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The thesis discusses the use of magnetic fields to accel-

erate an iron slug. The purpose of the investigation was to design

and construct an accelerator which is efficient and capable of pro-

ducing high velocities. The accelerator makes use of the high per-

meability of iron to obtain the electro-mechanical energy conver-

sion. The accelerators were designed to be used in tandem to lower

the energy requirements of one unit. This system also allows for a

better velocity control.

The accelerators operate by passing current through the

coils to establish magnetic fields. After the acceleration has

taken place, the current is rapidly switched off. The magnetic

field places stringent requirements on the switching device. The

thesis discusses a method of switching which is designed to with-

stand the high voltage developed and fulfill the time requirements.

To accelerate an object of any appreciable size to a high

velocity requires a large amount of energy. Particular emphasis

is therefore given to the amount of energy obtainable from each

accelerator. The design of the accelerator which was constructed

for the thesis is discussed in detail. Then it is shown that with

suitable tools and careful construction the energy conversion

efficiency may be greatly increased. The requirements of the power

supply to be used are also discussed.
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CHAPTER I

INTRODUCTION

1.1 Purpose of the Investigation

The use of magnetic fields to accelerate a small object was

studied with particular interest in the maximum velocity obtainable by

the method. In recent years efforts have been directed toward the atomic

aspects of matter with little attention given to particles of visible

size travelling at high velocities. The system described here was inves-

tigated in the hope -of facilitating such a study.

Such a system would enable the study of collisions with high

energy . It would also be useful in the study of air flow and other prob-

lems related to objects moving at high speed in air. The particular ad-

vantage of the method investigated is that it affords controlled veloc-

ities.

1.2 Description of the System

A sketch of the accelerating system is shown in Fig. 1 on the

following page. A drawing of a disassembled accelerating unit is shown

in Fig. 2. Four accelerating units were constructed fot' the study. If the

system was put to actual use, more units would probably be necessary. To

operate the system, 115 VDC is applied to all coils and relays. The coils

are connected in series with the relay contacts which are placed between

the rails. Current begins to flow through the relay contacts before they

separate, establishing a copper arc between them. The iron slug is drawn

into the coil, preceded by a fiber slug. When the slugs have gained max-

mum energy, the iron slug being aligned in the coil, the fiber passes

between the contacts and disrupts the arc.
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1.3 Limitations of the System

In order that such a system as this will be efficient, it is

important that the current through the coil be disrupted as quickly as

possible after the slug has been drawn into the coil. Otherwise, the

slug will be retarded upon departure, giving energy back to the system.

Since E L di/dt, an abrupt change in the current is accompanied by a

voltage impulse. This places stringent requirements on the switching.

The copper arc and fiber slug switching was designed to withstand this

impulse. As the slug moves faster, more rapid switching is automatically

provided by the slug itself. Of course, the stored magnetic energy must

be dissipated somewhere. It is expected that this will take place in an

arc over. As long as the energy dissipation takes place through a large

resistance, the switch-off time will be small since L/R will be small.

To accelerate a visible particle to high velocities requires

large amounts of energy. To make the accelerating system practical, the

efficiency should be made as large as possible. The following two chap-

ters discuss the amount of energy conversion obtainable from the system

for reasonable input power. The final chapter discusses the requirements

of the power supply. It is shown there that a current source is the most

suitable type of power supply.



DESIGN OF THE ACCELERATING UNIT

2.1 Design Considerations

The greatest efficiency will be ohtained from the coil if the

magnetic energy storage is confined mainly to the air gap which will be

occupied by the iron slug. The strength of the field should be no greater

than that required to saturate the slug. By using the high mu region of

the iron's B-H curve, greater energy conversion takes place for a given

amount-of I2 R loss in the coils. Therefore, a series of smaller units is

more preferable than one large unit.

