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ABSTRACT

A beryllium coil assembly developed by the National Aeronautics
and Space Administration, George C. Marshall Space Flight Center in
Huntsville, Alabama, was analyzed. The purpose of the hammer coil
is to reduce work hardening and metal fatigue.

The purpose of this study was to determine the currents and
forces developed in a coil and plate assembly where the plate was
stationary and moving.

The mutual coupling between hammer coil and plate was first
determined by the aid of the digital computer. This was found to be
a decaying exponential as a function of distance of separation. Next,

the differential equations were written for a one, two, three, and
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four ring hammer. Then the currents were determined by solving these
equations by a Runge-Kutta digital computer program. Finally the forces

were determined. .
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CHAPTER I
INTREODUCTION

The beryllium coil assembly is a device designed, built and
utilized at the George C. Marshall Space Flight Center in Huntsville,
Alabama., It is used in shaping and smoothing metal material with the
advantages of reducing metal fatigue and work hardening as compared
to other methods.

The beryllium coil assembly is a spiral shaped coil of wire
which is potted in nylon for electrical insulation and strength. This
coil is connected to a capacitor discharge pnit. When this unit is
discharged across the coil a time varying magnetic field will be
created by the rapidly changing currents &ith respect to time. Now
suppose that this coil is placed on a sheet of conducting material.
Even though the sheet of material or plate is electrically insulated
from the coil, a current will be produced in it due to the magnetic
field created by the coil. Since the plate current is created by a
voltage introduced by the hammer coil, the plate will have a magnetic
field due to its current which is in opposition to the pagnetic field
in the hammer coil. The opposition of these fields causes a repulsion
force between the hammer coil and the plate. This force causes rapid
acceleration and motion of the plate away from the coil.

The purpose of this study is to calculate the force developed by
the beryllium assembly and a metallic sheet of material. 1In this

study this sheet of metallic material will be held stationary as well



as allowed to move. Therefore, the effect of decoupling can be
observed. It is the goal of this study to present results that when
coupled with previous studies will be beneficial in the development

of future beryllium coil assemblies.



CHAPTER 1II
MODELING THE SYSTEM

Since the hammer coil is of spiral shape, it can be approximated
by sixteen concentric rings with different radii. Likewise, it is
assumed that the plate caﬁ be approximated by sixteen concentric rings
which are mirror images of the hammer coil. Moreover, it is assumed
that the rings of the coil and plate have radii approximately equal to
the radii of the spiral in the actual hammer coil. However, in this
study the assumption will be made that the hammer coil and plate is
made up of one, two, three, and four ringsﬂ The radii of these four
rings will be the same as the radii of the four innermost rings of the
sixteen ring hammer coil. Figure 1 illusfrates the four ring hammer
coil and plate aSsemblye

Since the coil and plate are assumed to be concentric rings, these
rings will possess a mutual coupling one with another. 1In other words,
there will be a mutual coupling between each ring in the hammer coil
and plate. This mutual coupling will be denoted by Mhm where n is the
nth ring in the coil and m is the mth ring in the platg. Since the
plate is allowed to move in part of this study, these mutual coupling
terms will be a function of time. Therefore, the constant mutual
coupling terms will be denoted by Mﬁm where n is the nth ring and m
is the mth ring in the coil or plate.

Each ring of the coil and plate will also have a self inductance

and resistance. This resistance is actually the resistance of the



HAMMER COIL

Figure 1. An Illustration of a Four Ring Hammer Coil
and Plate Assembly.



conducting material which makes up the coil and plate. ' This resistance
of the coil and plate along with the radii and self inductance for a
four ring hammer coil and plate can be seen in Table 3 in Chapter IV.
Due to the mutual coupling, self inductance, and resistance of the
coil and plate, and to the fact that the rings in the hammer coil are
physically connected to each other, the hammer coil and plate will act
like an N turn transformer, where N is the number of rings in the coil.
Therefore, an equivalent circuit of the hammer coil and plate can be
determined by drawing an N turn transformer where the secondary is
allowed to move with a velocity that is a function of time. This
equivalent circuit is shown in Figure 2. From this model of the coil
and plate, it can be seen that Ri through Rﬁ are the resistances of the
first through nth rings of the coil respectively. Likewise, R, through
R, are the resistances of the first through the nth rings of the plate.
Also the inductance L; through L  is the inductance of each ring in

the coil and plate.

