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PREFACE 

This Final Report covers work performed on NASA 
Grant NSG 1356 between 1 January 1977 and 
31 August 1980 under the Technical Cognizance of 
Mr. Richmond P. Boyden, Subsonic-Transonic Aero
dynamics Division, NASA Langley Research Center. 

The authors would like to thank Dr. J.E.C. Williams 
of the Francis Bitter National Magnet Laboratory 
for many discussions that helped their choice of 
conductors and experimental technique. 

The use of trade names in this paper is essential 
to a proper understanding of the subject material; 
their use in no way constitutes official endorsement, either 
expressed or implied, by the National Aeronautics and Space 
Administration. 
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Chapter I. INTRODUCTION 

Magnetic model suspension and balance systems for wind tunnel 
use (1) have been designed, tested and used at M.I.T.'s 
Aerophysics Laboratory for over eighteen years. These re
search programs which have been funded by the USAF, NASA, 
Army Ballistics Research Laboratory and the Army Research 
Office among others have led us to explore the many unique 
capabilities of the magnetic balance for aerodynamic testing. 
Among these are the precise measurement of forces (2,3,4); the 
measurement of wakes behind cones (5,6), spinning bodies at 
angle of attack (7), and waverider type bodies (8); the accurate 
measurement of Magnus force on spinning bodies (9), and ring 
airfoils (10); as well as the production of forced simultaneous 
spinning and coning model motion in a subsonic flow (11). 

Despite this background, which demonstrates the utility and 
durability of the magnetic model suspension and balance systems, 
no large-scale system has yet been constructed for use anywhere 
in the world. 

Recently the National Aeronautics and Space Administration has 
moved in the direction of cryogenic working fluids 'which in
creases the Reynolds number by a factor up to 7. Hence it 
becomes possible to envision wind tunnel testing of models at 
near full scale Reynolds numbers. The existence of such a 
tunnel makes it plausible to consider the use of superconducting 
or supercooled magnetic coils. It is possible in this way to 
either reduce the bulkiness of coils for a fixed force level, 
or to increase the force limits for a fixed coil volume. This 
application depends upon the perception of superconductors as 
useful technologies rather than a technological curiosity. 

with the emergence of D.C. superconductors* as engineering 
materials for a number of large magnet applications, they should 
be considered for use in magnetic suspension systems not only 
for the reasons stated above but also because their use should 
greatly reduce the required operating power. 

This report presents the results of a three and one-half year 
study of the feasibility of using superconductors for a general
purpose magnetic balance and suspension system. 

Because superconductors lose their property of zero resistance 
when heated or when exposed to intense magnetic fields, successful 
application depends on careful understanding of each specific use, 
conductor design and physical environment. Because motion of 

superconductor is one of a series of metals or compounds 
which when cooled to cryogenic temperatures near 40 K offers 
no resistance to the flow of electric current. The physics 
of superconductors will be described briefly in Chapter II 
as needed to understand their application to magnetic balances. 
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magnetic fields through superconductors results in energy loss 
and local heating to some extent, only steady, direct current 
conduction can be maintained at fields above .1 Tesla without 
resistance. At the present time the design of superconductors 
for pure direct current applications is well understood. 
Applications for alternating current or changing field situations 
are still being evolved at a rapid rate. For magnetic balance 
operation the coils must supply a D.C. field to sustain steady 
loads. When model motion is encountered or is induced de
liberately for dynamic measurements, the field must change 
rapidly. 

The effort reported, therefore, evolved in four areas: study 
of superconductors to choose those types most suited for this 
application (12,13); construction and test of sample coils to 
compare conductors and verify methods of calculating A.C. losses 
in such coils (12); tests of two coupled coils to verify losses 
in one coil induced by changing current in another coil (13); and 
sample preliminary design of a superconducting coil array for 
the NASA prototype magnetic balance to provide a benchmark for 
comparison with the iron core normal coils in current use (14). 

The results of the reported research indicate: that super
conductors are highly feasible for magnetic balance and 
suspension systems; that large numbers of parallel fine in
dividually insulated wires should be used as a conductor 
(superconducting 1itz cable); that these windings should be 
mechanically confined to provide LHe circulation and a plausible 
coil arrangement for such a balance is presented. 

This study did not include determination of the best wire cross 
section for a given design nor the economic trade-off to de
termine for what combination of design parameters wholely 
superconducting coils, wholely normal coils, or a combination 
of superconducting and normal coils would be most economical. 

Methods are presented for calculating magnetic fields and A.C. 
losses that appear suitable for magnetic balance design purposes. 
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Chapter II. SUPERCONDUCTORS AS APPLIED TO 
THE MAGNETIC BALANCE PROBLEM 

Superconductivity 

The superconducting state arises in certain materials through 
a pairing of electrons. These electron pairs interact with 
the crystal lattice through which they travel in a manner that 
produces zero resistance to the flow of electrons (15). This 
pairing of electrons i.s disrupted by temperature induced 
lattice vibrations. Internal voltage gradients caused by 
magnetic flux penetrat~ion accelerate electrons and also dis
rupt the pairing interaction. 

Pure elements whi.ch exhibit the property of superconductivity 
are called Type I superconductors. Type I superconductors 
show no resistivity to A.C. or D.C. current and steady or 
varying magnetic fields unless extremely high frequencies are 
applied. However, thE~ superconducting state is extinguished 
in Type I superconductors by the flux penetration caused by a 
field on the order of 0.1 Tesla or less. This makes Type I 
superconductors unsuit:able for magnetic suspension systems. 

Type II superconductors are metallic compounds and alloys 
which exhibit the property of regular magnetic subdivision 
into effectively normal and superconducting regions below 
about 2loK. The superconducting regions are small enough so 
that they can be fully penetrated by magnetic flux without 
extinguishing the superconducting state. A transport current 
induced Lorentz force would cause viscous, steady and dissipa
tive motion of flux quanta in a uniform lattice. Thus, a pure 
annealed Type II superconductor will not carry a transport 
current and is not suitable for magnet wire. 

In real crystal lattices the network of imperfections in the 
form of vacancies, grain boundaries and impurities provide low 
energy sites for quanta of magnetic flux called fluxoids. These 
low energy sites produce a mechanism called flux pinning, which 
resists the movement of fluxoids in the superconducting matrix. 
Type II superconductors properly heat treated or cold worked to 
provide a large quantity of high pinning strength flux pinning 
sites can carry large transport currents and will do so under 
the influence of large magnetic fields. 

Present Technology 

The development of Type II superconductors for application to 
high field D.C. magnets and mor~ recently for high field pulsed 
magnets and energy storage devices has led to the present day 

11 



superconducting coil wire technology. Type II compounds have 
higher flux pinning strengths than alloys and thus can support 
larger current densities under the influence of higher magnetic 
fields. However, the compounds lack ductility, making them 
difficult to work and susceptible to mechanical damage in 
handling. Such compounds such as Nb

3
S

N 
provide the only conduc-

tors usable above 10 Tesla and for such applications the other 
difficulties are warranted. 

Type II alloys such as Nb-Ti are tough and ductile, simplifying 
magnet construction. Their lower pinning strength (lower 
critical field and current density) is partially compensated 
for by higher filling factors in small wires, 30 percent to 60 
percent being common. The alloy most successfully applied to 
engineering applications below about 8 Tesla is Niobium -- 47 
percent Titanium alloy NbTi. These wires are made by co
drawing NbTi rods in a copper matrix. 

Type II superconductors display zero resistance under D.C. con
ditions. The applied magnetic field can be varied through 
external means or by variations in the transport current of 
magnet coils. During changes in the applied magnetic field 
energy dissipation occurs within the superconductor and through
out the copper matrix of most modern wire configurations. This 
energy must be removed from the wire to prevent a significant 
temperature rise that would extinguish the superconducting state. 

At present the most common means of accomplishing energy removal 
is through the boiling of the liquid helium bath surrounding the 
conductor which cools it to and maintains it at a superconducting 
temperature. 42.5 watts will vaporize 1 liter per minute of 
liquid helium at its boiling temperature of 4.2oK under one at
mosphere. Almost 38,000 watts are required to boil 1 liter of 
water per minute at its 1 atmosphere boiling temperature. When 
a cost of several dollars per liter for liquid helium is con
sidered, the economic aspects become apparent. 

The physical limitation of liquid helium to carry away energy is 
the onset of film boiling which occurs at about 0.75 watts/cm2 . 
This presents no difficulties for the most part, except on a 
transient basis, since in a large coil this heating rate repre
sents excessive boil-off. 