The magnetic energy storage in a coil is always accompanied by

the 12 R loss which limits the obtainable current through the coil. In

fact, for a given conductivity of the wire and dimensions for the coil,

the two are directly proportional. The size of the wire then determines

the amount of input power and energy storage. To obtain a certain amount

of energy storage, the independent variables may be considered to be the

coil dimensions, terminal voltage and terminal current. It has been

assumed, of course, that the permeance of the circuit has remained con-

stant. The permeance controls the proportionality between the 12 R loss

and the magnetic energy storage. This should be made as large as possible,

being liited by the permissible bulk of the iron core.

in these accelerating units the dimensions were chosen arbi-

trarily, being determined by the available materials. For power 115 VDC

at 40 amperes was available. t was decided that each coil should draw

about 8 amperes, requiring 14.5 ohms DC resistance for each coil.
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2.2 aire Size for the Coil

The diameter of the coil wire may be closely determined by con-

sidering a coil of inner radius a, outer radius b, and length R. The dia-

meter of the wire will be denoted by d and the effects of insulation will

be neglected. A is the required 1)C resistance of the coil. is the re-

sistivity of copper.

a = irm. b - 40 un. A = 22 :ra. & - 14.5 ohms = 1.77 x 10-5
ohm-m.

The number of turns is given by:

b - a x 705
- d d(2-)

The mean circumference for a winding is:

c M IT ka+ b) = 150 mm. k2-2)

This gives a total length for the wire of:

L = Nc = 1.06 x '05 (2-3)
d2

The resistance of the coil as a function of d is:

R = (2-4)

Substituting R, L, and in the above equation, d is found as follows:

d =4 X 1- 77 x 10-5x 1.06 x 105 (2-5)
1 3.14 x 14.5J

d .637 mm.

The nearest AWG size th this diameter is #22. The number of turns is

found by substituting into Eq. 2-1.

N = 1740 tuns (2-6)
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When the coils were wound, the required dimensions were obtained

with 1600 turns. The DC resistance was measured to be 13.6 ohms. There

are two reasons for the smaller values. First, insulation was neglected.

Secondly, the turns were more loosely packed than what was allowed for in

the calculation. This was the case because the available coil winder was

not provided with a feeding arm for the wire.

2.3 Energy Conversion

The amount of energy transferred to the slug by each accelerating

unit will be the difference in magnetic energy storage with and without

the slug inserted in the coil, subject to certain restrictions which will

be discussed later. To calculate this value, it is necessary to know the

field configuration within the coil. An exact analysis in practically im-

possible because of non-linearities and the complex shape of the field.

However, by considering ideal cases and making a few approximations, the

order of magnitude for the energy may be determined.

2.31 Field Pattern and Inductance Without the Slug

For a coil of the dimensions in the unit, the center hole may be

neglected without introducing much error because the energy is stored

mostly in the leakage flux through the windings. Consider for the present

that the coil is imbedded in a medium of infinite permeability. A cross

section is shown in Fig. 2-1 a. Using Ampere's Iaw as indicated in the

figure, the magnitude of H will vary in the manner shown by Fig. 2-1 b,

with a value expressed in polar coordinates as:

Hr = (1 - ) (2-7)

Even the above expression is an approximation because the lines of H will
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bulge as shown in Fig. 2-1 c. Assuming the H field of Eq. 2-7, the in-

ductance may be found easily by performing the integratin shown below

and equating to ili2 ,

V
1u H2 d 1= Li2 gVu fH dV (2-8)

0

Substituting Eq. 2-7 for H, and 21TrI dr for dV,

b

2 - r2 r d i2 (2-9)

0

21u,,N2i2 b2  12
12

N= 1600 b =40 1 n. Y 22 nn.

L = .125 henries

In view of the approximations, this value compares favorably with the

measured value of L = .10 henries.

It is possible to justify the assumption that the region around

the coil may be considered to be infinitely permeable. The magnetic struct-

ure was shown in Chapter I. For simplicity, assume that the structure is

cylindrical as shown in Fig. 2-2. The flux distribution required to give

the assumed H field is known. It will now be shown that the H field re-

quired in the magnetic structure is negligible compared with the H field

in the winding space.