As discussed before, the plate will be allowed to move with a

certain velocity. It is assumed that this wvelocity is as follows:
v = 100,000 sin 2nf't centimeters/second (1

where f' = 2f and f = 3.3k hertz, the natural frequency of the hammer
coil.! Therefore, ‘

v = 100,000 sin 41.4(10 )t centimeters/second (2)
It should be pointed out that this velocity is wvalid only for t <-%
where

T=%:. (3)
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Therefore, the assumed velocity of the plate is approximately equal to

the actual velocity only for -%'< 75.7(10'6) seconds.

The input voltage from the discharge unit will be approximated by
V = 3000 cos 20.7(1073)t wvolts (4)
where 3000 volts is assumed to be the peak charge on the capacitor

discharge unit, Likewise, this voltage equation will be wvalid only for

t < T/4,



CHAPTER III

ANALYSIS OF MODELED SYSTEM

A.

Formulatipn of Voltage Equations

From Figure 2, it can be seen that an N turn hammer coil and plate

will generate N + 1 differential equations which have time varying

coefficients due to the motion of the plate.

Therefore, the five

voltage equations for a four ring hammer coil can be written by the

use of ecircuit theory.

Since the mutual coupling is a function of

time, the voltage drop due to the mutual coupling between coil and

plate is given by + 4 (M_i).2 Therefore, the voltage equation for
- 4t “nom ,

the primary can be written as follows:

= 1 ? ] 1 2
vV = (R +Ry+Ry+R)) 1+ (L, +L, +L;+1L)
1 1 1 ' ' ' _Cll_-_
+ 2M12 + 2M13 -+ 2M14 + 2N23 + 2M2q + 2M34) it
iy My di, dMy 5 dig
- — + i - —_— i, = - —
Mage 1 Tae M2 T Tae " MisTae
daM di aM
i, 13 M, iy i, 1k
dt de dt
cuy g Ty Sy T
21 a¢ LT 22 4t 2 4t
di am di aM
- My, =2+ i3 —22 - Moy —+ Ly, 2
dt dt dt dt
di; | dMgy di, = dM3
- My i - M3, i,
dt dt dt dt
(Equation continued on following page)



T dM33 diy . DMay
T M3 gy T T8 Tgr U3k ge | h e
- My 21y 1 Tl Mo 24 i, Tz
dt Lot dt dt
dig = dMyj diy . aMy,
"M T T Me g T Tae )

Now this equation for the coil or primary can be simplified by letting

o

Tt = My, and by noting that M, = M, . This will be shown later

in the text. Also let R{ + Ré + Ré + R; = R Then Equation (5)

14°

becomes:
V- Ry i- My + M+ Mg+ My) iy - My +Myp + Mpg + Mpy)iy

- (My3 + Mpg + Mgz + Mgy) i3 - (Mjy + Moy + Mgy + Myy) iy

diq dip

= My + My + Mgt Myy) G- (Mg + Myy o+ Myg + Mpy) T

disg di
- (Mg + My, + M + M -y, M, My R M) TR L (6)

) =2
34’ ¢ 24 34 e

2

Now the voltage equation for ring one in the plate can be written as

follows:
di di, dig diy
0 = Ry +Ly — + M}, —=+ Mjz — + M}, —
1 23 12 3¢ 13 3¢ 14 ¢
di dM di dM
- My, — 44—t My, —+ 122
t dt dt dt
di 13 di dM]. 4

&)
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Now Equation (7) can be simplified to obtain the following:

- Qg F My, F Mg M) 1 - R =

di di, . dip
-, tM, H M+ M) EE + L, - = +M, 2 =
dia dlq
+ M3 — . + My — P (8)

Using the samerprocedure the equations for rings two, three, and

four in the plate can be written as follows:

for Ring 2
- (M12 + M22 + M23 + Mzu) i - R2 12 =
di dil
— e
- (M, + My F Mg M) T My
f diz di3 ' dlq (9)
+ L + My —— + M
2 ¢ 23 I¢ 24 T
for Ring 3
- (M13 + M23 + M33 + M3q) i - R3 13 =
iy
- Mg+ My o+ Mgy + Mp) o+ My, o
di di di
' 2 0
+ M, + L, 3 +Mp, ¥ (10)
dt dt dt
for Ring 4

- (Mlh + Mzu + qu + qu) i-R, i, =

di di
+ M =

- (Mlu My, + Mg, F Muu) at 14 gt

di, = dig di, an
- MY, — — i, — . 1
+ MZK ac + M3q ac + Ly, at
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It should be noted here that Equations (6), (8), (9), (10), and
(11) are for a four ring hammer coil. By setting the proper terms
equal to zero in these equations, the equations for a ome, two, or
three ring coil can be determiﬁed very easily. Therefore, these

equations will not be presented here.