When subjected to a magnetic field, a superconductor behaves 
quite differently from a theoretically perfect conductor. Con
sider a sample in a magnetic field, initially at zero strength. 
As the field strength is gradually increased, currents will 
begin to flow on the surface of the sample in a manner that main
tains the field at zero strength in the bulk of the sample. This 
is true of both the superconductor and a "perfect" conductor. At 
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a certain critical field strength, designated H , the super-
c 

conducting state is extinguished, and the ambient field 
penetrates the bulk of the sample. Assume also that the 
perfect conductor's perfect conducting state was also ex
tinguished. Now begin to lower the field strength untilHc 
is reached from above. At this point the superconductivity 
and perfect conductivity are switched on again. As the field 
is further lowered, the perfect conductor will set up surface 
currents to oppose any change in the field within itself. 
Thus the field in the bulk will remain at H. The supercon-

c 
ductor: however, will immediately expel its interior field as 
soon as it becomes superconducting (Meisner effect). 

Thus for a specimen in the superconducting state, the magnetic 
field in the interior is zero, independent of the history of 
the specimen. It behaves like a perfect diamagnet. 

Penetration Depth and Coherence Length 

The superconductor sets up current at its surface to exclude 
any fields present. These currents extend into the bulk of 
the sample a short distance A. Typically this depth for ex
ponential d~cay of a one-dimensional magnetic field is 20-200 
(200-2,000 X). 

Detailed models of this field decay process depend on the 
quantum mechanics of the lattice, the simplest being the 
London equation (16,13) for the London penetration depth. 

2 mc 
i 

4TIn e s 

1/2 

2.1 

where n is the number density of superconducting electrons s 
in the lattice. m,c and e have their usual meanings. 

If ns is expressed in terms of VF , the Fermi velocity and N 

nm 

the total number of electrons and T is assumed=O, an expression 
for the smallest depth is obtained as 

* True only for Type I superconductors. Because of the mixed 
state of Type II superconductors, field penetrates the bulk 
of the material in normal regions between the superconductor 
microstructure. 
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1/2 

2.2 

There is another length of importance in describing super
conductors. This is the length over which the electron wave 
functions are coherent in the solid. This is called the 
coherence length ~O. For the London equation to be valid we 
must have AL » ~O. 

where ~o 
hVF 

== .18 KT 2.3 

in terms of the thermal energy KT and Planck's constant. 

These two lengths lead to the distinction between the two types 
of superconductors. For Type I superconductors AL « ~O. 

This means that the London eouation is not valid and the pene
tration depth is given by Pippard (13) as 

3 A == 

1/3 

Basic Properties 

2/3 1/3 

2.4 

Type I superconductors are pure metals. In these the 
effective mass m is close to the fgee electron mass and AL is 

short, on the order of 20 nm (200 A). Also, VF is high, 
making ~O long. 

Type II superconductors include chemical compounds and high 
concentration alloys. These are characterized by longer 
penetration depths, around 200 nm (2,000 ~.) and shorter 
coherence lengths, about 5 nm. Type I and Type II supercon
ductors behave very differently in the presence of magnetic 
fields. 
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Type I superconductors behave like ideal superconductors. The 
Meisner effect is total up to H and below H they show zero c c 
resistance to either alternating or direct currents. Above H 

c 
there is no retention of superconducting properties. Un
fortunately, H , the thermodynamic critical field is low for 

c 
all superconductors. This makes Type I superconductors un
suitable for use in magnet coils. 

As the magnetic field surrounding a Type II superconductor in
creases, the Meisner effect is total until the field reaches the 
first critical field H This field is smaller than the thermo-c

l 
dynamic critical field H defined for all superconductors by: c 

8n 2.5 

where Fn and Fs are the free energies of the normal and super

conducting states. Below H a Type II superconductor behaves c
l 

exactly as a Type I superconductor. 

As the external field, H, is increased above H ,flux gradually c
l 

penetrates the sample, but the field in the interior remains less 
than if the sample were normal. An array of supercurrent 
vortices forms on the surface, penetrating the bulk of the super
conductor. These vortices are called fluxiods and each contains 
one quantum of magnetic flux. This is often referred to as the 
"mixed state" as the superconductor has subdivided itself into 
effectively normal and superconducting regions. 

If the field is increased further, there exists a field, called 
H at which the superconducting state is extinguished. H is c 2 c 2 
generally quite high. 

Thus there are three distinct ranges of magnetic field for the 
behavior of a Type II superconductor. For H < H magnetic 

c l 
flux is totally excluded and behavior is ideal. For H <H<H , c l c 2 
there is some flux penetration and behavior is less than ideal. 
For H>H the sample is normal. 

c 2 
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For most engineering applications the superconductor will be 
operated in the second range, H <H<H . This takes advantage c l c 2 
of the high value of H for most superconductors. In this c 2 
range the superconductor is in the "mixed state", the material 
is divided into a filamentary structure of normal and super
conducting regions, and flux has penetrated in the form of the 
supercurrent vortices or fluxiods. 

In a wire, a transport current flowing along the wire axis is 
perpendicular to the fluxiods and exerts a Lorentz force upon 
them. Where they are able to move, their movement will cause 
a dissipation of energy. Fortunately, grain boundaries and 
imperfections in the crystal lattice provide favorable sites 
for the fluxiods. In order for the fluxiod to move, the Lorentz 
force must be greater than some finite value. The ability of a 
Type II superconductor to resist fluxiod movement is called 
"pinning strength". Type II superconductors with high pinning 
strength are called "hard superconductors". Where fields are 
steady below H the fluxiods once pinned remain stationary and 

c 2 
dissipate no energy_ In a changing field, however, fluxiods must 
adjust to new field levels. As the field rises from zero initially, 
flux is excluded for a short time until the applied field equals 
H Then the field begins to penetrate. Thus energy is taken 

c l 
from the changing field to move fluxiods from one site to another 
and shows up at the terminals much as ferramagnetic hysteresis 
does in iron core magnets. 

This is referred to as hysteresis loss in superconductors and is 
the dominant loss mechanism in low loss fine wire bundles where 
transverse eddy currents cannot flow. 

Calculation of A.C. Losses 

Kraemer (12) has surveyed the literature for methods of calculating 
A.C. losses in superconductors. These methods vary widely and 
depend in the specific application because multiple loss mechanisms 
are present and only one or two are dominant in each engineering 
application. Kraemer found that at frequencies from D.C. to 30 Hz 
where magnetic balances operate copper matrix multifilament Nb-Ti 
or Nb 3Sn superconductors will have excessive eddy current losses. 
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The dominant loss mechanism in this regime is hysteresis, 
which can be reduced by fine filaments of superconductor. 
Since eddy current loss can be eliminated by using small 
individually insulated wires, a cable of copper stabilized 
insulated wires each having a superconducting core (super
conducting litz cable) was selected for evaluation. The 
following methods of loss calculations were found to give 
reasonable results for this application. 

The critical current is the lowest current that will drive 
the sample normal, and is greatest in low fields, and goes to 
zero at H We will use the Kim (17) approximation: 

c 2 

J 
c = 2.6 

J c is the critical current density. B is the strength of the 

magnetic field. BO and J O are constants related to the self 

field of the conductor and the pinning strength. 

A changing field perpE~ndicular to the superconductor penetrates 
to a depth (18). 

x = 2.7 

The interior field lags the changing exterior field until 
the field has fully penetrated the conductor. Thereafter, 
changes in applied fields appear instantaneously across the 
conductor. Thus the area of the hysteresis loop depends on 
whether the field can fully penetrate the wire. 

For a wire of diameter d, the perpendicular field which fully 
penetrates is (19) 

---- 2.8 
'IT 

while for a field parallel to the wire, 
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B = 2.9 
P 

For a cycling field B sin wt, Carr (18,20) shows the loss 
a 3 

in joules per cycle per m of superconductor as, 

W 256 
V = ---g.rr 2.10 

'VI7hen a transport current I sin wt is present, the loss should 
a 

be multiplied by (1+F2), where F=(I /I). Ic=Jc·A,A = area 
of superconductor. a c 

When B is greater than B (the changing field fully penetrates a p 
the wire), Carr (21) gives, 

W 2 
BaJcd , B > B parallel V "3 a p' 2.11 

and 

vv 8 
B J d, B > B transverse V 37f a c a p' 2.12 

Thus using the above equations, and given currents and coil 
configurations, the losses can be calculated. First, the 
local fields due to each coil must be calculated, then applied 
to Equations 2.10 and 2.12. For a large coil array this will 
require long but str~ightforward machine calculation. 
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Chapter III. CABLE CONSTRUCTION 

Because the loss models available (12) indicated the 
superiority of fine, separately insulated strands of in
dividually stabilized superconductor, the 1itz type cable 
was chosen for construction of sample coils. The size cables 
selected for test were chosen to provide a coil of similar 
size and field level encountered in the NASA prototype magnetic 
balance. Cable design must permit reasonably good packing fac
tor combined with a means for penetration of the LHe into the 
bundle of wires. Several geometrical possibilities exist for 
construction of large cables. These will be discussed later. 
First the cable chosen for use on sample coils will be described. 