Using Eq. 2-7, B as a function of r in the winding space is

given by:

B uNi (1 (2-10)
r I b
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The total flux passing through any circle of radius r, as in Fig. 2-2,

will be: A r

r = JBr d -Dr 2l1r ur (2-il)
0 0

r = u0Ni (l- ) 211'r dr

0 "

=~ ~ r4'u K r r 3

C1 r 2 3b

This flux, which is in the z-direction, nust pass through ribbon shaped

surfaces in the circular side pieces in tile r-direction. if Ir is divided

by the area of these surfaces, B and H1 are given. Let t be the thickness

of the sections. The area is then given by 2lTrt. H will be:

= r QNi r 2

h ur .=t ( .- ) (2-12)
r u ur u t 2 3b

The original H distribution had been found by making the Ampere

path around the outside winding. In the path one should include the H

field in the outer ring and the H in the circular side pieces whose value

is given above. The maximum value that the above Hr can have is that when

r = b. If b is substituted for r in the above equation and b/6 is substi-

tuted for t, which is nearly the case, the result is:

Hr a A (2-13)ru T

This will also be the value for H in the outer ring. Since u/u0

is much greater than 1 except at complete saturation, it is obvious that

the H field in the magnetic structure can be completely ignored in this

case. If one were interested in knowing the minimum thickness for the

magnetic structure which was permissible, the above analysis is useful.



2.32 Calculation of Converted Energy

It has been stated that the converted energy will be equql to

the increase in stored magnetic energy. When the slug is inserted, this

increase will take place near the center of the coil. The energy stored

in the winding space will be nearly unaffected because of the high per-

meance of the magnetic structure. The field pattern with the slug in-

serted is shown in Fig. 2-3. The important change is the flux passing

through the clearance gaps. It will now be shown that the magnetic energy

stored in these gaps is large and is the region of primary interest.

The symbols used in the following analysis are shown in Fig.2-4.

For the present the mmf drop in the core will be neglected, although it

can become significant for sufficiently small gaps. Taking an Ampere

path around the coil and through the center, the H field will be given by:

H Ni (2-14)g 2g

The volume of each gap is given closely by:

V - 2(w+h) gt (2-15)g

Since there are two gaps, the total energy storage in the gaps is given

by:

E= uH2V = unN2 2 w+ h) t (2-16)

Substituting the following values into Eq. 2-16:

w = 6 mm. h = 19 mm. g = 1 mm. t = 6 mm. N = 1600

E = .241 i 2

Since it was assumed that the energy in the winding space remained
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unchanged, Eq. 2-17 represents the converted energy.

. Again it is necessary to show that the H field in the magnetic

materials is negligible. Starting with the H field of A4. 2-14, B is

given by:

B = 2gL- (2-18)
g 2g

The total flux is obtained through multiplying by the area of the gap

which is normal to the field.

Bg 2(w+h) t (2-19)

To obtain the B field in the slug, &q. 2-19 is divided by the area of

the slug. H. in the slug is given through dividing by u.

H = 2(w+h) V (2-2D)
u 2g wh

The H field in the slug will be the largest anywhere in the iron because

the field is the most highly concentrated there. If Eq. 2-20 is evaluated

it will give an estimation of the amf drop in the magnetic structure.

w = 6 mm. h = 19 mm. g = 1 mm. t - 6 mm.

H = Ni 150 uO (2-21)
3 2g 114 u

By comparing Eq. 2-21 with Eq. 2-14 it may be seen that the H field in

the magnetic structure is negligible.

The energy in Eq. 2-17 should be compared with that which was

stored previously. The inductance without the slug was found to be .125 h.

This gives a stored energy of:

E = Li2 = .0625 i 2 (2-22)



The fact that the gap energy is alraost four times this value further

justified the neglect of small changes in winding space energy while

finding the converted energy.

2.33 Measurement of Converted Energy

The amount of energy converted may be easily measured by find-

ing the force as a function of slug position, plotting the result, and

integrating graphically to find the total energy. This was done using a

spring scale to measure the force on the slug. A low value of current

was used because of the range of the scale and also to avoid coil heat-

ing during the measurements.

The results in Fig. 2-5 were obtained with a current of .4 amps.

The maximum force was also measured using currents of .2 amps. and .8

amps. The force was found to vary as the squqre of the current, which is

what should be expected. When the area under the curve in Fig. 2-5 is

measured, it is found that the converted energy is:

E = .0309 joules at i = .4 amps. (2-23)

Since E = ki2, k may be determined as:

k = .193 joules/amp2  (2-24)

Thus the converted energy my be expressed as:

E = .193 12  (2-25)

This may be compared with the calculated value in Eq. 2-17 of .241 12.