B. Determination of Model Parameters
The mutual coupling previously discussed can be determined by

using Figure 3 and the Neumann Form® which is given by

M = u ’\ld2 + (ath)2 [(1 - k2/2) R(k) - E(k)] (12)
where
k = 2'\] & (13)
42 + (ath)?
™
and 2 -
E(k) = N1 -%2sin2 ¢ a9 |, (14)
[o]
T dé
2
K(k) = (1 - k2 gin? ¢)% . (15)
o]

As can be seen from Figure 3, there are two rings of radius
"a" and '"b" which are "'d" distance apart. By using Equations (12)
through (15) the mutual coupling can be calculated for these rings.
The general procedure for doing this is to determine k of ﬁquation (13)
for a particular set of rings and different values of d. Then the
next step is to evaluate the elliptic integrals of the first and
second kind of Equations (14) and (15) from a complete book of tables.!

Now by substituting.for k, E(k) and K(k) in Equation (12), the mutual

coupling can be determined for various distances of separation.



Figure 3. Diagram of Two Concentric Rings Used to
' Calculate Mutual Coupling Between Hammer
Coil and Plate. -

12
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Appendix A and B give the computer programs used to determine k and
M for various values of d. It should be noted here thét due to the
symmetrical nature of Equations (12) and (13), M, = M.

As can be seen from the differential equations for a four ring
hammer coil, some of the mutual terms add due to the addition property
of ‘an N turn transformer. Also, these mutual terms and their rate of
change with respect to time need to be determined. This can be done
by first determining an approximate curve for these mutual terms as
a function of distance. These results can be seen in Figures I-1
and I-11 through I-19 for a one, two, three, and four ring hammer coil.
Next, the distance of separation can be determined as follows by

integration of Equation (2).

% = 2.42 [1 - cos 41.4(103)t] centimeters (16)

Then by substituting Equation (16) the equations for the resultant
mutual terms can be determined as a function of time. This result
along with the rate of change of the resultant mutual terms is shown
in Table 1 of Chapter IV.

Next, the constant mutual coupling terms between concentric ring
in either the plate or hammer can be calculated by setting d = 0 in
Equations (12) and (13). These constant terms are shown in Table é&”
of Chapter IV for a one through four ring hammer coil.

The self inductance and resistance of each ring of the hammer

coil and plate has been determined in previous studies.® These values
are listed in Table 3. It should be noted that the wvalues of resist-

ance of the rings in the plate are of approximate value because
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neither the material of the plate nor the thickness of the plate has

to be specified,

C. Formulation of Force Equation

A current-carrying conductor produces a magnetic field around
the conductor& If a second current-carrying conductor is brought
into the magnetic field of the first, then each wire is surrounded
by two magnetic fields. If the currents in these two conductors are
in opposite directions, the two conductors will repel each other with

a force given by6
u, i i 1
0 r °r
= 2 L I 17
F 27R a7

This is for the case where the two conductors are parallel. Here

u, 4 (10_7) henrys/meter,

i = current in conductor one in amperes,

i, = current in conductor two in amperes,

R = distance between conductors one and two in meters,
1, = length of conductor two in meters,

F = force of repulsion in R direction in newtons.

From Figure 4, the force produced on ring r in the hammer can be
determined by using Equation (17). However, F can be -divided into two
components, Fr and Fd: The Fr is exactly cancelled by a force Fr in
the opposite direction as shown in Figure 4. Therefore, Fy is actually

the force developed on the coil in the hammer. From Equation (17),

Fd can be determined as follows:

Fd = TF cos 6

or



15

uy, i i,.(2ra) cos 6

Fa = - 2 TR (19)
However, from Figure 4,
cos 6 = %;- (20)
and
F = D? 4+ (Ar)? (21)
where |
Ar = b-a . (22)
Therefore, Equation (18) becomes:
py - u, i irv(ZFa) T
' 2r ND2 + (ar)2  AND2 + ar?
or
12.5664(1077) 1 iy a
Fq = (23)

D% + Ar?