Cables were constructed of sufficient strands of superconductor 
to provide a working design point of .6 Tes1a central coil field 
at 200 amperes. To provide a margin of safety and allow for the 
local field concentration near the inside turn a superconductor 
area was chosen to provide a nominal short sample critical current 
of 600 amperes. Performance data on the superconductor is shown 
in Figure 1 from the manufacturer's data. All cables were 
fabricated by New England Electric Wire, Division of the Mont
gomery Co., in Lisborn, New Hampshire, for Supercon Inc. of Natick, 
Massachusetts, who manufactured the superconducting wire. Three 
cable designs were chosen: 

Cable 1 - 220 strands .064 mm (2.5 mil) O.D. copper 
with .037 mm (1.4 mil) core of niobium 
titanium superconductor, llx4x5 construction 
with polyurethane film insulation on individual 
wires, with nylon braid overall. 

Cable 2 - Same as above except cabled from 55 strands 
of .122 mm (5 mil) O.D. copper, .074 mm 
(2.8 mil) diameter superconductor core, 
11x5 construction. 

Cable 3 - Same as above except cabled from 55 strands 
of .121 mm (5 mil O.D.) copper matrix with 
54 filament superconducting core Cu/SC+2.1 
with strand twist of 2 per inch. 

Cable Construction 

All cables were 5 bundle rope lay construction. In both 55 wire 
cables the cabling pitch was .5 inch and direction of lay was 
reversed between bundle and rope. An individual strand was 
measured and was found to be 2.4 percent longer than the final 
cable. 
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In the 220 wire cable the outer rope pitch was 1/2 inch. The 
intermediate bundle pitch was 1/4 inch and the inner bundle 
pitch was 1/2 inch. For this cable the wire length was 5.2% 
longer than the cable length. 

Actual performance of the cables (from Supercon's data) is 
summarized in Table 1. This data is replotted along with 
the manufacturer's published performance in Figure 2. The 
wide variation in the two short samples of coil 4 multifila
ment cable wires caused Supercon to test longer (10 ft) 
samples. The long samples of the multifilament wire showed 
values of critical current approximately one-third below the 
specification data point at low fields. The wire had been 
degraded by broken filaments during drawing. Broken filaments 
were found when the copper was etched from samples of the wire 
to measure the filament diameter. Multifilament composite 
superconductors are not used in diameters as small as .12 mm 
(5 mil). Supercon had never before drawn this material into 
a wire this fine. This points to possible technical diffi
culties in attempting to adapt a high resistivity mixed matrix 
multifilament composite superconductor to dynamic magnetic 
suspension system requirements. The magnitude and rate of 
change of transport current and external fields will require 
small diameter wires for efficiency and stability. Tested 
values of critical current for the other two conductors were 
very close to the published specifications at low fields and 
were higher than specifications at high fields. 

D.C. critical current measurements verified the reported 
critical current data. The highest magnitude of field in the 
coils exists in the center turn of the inner winding. This 
value of field was computed at various coil currents and is 
plotted in Figure 3 with the Supercon sample critical current 
data for the cable wire. The straight line interpolation be
tween cable data (dashed lines) shows coils 3, 5 and 4 going 
normal at .88, .84 and .92 of test sample critical current 
respectively. A curve fit to the lowest three data points 
(dotted line) would raise the value for coil 5 to 92 percent 
of sample critical current while it would not affect the 
others much. 

The failure to meet sample critical current may indicate that 
the coils exhibited degradation due winding motion. There 
was a significant amount of noise and one or two percent of 
60 Hz A.C. ripple in the D.C. current that was used for 
critical current tests. These transients may have caused the 
early superconducting to normal transition. Also, the critical 
current had to be approached fairly rapidly (.5 to 1.0 amp per 
second above 350 to 400 amps) because the lead in wires were 
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Table 1 

Critical Current Data on 3 Superconducting Litz Cables 
Based on Nominal Superconductor Dimensions 

ISC in Amperes 
3 (10 A/sq rom) 

ASC 
Cable Construction sq rom 1 2 3 4 6 8 

2.5 mil 220 strand 740 495 440 330 
short sample .219 (3.38) (2.26) (2.01) (1.51) 

5 mil 55 strand 731 561 346 313 
short sample .218 (3.35) 

N 
(2.57) (1.59) (1.44) 

t-' 

5 mil 54 filament 
55 strand 510 338 

short sample 1 .217 (2.35) (1.56) 

352 275 176 
short sample 2 (1.62) (1.27) (.812) 

462 352 313 297 
(3m) long sample 1 (2.13 ) (1.62) (1.44) (1.37) 

412 286 264 220 198 110 
long sample 2 (1.90) (1.32) (1.22) (1.01) (.912 ) (.507) 



not designed to carry critical current. This was because the 
excess heat leak into the helium dewar from the high conduc
tivity copper wire was not wanted. The relatively rapid and 
unsteady (hand controlled) approach to critical current may 
also have contributed to the early transition. 

Another possibility is that the actual field strength at the 
central turn of the inner coil winding was higher than 
estimated. This could very well be because the model used to 
estimate the field at points in the coil cross section assumed 
an even distribution of current density throughout the coil 
cross section and the self field of the wire was not considered. 
This is believed to be the cause of the discrepancy. The later 
calculations of Alishahi (14), Chapter V, use a more accurate 
current filament model. 

The two coils (3 and 5) that actually failed during critical 
current tests did so at the center turn of the inner winding. 
This is where the field is the highest and thus indicates the 
extinguishing of superconductivity by reaching the critical 
field for the transport current density and not due to any in
stabilities, local training or poor cooling. The coils were 
easily repaired and the cables spliced and rewound. 'rhe per
formance of coil 3 after this procedure was exactly the same 
as before, indicating the ability of superconducting cable to 
be repaired after failure or damage. This is important for 
actual engineering use of the materials. 

Photomicrographs of the cross section of the three conductors 
used in the test coil cables are shown in Figures 4 and 5. 
Samples of each kind of wire were chemically stripped of their 
electrical insulation and their diameters were measured. The 
copper was etched away and the filament diameters were measured. 
These same dimensions were measured under a microscope and 
from the photomicrographs. There was a significant difference 
between the dimensions obtained by these two methods. The 
magnification scale in the photomicrographs was suspected as 
the cause. The ratios of dimensions within the same conductor 

were taken from the photomicrographs but the absolute dimension 
scale was taken from an average of the outer diameter measure
ment from both methods. The geometries used for calculations 
are shown in Table 2. 

Both solid conductor cables behaved as expected with respect 
to short sample critical current. The 54 filament wire, how
ever, exhibited a large discrepancy in critical current 
between two short samples, as can be seen in Table 2. This 
was determined to be a result of breaks in the superconductor 
during drawing. 
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Cable 

220 
strand 
solid 
core 

55 
strand 
solid 
core 

55 
strand 
54 
filament 
core 

tv 
W 

O.D. 
over Bare 
Varnish O.D. 

.0711 .0605 

.135 .1223 

.132 .121 

Table 2 

Geometry of SUEerconducting Litz Cables 

Dimensions in rom and sq rom 
based on Micrographs of Cross section 

Nb-Ti Cable Cable 
Filament Total Overall Coil 
Diameter Core Area ~er Area Cu:Sc S.C. Diameter Number 

.0367 1.059xlO -3 1.8l6xl0 -3 1.71:1 .233 1.78 5 

.0737 4.261xlO -3 7.487xl0 -3 1.76:1 .234 1.60 3 

.0097 4.03lxlO -3 7.47xlO -3 1.85:1 .222 1.60 4 



Because of the larger diameter of the 220 strand cable, 
coil 5 was wound with slightly fewer turns (378 turns) than 
coils 3 and 4, which had 390 turns. Fields were calculated 
using the actual numbers of turns after construction. 

Cooling of Superconducting Litz Cable 

In addition to providing low A.C. losses a mechanically con
strained cable of fine wires provides an excellent heat 
transfer medium for transpiration or percolative cooling. 
This cooling process was tested using a test coil wound with 
normal copper 1itz cable. To compare the effect of epoxy 
impregnation another identical coil was wound, impregnated 
with epoxy resin and drained completely before curing. This 
left the cooling passages open but filled the voids between 
individual wires in the cable. 