2.34 Velocity of the Slug

The velocity obtainable from the four accelerating units may be
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found by a simple application of energy conservation. Neglecting friction,

the converted energy will all go into kinetic energy of motion which is

given by bmv2 . Since each accelerating unit gives equal increments of

energy, the velocity will increase only as the square toot of the number

of accelerating units.

The mass of the slug may be calculated easily as eV, where (I

is the density of iron and V = whl.

=7.8 gn/cc. w = 7 mra. h = 20mm. 1 - 30 mm.

!I = -3whl = 32.7 x lO~ Kg. (2-26)

Using the ueasured value of converted energy, the energy Given

to the slug by all four coils with 8 amperes through each coil is:

E = 4 x .193 x 82 n 49.5 joules (2-27)

The velocity is now given by:

V= E - 55.2 rn/sec. 2-28)

The velocity given above is not .very impressive in view of the

fact that the primary purpose of the investigation is to obtain velocities

at least above that of sound. It is not worth while to pursue these values

any further. It is shown in the next chapter that about twenty times as

much energy storage and conversion may be had by decreasing the clearance

gap size. In addition, the device first constructed did not perform satis-

factorily because of excessive side thrust on the slug. This will now be

discussed.



2.4 Side Thrust

The side thrust on the slug as it is drawn into the coil is

important in the design of the runners for the slug. The following dis-

cussion will be based on the aethod of analysis in paragraph 2.32 where

it is assumed that all the energy is stored in the gaps. Referring to

Fig. 2-4, assume that the slug is displaced a distance x horizontally.

The stored energy as a function of x will now be found and then differ-

entiated with respect to x to find the force.

The energy stored in the top and bottom gaps will be independent

of x and drop out in the differentiation. Therefore, only the energy in

the side gaps need be considered. The two gaps which increase in size

will have a total volume of:

V = 2 ht (g +x) (2-29)

The H field in these gaps will be:

H a Ni (2-30)

Similarly, the two gaps which decrease in size have a total volume of:

Vb = 2 ht (g-x) (2-31)

The H field here is:

Hb = Ni (2-32)

The total energy storage will be ZuOH.Va uoHb which is:

E = unN2 i2 htg 1L ) (2-33)
2 12-x



Differentiating with respect to r to find the force:

u N22ghtx

F= (g2 x2) 2 (2-34)

If x is zero, the coil being centered, there is no force. If x

is equal to g, the force becomes infinite according to the equation. Of

course, this is no rmore true than the energy of Eq. 2-16 being infinite

when g equals zero. This condition violates the assumption that the H

field in the magnetic structure is negligible. Under such a condition

the B field becomes limited by the finite permeance of the magnetic struct-

ure.

To appreciate the magnitude of the side thrust, the values given

in Eq. 2-17 will be used and a value of x equal to .5 mm. For the current

8 amperes will be substituted. The result is:

F = 2.08 x 104 newtons (2-35)

= 4,670 lbs.

At first thought, a side thrust in excess of two tons seems unreasonable.

Further discussion is postponed to Chapter III where other calculations

make the value seem more reasonable.
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CHAPTid III

IMPROY&ENT OF TH.& ACCa.I&RATING UNIT

3.1 Size of the Clearance Gap

The analysis of Chapter.II showed that the clearance gaps are

extremely important in determining the amount of converted energy. It

appears from Eq. 2-16 that if the gap width were made sualler, the con-

verted energy would increase for the same input current. Of course, if the

gaps were made to be zero, the converted energy would not be infinite. For

sufficiently small gaps, Eq. 2-16 is no longer true because the mmf in the

magnetic structure becomes too large to be ignored. For an efficient sys-

tem the clearance gaps should be made as small as possible, being limited

only by the tolerances which can be maintained in the construction.

The calculation of converted energy for extrenely small gaps is

necessarily complicated because most of the energy storage will take place

in the magnetic naterials which have non-linear B-H characteristics. Also,

the B field varies continually throughout the magnetic structure. However,

it is possible in this case also t6 approximate the converted energy by

considering some ideal cases.

3.2 Calculation of Converted Energy with No Gap

Consider the case in which the clearance gap is zero and the mag-

netic materials are operated in a region of low field strength where the

permeability is a constant. efer to Fig. 1-2 in this discussion. The

stored energy with the slug inserted will now be found by calculating the

reluctance of the four sections, finding the inductance, and ;Li .



