable degree of coupling {Section
8.2.1). The use of smaller values e.g. 3, could be explored, using equat.ons
of appropriate accuracy.

The remaining variables, resistivity, p, and the power density, p,
directly affect the battery mass. These are discussed in the following
Sections.

8.8.3 Resistivity - cooling of conductors

Egn. (8.53}) shows that p should be as small as possible, and to this
end we have assumed copper conductors with liquid nitrogen cooling {Section
8.5.4 and Ch. 4).

The example designs show that at the 100 kJ energy level the
resistivity is not sufficiently low, and suggest that small, well stressed,
low energy coils need further cooling, e.g. using liquid hydrogen. At 45 K
the resistivity of copper falls by a further factor of 7 as compared to its
value at 77 K (liquid nitrogen). The 100 kJ system with a stress due to
stored energy at the reasonable value of 30 Mpa had a time constant of only
0.111 s and an overall pulse energy density of 54 J/kg. Further cooling to 45
K would increase the time constant to 0.7778 and decrvase the battery mass to
257 kg and increase the pulse energy density to 311 J/kgq.




The energy needed to produce the liquid nitrogen or liquid hydrogen
should be included in the efficiency statements. On thermodynamic
considerations (Carnot cycle) it requires 3 to 4 Joules at room temperature to
remove 1 Joule at 77 K [7]. In addition, the maximum efficiency of
compressors is about 40% of the Carnot efficiency in the tens of kilowatts of
cooling range (7). Thus at least 10 Joules must be supplied to remove 1 Joule
at 77 K. For liquid hydrogen cooling about ten times as much energy is
required as for liquid nitrogen {7]. The IZR loss burden suggests further
cooling and the use of superconductors to eliminate it altogether.

At the high energy end of the spectrum the section of the conductors
needed for strength results in acceptable time constants with higher
resistivity and hence with less cooling.

There is obviousiy a considerable saving in enhergy consumption and
plant if cooling required is reduced or eliminated. On the figures in Section
8.7.1, 5 tonnes of liquid nitrogen would be consumed for each i1 GJ shot, or
about 600 tonnes in launching a 1 tonne vehicle at 8 km/s. There would be
merit in locating such a space launch facility in the polar regions to take
advantage of natural cooling. For applications in space there would be no
need to cool the coil, rather 1t would be necessary to heat the battery. The
coil should face away from the sun and the earth, whereas the battery should
be located so as to receive warmth from them.

8.8.4 Power density of batteries

The greater the battery power density the less is the battery mass
and hence the greater is the overall pulse energy density. 1In this Chapter we
have assumed p = 1 kW/kg because this value appears (Ch. 4) to be within the
reach of modern lead-~acid battery technology. It was further shown in Ch. 4
by calculation that a power density of 2.5 kW/kg for periods of a few seconds
to perhaps 20 seconds is basically feasible.

Although a greater power density reduces the battery mass, the trial
designs show that beyond about 10 MJ of stored energy the strength of the
conductors determines that the mass of the transformer be comparable to that
of the battery, when p = 1kW/kg. Reduction of the battery mass will therefore
not be accompanied by commensurate increase in overall pulse energy density.
Another important point, also evident in the example designs with p = 1 kW/kg,
1s that at large stored energies the battery mass may in fact be so low that
the number of shots is too few. These points are brought out clearly in the
tabulation below, where the example designs are recalculated using p = 2.5
xW/xg.

The tabulation shows that beyond 10 MJ the cains in overall energy
density are rather small and the penalty in reduced number of shots 1is great
when the battery mass is reduced. Even at the 100 kJ energy level the gain
from 54 to 127 J/kg for the well stressed coil is onl - a small improvement
upon the 97 J/kg attained by the low stress 100 kJ design. Applying the
reduced battery mass to the low stress design only raises the energy density
to 127 J/kg, the same as for the well stressed coil.




Comparison - Batteries with power density = 1 kW/kg and 2.5 kW/kg

Stored energy 100 kJ 100 kJ 10 MJ 100 MJ 1 GJ
Transformer mass 0.064 0.63 5.65 25.06 216.7 ¢

Battery mass

(1) p = 1 kW/kg 1.8 .4 10 36 131.4 ¢
(11) p = 2.5 kW/kg 0.72 0.16 | 14.4 52.6 t
0.E.D.

(1) p = 1 kW/kg 54 97 639 1637 2873 J/kg
(11) p = 2.5 kW/kg 127 127 1036 2533 3714 J/kg
No. of shots

(1) p = 1 kW/kg 900 200 50 18 6
(11) p = 2.5 kW/kg 360 80 20 7 2

Q.E.D. = overall pulse energy density.

Number of shots is based upon 100 kJ/kg available from battery at all
discharge rates.

8.9 Alternative design approaches

The diminishing gain in overall energy density and the reduced
number of shots in using higher values of p to minimize the battery mass give
the option of trading battery mass for other advantages.

For example, Eqn. (8.53) shows that the resistivity, p, may be
increased by the same factor as the power density without aitering the battery
mass. With p = 2.5 kW/kg the resistivity could be increased to
2.5 x 0.25 x 10”8 g8-m, which would require cooling to 150 K instead of 77 K.
Thus, high power density permits battery mass to be traded for cooling. A
power density of 7 kW/kg would enable the overall pulse energy densities
obtained with liquid nitrogen ccoling to be obtained at room temperature.

other options are to alter the battery resistance/winding resistance
ratio or the charging time of 1.23 time constants that were incorporated in
the design equations in this Chapter. If the winding resistance is much less
than the battery resistance most of the I%R loss during charging is
transferred to the battery, where it may naturally dissipate instead of
evaporating the transformer coolant. If the charging it* for less time than
1.23 T, the charging efficlency is increased and a greater number of shots is
obtained from a given battery mass, as well as there being less evaporation of
coolant.




\

A battery with a power density of several kW/kg, together with an
energy density several times the 100 kJ/kg assumed in this Chapter, would give
much greater design flexibility and would be the basis for further evaluation
of the pulse transformer scheme.

8.10 conclusions

The trial designs and discussion lead to the following conclusions.

r (i) With liquid nitrogen cooling and batteries that have a power density
of 1 kW/kg for several seconds, the pulse transformer - battery
scheme attains overall pulse energy densities of about 1 kJ/kg when
the stored energy exceeds about 10 MJ.

At low energlies, e.g. 100 kJ, the energy density 1s about 100J/kg.
The only way to increase this value 18 through lower resistivity,
which implies further cooling, e.g. by liquid hydrogen, but such
cooling would itself be a serious burden unless superconductors were
used.

At large stored energles {1 GJ) energy densities of several XJ/Xg
may be attained.

(11) Beyond about 10 MJ stored energy, with liquid nitrogen cooled coils,
the conductor size required for strength causes the colil mass to be
the dominating factor in determining overall pulse energy density.

(111) Batteries with a power density exceeding 1 kW/kg do not greatly
increase the overall energy density attainable, but permit valuable
trade offs in other parameters, notably in the amount of cooling
required.

A battery with both a power density of 3 kW/kg and an energy density
of 300 kJ/kg (i.e. a factor of 3 improvement upon the values assumed
for this study) would greatly increase the design options.

{iv) Force reduced construction has no advantage other than having

1 slightly less mass and mitigating the damaging effects of minor
} radlal forces at large stored energies.
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CHAPTER 9

EXPERIMENTS - PURPOSE AND DESCRIPTION

The ideas and calculations set out in the previous Chapters were
accompanied by the following practical investigations.

(1) Inductance measurements of rectangular rails.

(ii) Degree of coupling of primaries to various secondaries.

(111) Force reduction.
(iv) Pulse power density of lead acid batteries.
(v) Model pulse transformer systems.

9.1 Inductance measurements of rectangular rails

9.1.1 Purpose

There were two purposes for making rail inductance measurements,
viz., to verify the expressions for total inductance that were derived and to
infer the extent to which the current distributes initially in real conductors
£0 as to have the minimum inductance.

9.1.2 Rails measured

Rails of copper, brass and aluminium were used, according to
avallability, simply to make up a size range and not to explore differences
due to these materials. The rails measured were:

W/H =0 Material H x W x Length (mm) S/R

(1) Copper 25 x 0.7 X 1800 0.2,0.5,1,2,5
(it) Aluminium 21 X 0.58 X 890 1
(1i1) Aluminium 25 X 0.58 X 800 0.2
(iv) 20 Way ribbon

cable "rail-, 1" (R) x 2660 1
W/H =0.2

Brass ¢ x Y x 1990 0.5,1
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W/H = 0.5

(i) Copper 10 X 5 x 2900 0.2,1,2,5
(11) Brass 1" x Yy x 1790 0.5,1

W/H = 1

(1) Copper 12.5 % 12.5 x 3610 0.2, 1,2,5
(ii) Aluminium 25 X 25 x 1990 0.5,1

As in Chapter 2, W is the width, H is the helght and S is the separation of
the rails.

The 20 way ribbon cable was used to form a thin sheet rail of
parallel filaments across the height dimensicn instead of a uniformly
ccnducting material. Frequencies used were 10 kHz - 20 kHz and, for the 20
way ribbon cable, 3.63 MHz.

9.1.3 Apparatus and methods

The inductance values for railgun geometries are smail
(= 0.5 xH/m) and are thus difficult to measure accurately. The writer had
access to three instruments and investigated a "phase plane" method.

(1) ESI videobridge, automatic LRC meter, model 2100

This is an elaborate instrument with programmable current, voltage
and frequency (20 Hz to 20 kHz) test conditions and a video display.
Accuracy, for the conditions selected for the particular instrument, using a
specially constructed test coil, was believed to be * 2% of the reading.

(i1) Marconi Universal Bridge, Model TF1313A

With this instrument, the operator adjusts resistance to obtain null
balance of the inductance against a standard capacitance. Frequency is
selectable at 1kHz or 10kHz. Accuracy at 10 kHz 1s given as * 0.2% of reading
or * 0.025% of range, whichever 1s the greater. In practice the difficulty in
correctly finding the null is a greater cause of inaccuracy in low Q
situations, such as the rails present. For the rails listed above, the writer
believes the Marconli Bridge readings to be within * 2% of reading.

262

o

&r




(ii1) Meguro Denpa Q Meter, Model MQ 160A

This instrument enables measurements to be made in the range 25 x4z
- 50 MHz. An inbuilt air capacitor is adjusted until resonance (indi.:ated by
a maximum deflection of the Q meter) i1s obtained with the inductance peing
measured. A dial calibrated in L and C at resonance enables L to be read
directly at certain frequencies and scaled therefrom at other frequencies.
Stray capacitance across the inductance to be measured is a source of error :in
this instrument. Accuracy also depends upon that of the internal oscillator
and the variable capacitor. The frequency was found to be within 1% of dial
setting ard the capacitance value is stated to be within 1% of dial setting.

(iv) Phase plane method

The above instruments all give the inductance for sine waves. At
high frequency the sine wave inductance is the same as the initial inductance
on the assumption that the high frequency "preserves" the current distribution
in a condition near to the initial distribution. The fact that the initial
current rise with time can be represented by a Fourier series with high
frequency components is the basis of this assumption.

The "phase plane" method is an attempt to measure the actual initial
inductance when a rectangular voltage pulse 1s applied and to demonstrate that
it has the same value as the high frequency inductance. The writer (DRS)
developed the method from an idea published by Huen [1]. The essential idea,
stated by Huen, is that the time derivative or integral of an exponential
waveform is itself an exponential. Since the current rises exponentially in a
circuit with constant inductance and resistance to which a constant voltage
step is applied, the plot of the current rise against (.v integral is a
straight line. If it 1is not a straight line, the inductance and resistance
must be changing. Due to diffusion this must occur, and the phase plane
display should in theory display the process. The actual inductance can be
found from the slope of the straight line display. The detalls of the method,
including the factors that distort the display, are given in Section 9.6.