This is the final equation that will be used to determine the forces

produced in the hammer coil and plate assembly.

D. Method for Solving for Currents and Forces

The currents for the hammer coil and plate can be determined by
using the Runge—Kutta7 computer program given in Appendix C. Appendix
D through G gives the necessary FUNCTION statements which contain the
differential equations of one, two, three, and four rings respectively.
When placed at the end of the Runge-~Kutta program, these FUNCTION
statements complete the Fortran program‘necessary to compute the
currents for either a one, two, three, or four ring hammer coil,

depending on which appendix is used. The FUNCTION statements as they
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PLATE ‘4 Ar 4

Figure 4. Diagram Illustrating the Force of Repulsion
Between a Ring in the Hammer Coil and Plate.
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are presented are for a moving plate. Only a few statements in each
of Appendices D through G must be changed for the stationary plate.
This is explained at the beginning of each appendix.

As an example, suppose that the currents for a two ring hammer
coil with moving plate are to be determined. Then the FUNCTION state-
ments of Appendix E would be placed at the end of the Runge-Kutta
program of Appendix C. This then would be a complete computer program
to determine these currents.

Figure 5 through 12 show the currents calculated for a stationary
and moving plate by the above Runge-Kutta program and the corresponding
FUNCTION statement. These currents were computed every 10”7 seconds
for accuracy. However, values were printed only every 107% seconds for
the first 75(107°) seconds. This gave a set of currents up to approxi-

mately-l seconds.

4

The forces produced in the hammer coil were computed every 1076
seconds by the use of Equations (23) and the computer program of
Appendix H, Figures 13 through 16 give the values of these forces

determined for a moving and a stationary plate.



CHAPTER IV
RESULTS AND CONCLUSIONS

The mutual coupling terms for a one through four ring hammer coil
and plate are shown in Figures I-1 through I-10. These terms which are
a function of distance of separation were computed by using the pro-
grams in Appendix A and B and the IBM 360 Model 40 Computer. It should
be noted that the distance of separation ranges from .1 centimeters to
30 centimeters. The value of .1 centimeters as the smallest distance
between the coil and plate is due to the potting of the coil in the
head of the hammer. Noting the general shape of the curves for the
mutual coupling terms, it can be seen that these curves have the
approximate shape of a decaying exponential. This is not an unexpected
result due to the physical structure of the coil and plate.

The constant mutual coupling of the rings in the hammer coil or
plate arxe shown in Table 2. Here it can be seen that the coupling Miz
is larger than Mi3, which is in turn larger than M{q. This can also be
noted in the remaining terms. Therefore, one could conclude that as
the difference in radius of two rings increases the mutual coupling
decreases. This is also not an unexpected phenomenom.

As was seen in Chapter III, the coefficients of the differential
equations for the hammer coil and plate are made up of the sum and
time rate of change of the sum of different combinations of the mutual
coupling terms. Figure I-1 and Figures I-11 through I-19 give these

mutual terms and approximate curves as a function of distance of
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Mutual Mutual Coupling as a Time Rate of Change
Coupling Function of Time of Mutual Coupling
Terms ' .
X10~10 Henrys X10™3 Henrys/Second
M, 2'8535'08 cos 41.4Kt 6;0e5'08 cos 41;4Ktéin 41. 4Rt
M+ My, ?17.533.36 cos 41.4Kt 26.3e3'63 cos 41.4Ktsin 41. 4Kt
M12+ M22 16.863'87 cos 41.4Kt 26.983'87 [ole]:] 41.4Ktsin 41.4Kt
My HM M 5 37.3e3'15 cos 41.4Kt 48.7e3‘15 cos 41.4Ktsin 41. 4Kt
M, M, K 49.8e3'15 cos 41.4Kt 65.0e3'15 cos 41.4Ktsin 41.4KE
M; 5+M, 5+M4 67.6e2'9 cos 41.4Kt 81.2e2‘9 cos 41.4Ktsin 41. 4Kt
RIS VALK 2.78 cos 41.4Kt 2.78 cos 41.4Kt
M, 63.9e 73.5e sin 41.4Kt
My oty oty 2.78 cos 41.4Kt 2.78 cos 41.4Kt
w,, 89.3e -102.5e sin 41.4Kt
2.66 cos 41.4Kt 2.66 cos 41.4Kt
MigtasMs3 | 118,76 -130.5e sin 41.4Kt
+M
34
M, A M 2.54 cos 41.4Kt 2.54 cos 41.4Kt
T 1 133.5e -140.0e sin 41.4Kt
My
Table 1. <Calculated Values of the Mutual Coupling and

