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I
NOTATION

Ri The field produced by Coil 1 at Ri

132 The fiel d produced by Coil 2 at R2

E Percent (%) we ight reduction from SMR 97H

R Radius of the machine

Radial distance (15.24 cm from outer surface of
the machine) along the of Coil 1

rO? Radial distance (15.24 cm from outer surface of• the machine) along the of Coil 2

ROl Outer radius of the shiel d for Coil 1

Ro2 Outer radius of the shiel d for Coil 2

Effecti ve flux through the rotor drums

0e1 Effect ive flux through the rotor drums
for coil 1

0e2 Effective flux through the rotor drums
for coil 2
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ABSTRACT

$ The estimated weight advantage of designing
a superconducting homopolar acyclic machine with
a saturated magnetic shiel d is presented, and the

1 possible power or flux loss due to the saturation
- of the iron is reported. A met hod of estimating

the magnetic fiel d at 15.24 cm (6 in) from the
saturated magnetic shiel d is shown in addition to

• indicating how the fiel ds at large distances vary
for hexapole and quadru pole designs.
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ADMINISTRATIVE INFORMATION

This study was accomplished under David W. Taylor Naval Ship
Research and Development Center (DTNSRDC) Work Unit 2722-100 as part of
the supporting technology development for the Naval Sea Systems Command
(NAVSEA ) Superconduct ive Propulsion Machinery Program, Task 16761,
Project 50380—SL , Element 63508N. The Program Manager is Mr. A.
Chaikin , NAVSEA 05R . This work was completed and a draft report prepared
in 1976.
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I

INTRODUCTION

Superconduct i ve acyclic , or homopolar , machines are being developed
by the Navy for ship propulsion application. The machine contains three
maj or elements; a superconducting coil to generate mangetic flux , an
armature circuit which convert s electrical powe r to mechanical powe r in
the presence of a magnetic fiel d, and a ferromagnetic shiel d to shape
and contain the flux. A machine may include a single solenoid (di pole)
magnet wi nding, as illustrated conceptually in Figure 1, or empl oy two
or three solenoids (i.e. quadru pole or hexapole wi ndings). In Figure 1,
the superconduct i ng magnet within the helium vessel , or dewar, is the
innermost machine el ement. The intense magnetic flux generated in the
bore of the solenoid is attracted by the ferromagnetic shiel d forcing
virtually all of the magnetic flux to radial ly transverse the rotor
twice. When current is passed through brushes and axially down the
copper rotor conductors , the resulting Lorentz interaction provide motor
act ion.

In the design of superconducting homopolar machines , the practice
has been to design the magnetic shiel d in the unsaturated state , 15—20
kilogauss (KG). That is , to design the magnetic shiel d so that the flux
leakage , close to the machine surface (typically 15.24 cm (6 in) from
the shield), doesn ’t exceed a flux density of 100 gauss. The low flux
leakage was established so that the magnetic field generated by the
superconducting magnet would not effect the operation of near- by-
equipment.

However , it was found that rel axation of the flux leakage
requirement could result in a very large machine weight reduct ion due to
the mass density and volume of the ferromagnetic shield. This study was
undertaken to quantify this potential machine we ight reduction.

In order to establish the weight benefit of relaxing the flux
leakage requirements , an analysis was conducted and the machine weight
advantage eval uated for a specific mach ine design and power rating (i.e.
a 1.27 weber hexapole design). In addition , a scaling method was
established to extend the weight reduction estimates for a specific flux
leakage to machines of different power rat ings. The fiel d values for
the he~apo1e an~ quadrupole machine at large distances are shown to vary
as h R  and h R  , respectively.

3 DTNSRD C PAS-79—2 9
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I
The present analysis will cover the followi ng areas:

o The weight advantage available due to the allowable flux
leakage.

o An evaluation of the power loss due to the flux leakage.

o An evaluation of a linear scaling equation for the fl ux .leakage
near the machine (i.e. 15.24 cm (6 in) from the outside

f 

diameter , Or)).

o The scaling of fiel ds at large distances from di fferent machine
designs.

o The comparison of the fl ux leakage for a shiel ded and an
unshiel ded (self—shielded) machine.