Length of rails -~ test frequency

In order to minimize instrument errors and end effect errors of the
rails, it is desirable to use long rails. It is difficult to ohtain long,
straight lengths and to accurately separate them to the desired S/H values.
The lengths must in any case be kept short compared to a quarter of a
wavelength so that they behave as lumped inductances instead of transmission
lines. Alternatively, for a given length of rail, there is an upper test
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frequency for which lumped circuit measurements are applicable. From the
equation given in Section 9.6 the reactance of a 2 m length of rails at
7.5 MHz 18 about 3% above that which its lumped inductance has.

Ribbon cable rail

According to theory [2] the current should distribute across thin
sheet rails in the same manner, regardless of whether the rails are thin
sheets of conducting metal or consist of parallel filaments as depicted in
Fig. 10, Chapter 2. The 20 way ribbon cable model was constructed to test
this theory.

9.2 Degree of coupling

9.2.1 Purpose

The purpose of these experiments was to measure the degree of
coupling attained in practice between a primary and various secondaries and to
test the methods used in Chapter 6 for its estimation. It was also desired to
find whether the degree of coupling improved with frequency and therefore is
greatest at the moment that the primary circuit of the pulse transformer
commences to open.

9.2.2 Coils and secondaries used

Five solenoids and one external field toroid were constructed, with
secondaries, as follows.

(1) Long solenoid with shorter layer secondaries

This was constructed to test the simple theory set out in Chapter &,
Section 2.1, by which the value of k1k2 was found to be equal to the smaller
of the ratios of the lengths of the windings.

The primary was wound upon a 25 mm diameter wooden mandrel with
0.86 mm diameter enamelled wire to give a winding with the length to diameter
ratio equal to 10. Two secondaries were wound over the primary, using the
same wire, with lengths one half and one fifth the length of the primary (Fig.
103). The half length secondary was symmetrically piaced over the central
portion of the primary.
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Fig. 103 Long solenoild with shorter layer secondaries

1 {a), construction; (b) actual model.

(11) short solenoid with thin sheet secondary

Two models were constructed, shown in Fig. 104.

(a) A 160 mm ¢ uneter former was wound with 84 turns of 0.87 mm

dia. enamelled wire as the primary and a 0.12 mm thick copper
sheet secondary. The copper secondary was soldered to form a
cylinder i.e. short circuited. Firstly the secondary was
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placed on the outside, and degree of coupling was measured.
Then the secondary was removed and the primary was unwound. A
secondary was then fitted to the former and the primary was
rewound over it to yleld a primary with the secondary on the
inside. The copper sheet secondary and primary were matched
in length to within about one wire diameter.

(b} The above was repeated using a 250 mm diameter former wound
with 56 turns of 2.5 mm diameter enamelled wire and 0.7 mm
thick copper sheet.

Fig 104 Short solenoids with thin sheet secondaries

(a) 84 turn primary on 160mm diameter former
(b) 56 turn primary on 250mm diameter former.

(1i1) Short solenoid with separate layer winding

90 turns of 1.2 mm diameter enamelled wire were wound upon a 110 mm
diameter former and a second layer of 90 turns ¢f the same wire was then
carefully wound over the first layer {(Fig. 105a).

(1v) Short solenoid with bifilarly wound primary and secondary

100 turns of 1.09 mm diameter enamelled wire were bifilarly wound on
a 204 mm diameter former to yield a coil with the diameter ‘approximately equal
to its length (Fig. 105b).
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Fig. 105a Short solenoid with Fig. 105b Short solenoid with
separate layer winding. bifilar primary and secondary.

(v} Short solenoid with coaxial cable winding

The difficulty in testing this construction was to obtain a coaxial
cable with the inner nearly equal in diameter to the outer, as required for
high degree of coupling. In normal coaxial cable (eg. 50 ohm cable) the inner
diameter is much less than that of the outer. The problem was solved by
pulling the inner and its insulation out of 50 ohm coaxial cable and then
sliding the outer over 2.5 mm diameter enamelled copper wire, which it fitted
very closely.

40 turns were wound upon a 320 mm diameter former, to yield a
winding with an overall length of 20 c¢m. The coaxial outers were precut to
the length of one turn and their ends were bared, prior to winding the coil.
The winding was done in a lathe, each turn being carefully pulled tightly into
position and clamped with a clip and screw to the former, until the next turn
was in place. The bared copper outers were tinned and busbars were then
sweated to them. The finished coil is shown in Fig. 106.
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Fig. 106 Short solenoid with coaxial cable primary and secondary.

(vi) External field toroid with bifilar windings

An external field toroid with R = 250 mm and R. 5 was constructed
with two 47 turn bifilar windings, using 2.0 mm diameter enamelled wire (Fig.
107). Due to an oversight the turns were all equally spaced instead of each
primary turn being in contact with its bifilar secondary turn. Additional
uncoupled flux to that considered in Ch. 6 was thus introduced. The degree of
coupling was nevertheless calculable (Section 9.6).

Fig. 107 External field toroid with 47 turn bifilar primary and secondary.

268




9.2.3 Method of measuring degree of coupling

The method of measuring degree of coupling was to measure the
inductance of the primary with the secondary open (Ll) and again with the
secondary shorted (Llsc)‘ The degree of coupling, k1k2' was then calculated
from:

LISC

k.k, = 1 -
172 1

This equation is derived in Section 9.6.

The instruments used to measure inductance were the Marconi Bridge
ancd the videobridge. Frequencies used were in the range 1 kHz to 20 kHz.

9.3 Force reduction

9.3.1 Purpose

The purpose of these experiments was to demonstrate the presence of
magnetic forces and force reduction in a manner which was visible as well as
measurable.

9.3.2 Method

The method used was to set up two model sections of coils, one
section being that of an external field toroid and the other being similar
except that its conductors were pitched at 45* (Fig. 108).

The parallel wires model, ie., the model of the external field
toroid, was designed so that the crushing force due to the external magnetic
field would cause the wires to visibly pinch inwards. The force reduced
toroid model was carefully constructed with the minimum of friction and
restrairing structure so that it would be distorted by forces only a fraction
of those present on the parallel wires model.
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Copper termination

disk, free end, with Wooden spacers, Compression

boss and hxing screw 1" dia x 4.9 cm upon spnng Copoerv termination
10 set wire tension 3/8" dia dowel disk, fixed end

¢l, /2" dia

copper tube

20 wires 14/0.076
PV C covered

Slotted disks
7 off. 20 siots

End disks
20 holes on 6.3cm
dia pitch circle

:-:’f-_.s\‘?“\\:b. Wh_‘
=N
===\ dapd

N

Fig. 108 Models for force reduction demonstration. The upper model
represents a section of an external fleld toroid. The lower model
is of a force reduced toroid.

The experiment was made measurable by using the catenary theory
described in Chapter 8 to calculate the deflection of the wires for a given
tension and current. The tension was set by adjusting the position of the
free end copper terminating disk, which was free to slide on the 95" copper
tube, and then clamping the disk and tube by means of the fixing screw. A
dial type force gauge with a lever was used to position the disk and measure
the tension. (The copper termination disk at the other end war soldered to
the copper tube. The 3/8" dowel which holds the assembly together, was
several centimetres shcrter than the overali length, to allow other parts to
slide under the action of the magnetic forces). The deflection of the wires
was desired to be about 1 cm with a current of 100 A in each of the 20
wires. For these conditions, the total tension in the wires was calculated to
be 2.22 kgf. The calculations are given in Section 9.6.
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When the wires of the parallel wire model pinch toward the centre,
the ends are also pulled inwards i.e. the overall length decreases. By fixing
one end and fastening a pair of micrometer calipers to the other end, the
horizontal movement can be measured. From this and the spring tension, the
work done by the magnetic forces can then be calculated. Tais can be used to
calculate the movement of the ends of the force reduced model, having measured
the friction and elastic force present in the force reduced model, if the
force reduction did not occur and the same energy were available.

The experiment consisted of setting up the straight wire section,
with calipers attached to one end, and measuring the current required to cause
approximately 1 cm deflection, and the calipers deflection. The same current
was then passed through the force reduced model and movement of the wires and
ends was observed.

9.4 Pulse power density of lead-acid batteries

9.4.1  Purpose

As was pointed out in chapters 4 and 8, the pulse power density of
batteries needs to be at least 1 kW/kg for the pulse transformer system to
have an overall pulse energy density of about 1 kJ/kg, using liquid nitrogen
cooled coils. The ohmic resistance and polarization limitations in four types
of batteries were investigated to discover whether a pulse power density of 1
kW/kg for 1 second is a reasonable prospect.

9.4.2 Method of measuring pulse power density

The method used was to record the battery terminal voltage and the
current, which it delivered while practically short circuited (Fig. 109), from
which the internal resistance and the power delivered can be calculated.

The 400A three pole contactor, with its contacts paralleled to
minimize the arcing due to contact bounce, was used to close the circuit. 1In
most tests the fuse was used as a means of timing the test and as the opening
means rather than subject the contactor to arcing. The increasing resistance
of the fuse during a test also enabled the internal ohmic resistance to be
gauged under heavy load without undue influence of polarization.

The fuse was not used in tests to reveal the polarization
limitations, 1.e. the limitation due to the diffusion of ions at the
electrode/electrolyte interfaces.
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4 Contactor
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o Recorder
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0.5m2 Shunt

Fig. 109 system for determining battery pulse power density.

The major component of battery internal resistance, aside from the
rate limitacions due to diffusion, is the resistance of the acid path. The
resistivity of the acid falls with temperature; at 60C it is 2/3 of the value
at 20C. Some batteries were heated and their internal resistance was then
measured to see if the lowered acid resistance resulted in higher short
circuit current.

9.4.3 Batteries tested

Four types of battery were tested (Fig. 110).

(1) Conventionally constructed automotive starting battery, Lucas,
Catalogue No 274A, 66 plates, 80AH, 12V, mass = 22.7 kg.

40 of these batteries were available, being unused stock at
Materials Research Laboratories. They were a "preserved charge" type which
had not been filled with acid and were still sealed, but were 7 years old.
According to their manufacturer "preserved charge" meant that they had been
fully charged at the factory and had then had the acid tipped out, but the
plates remained wet. This meant that the battery would leap into life when
refllled with acid, in contrast to dry charged batteries which require about
15 minutes for the acid to permeate the plates, and eliminated the costly
drying process. They were meant to be used within’a few months of
manufacture.




Fig. 110. Battecries tested. From left to right: Exide "Torque Starter";
Besco "Marine Master", Lucas, 274A; Dunlop "Pulsar", 15 pair
prototype.

(11) Conventionally constructed automotive starting battery, low
maintenance type, Besco "Marine Master®, 12V, Catalogue No. 782, 90 plates.
These batteries were rated at 350 A for 30 seconds to a terminal voltage of
7.6V at —-18C Mass = 22.2 kg.

8 of these batteries were purchased, new.

(111) Conventionally constructed low maintenance automotive starting
battery, Exide "Torque Starter”, 12V, 14 kg. This is a "new technology"
battery which is fully sealed and has a glass fibre mat separator which causes
oxygen formed at the positive plate during charging to pass directly to the
negative plate and recombine to form water, instead of bubbling up through the
electrolyte and being lost, as in ordinary construction (3]

S of these hatteries were purchased, new.
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(iv) Revolutionary construction automotive starting battery; the Dunlop
Olympic “Pulsar" {4). This battery was invented in 1974 by Mr Bill McDowall
of the Dunlop Olympic Battery Company, at Sandringham, Victoria, and was
recommended by Mr John Howlett of that Company.