Time Rate of Change of the Mutual Coupling
Necessary to Determine the Currents of a
One, Two, Three, and Four Ring Hammer Coil.
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Values of Values of Constant Mutual

Elliptic Integral | Elliptic Integral Coupling Between

M! Concentric Rings

e K(k) E(k) X10~8 Henrys
1 - ]
My, =M, 1.017 3.68 2.834
M]3 = M, 1.044 3.09 2.054
M, = M 1.073 2.77 1.626
M, = M3, 1.012 3.86 3.775
My, = M, 1.034 3.26 2.794
My, = M!, 1.009 4.004 4.754
Table 2.

Computed Values of Elliptic Integrals and

the Constant Mutual Coupling for a

Four Ring Hammer Coil.
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Ring Radius in Inductance Resistance Resistance
Segment Centimeters (Hammer) (Plate)

X10~® Henrys X10™* Ohms X10™* Ohms

1 1.2027 ©,2070 2.0 3.0

2 1.4755 .2949 3.0 7.0

3 1.7483 .3866 4.0 9.0

4 2.0213 .4803 5.0 10.0

Table 3. Tabulated Values of the Radius,

Inductance, and Resistance of the
Four Inner Rings of the Hammer Coil
and the Resistance of the Corres-
ponding Four Rings of the Plate.
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separation for a one, two, three, and four ring hammer coil. Moreover,
Table 1 contains these terms and this rate of change.

The currents for a moving or a stationary plate can be seen in
Figures 5 through 12 for a one through four ring hammer coil, Figure 5
shows the computed currents for a one ring hammer coil and moving -
plate. Comparing this with Figure 6 for the stationary plate, it can
be seen that there is very little change in the coil currents. Both
coil currents peak approximately at the same point with a slight
increase in maximum for the stationary case. However, this is not
true for the plate currents. Due to the &ecoupling of the coil and
plate, the plate current for the moving plate peaks earlier with a much
lower value, the peak value being 8.75(10%) amperes at 43 microseconds
as compared to 14.8(10%) amperes at 74 microseconds for the station ry
plate.

Observing Figures 7 through 12, it can be seen that for the
decoupling or moving plate this phenomenon of lower and earlier peak
plate currents persists for two, three, and four rings. Also, it can
be seen that the coil current follows the same general pattern of not
being effected to any great extent by the decoupling of the plate.

Observing the difference in the magnitude of the currents as the
number of ring increase, it can be seen that this magnitude decreases.
Also, the time at which the peak current occurs is increased as the
number of rings increase. These two observations can be explained
very easily by. the following two reasons.. First, the total resistance
is increased as another ring is added, and second, the time constant

is increased due to this increase in resistance. It should be noted

that there is a pronounced difference in the magnitude of the coil and
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plate currents. This is the reason for the break-in scale for the
currents. However, the coil current in all four different hammer coils
is approximately linear up to a time of from 30 to 40 microseconds.

Next, the forces developed in the hammer coil and plate can be
seen in Figure 13 through 16 for both the stationary and moving plate.
Here the forces on the coil due to a stationary plate are from a
factor of 10 to 40 higher than the forces for a moving plate. Since
there was not that much of a pronounced change in the currents, this
large difference in forces is due mostly to the force being inversely
proportional to the distance between the coil and plate. Also, it
can be seen that the force on a set of rings in the coil is less as the
size of the rings decreases with the exception of ring four in Figure
16. In other words, the force is the largest on the outer ring.
However, it should be noted that the force per unit length of the
conductor is larger as one goes from the outside rings in. This would
indicate that the center of the plate would deform more than the out-
side. Moreover, it should be noted that as the number of rings in-
creases the maximum force decreases., Therefore, it is possible to
estimate the value of the peak forces for a five ring hammer coil.

As can be seen, the peak forces for a moving plate occur from
20 to 30 microseconds with a rapid decrease after this point. However,
the peak forces on the rings in the coil for a stationary plate occur
at approximately 70 microseconds. Therefore, it can be concluded that
decoupling of the plate has a very large effect on the force produced

in the hammer coil assembly. Also, due to the rapid decrease in the
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forces after the peak force is reached, it can be concluded that all
of the useful work is accomplished in less than.% seconds,

In order to examine the effect that the spacing of the rings had
on the forces produced, the four ring configuration was altered. For
this calculation, the ring radii chosen were r; = 1.20, r, = 2.56,
r3 = 3,93 and r, = 5.29 cm. These radii correspond to the values
one would measure by dividing the face of the actual hammer coil
furnished to Migsissippi State University into four equally spaced
concentric rings.