ANALYSIS

In this study, two computer programs were used for calculating the
magnetic fiel ds of these mach i nes. The first is a 2-dimensional
triangular irregular mesh (TRIM) computer program with the capabilities
of calculating magnetic fiel ds in the presence of iron. TRIM was

F - - developed at Argonne National Laboratory . The second computer program
(IMAGE ) uses the Biot—Savart Law to cal culate the magnetic field at

j specified “mesh points ” due to a number of “coil regions ”, and assumes
I. no iron regions.

The configuration of the hexapole machine design used , and the
region of interest for the flux leakage, is shown in Figure 2. An
average flux density of 15 KG in the shiel d of a hexapole design was
used as the base case (TRIM run SMR 9713). Using TRIM , a percentage of
the magnetic shiel d was removed and the flux leakage was noted at
several locations. This information is presented In Table 1 and the
flux pl ots for several of these cases are shown in Figures 3. The
graphical representation of this data is shown on Figures 4 and 5,
showing the potential weight reduction due to the increase in flux
leakage. In addition , Figures 4 and 5 Indicate that design i ng a shield
at saturation (20 KG) provides a 20% decrease in the shiel d weight with
very little flux leakage. This becomes significant , when it is realized
that the weight of the shiel d In the larger machines, 40,000 horsepower
(HP), contribute about 50-80% of the total weight of the machines. In
Figure 4, fiel d values at the larger radii were calculated based on the
assumption that they varied as 1/Rj’, which will be shown later to be
correct for a hexapole design.
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• Figure 3

Flux Plots for Various Shielding Designs
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I

The removal of a portion of the magnetic shiel d has been shown to
have quite a weight benefit. However, it also has a disadvantage of

1 increasing the reluctance of the magnetic circuit with the consequent
decrease flux and machine power, as indicated in Figure 5 and Figure 6.
In fact, the removal of the magnetic shiel d reduces the effective flux
by approximately 25% at constant field excitation. This decrease In
power or flux can be easily compensated by increasing the magnet
excitation (i.e. amp—turns) slightly, resulting in less than a 2%
increase in the machine di ameter.

In order to eval uate the approximated flux leakage density at a
specific radi al distance (15.24 cm (6 in) from outside di ameter, OD, of
the machine), a linear sc al ing technique was structured. The technique
requires knowledge of the fiel d, flux and geometry of a reference coil
(coil 1) to estimate the fiel d characteristic of a second coil (coil
2). This scaling equation for a hexapole or quadu pole machine is
defined as:

B1 ~
0e2”~e1~ 

{[r1
2 — r01

2]/[r22 — r02]} (1)

The scaling equation used in this study was derived based on a 1.27
weber hexapole design (SMR 97H) and then used to predict the flux
leakage at higher flux l evel hexapole machines (i.e. up to 5.0 webers)
and the predictions of hexapole machines with varying amount of magnetic
shielding. Since the scaling equation used in this study was linear ,
the non-linear effects become apparent when the results were compared to

1 the TRIM output. This non—linear effect is illustrated in Figure 7.
The linear scal i ng technique developed , in equation 1, appear to over
predict at higher flux l evels and under prediction for reductions in the
shiel di ng. A more accurate prediction could be made by addi ng to the
scaling equation , a function that woul d empirical ly account for some of
these non—linear effects. The linear correction factor (F

~2) forscaling up (i.e. coil 2 is larger than coil 1) in flux from the hexapol e
design SMR 97H is defined as:

Fcl = .05404 0e + 1.0669

The correction factor (F 2) for scal ing down in shiel di ng fran the
hexapole design SMR 97H defined as:

• - Fc2 = 7.5198 X i0~ E + .70498

These linear correction factors were than factored into the scaling
equation and using the 5.0 weber hexapole design , the flux density
leakage at 15.24 cm (6 in) was estimated. Results showed a maximum ‘S

error of less than 9%.
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The computer solution fo~ the ~exa pole m~gnet system was thecompared to the functions 1/R’~, h R  , and 1/R~, and the results areshown on Figure 8. It was found that no good comparison resulted from
the curves of the magnetic field vs. radi al distance. However, it was
found that at these smal l distances frgni the mach i ne, the fiel d vaules
seemed to all fall—off faster than h/R ’. As a result, the assumption
that the leakage f’ux for a hexapole magnet deisgn will vary, at the
very worst, as h R  . Using the computer program IMAGE for the case of
no magnetic shiel d, it was found that at large radii the fiel d varies
very closely as h R 3 for a hexapole design (see Figure 9). It wa~ a l so
noted that at large radii , the fiel ds of a solenoid varies as ~fR (see
appendix), and the fields of a quadru pole design varies as h R  (see
Figure 10). Thus, showi ng that a quadropole machine design has an
advantage over a solenoid or a hexapole design in decreasing its flux
leakage at large radii.

A comparison was made between a shiel ded and an unshiel ded hexapole
and quadrupole mach i nes in order to determine how the flux leakage
varied with machine O.fl. The results for a hexapole deisgn is indicated
on Figure 11 and the quadru pole on Figure 12. Figure 11 shows a dip in
the field values for a hexapole design , this is bel i eved to be caused by
the interact ion of the end coil field with the center coil field. In
addition , it may he noted that a much greater decrease in the fiel d
value occurs for the shielded hexapole machine than the unshiel ded
case. This large decrease in field value is al so noted in Figure 12 and
represents the location of the outer surface of the magnetic shield.

CO NCL US IONS 
-

The fol lowing conclusions were drawn -from this study:

o A very large weight advantage can be real i zed if the restriction
on the flux leakage (100 gauss at 15.24 cm (6 in) from the
machine) is reduced.

o The power loss due to the removal of the shiel d is very small
and can be made up by increasing the diameter of the machine by
less than 2%.

o At large radii the fiel d values varies as:

h R 3 for a hexa pole des ign
h R 4 for a qua dru pole des ign
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I
1

APPENDIX A
MAGNETE IC FIELDS FOR A SOLEN ID , AT

LARGE DISTA NCES ¶
This derivat iqn indicates that fields from a solenoid havi ng no - -

iron varies as 1/ R .  The basic deviation was obtained from The
Introduct ion to Electromagnetic Fields and Wave s, by Charlesir Holt,
pages 356—358.

The solenoid and the coordinate systems are shown in Figure A-i:

- I
p P (x, y. z)

,f 1 (r0. e, ø)
#1

- ,‘- , I

d-
- _ _ _ _ _ __ 

~~~~~~~~~~~ 
‘1

_____ 

Q(x ,y , z) ‘ 

- -

Figure A— i
2 +  -

~Basic Equation: V A = -
~i j  H

where P~z vector potential
J = current density vector Ii

i =  penneability of the media -
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In the RECTANGULAR COORDINATE SYSTEM , this equation has the same fo rm as
Poi sson ’s equation. The integral solution of Equation A—i becomes:

A =
~~-f~~ - dv (A-2)

In terms of the steady current I of a filamentary conductor, the vector
potential becomes: ‘ 

-

(A-3 )

It is noted from s~mmetry considerations that the magnitude of thevector potential (j~
) is i ndependent of ~. There-fore, ~ can be set

at -rr /2 resulting in only A X—di rectional component of the vector
potential (~ = —A s). In addition, because of the orientation of the
co il and the coordinate system (spherical ) used, the vector potential
has only the single spherical component AØ.

Therefore, at the Point P, 
-

Aø A
~Thus , Equation (A—3) can be written in the rectangular coordi nate system

in the followi ng manner:

Ax = f  I dx (A-4)

- z

- -
5,
, 5”

/  ¶4

(

I 

~~~
�. 