The reluctance of sections I and III in Fig. 1-2 may be found

by pieces as shown in Fig. 3-1. Referring to Fig. 3-2, the equAtion of

the line ab is:

y = kx (3-1)

If the section has a thickness t, the reluctance from the face at x, to

the face at x2 is:

R =-
X2)

dx

xf u (2yt)

(3-2)

xi

R =ln x2xl
2ktu,

Pieces 2 and 3 in Fig. 3-1 may be fitted to Fig. 3-2 if:

X, = 10.9 ma. x2 = 62.4 m. k = .92 t = 6 m.

Substituting these values into Eq. 3-2 gives:

Pieces 1 and 4 in Fig. 3-1 may be fitted to Fig. 3-2 if:

x2 = 50.7 mm. k = 1.095 t - 6 ma.

Substituting these values into Eq. 3-2 gives:

R1 212
R1 = R = (3-4)

Since sections I and III are identical, their relucyances may be calcu-

lated as follows:

x, = 3.2 mm.

(3-3)
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R111

+1 +!; t
R, R2 R '

R W R =

The reluctance of section II in Fig. 1-2 is simply:

where A is the total area of the edge faces.

I = 25 mm.
2

A = 9 ( 11-0 * 110 + 97 + 97 ) AM*

R 1 1  6.7
" I

The reluctance of section IV, the slug, is given by Eq. 3-6 where:

= 30 mm.

RIV

A = 7 x 20 mm.2

uIV

To estimate the energy which can be converted with the gap equ4l

to zero, the above values of reluctance will be used with a tentative value

for u = 1000 uo to find the inductance. The total reluctance is:

RT = R +R t TRItRIV

RT = 2.48 x 105 henry-l

L may now be found remembering that N = 1600.

L N2 = 10.4 henries10.

(3-9)

(3-10)

-4-)-

(3-5)

(3-6).

(3-7)

(3-8)



The stored magnetic energy for this case is:

E = jLi2 = 5.2 12  (3-11) -

To find the converted energy, the energy stored in the coil without the

slug should be subtracted from the above value. This was given in Eq. 2-22

as .065 i2 and is seen to be negligible. The above energy should be con-

pared with Eq. 2-17 and Eq. 2-25, the calculated and measured values of

converted energy with a clearance gap of 1 mm. It will be seen that the

converted energy has increased by a factor of about 20.

For small values of current, the above methods which are based

on linearity and u = 1000 u0 are justified. For large currents, however,

the upper regions of the iron's B-H curve are used. In this case the

stored energy is more accurately given by:

E = /f (H * dB) dV (3-12)

0 0

A graphical solution of the energy density, given by the inner

integral above may be had by finding the area on the B-H characteristics

which is bounded by the B-H curve, the B-axis, and the line B = B

where B is the field strength.

If a value of 8 amperes is used in Eq. 3-11, the converted

energy becomes:

E = 332 joules (3-13)

Eq. 3-12 was also used for the same value of current.and for a typical

B-H curve. The method was only approximate and the details are not given

here. The result is:

E = 200 joules (3-14)



3.3 Velocity of the Slug

The velocity of the slug will Abw be determined using the value

of converted energy given by Eq. 3-14. The total energy from the four

accelerating units will be about 800 joules. The mass of the slug has

already been found to be 32.7 x 10-3 Kg. The velocity will be:

v = 222 a/sec. (3-15)

= 730 ft/sec.

This velocity compares more favorably with the desired results.

3.4 Side Thrust

The value of side thrust calculated in Chapter II may now seem

more reasonable when it is realized how much more energy is stored as

the gap, or only part of it, is made to be zero. If thE slug with a 1 mm.

clearance gap is brought into the coil and kept centered in the hole,

and then is allowed to move to the side, all of this additional energy

conversion takes place while the slug is moving 1 mm. When this energy

is divided by only 1 mm. to estimate the force, it is understandable

that the force can be so large.

Large side thrusts need not be expected with gaps of a value

near .05 mm. because it has been shown that the energy storage is much

less a function of changes in the gap size. In this case most of the mmf

is consumed in the iron.