The construction is shown in Figs. 111 and 112. The battery is an
assembly of similar shaped "frames", each divided into 6 sections. The frames
which have the active materials have alternating sections of positive and
negative materials. Two such frames, placed so that the positive sections of
one are opposite the negative sections of the other, form a battery with 6
cells in series i.e. they form a 12V battery. The series connection between
the cells is formed by the double width mesh sections shown in Fig. 111. The
frame in between the active sections is a separator frame and contains a
microporous plastic film. The end frames are of piastic, as are the others,
and form the end walls of the battery. Assembly consists of pressing together
the five frames, which seal along their edges. To increase the capacity of
the battery more pairs of active frames and separator frames are used, and the
tabs of the individual 12V batteries so formed are connected in parallel to
output busbars (Fig. 112).

sve fat

CURRENT PATH 4

DOUBLE WIDTH MESH

COPPER BUS STRP SINGLE WIDTH
MESH

Fig. 111 Construction of the "Pulsar" Battery (Courtesy of Dunlop Olympic
Australia). The construction shown is a 1 pair, 5 {rame module.
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The advantage which this battery has is that the current paths, from
the sites at which the chemical reactions occur to the output busbars, are
much shorter and more nearly equidistant from all parts of any one electrode,
which means that current is more uniformly distributed over the electrode
area. Ohmic resistance is thereby reduced to about half that of conventional
construction, where the current must crowd to the corner of each plate and
then pass via intercell connectors to the next cell, and so on. In the
"Pulsar"” the current can flow as a sheet from one cell to the next, via the
full length of an electrode to the next electrode via the double width mesh
(Fig. 111), and from the whole surface of an electrode via the acid to the
opposite electrode.

The construction principle of the "Pulsar" appears to reduce ohmic
resistance to the minimum and to reduce the problem of a high pulse power
density to that of supplying fresh reactants to the interface regions. The
construction could be applied to batteries other than lead-acid.

A prototype 15 pair "Pulsar" (mass 15 kg) was donated to the writer
by Dunlop Olympic Australia. Later, 55 10 pair "Pulsar® batteries were
purchased to replace the Lucas batteries, which turned out to have
deterjorated too much.

Fig. 112 10 pair "Pulsar". Mass = 10 kg. Note the busbar style output
terminals on the sides of the battery.
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9.5 Model pulse transformer systems

9.5.1 Purposes of model pulse transformer systems

Four model pulse transformers were constructed to test the overall
functioning of the pulse transformer concept, and in particular:

(1) the degree of coupling of transformers themselves;

(11) the practicality of using a fuse to open the primary;
(iit) the proportion of primary energy actually transferred;
(iv) the practicality of constructing force reduced windings.

9.5.2 Transformers constructed

Two of the transformers constructed were external field toroids and
two were force reduced toroids. Both external field toroilds had 24 turn
primaries with major diameters of 1 metre and minor diameters of S0 mm. The
secondaries were, in one case, a 25 mm diameter aluminium bar on the inside of
the primary, and in the other case a 75 mm diameter copper pipe fitted over
the outside of the primary. The construction of the transformer with the
internal secondary 18 shown in Fig. 113. The primary of the transformer with
the external secondary was constructed in the same manner. The external
secondary was formed by bending the 75 mm, 16 gauge copper pipe into a circle
.nd then slitting it into halves. The primary was laid into one half and the
other half was then placed on and the two halves were banded together with
hose clips (Fig. 114). The D.C. inductances and resistances of the primaries
of these transformers were:

, 130 mg.

transformer with internal solid secondary: 1.1 mH
1.1 mH, 90 ma.

transformer Wwith external sheet secondary:
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(a)

Primary turns being laid
into notched disks which
have been cemented to the
25mm dia aluminium bar used
for the secondary.

(b)

Primary, 24 turns of 7/0.052
electrical wire, completed.

Secondary output bus is on

right.

{c)
completed transformer,
wrapped and lacquered.

Fig. 113 External field toroid with second-<ry internal

217

e



Fig. 114 External field toroid with external sheet secondary upon 24 turn
primary.

The force reduced transformer requires each primary turn to progress
around the periphery with a 45° helix angle and the turns must all be in
series. It might be possible to construct such a transformer in small sizes
by passing a reel of wire through the toroid, but in large sizes, using copper
rod, this would be difficult. The construction method which was devised was
4 to lay separate wires at a 45 helix angle around a straight, but flexible,

former and then to bend the assembly into a circle and to then join the ends

of the wires to form the series connected turns. The construction sequence is
shown in Fig. 115.
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(a)

Components of a flexible
former. PVC tube, spacers
{cut from suction hose) and
wooden disks with 32 nails.
Ruler = 15".

(b)

Former assembled on pipe
(Y, " dia rod through small
holes in disks to prevent
rotation) and 32 wires laid
at 45- helix angle.

(c)

Pipe and rod removed from
former and assembly bent
into circle. Note the
circular shape which is
taken up naturally when the
ends are brought together.

’

Fig. 115 Manufacture of force reduced toroids.
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A small force reduced transformer was constructed as above using
2.5 mm diameter enamelled copper wire (Fig. 116). The secondary was "partly"
biftlar. The details of the coll were:

major diameter: 460 mm

minor diameter: 90 mm
conductor diameter: 2.5 mm

no. of primary turns: 47

no. of secondary turns: 16

calculated primary inductance: 1.43 mH (D.C.)
primary resistance: 0.32 g (p.c.)
estimated value of k1k2: 0.91

mass: 7 kg

The flexibility of the winding and the ease with which it was bent
into a circle can be seen in Fig. 116.

Instead of 47 bifilar turns, only 16 secondary turns were used, i.e.
one secondary turn to every three primary turns. This was done to enable a
larger diameter wire to be used, and s¢ reduce the primary resistance at the
expense of the secondary, which need have a time constant only a fraction of
that reguired for the primary.- This of course reduces the degree of coupling,
which can be estimated from the mutual inductance components tabulated in Ch.
6, Section 5.3. For 16 turns we obtained a mutual inductance of 1.817 xH and
for 47 turns we can estimate from the tabulation a mutual inductance of
2.0 sH. Using Eqn. 5.49 we then find k1k2 has a maximum value of 0.91. (This
is an estimate only, since the tabulation refers to external field toroids,
not the force reduced geometry).

280




(a) Wires laid upon flexible
former. Note the
flexibility.

(b) Bending the assembly into a
circle.

(¢) completed transformer 47
primary turns connected in
series, 16 secondary turns
connected in parallel to
gapped copper collecting
bands.

Fig. 116 Manufacture of 47 turn primary, 0.5 m dia force reduced toroid.
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Injitially, the primary of this transformer was constructed with 48
turns, but when the coil was completed it was found that many sections of the
primary were short circuited. This came about because of the difficulty of
identifying the correct ends with which to commence joining the turns in
series. Study of the problem showed that if the number of turns is a prime
number, it does not matter which ends are picked initially, so long as they do
not form a shorted turn. A practical rule for construction, therefore, is
that the number of primary turns should be a prime number. This is proven in
section 9.6.

Following the ease of construction and success of the small force
reduced transformer, a larger version was constructed, using 6.4 mm diameter
copper rod. This transformer was vastly more difficult to construct. Whereas
the small version took about 2 man weeks, this one took about 3 man months*.
Its details were:

major diameter: 1m

minor diameter: 200 mm
conductor diameter: 6.4 mm

no. of primary turns: 43

no. of secondary turn: 16

calculated primary inductance: 2.59 mH (D.C.)
primary resistance: 0.10 ¢ (.D.C)
estimated value of ki kys 0.91

mass: 100 kg

The coil was constructed from 59 copper rods, each 4.8 metres
long. As these were quite hard when received, they were annealed. Finding a
furnace of adequate size was a problem. It was also necessary to insulate the
rods. This was done by winding on teflon tape in a lathe with a specially
constructed wrapping attachment. Handling of the long, very flexible rods and
wrapping them around the former was a tedious and laborious task. The rods
were carried inside a long plastic pipe when it was necessary to move them.
Although the coll was massive, it bent into a circle with the same ease as the
small version. The primary turns were joined in series by fitting tinned
copper sleeves on one set of tinned ends and pushing the other ends into them,
plug and socket fashion. The secondary turns were clamped between cast copper
gapped rings that were tightly bolted together to minimize stray secondary
inductance**, The construction and the transformer are shown in Figs. 117 and
118.

The construction of this transformer succeeded only due to the ingenuity
and determination of Mr H. Wenzel of the Electrical Workshop.

** The authors are grateful to Dr G.K. Cambrell for the design of the
secondary termination.
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(a) (b)

(c) (d)

Fig. 117 Manufacture of large
force reduced toroidal transformer
(a) Rolling copper rods straight.
(b) winding teflon tape onto rods.
(c) The former. Plywood slats
were used to define the
position of the 16 secondary
turns, which were put on first.
(d) secondary turns and some
primary ,turns laid on. Slats
removed as primary turns
laid on.
(e) Bending assembly into a circle.
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Fig. 118 Large force
reduced transformer

Left: After being bent 1into
a circle and joining of most
of the primary turns.

Below: Completed
transformer under test.

Note the secondary
termination consisting of
two pairs of cast copper
rings, between which ends of
secondary turns were clampeil
and sweated.
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9.5.3 Fuses

As was discussed in Chapters 4 and 5, the important function of the
fuse 18 to cause the time constant of the primary circuit to suddenly change
from being long compared to that of the secondary to short (e.g. 1/10). 1It 1is
not desirable that the fuse resjistance becomes extremely high because the high
voltage that arises across it might cause it to restrike to a low resistance
before the energy transfer is completed, or it might cause breakdown
elsewhere.

There is extensive literature on fuses, both as conventional
electrical protection devices and as exploding wires in physics experiments
[5-8]1. The following is a digest of the theory that is relevant to the pulse
transformer application.

The operation of a fuse has three stages. Firstly it is heated to
its melting point. During this stage its resistance increases several times
(approximately a factor of 10 for iron wires). In the next stage the molten
metal is heated to its boiling polnt and the resistanc. increases much more
rapidly than in the first stage. These first two stages take up most of the
time, but it {s the third stage which is most important in determining whether
the fuse interrupts the primary current successfully. Exactly what happens
during the third stage depends on the rate of deposition of energy in the fuse
and upon its confinement. Frungel {9] summarizes the dependence on rate of
deposition of energy as follows. If the time to vapourize the entire fuse is
greater than about 100 as, gravitational and surface tension forces are able
to move portions of the fuse and to cause it to separate into globules before
significant vapourization occurs. Droplets may also form and arcing, via
cumulative breakdown of vapour, will have time to develop. If the time to
vapcurization 1s in the region 5 to 20 xs, the fuse will not have time to form
into droplets but will distort under mechanical and magnetic forces.
"Unduloids* form, and as the unduloids part, arcs are formed to carry the
current. If the time to vapourization in less than about 2 xs, the fuse
"explodes". There is insufficient time for any shape changes and it becomes a
superheated fluid. Its temperature goes far above the normal boiling point.
Bubbles form and the superheated liquid expands violently, i.e. explodes, into
the gaseous state. There is no arcing in this rapid process because there is
no discontinuity until the violent separation of the atoms. Arcing does not
occur initially after the explosion because cumulative breakdown is inhibited
by the density of the vapour and the explosion forces. The resistance is thus
very high, and if current must be carried, as it must in an inductive circuit,
the voltage across the fuse is very high. As the vapour expands, though, the
length of path between colliding electrons and atoms increases and the
electrons can gain sufficient energy to ionize the atoms that they strike, and
80 arcing can be established. The high resistance period is called the "dwell
time~.

The confining structure affects the final behaviour of the fuse.
The shock waves from the vapour generation are reflected from the boundaries
and hollow tubes (10] may be utilized to blow out or suppress arcs. Sand is
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commonly used to slow down the rate of expansion of the vapour and to disperse
it so that when it cools the resultant metal is dissipated in a ncn conducting
matrix, and also to cool and obstruct arcs that do form and so cause them to
be higher in resistance than if they were unconfined (in particular,
preventing arcs from joining and forming one long, low resistance arc).