These normal copper coils were wound with four layers of 
300/42 1itz wire having an overall diameter of .062 inch. 
Coil 1 was dry wound and coil 2 was impregnated with epoxy 
resin.* Coil layout and winding detail are the same as the 
superconducting coils described in Chapter IV except for the 
number of layers which is six for the superconducting coils 
and four for the normal coils. Measurements in liquid 
nitrogen provided thermal conductivity data. Measurements in 
liquid helium provided boil-off data for flowmeter calibration. 
Resistivity data in helium could not be used because of the 
vanishing slope of the resistivity temperature curve for copper 
below looK (22). Studies since this experiment have indicated 
that Manganin or Constantan 1itz wire could be used and would 
give accurate temperature data (23). Data for coil resistance 
versus input power for the copper coils, Numbers 1 and 2, are 
given in Table 3. These data were plotted to permit smoothing 
the data before reading off values for calculations of the 
thermal conductivity using the following model. 

As shown below in Figure 6, a long cylindrical 1itz cable of 
radius ro is subject to a heat dissipation Q watts per unit 
length. 

Litz cable 

length ~§ __ Tmax 

-----~ ~,,______ To 

Figure 6 Litz Cable Cooling Model 

* Emerson and Cuming's Eccosea1 1207. 
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Table 3 

Power - Temperature Data for Copper Coils in Liquid Nitrogen 

Coil 1 - Dry Wound 

[R/R77-Y/. 034 .. 
Power 

R/R77 109p 
0 k 2 0 AT= (T -77) Watts WattsLm WattsLft R av WattsLm / Kim 

30 .308 .095 1 .284 1.7 0 

450 4.62 1.42 1.0035 .285 1.706 .104 1.76 

1000 10.27 3.16 1.0070 .286 1.712 .206 1.98 ,. 
2000 20.54 6.32 1.0176 .289 1.73 .518 1.57 

4000 40.95 12.6 1.0475 .2975 1.781 1.397 1.17 

N 
Ul . Coil 2 - Epoxy Impregnated 

Power R [R/R77-Y/ .034 
0 

Watts Watts/m R (ohms) R77 DT= (T -77) 
k av 

3 .031 .360 1 0 

10 .103 .364 1.011 .323 .0127 
40 .411 .373 1.036 1.059 .0154 

150 1.54 .387 1~075 2.206 .0278 
600 6.17 .405 1.125 3.676 .0668 

1200 12.34 .426 1.183 5.382 .0912 
3000 30.85 .500 1.389 11.44 .107 
6000 61.71 .630 1.750 22.06 .111 



Assume that: 

1) The litz cable strands are perfectly transposed so 
that regardless of the temperature distribution, the re
sistance of each strand of the complete coil will be the 
same. This implies that the current density will be uniform 
across the cross section and that the measured resistance of 
the cable will be the resistance determined by the volume 
average temperature. 

2) Cable outside temperature is uniform and equal to the 
coolant boiling point. 

3) The cable can be modeled thermally as an isotropic 
material with thermal conductivity k and thus only radial 
temperature gradients will exist. (In fact, this means that 
the axial conduction down individual transposed wires which 
will take place will be included in the equivalent value 
measured for k.) 

4) The radial temperature gradient is sufficiently small 
that variation of thermal conductivity across the cable can 
be neglected. 

In the steady state the temperature is determined by 

ClT Q == 0 Clr + ---2 
knr 

3.1 

o 

Since wire resistance, R=Ro r=l + ~(T-Toi] to a linear approxi

mation, the generation term will depend on T. 

Then Q 

* Let Q 

3.2 

3.3 

3.4 

Jakob (24) gives the solution for this case which is Bessel's 
equation for (T-T ). o 
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T=TO + 1 
2 

T = T + 1 max 0 2 

T = T + 1: av 0 2 

~C-;2' ) 
2 Jl\\rO ro ) 

3-5 

3.6 

3.7 

In the case where 2+0, the dissipation across the cross 
section is uniform and equal to Q* evaluated with R determined o 
at the average temperature. The solution in that case gives a 
parabolic temperature distribution 

3.8 

3.9 

T - To + (1/4)Q*ro
2 

max 3.10 

27 



In order to calculate k from experimental data the following 
steps are necessary: 

1. Calculate T from voltage, current and R vs T av 
for pure copper. Use the ratio R/R77 " 

2. Calculate kl from 3.9 and the measured power 

dissipation. Substitute kl into 3.7 and 

calculate T 
av 

3. Repeat with a new guessed value of kl until the 

measured value of T is matched. 
av 

Referring to the data (22), we can calculate € between SOoK 
and 1000K as .0339. This is sufficiently small to use equation 
3.9 for determination of conductivity. This has been done and 
the results are given for both coils in Table 3. 

These results are very significant. Note that the effective 
thermal conductivity of the litz wire matrix is between 10 
and 100 times higher when wetted by liquid nitrogen than when 
impregnated by epoxy resin. It should be noted that the 1207 
resin used was unfilled and drained completely off the coil, 
leaving only a very thin coating, but filling the spaces be
tween wires. Clearly, a mechanism exists for the liquid to 
penetrate and the vapor to escape from the cable during heating, 
since in liquid nitrogen 20 watts per meter of cable were 
dissipated with only a .SoK temperature difference between 
center and outside of the cable. It is believed the behavior 
in liquid helium was similar since no temperature rise could be 
detected up to about 2 watts per meter where boil-off was 
excessive. 

These experiments indicate that superconducting magnetic 
balance coils should be constructed of mechanically-supported 
bundles of fine wires and should not be impregnated with resin. 
Thus the cable designs in Figure 7 having coolant pumped down 
the center of the litz cable appear to be a good approach for 
large magnet systems. 

Individual Wire Cross Section 

The sample cables tested showed the benefits of litz cable 
construction. Wire cross sections, however, were simply 
limited to solid core copper stabilized Nb-Ti and were sized 
at the smallest that could be obtained by current drawing 
techniques. 
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An alternate configurat.ion appears capable of producing the 
same or lower A.C. losses than the smallest wire tested 
while requiring a drawn individual wire no smaller than 
8 mills. This strand g"eometry is shown in Figure 8. Here 
the wire cross section consists of 6 copper stabilized Nb-Ti 
segments separated by 6 spokes of high resistance material 
such as cupro-nickel or Ti-Va-AI. This has the advantage of 
providing small filaments of Nb-Ti for low hysteresis loss, 
intimate contact with t.he stabilizing copper, high resistance 
transverse to the wire axis, and good external copper area for 
making solder joints. 

Since the cost of making superconducting litz cable increases 
by a large factor for each reduction in strand diameter, this 
design would probably provide substantial savings over the 
solid core wire. 

Since Nb-Ti is limited to those applications where fields are 
below about 8T, there is a need to apply litz cable techniques 
to Nb

3
sn superconductors which are useful up to 14T (25). The 

difficulty lies in providing strand insulation that will with
stand the 700 0 e heat treating temperature after winding. 

It appears that a cable similar to those evaluated in this 
report could be constructed using wires of the design shown in 
Figure 9 in a bundle with a quartz fabric braid. This is similar 
to Figure 8 with the urethane insulation replaced by A1 20

3 
formed by anodizing an aluminum cladding. Nb

3
Sn would be formed 

by the bronze matrix technique (26) inside the copper sections. 
To achieve finer filamE~nts of superconductor the Nb tubes could 
be replaced by bronze rods with Nb wires inside them with each 
rod wrapped in tantaluITl foil before inserting in the copper 
block for drawing. This type of cable might be required for 
magnetic balance coils to be used at Q=50 psi or above. 

29 



This Page Intentionally Left Blank 



Chapter IV. SUPERCONDUCTING LITZ 
CABLE COIL TESTS 

In order to measure the A.C. and D.C. performance of the pro
posed superconducting litz cable construction three coils were 
constructed using the three conductors described in the pre
vious chapters. These were chosen to provide a comparison 
between two sizes of single filament wire .122 rom and .06 rom 
0.0. and between multifilament and single filament wire, both 
.122 rom 0.0. 

Coil Construction 

Winding geometry was determined from tables of the field com
ponents for short axial coils (27) and the required central 
field of .6 Tesla at 200 amps. This field and current are 
approximately the design values for the NASA prototype. 