CHAPTER IV

DYNAMIC BEHAVIOUR OF THE ACCELERATING UNIT

4.1 Introduction

In Chapters II and III effort had been given to determining

the initial and final stored magnetic energy in the coil. It had been

stated that, subject to certain restrictions, the difference between the

above energies was also equal to the converted energy, twice the value

being supplied by the power source. It should be realized that there

must be a restriction on the time in which the source can supply this

energy, unless it is capable of infinite power. If these units are used

with a voltage source, the only way that- infinite power could be drawn

from the source is with nearly a short circuit, or zero impedance at the

coil terminals. But this is impossible because of the 14.5 ohms DC re-

sistance.

The theorem that the converted energy is equal to the increase

in stored magnetic energy is based on virtual work where it is assumed

that the changes take place very slowly. Consideration of what is meant

by slowly reveals that the transition time from one state to the other

is long compared with the time constant of the coil. Therefore, it is

necessary to investigate the coil behaviour at it's electrical terminals

to find velocity limitations on the accelerating units when connected

to a voltage source.

4.2 The Time Function of Current

The complete solution of the dynamic operation of the acceler-

ating unit is unnecessary since the velocity limitation is all that is



required. To simplify the calculations, it will be assumed that the slug

is passed through the coil at constant velocity. ,,hen this is the case,

the converted energy will be given to the restraining agent of the slug.

Nevertheless, This condition is sufficient to give the required infor-

mation. The assumption is not so unrealistic because this will nearly

be the case in the last accelerating unit where the initial velocity is

ipotant. The two assumptions used in the following analysis are stated

below.

a. The slug is passed through the coil with constant velocity.

b. The change in the coil inductance is a linear function of

the slug's penetration into the coil.

Summing the voltages at the coil terminals gives the following

equation:

i- Ri , (4-1)

Since dI/dx = const. and dx/dt = const., dI/dt must also be constant.

Setting:

dL = K (4-2)
dt

L = Lt + l

Substituting:

di
(Kt + L)g + (+ K) i =E (4-3)

The above equation may be rearranged and solved by direct integration.-

The general solution is:-
R+K

C (Rt1 K + (-
RI-K



Substituting the initial conditions that i = Es/R at t- 0, Eq. 4-4

becomes:
r7R1-K 7

i =Li + R - ) K (4-5)R+K R Kt + 10

It is seen from this equation that as t increases, i approaches E./R+K,

with a transient determined by the bracketed terI. If1 K is lar-e, the

transient takes place more rapicilyr anrl i approacles lov.e-.r value.

Physically, the following takes place: A certain amf is associated with

the current. The incoming slug increases the circuit permeance. The flux

begins to increase, causing a positive dA/dt. This generates a back emf

which decreases i and A, the flux linkages. The current in Eq. 4-5 is the

result.

It may be seen that little energy conversion can take place with

the accelerating units connected to a voltage source, if the slug velocity

is very large. To show this, let v = 10 A/sec. The slug will change the

circuit permeance from its initial to final value in 3 cm. This gives a

time interval of 3 x 10-3 sec. The maximun energy that the power source

could supply in this interval is:

115 x 8 x 3 x 10-3 2.76 joules (4-6)

It is known that not even this much is supplied because of Eq.

4-5. Furthermore, some of the energy is consumed in the DC resistance.

Thus, even for 10 r/sec., the converted energy can only be a small

fraction of that calculated in the preceding chapters.



4.3 Conclusion

Returning to the discussion in Paragraph 4.1, it is stated that

the transition from one state to the other must be long compared with

the time constant of the coil. This condition must be fulfilled so that

the current may reiaain nearly constant. Therefore, the accelerating units

may still be used to satisfaction if they are provided with a current

source. The thought now arises as to whether or not the required energy

can be obtained from a current source in a short time interval.

To obtain infinite power from a current source, it must be

open circuited. When this is the case, the current source develops in-

finite voltage. This condition can be fulfilled with the accelerating

units which develop a large back emf at high slug velocities. Thus, the

necessary impulse of energy may be supplied.

A suitable current source may be had by placing a large in-

ductance in series with a voltage source. Therefore, the concept may be

thought of as having the accelerating coils connected to a reserve of

magnetic energy storage. 6uch an arrangement would be plausible except

for the 12 R loss which would be encountered in such a system. It is poss-

ible that a more suitable current source may be developed in the future.

Useful application of the accelerating system must await the development

of such a device.