A simple concept for the design of a fuse, mentioned in Ch. 4, is to
select the fuse mass such that the fuse vapourization energy is the same as
the energy necessarily dissipated in the pulse transformer primary during the
transfer of energy. If the mass is tog little, the excess circuit energy will
maintain conduction until it is disposed of, either at very high voltage or by
arcing due to cumulative breakdown of the metal vapour. If the mass is too
great, not all the fuse will disappear and conducting traces may maintain a
low resistance for too long. From the previous discussion we can appreciate
that this simple concept is most applicable when the deposition of energy is
very fast, otherwise vapourization and arcing will develop at individual
sections of the fuse instead of rapid vapourization causing all the atoms to
separate virtually instantly.

g

Maisonnier and others [11] applied this concept to calculate the
dimensions of fuses in a capacitor-inductor oscillatory circuit. The writer
adapted the method to the pulse transformer circuit, (section 9.6), and
calculated the dimensions of foil fuses. The energies in the pulse
transformer experiments were so small though, that the fuses were too short
(= 10 mm) to withstand the arc voltages, and arcs which could not be quenched
until all the primary energy had dissipated, were established.

By experiment it was found that fine copper wires in parallel, and
tightly bound, worked well (8) {Fig. 119).

CARBORUNDUM PAPER }

COPPER WIRES 80 GRIT

ON MASKING TAPE

TIGHT BINDING
MASKING TAPE

Pv.C. TUBE

Fig. 119 Fuse used successfully in pulse transformer experiments.




The idea of using parallel wires is that one wire will rupture
before the others, causing its current to be transferred to the remaining
wires which will successively rupture with greater rapidity. An important
advantage of parallel wires is that it enables the fuse resistance to be kept
low enough to not affect the charging of the primary, except when it is near
to rupture. The number ¢f wires can be selected so that the last wire to
break does so at an energy density which produces a high density, hign
resistance vapour.

The purpose of the carborundum paper was to provide a sand like
matrix into which the vapour would disperse, while the tight binding was to
eliminate air and vo maintain the vapour in a high pressure state. That the
tight binding was necessary was demonstrated when sometimes the binding over
the terminations of the wires was not tight enough. A large flame would
appear and burn through the bindings at that spot and the transformer current
transfer was markedly degraded.

The writers used 2 to 4 bare copper wires, 0.0076" diameter, spaced
about 5 mm apart and with an exposed length of 40 to 70 mm, in most
experiments. The active part of each wire (the wires were actually 150 mm
long, but the ends were covered with aluminium foil to control the active
length) had a mass of 10 to 20 mg. Since the energy necessarily dissipated in
the primaries was around 20J, the energy density in the final wire could be as
much as 2kJ/gm, which is in the region of that necessary to cause a wire to
"explode".

9.5.4 Battery

The 40 Lucas batteries, which were intended as the battery pack for
pulse transformer experiments, had deteriorated too much. After several weeks
of effort to rejuvenate them by giving them the "water treatment" {12] it was
clear that a new set was required. Fifty five 10 palr "Pulsar" batteries were
accordingly purchased. Prior to obtaining these, the 8 Besco Marine Master
batteries were used for pulse transformer tests.

The Pulsar battery pack can be seen in Fig. 118. Tre batteries
were connected in series.

80 special connectors were devised and manufactured to suit the
busbar terminals of the "Pulsar” batteries and to enable them to be easily
connected in series and parallel. All exposed parts of these connectors were
of plastic and covered the entire terminal, thus ensuring that the pack could
not be accideatally shorted or cause electric shock by accidental contact.
The connectors also functioned as switches.
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9.5.5 current shunts

The primary current rises relatively slowly, then falls rapidly when
the fuse operates. A 1 m@ shunt, simply made from a 500 mm length of 8 B&3
copper wire, folded into 4 sections and held closely together to minimize
inductance, was lnitially used to measure primary currents (Fig. 120 f(a)).
Later a commercial parallel strip shunt was used.

The secondary current rises rapidly while the fuse operates and then
falls slowly, with the time constant of the secondary circult. More care was
taken to design the secondary shunts so that the secondary current rise was
properly recorded. Two 0.1 m@ parallel strip shunts and a 0.5 m 2 disk shunt
were constructed, (Fig. 120 (b), (¢), for secondary current measurements.

The 0.1 m@ parallel strip shunts were constructed from 0.25 mm thick
copper sheet and the 0.5 mg8 disk shunt consisted of two disks of 22 SWG (0.7
mm thick) stainless steel, 3.1" diameter, with a 3/4" centre hole, in
series. 47 ohm resistors were used to match the shunts to coaxial cable.
Fig. 120 (c) shows the disk shunt with coaxial copper tubes as leads. The
inner tube 18 shorted to the outer at one end to form a loop in a calibraticn
check with a Rogowski belt.

As wasg discussed in Ch. 2, current is not distributed uniformly
throughout the available metal if it arises sufficlently quickly, and the
impedance of the path is different from the D.C. resistance. It was
suggested, however, that the current actually flows at all times such that the
total opposition, i.e. the impedance, is least. Then, if the geometry is such
that at a certain frequency the inductive reactance 1is much less than the
resistance no matter how the current is distributed, the minimum opposition
must be controlled mostly by the resistance component. In this case the
minimum will occur when the current is uniformly distributed. This situaticn
will be enhanced by the fact that it is actually the internal inductance,
which is less than the total inductance, that is connected with current
distribution.

A simple rule for shunt design, therefore, is to ensure that its
D.C. resistance is much greater than its inductive reactance at the highest
frequency component of interest. Knoepfel [13]) indicates this, but without
the above justification.

The parallel strip shunt has virtually no space between the
strips. There 1s therefore virtually no external flux and the only flux is
internal flux. A simple estimate of the maximum inductance of the strip shunt
in Fig. 120 is 0.5 nH. The frequency at which the inductive reactance is
0.1 m@ is 32 kHz. On the basis of the above theory, the shunt impedance is
its D.C. resistance to within about 5% up to 3.2 kHz, or for pulses with about
100 58 rise time.
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Fig. 120 Current Shunts

(a) 1 m@, primary currents
{(b) 0.1 m@, parallel strip shunt, secondary currents
(¢) 0.5 m@, disk shunt, secondary currents.

The shunts were calibrated at D.C. by passing a current of 10A
through them, in series with standard 1 mg@ and 0.1 m8 shunts and finding
points on the shunts being calibrated that gave the same voltage as across the
standards (Fig. 121). The shunts were accurate at D.C. to within 1/,

The parallel strip shunts were clamped and bound to withstand
magnetic forces. (The secondary current of the large transformer blew its
shunt into a balloon shape when this was not done.)
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Fig. 121 Calibration of shunts by comparison with voltage across standard
shunt.

9.6 Calculations and derivations

9.6.1 1.5 sxH test inductor

A known inductor of around 1 gH was constructed to readily verify
the accuracy of the various inductance measuring means. The coil, shown in
Fig. 122, had the following geometry:

overall length (1): 24 mm
Mean diameter (D): 29 mm
wire diameter (d): 2.5 mm
No. of turns (N): 9

The inductance was calculated using Nagaoka's equation with corrections to
take account of wires inatead of uniform surface current, as set out by Rosa
and Grover [(14).

From Table XXI of §8sa and Grover, Nagaoka's factor, K, for a
diameter to length ratio of ~— = 1.208, 18 .64601772. The uniform surface
current inductance 1s given 3§:

Kl2p0I02
La - ———:7——— = 1,8097 sH
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The low frequency inductance for the coil of solid round wires is
L= Ls - AL ,

where AL = 4xaN[A + B)! nH where A and B are given in terms of d/D by Rosa and
Grover, p 122 and Tables VII and VIII, yielding AL = 246.9 nH and hence
L = 1.5628 gH.

Finally, we correct for the internal inductgnce of the wire to
obtain the high frequency inductance, at the rate of 3% = 50 nH/m. Since the
wire 1s 0.82 m long, the internal inductance of uniformly distributed current
is 41.0 nH, yielding the calculated high frequency inductance of the test coil
to be 1.522 sH.

Fig. 122 9 turn calculated test inductor.

9.6.2 Phase plane plotting

The circuit for phase plane plotting is given in Fig. 123.

v Y
R1 CR.O.
—_3} ' o —
Re X
) 1
ov I, R2 . cF R

’

Fig. 123 Phase plane plotting circuit.
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The inductor under test is L and R; is its resistance. R, and R
form a low internal resistance voltage source and R, and C form an
integrator. Assuming that the inductor resistance, Ry, is negligible, the
voltage across the inductor, Vy, is:

2

e ler

V, = V——— ¢ . {9.1)

Assuming that the simple integrator places no load on the inductor circuit and
that its time constant is sufficiently long,

14 R L4
1 L 2 L
Vv, = —V —— - — V,, (9.2)
X 'I R1+ R2 T Y
R, +R, -
where r. = L ——— and r_ = R.C. R, includes the internal resistance of the
L R1R2 I q 1

pulse source.

A plot of V, against Vy is a straight line graph (Fig 124).

Vy

. Flg 124 Phase plane plot from circuit of Fig. 123.
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Line AB is drawn during the pulse "on® period and line CD is drawn during the
“off" period. The horizontal and vertical displacements from the X and Y axes
depend on the *on" and "off" periods relative to r, . If these periods are
several time constants long, Vy and Vx become zerc and point B is on the X
axis and point D is at 0,0. The arrows indicate the direction in which the
lines are plotted.

T
Since the slope of lines AB, CD is :E, we have:
I

AV,
LT Tr EE, (9.3)
Y
R.R AV,
12 X
or L = ————— . R,C—= (9.4)
Rl + Rz 4 AVY
AV,
where —= is measured from AB or CD.
AVY

Five factors that need to be ensured to obtain good measurements of
microhenry inductors by this method are as follows.

(1) The phase plane plot 1s substantially plotted in one inductor time
constant. Since resistor R, has to be of the order of ohms, the
time constant using microhenry inductors is less than a
microsecond. To obtain displays several centimetres long, the
oscilloscope must have X and Y bandwidths of many megahertz.

(11) The pulse generator must be capable of high pulse current to enable
R2 to be as low as possible while still presenting to the circuit a
voltage that will produce several millivolts at the integrator
output. The rise time of the pulse generator must be fast compared
to the inductor circuit time constant.

(111) It is necessary to accurately know the values of Ry /Ry, R, and C at
the frequency representative of the test.

(iv) For sub microhenry inductors the circuit must be mounted on a ground
plane with great care given to attaching CRO leads. Since the
voltage V is necessarily selected as high as possible, a ground
plane shield must be used to isolate the integrator from direct feed
through of pulse generator signal.

(v} The resistance, R3, of the inductor itself must be negligible,
otherwise V., and V, will contain components due to the voltage
across it as well due to the inductor. Tha effect of R3 is found
by the following analysis.
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If VY' and Vy' are the values of Vy and vx when R, is included,
circuit analysis ylelds:

R
R v 2 -{1 + x)n
vY "T7% " s [k + e 1, (9.5)
1 2
s v L 1 -{1 + k)n
and Ve " T+ x AR, nk + % (1 - e | (9.6)
RJ
where k = -E—E_-— {.e. the ratio of R,y to the Thevenin resistance of the
12
R, + R

voltage sou}ce vfewed from the inductor, and

+
2
L RR, '

n-f— where 1r_ =
L 172

and © is the pulse "on" time,

i.e. n is the number of inductor circuit time
constants neglecting R,.

Putting k = 0, i.e. Ry = 0, in Eqgns. (9.5) and (9.6) yields v, and

v V!
Vg+ equivalent to Egns. (9.1) and (9.2). By means of the ratios =4 and ;3
Y X

the error due to k can be calculated in terms of n. The ratios are:

vY 1 K + e-(1+k)n
Y e
v nk + L (1 - o~ {1¥K)Dy
1 1+k
7" Tex [ "y 1 (9.8)
X 1-e

Evaluation of Eqns.