Balance Magnetizing Coils 

The outer dimensions of the coil were designed so that a 
commercially available 15.24 cm inside diameter silvered, 
evacuated, double wall glass dewar could be used as the 
liquid helium container during testing. Winding layers were 
separated by 2.38 rom to provide a passage for the flow of 
liquid helium and the escape of gas bubbles evolved during 
power dissipation. During cable design the cross section of 
the litz cables was estimated using graphs of packing factors 
based on experience with copper cables (28). The coil para
meters were varied within the physical constraints required 
until a coil that would produce a 0.6 Tesla field at 200 amps 
and fit the physical restraints was obtained. The design coil 
had 390 turns in six layers of 65 turns each. The inner wind
ing radius was 47.5 rom and the outer winding radius was 69.34 mm. 
The axial length of the design coil was .114 m. The spacing 
between the windings was designed to be 2.54 mm. The coil cross 
section is shown in Figure 10 and an axial section in Figure 11. 

The coil form is machined out of G-IO fiberglass laminate with 
splines to provide cooling passages for the inner winding. 
Layer spacing is provided by spacer bars, also machined from 
G-IO, which are retained by G-IO radial pins that thread into 
the coil form, Figure,ll. The coils are wound with 27 NT (6 Ib) 
tension on the wire. Figure 12 shows a completed coil with a 
1.52 rom thick G-I0 support sleeve to provide radial support 
outside the windingsw The internal construction can be seen 
from Figure 13 taken during repair of a damaged coil. 
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The lead in cables are made from 11 parallel, 80 strand 
number 36, single polyurethane coated round braids. These 
were chosen because of their high flexibility and large heat 
transfer area for regenerative cooling by the boil-off helium. 

When the actual cable was delivered it was determined that 
coils 3 and 4 could be wound with a row of G-IO spacers be
tween the outer winding and the support sleeve. The cable for 
coil 5 was so large that only 63 turns could be wound on each 
layer and only .125 mm Mylar spacers would fit between the 
outer winding and the support sleeve. No failures ever 
occurred in the outer layer, however, despite its lower cool
ing. 

Test coils were suspended by a section of G-IO fiberglass 
support pipe from a plywood platform 2M above the floor. The 
130 mm I.D. pipe had a removable fiberglass separator down 
its center which cut the cross section into two electrically 
insulated semicircles. The separator was formed around two 
thin 15.87 rom I.D. G-IO fiberglass pipes. One of these off 
axis tubes provided support and guidance for inserting and 
withdrawing cryogenic fluid transfer tubes. The other off 
axis pipe was a guide pipe for the liquid level, indicating 
system and its 'l,lTiring. This setup is shown in Figure 14. 

The coil forms were attached by nylon screws to the end of the 
1 m section of pipe so the coils were physically suspended 
from above. 25.4 rom diameter holes were milled into the 
portion of the coil form that would be above the liquid helium 
level. These allowed the gaseous helium to leave the experi
ment through the inside of the support pipe. All power and 
other electrical connections entered and left the helium dewar 
through the holes in the coil form and the interior of the 
support pipe. The coil and helium dewar assembly are shown 
in Figure 15. 

A Teflon helium dewar cover was made and clamped around the 
support pipe. The outer radius of the cover had an annular 
sleeve which fit over the lip of the glass helium dewar to 
provide a gas seal and structural attachment. The glass dewar 
was clamped so it could not slip out of the Teflon sleeve and 
this hung by the sleeve from the support pipe without touching 
the coil form or the liquid nitrogen outer dewar. The Teflon 
cover was covered with several layers of .0127 rom aluminized 
Mylar super insulation. 
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The outer nitrogen dewar shown in Figures 14 and 15 was made 
of 50.8 rum thick sections of Styrofoam, pressed and glued 
together with Epon 815 epoxy resin and Epon V-40* curing agent 
mixed in equal weight proportions. The dewar was lined with 
three layers of .0127 rom aluminized Mylar for liquid seal. 
The coil power cables were brought in through the nitrogen 
dewar to maintain the power leads at liquid nitrogen tempera
ture. It was estimated that this reduced the overall tare 
boil-off of liquid helium by almost 50 percent. The copper 
braid leads inside the support pipe were also lengthened and 
run part way up the pipe on either side of the fiberglass 
insulation separator. This was to provide a longer path and 
more area for regenerative boil-off cooling to further reduce 
the heat leak into the helium dewar through the high conduc
tivity copper leads. 

The top cover of the nitrogen dewar remained with the G-10 
support pipe and the bottom part of the dewar was raised or 
lowered to assemble or disassemble the dewar system. The 
Styrofoam collar around the support pipe provided thermal 
insulation for this pipe and forced the gaseous nitrogen to 
exit along a thin passage all the way up the support pipe for 
regenerative cooling of the support pipe on the outside. The 
helium boil-off cooled the pipe on the inside. The 6.35 rom 
thick support pipe was milled to a thickness of 2 rom above the 
power lead in bolts and was insulated on its outside with 
several layers of super insulation. The unconventional use 
of non-metallic materials for structural support and dewars 
was to reduce the outside electromagnetic effects on the 
magnitude of the losses of the test coils. 

A Pyrex glass junction at the top provided O-ring sealed 
flanges for connection to the flowmeter tube and electrical 
connection flange. This tube and another threaded to it 
provided a two-meter section which had a flowmeter orifice 
plate and radiation shielded thermocouple in its center. 
The top flange had Swage10ck fittings with O-ring seals in
stead of the metal ferrules. This furnished pressure or 
vacuum seal for the level indicator and cryogenic fluid 
transfer tubes while allowing the tubes to be raised and 
lowered. 

*Mi11e~ephenson Co. 
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Experimental Measurements 

Coil power was provided by eight motor driven generators. 
The generators were connected in various series and/or 
parallel combinations, depending on whether A.C., D.C., 
voltage or current was desired. The generator field ampli
fiers were excited by a Spectral Dynamics SD 104A signal 
generator for A.C. and by potentiometer varied battery 
voltage for D.C. 

The current in the coil power leads was measured with a 
200 amp or a 500 amp 50 mv shunt. These shunts were cali
brated with a 300 amp .04% Honeywell calibrated shunt. The 
power supply excitation was adjusted by monitoring the shunt 
voltage on an oscilloscope. The shunt voltage was recorded 
for each run as one of three traces on a 6 channel Model 650 
Sanborn Recorder. The peak shunt voltage was taken from the 
Sanborn record and corrected for shunt calibration to obtain 
the run current reading. These corrected current readings 
were used in data reduction. 

The voltage across the coil was obtained from voltage tap 
wires connected to each electrical connection between super
conducting and normal wire. This provided an average voltage 
for all the connections. The voltage tap leads were twisted 
together and run up the support pipe to feed through bolts on 
the electrical connections' flange. From the outside of the 
flange the voltage sensing was routed through 2 amp fuses and 
B.N.C. coaxial shielded connectors to a power meter input, 
oscilloscope input and Sanborn Recorder input. Although the 
coil voltage was also recorded by the Sanborn Recorder, the 
phase angle bet:ween the voltage and current could not be de
termined accurately enough to determine coil power dissipation. 
(Losses were so low that this angle was usually indistinguish
able from 90 degrees). 

This was expected and an electronic multiplier to measure the 
coil power dissipation was devised. This is discussed in 
Appendix A. While the meter worked well with LN2 cooled coils, 

and at D.C. for superconductors, the lower signal-to-noise 
ratio with superconducting coils and A.C. fields rendered the 
performance unreliable. Time and effort level did not permit 
development of this very promising instrument. Its further 
development is a promising area for continued research. 
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Coil power dissipation was therefore measured from the mass 
flow rate of helium boil-off. For these experiments a 
19.05 rom diameter orifice flowmeter was constructed in 
accordance with Kent's Mechanical Engineer's Handbook (29) 
from which charts for this orifice were constructed. The 
charts use the pressure across the orifice and the tempera
ture of the gas to find the helium mass flow rate in 
equivalent liters per minute of liquid helium at 4.2oK. A 
correction factor for the flowmeter was determined by using 
the copper sample coils and a calibrated D.C. input while 
measuring He boil-off with the flowmeter (12,13). 

For very low boil-off rates the flowmeter readings were com
pared with liquid level indicator readings from an American 
Magnetics Inc level indicator. 

Dewar system tare boil-off tests were conducted by noting 
the time it took the surface of the liquid helium ·to drop a 
unit length inside the helium dewar when the experiment was 
fully assembled. The rate of tare boil-off varied between 
0.1 and .025 liters per minute, depending on the height of 
the liquid when the timed reading was taken. This large 
variation was due to the fact that to keep the coil submerged 
in liquid helium the liquid had to be very near the top of 
the glass dewar. The relative length of the path from the 
liquid to other higher temperature sink areas in the system 
changed by large amounts as the liquid level moved up and 
down. After many test runs an average figure of 0.05 liters 
per minute tare boil-off was chosen and this amount was sub
tracted from the data that was plotted or compared with com
puted coil losses. 