-

_

Fiqure A-2
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I
Equation (A—4 ) can then be put in a sperical coordinate system in the
followi ng manner: (See Figure A-2 above)

d9. ’-~ado
—dx

cos (9O—~) =

dL = -dx/cos (90—g)

Using the identity sin ~ = cos (90—0) results in the followi ng:

d& = —dx/sin $

ad~ = dx/ sin ô
dx = —a sin ~ d ~ (A— 5)

Substituting equation (A—5) into equaton (A—4) to give the vector
potential gives:

= A x
A~ = - j I (-a sin ~

) d ~ (A- 6)

A O = P Ia 12TI si n d d Ø
r ~ E o

Equation (A—6 ) has the variable (r) which is a function of p. Thus, r
can be rewritten in the -followi ng manner (see Figure A-I):

r2 = (x1 - x) 2 + (y - y1)2 + Z 2

r2 = x12 - 2x1x +  x2 +y 2 - 2yy1 ~~~~ +

It is noted from Figure A—i that a and r0 can be written as:

a2 = x1
2 

+ y12

r0
2 = y2 + Z2

Substitut ing the relations for a2 and r2 in the equation -for r2 gives: 
- 

- .

r2 = a 2 + r 0
2 - 2 r 0 a sinØ sinØ

and

r — i/a2 
+ r0

2 - 2r0 a5~~ 0 sin O

substituting the above relation for r into equation (A-6 ) results In

S A-4 DTNSRDC PAS-79-29
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2-~ s i n Ø d d
A -~~ -~ f

t~7~ ~ /a2 + r 0
2 -2r0 as in e sin ø

This equation is very hard to solve because of the use of the elliptical
i ntegrals. However, if the following is assumed

a << r0
the solution becomes greatly simplified . Then using this assumption in
equation (A—7) gives the followi ng

Ta 21T s i n Ø d d
Ad = ~,

-
~

--- f  (A—8)
° / 1 - (2a/r0) sin e sin 0

Then noting that the second tern in the radical is very small compared
with unity , the denominator can be approximated by using a bi nominal
expans ion and neglecting all except the fi rst two terms. Thus,

(1 — (2a /r0~~
112 si n e sin 0 x ~~ i + .

~~~
_ sin e si n 0

j When substituted Into equation (A—8)
2-rr

pla 
~ (sin d) (1 +~~

—_ sjn e sjn d) d Ø4ir r0 0 r0 (A—9)

Integrating equation (A—9) gives

A 0= pIS sin e where S~~ rra2
4rT r2

The magnetic fiel d (B) can be eval uated by taki ng the curl of Ad

B = V X Ad
+ 0
ar a ( A  • ~ aAe

B r sin~~~5~ 
~~ Sin e1 -

-

~~ a ~A
°

-
~~ e~ 1 r a

+ 
~~ sin ~ 

- rAd 
(A-b )

0 
5

~ a d r L., A aAr
ar ~r e , - —

~~~~
—

DTNSRDC PAS-79-29

A-5

p

~~~~~~~~~~~~~~~~~~~~~ — - -
- ~~~~~~~~~~~~.5 5’ ~ - 4. 4

.5 
_ _ _ _  

- - 

~~

- : .~~~.1



+

B = r:i~~e [~~
s (A0 sin e)]_

~~~~[f(rA0)J

— 

ar 
~ 

(J~ S sin
2O [ !._ (PIS sin 0B _ r s in e  ao 4-ir r2 ~~~~ ar 4-rip’

-I. +
ar pIS a0 rPIS sin 0B~~~~jf~~~[—~

. 2 sinQ cos Q]- ~— L  
~~4rrr r

B = ’
~
5
3 [2 co sQ a r + sjn 9 a ]

4ir r e

The Magnetic field along the axis e = 00) is

B xis = 
~~~~~~~~~ 

[ 2 (1) ar + ea6J

(A-li)

B = P ~~~~ aaxis r2-ri r

The Magnetic field along the center—plane (e = 9Q0) is

B = ~~~~
15 [2(o)a r + ( 1) ae]4-ri r

B = ~~~
S

4rr r3 ~

Therefore :

B . ‘~.5 J~axis r3

(A-12)
1 

1 pB ‘-~, J_  I
,
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