(9.7) and (9.8) for some values of k and n is shown
below.

From the tabulation it can be seen that the integral (v'y) values are
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v v
3 n = =
v,
Y Vx
0.1 3 2.5 1.125
1 1.07 1.016
0.05 3 1.776 1.064
1 1.035 1.008
0.02 3 1.317 1.026
1 1.014 1.003
0.01 3 1.160 1.013
1 1.007 1.002

affected much less than the V'Y values and that the pulse "on" period,
measured by n, should not exceed about one inductor circuit time constant and
that R,, measured by k, should not be greater than about 0.02 of Ry, for V'Y
and V' errors to be only a few percent.

9.6.3 Maximum length and frequency for rail measurements

We wish to calculate the error, due to transmission line behaviour,
of taking the impedance of a shorted pair of rails to be due to lumped
inductance.

In texts [15] it is shown that the impedance, Z, of a shorted
transmission line is:

Z = Zo tanh y¢ (9.9a)

where Z = JE is the characteristic impedance, y = je JEE, L and C are the
inductance and capacitance per unit length and ¢ is the length of the line.

Since tanh x = j tan x, and OJEE -

Eé%, where )\ is the wavelength,
Eqn. (9.9a) may be written:

L ¢ v
Z =3 c tan [(x/‘) 21. (9.9b)
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If the rails behave as a lumped inductance we may also write:

) L — L _¢ =
X = jeLt = php= @JLC ¢ ch VI {9.10)
where X i3 the inductive reactance. The ratio of the impedance Z to the

reactance X is:

t
tan {——~ <]
E-_x—/‘—z_ (9'11)
X t =
A4 2

Evaluating Eqn. (9.11) yields the following:

_t Z
24 X
0.01 1.00008
0.05 1.00206
0.10 1.008
0.20 1.034
0.25 1.055
0.333 1.103
0.50 1.273

The tabulation shows that the rails should not be more than about a
fifth of a quarter of a wavelength long for the difference between Z and X to
be 3% or less.

For 2 m long rails, the test frequency wavelength should not be less
than 40 metres, which means that the test frequency should not be greater than
7.5 MHz.

9.6.4 Degree of coupling of external field toroid with bifilar winding

The external field toroild described in Section 9.2.2 was wound with
the primary and secondary conductors equally spaced, ‘as in Fig. 125(b) instead
of touching as in Fig. 125(a).




M
- (a) |
8
I
I
|
' —
. QO 0O
B |
_.Jr,-— |
! |
(b) f—— x —i
(c)
Fig. 125 Effect of conductor Spacinq, bifilar external field toroid

(a) correctly placed bifilar conductors

(b) equispaced conductors

(¢) uncoupled flux between conductors.

When the primary and secondary conductors touch, the uncoupled flux
is virtually only the internal flux, as assumed in Section €.2.3. When the
conductors are spaced as in Fig. 125(b) the flux between them i.e. between
distances r and x, Fig. 125(¢c) links only its own conductor and effectively
increases its internal flux.

The uncoupled flux in the region from r to X, A¢ is:

s I s I
X o <] by
- 2 - — ks (9. )
a¢é [ Sox dX = 3= o 9.12a
where I is the conductor current. The increment in uncoupled
inductance, ALu, is:
L
AL = 0.2 (n T H/m (9.12b)
u X




The 94 turns of 2 mm dia wire were equispaced in accurately milled
slots upon 100 mm dia. disks, yielding r = 1 mm and X = 2.3 mm and Eqn.
(9.12b) yields oL, = 167 nH/m.

M To this must be added the internal flux of the conductor,

(E% = 50 nH/m), yielding a total uncoupleg inductance of 217 nH/m. This value
should be used in Eqn. (6.35) instead of E%' The result is Kp., = 0.8857.

At high frequency there is no self inductance and the 167 nH/m value applies

and Kmax ™ 0.9890.

In the tests the coils were excited with sine waves, therefore each
winding has the same penetration and degree of coupling. The calculated
coupling factors for the 47 turn windings as constructed are therefore, with
sine wave excltation:

X,k, = (0.9857)% = 0.9715 (full penetration)
kiky = {0.989)2 =~ 0.978 (zero penetration)

9.6.5 Derivation of degree of coupling expression

Let L1 and L2 be the primary and secondary self inductances of a
transformer, and let M be the mutual inductance. Let the secondary be shorted
and the primary and secondary currents be 1, and i, while the primary is
connected to voltage V (Fig. 126).

i2

Fig. 126 Degree of coupling of windings.

Let the inductance as measured on the primary side with the
secondary shorted be Ligec- Then:

a1, a1, d,
Veliscat "Yac " M3 t9.13)
: 298
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v v vry

for the primary, and,

dl2 di1
O-LZE—Ma—t— (g9.14)
d12 M dll
for the secondary. Substituting I L into Eqn. (9.13) yields:
2
2
M
L1sc - L1 - (9.15)
2
y - (9.
or Lise = 11 - kX0, 9.16)

X XK = ] ~ —— (9.17)

(Eqn. (9.16) was also obtained as the initial inductance during switching or
charging with a closed secondary, in Ch. 5, where the effect of resistance was
also included).

9.6.6 Force reduction models

Flrstly let us calculate the horizontal force caused by a sag of
1 cm in the wires of the straight wire model. With reference to Fig. 94, Ch.
8, the hortzontal force, H, in a wire that sags distance £ 1is

2
-
i YEG (8.22)

where q is the load per unit length of the wire and ¢ i8 the distance between
its supports. The load g is the pinch force i.e.

2
‘ONI

(8.20)
4ra 8.2

where X is the number of wires, I is the current in each wire and a is the
radius of the cylinder of wires. Substituting in (8.22) we have:
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For the model we have N = 20 wires, ¢ = 37 cm and a = &3 cm.  Let
usS select I = 100A in each wire and sag f = lcm. Equation (9.18) yields
HT = 2,22 kgf.

with the spring compressed to 2.22 kgf, so as to produvce a tension
force of this magnitude in the wires, and a current of 100A per wire, we
expect the sag to be 1 cm.

Secondly, let us check that the model with the 45° pitch, which
results in each wire having 2 turns around the diameter, 1s force balanced.

The internal field is due to the total current that links the axis,
i.e. NTI, where T is the number turns that each of the N wires makes abour the
axis. oOver the central region this field has the value

. ;ONTI
I ¢
I3 NT12
and the force on a wire, FI, is FI - —3—7—— N/m, radially outwards.

The external field 1s the same as that of the straight wire model
(because a path taken around the outside 1inks the same total current), hence
the force given by Eqn. (8.20) acts radially inwards.

For zero net force we reguire

2
poNI ( 1 T
2 2ra t
i.e T - (g9.19)
T 2xa

We have ¢ = 40 cm, a = &3 cm, and Eqn. (9.19) ylelds T = 2 i.e. two
turns are required, 1.e. as conatr%cted.

9.6.7 Prime number of turns for primary of force reduced transformer

The problem with manufacturing a force reduced primary by joining
the ends of wires laid on a straight former which is then bent into a circle
1s the same as the following.

300




suppose we have a piece of flexible round rod upon which we rule Z
equally spaced paralliel lines (Fig. 127). Firstly, let us twist the rod s»
that the lines spiral around the rod an arbitrary number of times, including
fractions of a revolution. Secondly, let us bend the rod into a circular
shape so that the ends touch each other. Finally, we join the lines on .ne
end to their nearest neighbour on the other end until only two free ends
remain. What are the conditions under which the lines will always connect 1o
series, so that if the lines were pipes, water could flow 1n at one end and
not come out of another enc until it has passed through all the pipes>?

J
7/
—

Fig. 127 Rod upon which Z lines are ruled.

Even though the twisting of the rod preserves the cyclic order of
the lines, we cannot join them starting from any arbitrary combination. In
general closed loops will arise before all the ends are joined. Consider say
8 lines as in Fig. 128(a) where the lines have a displacement of 6 positions

after the twisting (drawn "opened out" for ronvenience). If we commence by
Joining 1 to 7 then we find 7 will join to 5,5 to 3 and 3 back to line 1;
thus we will have a closed loop before all lines have been joined. In Fig.

128(b) the displacement in 3 lines. If we now commence by jcining 1 to 4 etc.

we Wwill have to join all the ends .efore forming a closed loop. 1In the
following paragraphs we will show that only if the number of lines is a prime
number can the lines be joined with any initial arbitrary displacement and
result in all loops being connected in series.

(a) (p)

Fig. 128 Ends joined with displacements of {(a), 6 and {(b), 3.
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Let the Z lines have thelr opposite ends displaced T positicas
where 1 ST S Z ~ 1. The positions that the lines occupy are thus:

END A END B
1 1 +7
2 2+ 7
3 3+ T
Z -7 Z
Z Z+ T

Let N equal the number of joins we can make, in the fashion
described in the previous section, before meeting the first line again. 1If
all the ends except the last two are series connected we have:

N =Z -1 (9.22]}
max

After making the N joins we will be connected at end B, and hence also at end
A, to line X, where:

X = 1 + NT. (9.21}

Since the next join would be to line 1 at end B, which is displaced T
positions from end A, we have:

X+ T-KZ = 1, (9.22)

Wwhere K is the number of times that we have skipped line Z in the joining
process.

From {9.21) and (9.22) we obtain:
-1 {9.23)

in order to form a closed loop after N joias.

ince N must be an integer it follows that closed loops will occur
whenever T 1s an inteéger. 1If Z and T have a common factor, say M, then for:
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K = T/M, zr/M, s'r/M (g.24)

there will be closed loops.

If 2 has no common factor with E in the range 1 S TS 2 -1 i.e. 1if
Z is a prime number, then in order that E_ be an integer we must have:

K=T¢for1STSZ-1 (9.25)

substituting this in (9.23) we obtain:

—

L N=2 -1 (9.26)

max

i.e. the condition for all loops to be joined in one series connection, (Egn.
(9.20)) for any displacement, 1s that the number of lines be a prime number.

For the original example, with Z = 8, displacements of 2, 4 and 6
have common factors with 8, and so the theory predicts closed loops for:

K =1, 1, 3 passes of line 8

and for N = 3, 1, 3 jo.ns before producing a closed loop.

We can check these by writing out the connection segquences.

T=2; 1, 3,5, 7, 1 L.e. K= 1, N= 3
T=4; 1, 5, 1 l.e. K= 1, N=1}
T=6; 1, 7,5, 3, 1 1.e. K=~ 3, N=23

1.e. K and N are as predicted.

For displacement of 1, 3, 5 and 6 we expect that all conductors will
be Joined Lefore a closed loop 1s produced, L.e. N = 7, and that K = 1, 3, 5,
7 also. Writing out the actual connection sequences we find

T=1; 1, 3, 4,5, 6, 7,1 i.e. K= 1, N =17
T=3;, 1, 4, 7, 2, 5, 8,23, 6,1 l.e. K= 3, N=27
Te~5;, 1,6, 3,8,5,2,7, 4 1 f.e. K=5, N=27
T =17, 1,8, 7,6, 5, 4, 3, 2,1 Ll.e. K=17, N=27
Again K and N are as predicted.
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9.6.8 Fuse dimensions

We use the same principles as Maisonnier et al [11], that were
referred to previously, but for the current waveform of the transformer
primary while it is being charged, instead of that of an LC circuit.

The heating of the fuse to boiling point is to be due to the
charging current and the vapourization energy is to be the part of the stored
energy which cannot be transferred to the secondary. Since the time to raise
the fuse temperature to boiling point depends on its cross section and not its
length and the energy needed to vapourize it depends on its mass i.e. its
length as well as cross section, the two stages can be separated, in
principle. Note that we assume that the current is uniformly distributed
through the fuse cross section.