Test Procedure 

The apparatus was assembled and checked for pressure leaks. 
Pressures ranged between 1.5 atm and 100 torr. However, 
leakage would prevent liquid nitrogen precooling or accurate 
helium boil'-off measurements. The apparatus was then filled 
with liquid nitrogen which was then forced out with a transfer 
tube into the outer nitrogen vessel. A vacuum pump was then 
connected to the syst.em and it was evacuated to below 250 torr. 
This evaporated the residual LN2 and lowered the temperature 

a a from 77 K to about 67 K. The vacuum was then broken by ad-
mitting helium gas and LHe was transferred into the system. 
Two people could take a fully assembled experiment from room 
temperature to liquid helium temperature in about 45 minutes 
for the price of only four liters of boiled-off liquid helium. 
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Once the system was filled with helium the liquid transfer was 
halted and testing begun. Tare boil-off measurements were made 
by timing the drop in liquid level with the level indicator and 
recording the flowmeter temperature and pressure readings at the 
same time. Three people were required to operate the experiment 
and take data. One person operated the Sanborn Recorder. 
Another person read the Baratron flowmeter pressure and kept 
track of the helium liquid level while guarding the manual coil 
power knife switch. This person pulled the knife switch if the 
helium liquid level got too low, if the coil gave indications 
of going normal and between runs. The third person adjusted 
the power generator f~eld excitation amplifier input frequency 
and amplitude, adjusted the power meter range, recorded the 
power meter setting and reading, the digital voltmeter thermo
couple reading, the Baratron pressure reading given by the 
second person, the run number, frequency, approximate current 
shunt reading, voltage attenuators being used on power meter 
or Sanborn inputs, and the speed of the Sanborn recorder chart. 

When the level indicator meter indicated liquid passage below 
approximately 2.5 cm above the coil, the experiment was stopped. 
The helium storage dewar was pressurized and liquid helium was 
transferred into the experiment. This process took about two 
minutes. Then the experiments were continued. 

The experiment proceeded from a frequency of 1 Hz to 5 Hz, 
10 Hz, 15Hz, 20 Hz anf finally 30 Hz. At each frequency 
50 amps, 100 amps and 200 amps peak current readings were 
attempted. Due to limitations on the output of the generator 
field excitation amplifiers, 200 amps could not be attained 
above 15 Hz and only a maximum of 70 amps was attained at 30 Hz. 
The data is summarized in Table 4. 

After the A.C. tests were made, the generators were connected 
in parallel and D.C. critical current tests were made. Under 
the D.C. conditions, the power meter gave ample warning that 
the coil was going normal; however, two coils were burned out 
during critical current tests; once because the power meter was 
not connected and once because the monitor was reading the 
liquid level indicator when the power meter gave the warning. 

Coil 3, which had the .122 mm single core wire cable, was tested 
twice. The first time each separate superconducting wire was 
connected to its own separate bundle of copper lead wires so 
that there would be several feet of normal wire before the 
filaments were connected at the lead in lug. The second time 
after the coil was burned out, repaired and rewound, five 
superconducting wires at a time were all connected at the same 
joint on the coil form to the appropriate number of lead in 
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Table 4 

Si~le Coil Test Data -- -'-------,-. -.-~- .. ,~~, 

Coil 3 (Be 2.9255 x -3 = 10 x Amps) 

Ia . He Flow 
Run Freq. Peak Be B Liguid Liters max 

Number Hz AmI~ Tes1a Tesla/see Minute 

3 1 38 .111 .70 .117 
4 1 106 .31 1.95 .11 
5 1 242.5 .7094 4.45 .193 

6 5 41.5 .1214 3.8 .166 

7 5 112 .3276 10.3 .225 

8 5 180 .5266 16.5 .385 

9 10 40 .117 7.35 .138 

10 10 110 .322 20.2 .335 

11 10 188 .55 34.6 .98 

12 20 42 .123 15.5 .151 

15 30 84.6 .2475 46.6 .65 

16 30 44.5 .1302 24.5 .19 

18 20 103 .3013 37.8 .42 

19 15 179 .5237 49.4 1.2 

20 10 198 .5792 36.4 .97 

21 D.C. critical current 535 amps 

Coil 4 (Bc = 2.9255 x 10- 3 x Amps) 

24 30 45 .1316 24.8 .47 
25 30 52.3 .153 28.8 .53 
27 20 51.5 .15066 18.9 .32 

28 10 166 .4856 30.5 .84 

30 10 192 .5617 35.3 1.22 
31 10 194 .5675 35.66 1.34 

35 1 92 .2691 1.69 .114 

36 1 176 .5149 3.24 .115 

37 1 176 .5149 3.24 .147 
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Table 4 (continued) 

Coil 4 (Bc 2.9255 x -3 = 10 x Amps) -- continued 

Ia • Be Flow B 
Run Freq. Peak Bc max Liquid Liters 

Number Hz Amps Tesla Tesla/sec Minute 

38 1 92 .2691 1.64 .125 

39 1 64 .1872 1.18 .138 

40 1 101 .2955 1.86 .138 

41 1 209 .6114 3.84 .,14 

42 5 45 .1316 4.15 .. 125 

43 5 95 .2779 8.75 .197 

44 5 168 .375 11.76 .,375 

45 10 45.5 .13311 8.4 .170 

46 10 90 .2633 16.5 .. 375 

47 10 197 .5763 36.19 <.98 

48 15 91 .2662 24.7 .62 

49 15 188 .55 51.84 1.4 

50 20 84 .2457 30.9 .74 

51 20 129 .3774 47.05 1.21 

52 30 70.5 .2062 38.87 .86 

53 30 45 .1316 24.8 .4 
54 20 145 .4242 53.3 1.35 
55 D.C. critical current 400 amps 

Coil 5 (Bc = 2.731 x 10- 3 x Amps) 

59 1 96 .2622 1.65 .096 

60 1 188 .5134 3.22 .10 
62 5 98 .2676 8.4 .128 

63 5 202.5 .5530 17.4 .225 

68 5 50 .1366 4.29 .114 
69 10 50 .1366 8.55 .117 
70 10 96 .2622 16.46 .224 
71 10 182 .497 31.23 .407 

72 15 46.6 .1273 11.97 .125 
73 15 99 .2704 25.48 .295 
74 15 99 .2704 25.48 .330 
75 15 181 .4943 46.56 .59 

76 20 49 .1338 16.81 .166 
77 20 103 .2813 35.31 .42 
78 20 99 .2704 33.9 .407 
79 20 140.5 .3837 48.25 .66 
85 D.C. critical current 510 amps 
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wir~s. This was to determine if the normal lead separation 
between superconducting filaments would reduce any eddy 
current loops that might link wires through the connections. 
Because no difference in losses was noticed between the two 
connection configurations, the other coils were connected 
with the less time consuming mUltiple wire joints and were 
only tested once. 

It was determined by ·trial that excess liquid helium could 
be returned to the storage dewar from the experiment. This 
was accomplished by lowering the helium transfer tube to a 
position about 2.5 rom from the bottom of the glass dewar. 
The other end of the transfer tube was raised until it was 
only about two-thirds of the way into the helium storage dewar 
and the storage dewar cap seal was removed to allow excess gas 
to escape. The experiment was then pressurized with gaseous 
helium, which forced the liquid helium remaining in the ex
periment back into the storage dewar. 

Comparison with Calculated Losses 

Measured coil physical geometry and wire cross sec1:ional areas 
were used with NASA TR 170 (27) to predict coil central field 
Bc for applied current and to find the local field at every 
turn of wire. Coils 3 and 4 were identical except for the 
type of conductor. Coil 5 was slightly larger in radius and 
had two less turns on each row of windings. Since all three 
coils filled almost the same winding area, the axial and radial 
field magnitudes as a percentage of coil central field were 
about the same. The two different areas were averaged and 
only one detailed calculation of radial and axial field was 
done. 

Since radial and axial field components are both perpendicular 
to the winding wire axis, the vector sum was taken as the 
magnitude of the transverse field at the point in question. 
By multiplying the value of the percentage of central field 
times the length of wire in a turn at that position and 
summing over all the wires the volume average fraction of the 
coil central field was obtained. By squaring the fraction of 
central field before mUltiplying by the length of turn, and 
cubing, the volume average fraction of central field 2 and field 3 
were also obtained. 