The calculations were performed in the same manner as previously.
The curves for the mutual coupling calculations are shown in Figures
I-20 through I-24, and the results of the force calculation are
shown in Figure 17. It will be noticed that the forces are somewhat
lower than those shown in Figure 16, which is due primarily to the
increased resistance of each ring. Otherwise, the form of the curve

is much the same.
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APPENDIX D

When placed at the end of the Runge-Kutta program of Appendix C,
the following FUNCTION statementé contain the necessary Fortran pro-
gramming to compute currents for a hammer coil consisting of one con-
centric rings and a moving plate.

In order to calculate the currents for a stationary plate, the
following Fortran statements need only to be placed in FUNCTION FN1

through FN6 and the corresponding cards removed.

B=2.85E-10*EXP(5.08)

D=0.
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APPENDIX E

When placed at the end of the Runge-Kutta program of Appendix C,
the following FUNCTION statements contain the necessary Fortran pro-
gramming to compute. currents for a hammer coil consisting of two
concentric rings .and #¢moving plate.

In order to calculate the currents for a stationary plate, the
following Fortran statements need only to be placed in FUNCTION FN1

through FN6é and the corresponding cards removed.

A=1,75E-9*EXP(3.63)
AD=0.
B=1,68E~9*EXP (3.87)

BD=0
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APPENDIX F

When placed at the end of the Runge-Kutta program of Appendix C,
the following FUNCTION statemeﬁts contain the necessary Fortran pro-
gramming to compute currents for a hammer coil consisting of three
concentric rings and a moving plate.

In order to calculate the currents for a stationary plate, the
following Fortran statements need only to be placed in FUNCTION FN1

through FN6 and the corresponding cards removed.

A=3.73E-9%EXP(3.15)
AD=0,
B=4.98E—9*EXP(3.15)
BD=0
C=6.76E-9*EXP (2.9)

CD=0 L
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APPENDIX G

When placed at the end of the Runge-Kutta program of Appendix C,
the following FUNCTION statemenfs contain the necessary Fortran pro~
gramming to compute currents for a hammer coil consisting of four
concentric rings and a moving plate.

In order to calculate the currents for a stationary plate, the
following Fortran statements need only to be placed in FUNCTION FN1

through FN6 and the corresponding cards removed.

A=6.39E-9*EXP (2.78)
AD=0.
B=8,93E-9*EXP(2.78)
BD=0.
C=11.87E-9*EXP(2.66)
CD=0,
D=13.35E-9*EXP(2.54)

DD=0.
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Mutual Coupling in 10~8 Henrys
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Figure I-1. A Plot of the Mutual Coupling Between Ring One
of the Hammer Coil and Ring One in the Plate
and Approximate Fitted Curve a3 a Function of
Distance of Separation.



Mutual Coupling in 10~8 Henrys
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Figure I-2. A Plot of the Mutual Coupling Between Ring One

of the Hammer Coil and Ring Two in the Plate as

a Function of Distance of Separation.
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Figure I-3. A Plot of the Mutual Coupling Between Ring One
of the Hammer Coil and Ring Three in the Plate
as a Function-of-Distance of Separation.
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Figure I-4. A Plot of the Mutual Coupling Between Ring One

of the Hammer Coil and Ring Four in the Plate
as a Function of Distance of Separation.
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Figure I-5. A Plot of the Mutual Coupling Between Ring Two
of the Hammer Coil and Ring Two in the Plate
as a Function of Distance of Separation.

78



7.0 _

6.0 I

F S
o
-t

Mutual Coupling in 1078 Henrys
w
=
]

2.0 F

1.0 L
1 i 1 i § i ‘ L
) .5 1.0 1.5 2.0 2.5 3.0

Separation Distance in Centimeters

Figure I-6. A Plot of the Mutual Coupling Between Ring Two
of the Hammer Coil and Ring Three in the Plate
as a Function of Distance of Separation.
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Mutual Coupling in 10”8 Henrys
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Figure I-7. A Plot of the Mutual Coupling Between Ring Two
of the Hammer Coil and Ring Four in the Plate
as a Function of Distance of Separation.
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Mutual Coupling in 1078 Henrys
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Figure I-8. A Plot of the Mutual Coupling Between Ring Two
of the Hammer Coil and Ring Three in the Plate
as a Function of Distance of Separation.