The transformer charging current, I, is:

(9.27}

where V. is the battery voltage, R. 1s the circuit resistance and T, is the
circuit time constant, assuming that the fuse resistance is negligible up to
the boiling point.

The energy supplied to the fuse in time At equals its heat energy
increase, assuming the heating is sufficiently fast, i.e.:

Izp(i) At = mcaT (9.28)

where p i3 the resistivity, m is the mass, c i3 the specific heat, AT is the
temperature increment, ¢ is the length and A is the cross section of the
fuse. The mass m may be written as ¢ A y, where y is the density of the fuse
material, yielding:

"
(o)

(=% 1-28 + e ldt-:sd'r, (9.29)

where p has been placed on the right hand side since it Is a function of
temperature.

f

We have found that the primary should be charged for about 1 time
constant, l.e. t = T,. Egn. (9.29) then becomes, after integrating:
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Bolling Temp

Ve 2 c
0.169 (=) To--,j S ar (9.39)

Room Temp

The value of the right hand side has been emg%rically calculated. For
aluminium, its value is approximately 1 x 10 MKS units [(11]. Substituting
into Eqn. (9.30) yields, for the cross section of an aluminium fuse:

-9
A=1.3x 10 £ JT m (9.31)

As an example, the first transformer circuit constructed had a
primary circuit resistance of 189 mg8, a primary circult time constant of
5.9 mS and was used with a battery of 100V. Eqn. (9.31) yields a fuse cross
sectio? of about 0.05 sq mm. Aluminium cooking foil has a thickness of

about m mm, so the width of a foil fuse should be 2.1 mm.

The stored energy of the primary after one time constant was

approximately 100 joules and the calculated value of klkz was 0.82, hence the
energy allocated to vapourize the fuse is 18 Jjoules.

If W is the energy available for the vapourization and E, is the
vapourization energy per kilogram under the given conditions,

W= 1Ay Ev

W
or t - (9.32)
A(yEv)
For aluminium, the value of 7—::— 1s given as 3.5 x 10-!! MKsS units
{111. v

Substituting the values W and A for the example irto equation
(9.32), we obtain 12 mm for the length of the aluminium foil fuse.
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CHAPTER 10

EXPERIMENT RESULTS

10.1 Rail inductance measurements

10.1.1

The results of measurements made upon the rectangular rails listed

Rectangular rails results

in section 9.1.2 at 10 kHz are tabulated below.

L, Measured

L, Calculated

L, Calculated

w/n S/H (£ 2%) Kerrisk eqns. Unif. Surf. Curr.
Approx 0.2 0.21 sH/m 0.195 gH/m 0.202 sH/m
zero 0.5 0.39 0.382 0.407
(0.028) 1.0 0.59 0.583 0.628
2.0 0.84 0.825 0.885
5.0 1.20 1.185 1.245
0.2 0.5 0.39 0.358 0.376
1.0 0.56 0.536 0.556
0.5 0.2 0.22 0.170 0.253
0.5 0.35 0.327 0.371
1.0 0.53 0.500 0.517
2.0 0.72 0.699 0.712
5.0 1.04 1.007 1,023
1.0 0.5 0.32 0.303 0.380
1.0 0.47 0.456 0.494
E 2.0 0.65 0.640 : 0.656
£
' 5.0 0.93 0.921 0.933
1
!
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The calculated values were obtained using Eqns. (2.52) for the
minimum inductance (Kerrisk‘'s equations) and Eqn. (2.50) for the total
inductance due to a uniform surface current (derived in Ch. 2).

The measured values generally fall between the two calculated
values, which is to be expected as the current penetration 1s about 0.7 mm at
10 kdz. The general agreement between the measured and calculated values
suggests that Eqns. (2.52) and (2.50) are correct.

The results for W/H ¥ 0 are particularly interesting. At 10 kHz the
nominal penetration depth is 0.7 mm, and since the copper sheet used for the
rails was 0.7 mm thick (i.e. W = 0.7 mm) it might be concluded that the
current was virtuaily uniformly distributed, particularly at the surface. The
inductance values measured though are much closer to the minimum values than
to the uniform surface current values. This suggests that diffusion normal to
the surface occurs in preference to sideways diffusion, and that the current
distribution remains similar to the initial distribution.

In the cases of the wider rails and with S/H 2 1, the inductance
values are closer to the uniform surface current values, which suggests that
sideways diffusion played a more significant role.

The conditions of the above measurements are different to those in
the railgun (e.g. the test current had a maximum value of 100 mA). As
discussed in Ch. 2 the high current and arcing may affect the current
distribution.

The ribbon cable rails (Fig. 129) approximate the model in Fig. 190,
Ch. 2, with 20 filaments. The measured inductance was:

(1) 10 kHz 0.63 aH/m (videobridge, Marconi)
(11) 3.5 MH2 0.64 gH/m (Meguro Denpa)
(111) 0.5 ps pulse 0.66 aH/m. (Phase plane method)

The theoretical values with which to compare the results are
0.58 sH/m for the minimum inductance distribution and 0.628 xH/m for equal
current in €ach filament. The results suggest the latter distribution. 1In
Ref. 2 Ch. 9 it 1s clearly demonstrated that alternating currents in parallel
filaments should not be equal. The outer filaments should carry more current
as in the minimum inductance distribution. The only explanation that the
writer can offer for the above result is that the space between the filaments
reduces the interaction between them. This result is an indication that it
may be possible to increase the propelling inductance by using parallel
filamentary rails in practice.

Fig. 129 Ribbon cable rails
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10.1.3 Test inductor

The 9 turn test inductor (Fig. 122) had calculated inductances of
1.56 sH and 1.52 sH at low and high frequencies respectively. At 10 kHz the
measured values were:

Videobridge: 1.54 pH
Marconi Bridge: 1.56 gH

At 10 kHz the depth of penetration, 0.7 mm, means that the current occupies
about 3/4 of the wire area {(wire dia = 2.5 mm), and we could therefore expect
a measured value of 1.55 gsH. The Videobridge has given a slightly low value
while Marconi Bridge has given a slightly high value.

10.1.4 Phase plane method

The phase plane circuit (Fig. 123) was constructed with the
following values:

R, = 50 8 (plus output resistance of pulse generator)
R2 =2.50
R4 = 470 @
C = 10 nF.

These values yield a design that is suitable for measuring inductances in the
range 20 nH to 2 gzH. A Hewlett Packard pulse generator (Model 8012 B), set to
50 & output resistance, was used to supply pulses, typically 0.5 g8 wide with
5 ns rise and fall times and 10 V open circuit amplitude. A Tektronix Model
2215 60 MH2 oscilloscope was used for the X-Y display.

The circuit was calibrated using the test coil, which, during the
0.5 ss wide pulse, should have an inductance of 1.52 xH. The calibration
yielded the inductance expression to be:

AVx
L = 12.023 —= - .048 sH.
AVY

Various rails were connected to the circuit and the above expression
ylelded values that were always within a few percent of those in tabulated 1in
Section 10.1.1. Figs. 130 (a) and (b) show the phase plane plots obtained for
the thin sheet rails (W/H = 0) set to $/H = 1. The entire plot is shown {n
Fig. 130(a) and an expanded portion is shown in Fig. 130(b).




(a) (b)

Fig. 130. Phase plane plot from thin sheet rails

{a) whole plot, X = 2 mV/Div, Y = 50 mV/Div
(b) upper slope expanded, X = 2 mvV/Div, Y = 10 mV/Div.

From the expanded plot we obtain:
- \'2 = 63 mV,
Avx 6 mv, AVY 63 m

Substituting in the inductance expression yields L = 1.097 sH. The rails were
1.80 m long, so we obtain 0.61 sH/m, which compares quite well with
0.59 gH/m obtalned using 10 kHz sine waves.

As indicated in Ch. 9, the major reason for developing the method
was to verify that the inductance measured by high frequency sine wave methods
is the same as that when a voltage pulse is suddenly applied. The lines
plotted were always perfectly straignt during the time that the pulse was flat
topped (i.e. once the slight initlal overshoot had subsided). From the
results it was evident that the inductance values were constant and close to
those given by Kerriak’'s equation and were attained within 20 ns of the
application of the voltage pulse.




10.2 Degree of coupling

10.2.1 Long solenoid with shorter layer secondaries

The theory in Section 6.2.1 enables ratio of the coupling factors %o
be written as:

~

(1

mlgx
Ins

>|JP

Kl x
- N
~N
~
—
~N

where k 18 the coupling factor, K is Nagaoka's factor, ¢ is the length of the
winding, A 1s the cross-sectional area and subscripts 1 and 2 refer to the
primary and secondary respectively.

If k1 is unity, as suggested in Ch. 6 for a long solenoid, the above
expression also gives,the value of k;k,. The model (Fig. 103) enables 3 tests
to be made, viz. for 71 = 0.2, 0.5 and 0.7.

1

The mean diameters of the windings were 26 mm and 27 mm and hence
(%%)2 = 0.9273. Using the tabulation in Rosa and Grover (Ref. 14 Ch. 9),
and K, were found were found to be

NPL?

2
i

Primary, 252 mm, dia/length = 0.1, K; = 0.959
Secondary, 51 mm, 0.54, K2 = 0.818
126 mm, 0.21e6, 0.920
177 mm, 0.153, 0.942

The 177 mm secondary = S1 mm + 126 mm windings in series.

Kk
Using the above values in the expression for ;2 yields:
1
L2 2
‘1 k)
0.2 0.217
0.5 0.483
0.7 0.661

Measured values of k;k,

The open circuit/short circuit method described in Section 9.6.4
gave the following results at 10 kHz. ,
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2 1
T Ly Lysc kjkg =1 ~ 7

1 1sC
0.2 207 xH 161 sH 0.22
0.5 207 108 0.48
0.7 207 7 0.66

The agreement between the calculated and measured values of k Kk, 1s
remarkably good and indicates that k, = 1 very closely, as was suggested 1n
Ch. 6. It can also be seen that the k,k, values are close to the ¢ /¢
values, which confirms the example in Ch. 6 where both windings were
considered to be long, so that K1 - K2 = 1, and of virtually the same
diameter, so that Ay = A,

At lower frequencies the agreement was poor; e.g. at 1 kHz Kyky =
0.34 for /'1 = 0.5. The low Q of the secondary at 1 kHz is assumed to he
the cause.

10.2.2 Short solenoids with thin sheet secondaries

It was postulated in Ch.6 that, when the secondary is a sheet of
negligible thickness compared to the diameter of the primary conductors, the
current in the primary effectively flows as a sheet located 1/3 of the wire
diameter from the inside when the secondary is on the inside and as a sheet
located at the middle of the conductor diameter when the secondary is on the
outside.

From the data for the two test solenoids, viz.
(1) 160 mm dia former, 84 turns of 0.87 mm dia., wire, thin sheet
secondary of 0.12 mm thick copper; and

(11) 250 mm dia. former, 56 turns of 2.5 mm dia. wire, thin sheet
secondary of 0.7 mm thick copper,

1 4 Kk
the calculated values of 2 and X are:
1 2
Coil Secondary on inside Secondary on outside
kl 160.24,2 kz 160.87,2
160 mm ;; - (723733) = 0.993 ;: - (TETT77) = 0.989
k ) 4
1 251.4,2 2 +252.5,2
—_ - (= - 0. — - (=== = 0.98
250 mm K, (253.1) 0.987 k (255 ) 0.980
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The results of k1k2 measurements at 20 kHz were:

Coil Secondary on inside Secondary on outside
kiky kika

160 mm 0.991 0.977

250 mm 0.979 0.972

The measured values of k1k2 are generally about 1% less than
the kl/k or k_ /k, values. This is to be expected because the solenoids are
short ana the coupling of the inner to outer will not be sufficiently close to
unity. Furthermore, the thickness of the copper sheets, particularly the 0.7
mm sheet, may not be negligible. Nevertheless, the results show that the
simple ratio calculation is a useful guide to the value of klkz'

10.2.3 Short solenoid with separate layer winding

The value of klk2 to be expected in this case can be estimated using
the tabulations based on Maxwell’'s mutual inductance expression for equal
length coaxial solenoids in Section 6.2.1. The mean diameter of the inner
winding was 111 mm and its overall length was 112 mm and hence the radius to
length ratio (a/¢) was 0.5, and as the wire diameter was 1.2 mm the radii
ratio (a/A) was 0.99. Referring to the tabulations in Ch. 6 we find:

Jr =1, k = 0.
A/ ’ 1k2 0.9557

Ae = 0.1, klkz = 0.9780.