Bc = central Vol Avg Vol Avg Vol Avg 
Coil Field (Tesla) Field Field Field 

3 2.9255xlO -3 x amps .4887 Bc .3295 Bc .2582 Bc 3 

4 -3 .4887 .3295 .2582 Bc 3 2.9255xlO x amps Bc Bc 

5 -3 .5011 .3405 Bc 2 .2996 Bc 3 2.731 xlO x amps Bc 
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Because the maximum current used in the coil tests (200A) only 
produces a .585 Tesla central field, the Kim relation for 
critical current was used for calculations. Equation 2.6 was 
fitted to the two lowest field points in the .1 rom specifica
tion data in Figure 2. The curve of this derived relation 
fits the specification data very well up to about 6.0 Tesla. 
For the volume average of the ~OO amp field, the value of Jc 
from Equation 2.6 is 5.35 x 10 a/m2. Using this in Equation 
2.8 the value of Bp is .16 Tesla, indicating that most of 
coils 3 and 5 are fully penetrated with flux. Applying the 
full penetration hysteresis loss, Equation 2.12, to coils 3 
and 5 gives the graph lines in Figure 16. The actual data 
for 200 amps is about 20 percent too high but clearly the 
linear frequency dependence of full penetration hysteresis 
loss is present. 

At 50 amps the volume average field is .073 Tesla, giving 
Jc = 6.4 x 10 9 . Bp from Equation 2.8 is now .188T for coil 3, 
indicating that the coil is undergoing partial penetration 
hysteresis loss. If the volume average field cubed is applied 
to the partial penetration hysteresis loss, Equation 2.10, the 
calculated value is 9.76 x 10 3 Joules/m3 cycle, which is within 
the data, as shown in Figure 17. Assuming the multifilament 
conductor has decoupled filaments, the eddy current loss 
asymptotes were calculated by Kraemer (12). They are shown 
along with the coil 4 data in Figure 18. The loss data does 
not follow these asymptotes nor the usual transition from one 
to the other. 

The hysteresis loss assuming the filaments are fully coupled 
and are acting like a 93 ~m solid core is also shown in 
Figure 18. This is very close to the experimental data. 
Thus theory and experiment show that there is no advantage and 
in fact, a disadvantage to using copper matrix multifilament 
composite superconductors for application to the highly varying 
field portions of a dynamic magnetic suspension system. In 
fact, the losses of the semistock single core conductor used in 
coil 5 are one-·half the losses of the multifilament composite. 
Thus it appears that small diameter wires with one or a very 
few superconducting cores in each is the proper direction to 
seek low A.C. loss superconducting coils for dynamic magnetic 
balance applications. 

Losses were reported by Kuwasawa, et ale (30) from Japan for a 
portion of a coil that was constructed similarly to the single 
core cables used in these experiments. The superconducting 
filament in these wires was about the same as that in coil 3 
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in the present experiments_ The losses reported show the 
expected transition from an H3 dependence to an HI dependence 
characteristic of partial and full penetration hysteresis loss. 
There were two major differences between the Japanese experi
ments and those conducted here, One was that the Japanese 
cable was twisted and not fully transposed. More importantly, 
the Japanese carefully wound their coil in three sections so 
that the central section was in a moderately strong uniform 
bias field besides having the gradients of a coil. The only 
losses reported were for the portion of the coil in the bias 
field. The bias field insured that none of the affected parts 
of the coil operated at low field levels where the critical 
current is high. At low fields a drop in field is more than 
compensated for in the full penetration hysteresis loss 
formulas by a rise in critical current. The full penetration 
losses dominate the calculation whenever they exist. 

In Figure 17 the Japanese data curve is superimposed on the 
losses of the three coils tested in this program. Although 
coil 3 had a filament. diameter only 5 percent larger than that 
of the Japanese wire, the losses are more than proportionally 
higher. It is believed that this is due in part, if not all, 
to the fact that the coils tested in the current experiments 
had large portions exposed to low field strengths and thus high 
critical currents for all or large portions of the cycle, 
causing larger full penetration hysteresis losses. 

The theory used by Kuwasawa, et al. (30) could not be used 
here because the present experiment was carried out at a much 
lower field level. It thus appears that Equations 2-10 to 
2.12 can be used with an accuracy of about 20% to estimate 
losses in single magnetic balance coils. By mUltiplying those 
losses by 1.2 the error can be reduced further, probably to 
about ~ 10 percent. 

Interacting Coil Tes·t~_( 13) 

Because magnetic balance systems involve many different coils 
which operate in each other's fields, the single coil tests 
described above do not represent the entire class of loss 
which may occur. In addition to the self field losses caused 
by the current through a given coil, there will be losses 
caused in a coil by fields due to currents in another coil. 
The tes"ts reported in this section using two of the coils 
described above tested simultaneously under various conditions. 

With two different coils, three configurations were tested. 
The first configuration was with the coils side by side, axes 
parallel. The second configuration had coil 5 held perpendicular 
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to coil 3, coil 5's axis pointing at coil 3. Reversing their 
respective positions produced the third configuration. 

Experimental Apparatus 

The experimental setup had to support the coils in liquid 
helium in all three configurations, provide power and instru
mentation connections to the coils, provide for measurement 
of helium boil-off and minimize heat leak into the liquid 
helium. This required a much larger liquid helium volume than 
the single coil tests and many practical difficulties were 
encountered in scaling of the experiment. 

Liquid helium was contained in a 35.6 cm (14-inch) diameter 
83.8 cm (33-inch) high double walled evacuated glass dewar 
(Pope #8596). The inner walls of the dewar were silvered 
except for a one-half inch strip down the side, across the 
bottom and back up the side. This was to minimize eddy
current losses in the silver film. The glass dewar was 
supported on a styrofoam pad at the bottom of a cylindrical 
bucket made from .8 rom thick, G-IO sheet wound around a 38 cm 
disk of 6.4 rom thick G-IO. The side sheet was both glued and 
bolted to the disk. This bucket held a bath of liquid 
nitrogen around the glass dewar and was in turn placed in a 
larger styrofoam bucket to provide insulation for the nitrogen 
bath, as shown in Figure 19. 

A cap was made for the glass dewar to constrain the helium 
boil-off. The cap was constructed of a G-IO fiberglass top 
disc with a 5 cm wide band of .8 rom G-IO sheet wrapped and 
glued around the disk. A Viton "0" ring between the glass 
and the G-IO side band provided a seal and was retained with 
a hose clamp. An initial attempt to use a scaled-up version 
of the Teflon dewar cap, Figure 15, failed because of thermal 
cracking in the thicker section of the larger cap. 

The relationship of the coils in the perpendicular setup is 
shown in Figure 20 and the entire arrangement in Figure 21. 
In addition to the litz cable power leads each coil had a 
shielded twisted pair of wires connected to each end. These 
voltage taps extended up the pipe to attack to the electrical 
connection flange. In addition, four wires from a liquid 
helium sensor went up the pipe to the flange to be connected 
to the American .Magnetics' Model 110 liquid helium level 
indicator. The voltage taps and output from the level indicator 
were used as inputs to a safety circuit, involving the power 
meter. 
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The power meter controlled a relay controlling a contactor 
through which the coils received their power. Should the 
power reading peg (due to the coils going normal) or the 
helium level drop below a set value, the power meter could 
cut power to the coils. This was intended to prevent the 
earlier accidents which necessi"tated the repairs to the coils. 

As mentioned earlier the power meter operated satisfactorily 
as a protection device but was not quantitatively accurate as 
constructed. General operation of the experiment was the same 
as for single coil tests except the times to fill and precool 
were somewhat larger because of the larger mass of dewar in
volved. Data was taken first with the coils perpendicular 
and coil 5 powered. It was powered at 1 Hz, 5 Hz, 10 Hz, 15 Hz, 
20 Hz and 30 Hz. At each frequency peak currents of 50, 100 
and 200 amps were attempted. Due to limitations in the motor 
generators, the higher currents could not be attained at the 
higher frequencies. At each frequency-current setting, three 
loss readings were taken. First with the unpowered coil 
open, then with it shorted, and finally with 100 amps D.C. 
going through it. Loss readings were taken by reading the 
flow meter and thermocouple. 

After this was completed, the external power leads were 
switched so that coil 3 was connected to the motor generators 
and coil 5 could be held open, shorted, or fed 100 amps D.C. 
The above procedure was repeated with coil 3 being powered 
at the same frequencies and currents as coil 5 had been. Coil 
posi tions were then in"terchanged and the process was repeated. 
The process was repeated again with the coil axes parallel. 
To change coil configurations the system had to be disassembled, 
then reassembled 0 It 'was then cooled down and the data taken. 
The data is presented in Table 5. 