Mutual Coupling in 10'-8 Henrys
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Figure 1-9. A Plot of the Mutual Coupling Between Ring Three
of the Hammer Coil and Ring Four in the Plate
as a Function of Distance of Separation.
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A Plot of the Mutual Coupling Between Ring

Four of the Hammer Coil and Ring Four in the
Plate as a Function of Distance of Separation.
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A Plot of the Mutual Coupling M;; + M;, as
a Function of Distance Used to Analyze a
Hammer Coil Consisting of Two Rings.
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Mutual Coupling in 1078 Henrys

11.0¢ r
|
|
10.0F f
9.0 r Actual Curve
| -
' - — — 8.0e 1.6x%
8.0
I
7.0F F
Iy
l
6.0f |
|
|
5.0
|
|
4.0F k- |
i \//,_ Shifted axis due to potting of hammer coil.
3.0—
|
2.0 r
I
|
1.0 F
|
I .
) ] ) ] i | o~ —
0,.1 .5 1.0 1.5 2.0 2.5 3,0
L e T T T T
0 oAb .9 1.4 1.9 2.4 2.9

Figure I-12. A Plot of the Mutual Coupling M;, + M, as a
Function of Distance Used to Analyze a
Hammer Coil Consisting of Two Rings.
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Mutual Coupling in 10°8 Henrys
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Figure I-13. A Plot of the Mutual Coupling My, + My, + M3
as a Function of Distance Used to Analyze a
Hammer Coil Consisting of Three Rings.
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Figure I-14. A Plot of the Mutual Coupling Mg + Myy + My,
as| a Function of Distance Used to Analyze
Hammer Coil Consisting of Three Rings.
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Figure I-15. A Plot of the Mutual Coupling M,, + M,; + M,
as a Function of Distance Used to Analyze a
Hammer Coil Consisting of Three Rings.
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Mutual Coupling in 10°8 Henrys
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Figure I-16.

Separation Distance in Centimeters

A Plot of the Mutual Coupling M11 + My, + Myg + My,
as a Function of Distance Used to Analyze a
.Hammer. Coil Consisting of Four Rings for Ring

Radii of r, = 1.202, r, = 1.475, r, = 1.748, and
r, = 2.021 cm.
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Figure I-17. A Plot of the Mutual Coupling M;, + My, + Mys + M,
' as a Function of Distance Used to Analvze a
Hammer Coil Consisting of Four Rings for Ring
Radii of r, = 1.202, r, = 1.475, r, = 1.748, and
r, = 2,021 cm.
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Figure I-18.
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A Plot of the Mutual Coupling Mj3 + Mpg + M3y + Mgy
as a Function of Distance Used to Analyze a
Hammer Coil Consisting of Four Rings for Ring
Radii of r; = 1.202, r, = 1.475, r3 = 1.748, and
ri = 2.021 cm.
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A Plot of the Mutual Coupling My, + My, + Mg, + M,
as a Function of Distance Used to Analyze a
Hammer Coil Consisting of Four Rings for Ring
Radii of ry = 1.202, ry = 1.475, r3 = 1.748, and
r, = 2.021 cm.
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A Plot of the Mutual Coupling M11 + Mio + Mi3 + My
Used to Analyze a Hammer Coil Consisting of Four
Rings for Ring Radii of r; = 1.20, r, = 2.56,

rg3 = 3.93, and 1, = 5.29 cm.
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A Plot of the Mutual Coupling My, + Mpo + Moz + Myy
as a Function of Distance Used to Analyze a Coil
Consisting of Four Rings for Ring Radii of r; = 1.20,
ry = 2.56, r3 = 3.93, and r, = 5.29 cm.
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Figure I-22., A Plot of the Mutual Coupling M;3 + Myg + M3z + Mg,
as a Function of Distance used to Analyze a Hammer
Consisting of Four Rings for Ring Radii of r; = 1.20,
r, = 2,56, rg = 3.93, and r, = 5.29 cm.
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as a Function of Distance Used to Analyze a Hammer

Coil Consisting of Four rings for Ring Radii of

r, = 1.20, r, = 2.56, ry = 3.93, and r, = 5.29 cm.
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