Since we have A/¢ = 0.5 we expect the measured value of k ik, to be between the
above values.

Measurement yielded the following results at 10 kHz and 20 kHz.

Freq L, Lisc K, X

1%2
10 kHz 598 AH 23.1 uH 0.961
20 kHz 598 «H 20.4 aH 0.966

The results are clearly compatible with the values obtained from the
tabulation.
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10.2.4 Short solenoid with 100 turn bifilar windings

In Ch. 6 it was anticipated that the axial displacement by one turn
of the two windings would cause each coupling factor to have the
value (Nﬁl), where N 1s the number of turns,and hence X;k, = (Nﬁl

)2,
turns we therefore anticipate k,k, = (0.99)é = 0.98.

For 100

The actual measured values for the 100 turn model at various
frequencies are tabulated below.

Freq Ly Lsc LOR. )
100 Hz 1.363 m 1026 4H 0.247
200 Hz 1.363 589 0.568
500 Hz 1.363 162 0.881

1 kHz 1.363 57.8 0.958

10 kHz 1.357 19.6 0.986

20 kHz 1.346 16.8 0.988

The high frequency limit appears to be 0.99 rather than 0.98 and
suggests that the bifilar solenoids are effectively displﬁcedlyx Balf a turn
——=lzy“

instead of a full turn and that k,k, 1s given by klkz - N

The low values of ki k, at low frequencies are considered to be due
to energy dissipated in the secondary resistance because its time constant :s
too short compared to the sine wave period. 1In other terms, the Q is too low
at low frequencies.

10.2.5 Short solenoid with co-axial cable winding

k
The calculated value of -l for this model is given by EQn. 6.49

using the following measurements. 2

Dia. of inner, d1 - 2.5 mm
Dia. of braid, do = 4.0 mm
No of turns, N = 40

Primary inductance, L = 454 aH

Radius of windings, R = 162.5 mm

k
The value calculated is El = 0.987 at low frequencies and 0.992 at high
frequencies (no internal flux in primary). Since k, is expected to be very
nearly unity these values are also the expected values of klkz.

‘*

The measured values were ag follows:
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Freq L, Lisc X,k

1=2
1 kHz 454 sH 19 xH 0.958

3 kHz 446 aH 7.5 aH 0.983

10 kHz 441 sH 5.16 sH 0.988
20 kHz 441 sH 4.46 gH 0.990

The measured values of k k, at high frequencies approach the
calculated value of 0.992, confirming the proposition that k2 = 1. The
inductance and resistance of the braid were measured as 360 nH at 1 kHz and
330 a0 at D.C. The secondary time constant was therefore about 1 ms and shows
that a frequency of several kHz is necessary to ensure that resistive losses
during each cycle are a small portion of the stored energy.

10.2.6 Bifilar external field toroid

The calculated values of k k, for this model, set out in Ch. 9, were
0.9725 at low frequencies and 0.978 at high frequencles.

Measurement yielded the following values.

Freg L, Lysc LEY.9)
200 Hz 1.250 mH 120 #H 0.904
1 kHz 1.246 mH 32.8 4H 0.974
10 kHz 1.237 my 29.5 xH 0.976
20 KkHz 1.235 mH 28.2 sH 0.977

The high frequency values clearly approach the calculated value of
0.978 and confirm the calculation method. The low frequency discrepancy is
again assumed to be due to resistance.

10.2.7 Conclusions regarding degree of coupling experiments

The measured values of k1k2 confirm that the simple models used in
Ch. 6 give useful estimates. They also show that in these nodels a frequency
of 160 kHz 1s necessary to approach the calculated values.

10.3 Force experiments

In Ch. 9 it was caiculated that a current of 100 A in each of the
wires of the external field toroid model should cause a deflection of about 1
cm with the spring set to produce a total tension of 2.22 kgf in the wires.
The 45° pitch of the force reduced model should balance the magnetic forces sc¢
that when the same current is passed through it there is no deflection of the
wires.
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(1) External fleld toroid (parallel wires) model

The total tension was set to 2.2 kg.f (21.58 N) and a total current
of 2,250 A was passed through the wires for about 1 second. The current was
applied only briefly because the wires heated rapidly. The wires pinched
inwards (Fig. 131). By closely observing the wires it was estimated that the
deflection at the centre was to about 0.5 cm from the wooden spacers.

Fig. 131 Pinching of external field toroid model.

Since the pitch circle diameter of the wires was 6.3 cm and the
spacers were 1" (2.54 cm) diameter (Fig. 108), the sag, f, was:

6.3 2.54
£ = 2 T 3 - 0.8 = 1.38 ¢cm

Calculation, using Eqn. (9.18) with

Hy = 21.58 N, ¢ = 0.37m, NI = 2250 A, a = 3.15 X 1072,

yields £ = 1.27 cm, which confirms the observed sag and shows that the
calculation methods in Ch. 8 are correct and adequate.

The calipers attached to one end of the model registered a movement
of 1.7 mm against the compression spring when the wires pinched. Since the
force was 2.2 kg.f the work done during the plnching was 3.74 kg.f. mm.

(11) Force reduced model

The force reduced model used in the experiment is shown in Fig.
132. Figure 132(a) shows the construction in progress. The wires were precut
to the exact length and curled into 2 U§ turns. Each wire was threaded
through the slots in the disks and naturally formed a 45° helix.




A force of about 100g could move the free end of the model about
3 cm. Since the work done by the magnetic forces on the straight model was
3.74 kg.f mm, the s° winding should extend 3.74/0.1 = 37 mm if the same
energy is avallable.

When the coil was pulsed with the same current as the straight wire
model the end was observed to lengthen by only about 5 mm and to twist
slightly. Virtually no radial movemeat of the wires was observed anywhere.

Since the 2.2 kg.f proven to be present in the straight wire model
could easlly deform the delicate structure of the force reduced model, it 1is
concluded that such a force was not present, i.e. force balance was achieved
by the 4s° pitcn winding.

Fig. 132 Force reduced mcdel: (a) during construction; (b) finished model.

10.4 Internal resistance of batteries

Example recordings from the battery tests are given in Figs. 133 and
134. The voltage traces show the terminal voltage of the batteries during the
tests. The fall in voltage from the initial value (12.5 V) divided by the
current gives the effective internal resistance of the battery.
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The recordings in Fig. 133 are from tests where a fuse was used.
The fuse was a 15 cm length of 16 B & S tinned copper wire. These tests
enable the internal ohmic resistance to be found under a heavy load condit:isn
without the interference of polarization, since they are of short duration
(< 1 second) and the fuse resistance increases rapidly from its initial low
value.

.

The results Jf tests with the fuse replaced by a copper bar are
shown in Fig. 134. These tests, up to 9 seconds duration, show the effect of
polarization. According to the theory in Ch. 4 the decline of the current in
such tests is due mainly to the generation of water at the positive electrode.

The batteries were probably between half and fully charged when
tested, having been standing for periods of days to many monchs between
charging and testing.

Using the fuse test oscillograms in Fig. 133 the following results
are obtained.

Battery Mass Current volt. Drop Int Res Initial
pPower Density

Pulsar 10 kg 1600 A 8 Vv 5 mQ 720 W/kg

Torque Starter 14 kg 1600 A 8 Vv 5 mg 814 W/kg

Besco 22.2 kg 1100 A 9V 8.2 mg 198 W/kg

Lucas 22.7 kg 1100 A 9V 8.2 mg 193 wW/kg

The superiority of the Pulsar and Torque Starter over the
conventional batteries is evident. The internal resistance of these new
style batterles increased during the discharge, though, whereas that of the
Besco actually decreased.

The short circuit tests using the copper bar give an idea of the
time for which the batteries can supply maximum power. The Pulsar and the
Torque Starter have the shortest time, about 1 second, while the more massive




(a) 10 pair Pulsar (b) Torque Starter
V = 4V/Div; I = 400 A/Div V = 4 V/Div; 1 = 800 A/Div
t = 0.4 sec/Div t = 0.1 sec/Div

(¢c) Besco Marine Master (d) Lucas 274 A
V = 2 V/Div; I = 400 A/Div V = 2 V/Div; I = 400 A/Div
t = 0.2 sec/Div t = 0.2 sec/Div

Fig. 133 Battery voltage and current when short circuited through fuse
consisting of 15 cm 16 B & S tinned copper wire.
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(a) 10 pair Pulsar {b) 10 pair Pulsar
Recently charged Standing for 8 months
t = 1 sec/Div t =~ 0.5 sec/Div

— v .y —

{¢) Torque starter (d) Besco
Standing for 18 months Recently charged
t = 1 sec/Div t = 1 sec/Div

Fig. 134 Battery voltage and current when short circuited through copper bar.

Voltage = 4 V/Div, Current = 800 A/Div.
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conventional batterlies can malntain their lower maximum power for at least ten
seconds.

Although the above results are typical, there was a wide variation
in the results from batteries of the same type. The highest power density
measured was 960 W/kg for about 1 second from a Pulsar 5 plate experimental
battery supplied to the writer by the Dunlop-Olympic Company.

Hot battery tests

The results were, on the whole, inconclusive. Increases in short
circuit current up to S0% were recorded at 60 C over the 20 C values, but the
voltage drops across the batteries also increased, with the result that the
internal resistance did not decrease to 2/3 of the value at 20 C. The best
result was about 3/4 of the value of 20 C.

10.5 Pulse transformer tests

The circuit for the model pulse transformer tests is shown in
Fig. 135.

400 A
 Contactor
Fuse J'“';-"
—== L—+— [ | Secondary
=l - Shunt C.R.O.
+ oy
Tranatormer
— d @

Primary - | _~

Current 2
Shunt Transient
Recorder

Fig. 135 Pulse transformer test circuit.

The experiments were conducted at room temperature. The secondaries
of the transformers were short circuited directly via the current measuring
shunts so as to reduce the uncoupled inductance ¢¢ the transformers as much as
possible. The transient recorders were either Datalab DL912 or Iwatsu Digital
Memory DM~7100 systems according to availability. A Tektronix Model 466
oscilloscope was used for the displays.
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The open circuit/short circuit method was used to measure k,ky of
the transformers at 10 XHz.

The primary and secondary current traces from each of the four
transformers are shown in Figs. 136 and 137. The performance of the
transformers is summarized below.

Primary K,k Primary Secondary Effective
172
Transformer Turns 10 kfiz  Current Current Kk,

EXt. F. Tor. R/a = 20 24 0.76 400 A 5.2 KA 0.29
Int. solild secondary
Ext. F. Tor. R/a = 20 24 0.90 440 A 8 kA 0.57
Ext. sheet secondary
Force reduced, bifilar, 47 0.87 200 A 7 kA 0.55
R/a = 5, R = 0.25 m.
Force reduced, bifilar 43 0.89 900 A 30 kKA 0.60
R/a = 5, R = 0.5 m.
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(a) Ext. F. Tor. R/a = 20, (b) Ext. F. Tor., R/a = 20,
24 Turns, Internal 24 Turns, External
solid secondary. R = 0.5 m sheet secondary. R = 0.5 m

(¢} Force reduced, R/a = 5 {(d) As for {(c), traces
47 Turns, Bifilar expanded X.0.
secondary. R = 0.25m

Fig. 136. Current waveforms ~ three small pulse transformers. Upper traces,
secondary currents, 2 kA/Div; lower traces, primary currents, 200 A/Div.
Time = 2 ms/Div., (a), (b), & (c); 6.2 ms/Div, {d). hattery = 98V.




(a) cComplete wave forms. (b} current transfer detail.

Fig. 137 Current waveforms - 43 turn force reduced bifilar transformer,
R/a = 5, R =0.5m. (a) Upper trace, secondary current,
10 kA/Div; lower trace, primary current 400 A/Div; time,
8 ms/Div. (b) Primary current fall (left), 200 A/Div; secondary
current rise (right), 5 kA/Div; time, 0.5 ms/Div. Battery = 392 V.

The oscilloscope displays show that the transformers and fuses
worked in general as expected. The coupling factors k k2 however are
considerably less than the values measured at 10 kHz. This is most probably
because the fuse rupture times of 100-200 xS were not fast enough. It must
also be noted that these rise times are at the limit of the ability of the
current shunts to record them properly.

The negative current in the secondary is due to transformer
induction while the primary is being charged, as discussed in Ch. 5. 1In the
three small transformers it becomes negligible by the time the fuse blows.
The initial step in primary current during short circuit charging, also
discussed in Ch. 5, can be clearly seen in Figs. 136 {(b) and {c¢) and in
Fig. 137 (a).
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CHAPTER 11

SUMMARY, CONCLUSIONS AND FURTHER WORK

11.1 Summary and conclusions

This Report has dealt with the "railgun~ method of propelling
masses, and the associated power source. This is a relatively new technology
and, in order to define the important relationships among the many factors
that interact, the investigations have been broadly based and exploratory.

Firstly, the railgun propulsion mechanism and its efficiency were
studied. A quantity of energy, analogous to the "free energy" of a chemical
reaction, was found to be released when the projectile movement changed the
circult inductance. Some or all of this "associated energy” becomes the
xinetic energy of the projectile depending on the current distribution and the
properties of the plasma or arc that carries the current. A factor, "f", was
introduced to account for the loss of associated energy and the conseqguent
reduction in force on the projectile. The effect of current distributions was
studied by comparing the force on the projectile for minimum inductance,
uniform surface and fully penetrated current distribution. In the final par:
of the railgun study efficiency expressions were developed and evaluated for
three versions of the railgun, viz. breech supplied, segmented and distributed
energy store railguns.

The main conclusions from the railgun study are as follows.

(1) The plasma arc may be very inefficient in transmitting the
electromagnetic forces to the projectile.

(11) The rails should be as thin as possible to minimize the energy loss
due to current distribution, which, for example, could otherwise
limit the railgun efficiency to 80%.

(111) The reduction in power source size achieved by segmented and
distributed energy store railguns may not Jjustify their complexity.

(iv) Maximum railgun efficiencies are likely to be in the range 10% to
30%.

The second broad topic was a review of power sources for railguns.
By considering the ratio of the muzzle energy to mass for powder guns a
minimum energy density of 1 kJ/kg was set for railgun power sources.
Capacitors, flywheel machines and explosive magnetic flux compression were
critically reviewed with regard to the pulse energy delivered per unit mass
and system complexity. A simple application of mechanics was used to obtain
the minimum mass of any system that stores enerqy in kinetic form. Finally,
in this review, the possibility of using batteries and a pulse transformer to
charge the railgun inductor was described.
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The main conclusions of the power source review are as follows.

(i) Capacitors are unlikely to result in power sources with overall
energy densities exceeding a few hundred J/kg unless dramatic break
throughs are made in dielectric materials and construction methods.

Advanced homopolar generator systems may attain the target figure of
1 kJ/kg but cannot realize more than a small fraction of the energy
density of the flywheels upon which they are based.

single shot self destructing explosives based systems may attain
several kJ/Kg.

(11) The maximum pulse energy density of any system is not likely to
exceed 10 kJ/kg.

(111) The battery and pulse transformer scheme is worth investigation
because it appears to incorporate a prime energy store, and
therefore give a multishot capability, with the same overall mass as
single shot capacitor and homopolar generator systems.

The third broad topic was the detailed investigation of the battery
and pulse transformer scheme. This was done in four main subsections:

(1) general considerations,
(11) circuit analysis,
(1i1) transformer geometry,

(iv)  design and performance.

The general consideration included the pros and cons of the system,
particularly in comparison with the essentially equivalent batterv-inductor
scheme. The maximum possible pulse energy densities of battery-coil systems
were estimated on the basis of the colls being Brooks Coils. The battery and
coil interact in determining the overall mass; the mass of the battery being
reduced by taking longer to charge the coil, but the mass of the coil being
increased to obtain correspondingly long time constants. System mass is
dependent on the power available from the battery and this led to a detailed
investigation of the power density of lead-acid batteries.

The main conclusions from this part of the work are as follows.
(1) The low current of the pulse transformer is probably a major
advantage as compared to the battery-inductor scheme.

(11) The pulse transformer must have a degree of coupling, k, of at least
0.995 on account of opening switch limitations.

(111) To obtain an overall pulse energy density of 1 kJ/kg from the pulse
transformer system, liquid nitrogen cooled coils and batteries with
a power density of at least 1 kW/kg are necessary.
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(1v) Existing lead-acid battery technology appears capable of extens::zn
to yield power densities of 1 kW/kg for 1 second. Power densities
to 2.5 kW/kg for 20 seconds appear feasible from specially
constructed lead-acld batteries.

Circuit analysis consisted of obtaining the primary and secondary
currents during discharge and charge by simple and rigorous methods with
physical interpretations. The charging analysis enabled twoc important
questions to be answered, viz. what is the optimum time for which to charge
the primary and what is the effect of the short circuited secondary. Since
the degree of coupling during discharge is a most important parameter, the
applicability of the simple flux models was examined.

The main conclusions from the above analyses are as follows.

(1) The optimum time to charge the primary 1s abcut one primary circuic
time constant.

(i) The primary can be charged while the secondary 1s closed via the
railgun with negliglble effect on efficiency of charging or on the
railgun.

(111) The simple notion of mutual and leakage fluxes leads to correct

results in real coils, particularly those forms eventually
considered for the pulse transformer.

(iv) There is a simple and important relationship between self
inductances of coils and their degrees of coupling.

Transformer geometry was investigated next, from three viewpoints,
viz. time constant compared to that of a Brooks Coil, degree of coupling with
various forms of secondary, and the forces and masses of the windings. Three
forms of windings were studied; the solenoid, the "external fileld" toroid and
the ordinary lnternal field toroid. 1In the discussion leading to time
constant evaluations, the battery mass was obtained in terms of the battery
resistance, the primary winding resistance and the power density of the
battery. Degree of coupling was estimated for thin sheet, identical layer,
bifilar and coaxial cable secondaries. Compressive forces were considered to
be particularly damaging and the possibility of reducing their effects by
magnetic force balancing was investigated.

The main conclusions in regard to transformer geometry are as
follows.

(1) The external field torold with coaxial cable windings has the best
performance from each of the time constant, degree of coupling and
force viewpoints. '
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(11) Magnetic force balancing of the external field toroid reduces the
high comgressive stress to the uniformly distributed and much lower
stress B“/2a . The winding is much more complicated and degrades
the time constant and degree of coupling of the external field
toroid.

The final phase of the theoretical study of the pulse transformer
system was to bring the preceding work together in the form of design
equations and to use these equations in example designs. The example designs
ranged from 100 kJ to 1 GJ in stored energy and enabled the battery-pulse
transformer system to be assessed as a function of stored energy, conductor
stress, cooling and the power density of the batteries.

The main conclusions from the example designs are as follows.

(1) Using liquid nitrogen cooled windings and batteries with a power
density of 1 kW/Kg, the pulse transformer system attains the target
overall pulse energy density of 1 kJ/kg only when the stored energy
exceeds 10 MJ.

(11) uUsing liquid nitrogen cooled windings, the conductor cross-section,
and hence the system mass, is determined by strength requirements at
energles greater than about 10 MJ.

(111) Batteries with a power density exceeding 1 kW/kg enable advantages
other than reduced mass to be realized. 1In particular, the number
of shots desired may mean that the benefit from more powerful
batteries is that less cooling is needed,

(iv) In comparison with capacitor and homopolar generator systems, the
battery and pulse transformer system is comparable in terms of mass
with capacitor systems at energles below about i MJ and with
homopolar generator systems at higher energies. It has the
advantage of being multishot, particularly at energies below about
10 MJ/shot, and in comparison with capacitor systems, has the
disadvantage of requiring liquid nitrogen cooling.

11.2 Applicability to the battery-inductor scheme

Although the work in this Report has been directed at the battery
and pulse transformer scheme, it should be noted that much of it relates
directly to the battery and inductor scheme.

11.3 Further work .

The exploratory work in this Report requires further experimental
support.
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For example, railguns with thin and wide rails might be compared to
determine current distribution effects. The composition of the plasma could
be varied to assess the gas pressure and electrostatic force contributions.

The practicabllity of high power density batteries, such as the
lead-acid battery design described in Ch. 4, needs confirming since a power
density of several kW/kg is one of the most important requirements for
obtaining a pulse energy density of at least 1 kJ/kg and in reducing the
cooling required for the windings.

Larger pulse transformers and higher energy tests (e.g. 100 kxJ),
with faster and probably more elaborate fuses and with current shunts that
nave a corresponding transient measurement ability, are necessary to properly
gauge the pulse transformer as a means of obtaining high current pulses.

Actual stress measurements using strain gauges are necessary to
determine the extent to which force balanced windings are effective,
particularly at low R/a values.

Finally, it yet remains to connect the pulse transformer to a
railgun.

Oon the theoretical side three areas of further work are suggested.

Firstly, the degree of coupling between various types of primaries
and secondaries needs to be calculated by more exact methods and presented :n
the form of tables, graphs or simplified fitted equations.

Secondly, a new set of design equations and exploratory designs
could be based upon batteries with power densities of several kW/kg and
transformers with R/a values less than 5.

Thirdly, the extent of the problems due to the field of the external
field toroid, and the ways of minimizing them with a shield structure, needs
investigation. 1In this connection it should be noted that short solenocids of
gigantic proportions, which also have large external fields, have been
proposed as alternatives to hydroelectric storage by the University of
Wisconsin Engineering Experiment Station.
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Symbol

1

[2]

PRINCIPAL SYMBOLS

Principal meaning
Minor radius of toroid
Magnetic flux density
Velocity of light, dimension of Brooks Coil
conductor diameter
Solenoid diameter
Base of natural logarithms, induced e.m.f.
E.m.f.

Fraction of associated energy that becomes projectile
energy, or deflection of loaded wire.

Magnetic intensity, height of rall, horizontal force
Current

Degree of coupling, resistance ratio in phase plane
circuit

Nagaoka factor for solenoid inductance, space factor.
Length of winding, distance between support disks
Inductance

Mass of projectile, winding or battery; mutual
inductance.

Number of time constants, number cf railgun segment.

Number of turns or conductors, total number of railgun
segments.

Power density of battery.
Permeance of flux path.
Force per unit length.

Resistance, major radius of toroid, geometric mean
distance. 4

Separation between rails, Laplace Transform operator.
Time constant.

Velocity of projectile,




v Voltage, Voltage drop.

w Density of conductor material.
W Energy, width of rails.

¢ Magnetic flux.

[ Density, resistivity.

-] Conductivity, stress.

Baby Magnetic permeability.

Note the unfortunate reproduction of script 1 throughout the text,
viz .

For example, the natural logarithm appears as ‘n’.
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