The results in Table 5 indicate two things. First, as expected, 
the boil-off is much lower with coil 5 than with coil 3. This 
confirms earlier results showing the marked superiority of 
very fine wire. Second, a small reduction in dissipation due 
to lowering of Jc by the 100 amp D!C e current did not materialize. 
This is probably due to the low level of the interaction loss 
due to the fixed loss and the relative insensitivity of the 
boil-off technique for measuring loss. 

Interaction Loss Calculation 

A computer program was wri·tten to predict the performance of 
the coils in the various configurations (see Appendix B). The 
results are found in Table 6. To find the predicted loss the 
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Table 5 

Coil Interaction Test Data 

Perpendicular; Coil 3 over Coil 5 

Run Freguency Current He Flow Watts Joules Predicted 
Number Hz Peak AmES l/min Eer Cycle Watts 

Coil 5 powered 

1 5 46 .012 .527 .105 .245 

2 5 46* .012 .527 .105, 

3 5 95 .054 2.281 .456 1.709 

4 5 170 .176 7.480 1.496 5.304 

5 5 170* .204 8.670 1.734 

6 10 48 .018 .764 .076 .489 

7 10 124 .141 5.984 .598 4.241 

8 10. 220 .442 18.770 1.877 12.483 

9 15 49 .025 1.080 .072 .734 

10 15 98 .156 6.620 .441 5.126 

11 15 175 .446 18.945 1.263 16.384 

12 20 48 .027 1.133 .057 .978 

13 20 97 .167 7.106 .355 6.834 

14 30 48 .029 1.238 .041 1.467 

15 30 48* .029 1.238 .041 

Coil 3 powered 

16 5 48 .020 .863 .173 .519 

17 5 97 .162 6.882 1.376 4.662 

18 5 189 .517 21.973 4.395 16.781 
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Run Frequency Current He Flow Watts Joules Predicted 
Number Hz Peak Amps l/min per Cycle Watts 

19 10 50 .028 1.190 .238 1.038 

20 10 101 .334 14.175 1.418 9.323 

21 10 211 1.066 45.305 4.531 33.561 

22 15 48 .039 1.636 .109 1.557 

23 15 48* .039 1.636 .109 

24 15 96 .416 17$690 1.179 14.563 

25 15 96* .416 17.690 1.179 

26 20 47 .055 2.350 .118 2.076 

27 30 33 .046 1.934 .064 .895 

*Denotes 100 amps D.C. on unpowered coil 
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Parallel Coils 

Run Freg:uency Current He Flow Watts Joules Predicted 
Number Hz Peak Amps l/rnin Eer Cycle Watts 

Coil 3 powered 

1 5 49 .019 .788 .158 .424 

2 5 96 .124 5.273 1.055 4.030 

3 5 201 .477 20.26 4.052 16.842 

4 10 51 .025 1.056 .106 .847 

5 10 102 .290 12.305 1.231 8.060 

6 10 210 1.078 45.80 4.580 33.683 

7 15 47 .027 1.131 .075 1.271 

8 15 101 .444 18.850 1.257 12.090 

9 20 49 .032 1.339 .067 1.694 

10 30 33 .012 .491 .016 .730 

Coil 5 powered 

11 5 47 .010 .422 .084 .245 

12 5 102 .063 2.693 .539 1.710 

13 5 198 .193 8.217 1.643 6.250 

14 10 50 .012 .527 .053 .489 

15 10 99 .096 4.077 .408 3.419 

16 10 197 .346 14.716 1.472 12.499 

17 15 52 .025 1.054 .070 .734 

18 15 98 .141 5.984 .399 5.129 

19 15 170 .426 18.119 1.208 15.938 
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Run 
Number 

20 

21 

22 

Freguency 
Hz 

20 

20 

30 

Current 
Peak ,Amps 

48 

96 

49 

He Flow 
l/min 

.053 

.223 

.066 

47 

Watts Joules 
per Cycle 

2.240 .112 

9.462 .473 

2.819 .094 

Predicted 
Watts 

.978 

6.838 

1.467 



Table 6 

Measured Loss compared to Calculated Loss 

Calculated Loss and Error of Calculation 
in Parenthesis 

CONFIGURATION 

Coil 3 Powered 

Parallel 
Coils 

Perpendicular 
Coil 3 Upper 

Coil 5 Powered 

Parallel 
Coils 

Perpendicular 
Coil 3 Upper 

50 amps 

.102 
(.085, 20%) 

.160 
(.104, 54%) 

.083 
(.049, 69%) 

.071 
(.049, 44%) 

Loss, Ave Joules per Cycle at 

48 

100 amps 

1.186 
(.806, 47%) 

1.323 
(.932, 42%) 

.456 
(.342, 33%) 

.465 
(.342, 36%) 

200 amps 

4.207 
(3.368, 25%) 

4.472 
(3.361, +33%) 

1.512 
(1.250, 21%) 

1.485 
(1.248, 19%) 



appropriate unpowered coil loss is added to the powered coil's 
self-field loss (th~~ same for all configurations). 

The results show that the interactive losses are never ex
pected to be great compared to self~field loss. At its 
greatest, the interactive loss is only 10-15 percent of the 
self-field loss and is less than 1 percent for the smallest 
case. 

The greatest predic"ted interactive losses occur when the un
powered coil is located underneath the powered coil perpen
dicular to it. This configuration exposes the interacting 
coil to the strong field lines coming out of the center of 
the powered coil. 'rhus when the interacting coil is in the 
area of the strongest field surrounding the powered coil, 
the interaction is greatest, though still small. 

The field surrounding the powered coil is much weaker along
side of it. When the interacting coil is in this area, the 
interactive losses should be smaller. The program predicts 
that for the interacting coil adjacent to the powered coil, 
either parallel or perpendicular, the interactive losses will 
be negligible, less than one percent. 

In general, the actual currents in the test data differed 
from the 50, 100, 200 amps used by the computer. In most 
cases the difference was small. When the difference was 
greater than 10 percent the loss was corrected by a factor 
of (200/1), for 200 amp data, 1/2 (100/1) + (100/1)3 for 
100 amp data, and (50/1)3 for 50 amp data. This assumes full 
penetration loss and linear field dependence for 200 amps, 
partial penetration and cubic field dependence for 50 amps, 
and a mixture for 100 amps. 

Each loss value in watts was then divided by the frequency 
in cycles per second. This yielded loss in Joules per cycle. 
For each configuration the Joules per cycle was averaged over 
the frequencies for each amperage level. The results are 
tabulated and compared with the computer predictions in 
Table 6. 

Analysis of Results 

When the data is compared to predictions large discrepancies 
are seen at low current levels, but agreement comparable to 
the earlier research is seen at 200 amperes. There are, how
ever, good reasons to expect less agreement at lower current. 
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Low flow rates are difficult to read on the flow meter. Low 
flow rates take the longest to reach a steady pressure reading 
and calibration readings indicated a need for large corrections. 
At the low flows orifice Reynolds number is very low, causing 
calculations for orifice constant to be in error (29) and ex
perimental difficulties at low flow also cause calibration 
error. This inaccuracy is indicated by the scatter in the 50 
and 100 amp data, 50% and 30% respectively, compared to only a 
10% scatter in the 200 amp data. 

Since the longer wait to get low current readings gives more 
time for the normal copper leads heat up, their contribution 
to boil-off will be greater. Also, even in the steady state 
lead losses will be more significant at low currents because 
hysteresis losses go down with the cube of the current while 
normal metal losses decrease quadratically with current. 

The interaction tests thus support findings from single coil 
tests that for low loss coils of superconducting litz wire 
the losses can be calculated based on the models of Chapter II 
with due regard being taken to include the total field from 
all coils. This field and the local transport current are 
used to compute losses in each differential volume element of 
superconductor and the resulting loss is summed over all 
superconductors. 
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Chapter V. COIL ARRANGEMENTS 

The first demonstration of feasibility for the use of super
conductors in a magnetic balance and suspension system depends 
on the existence of a feasible geometry for the requisite number 
of coils. This requires decisions about which coils should be 
placed in a common dewar and which coils should be placed in
side of other coils. Such decisions cannot usually be justified 
until the entire design has been solidified and detailed calcu
lations have been performed for each coil. Iteration can then 
be performed to more closely approach the desired performance. 

Alishahi (14) developed a computer program to perform coil 
calculations and proceeded through several iterations to pro
duce a geometry for superconducting coils which should be a 
viable technical alt.ernative to the normal copper coils of the 
NASA prototype balance. 

No estimates of whether or not these superconducting coils pose 
a viable economic alternative have been made .. 

A two-step path was followed to arrive at a suitable supercon
ducting coil arrangement. First a geometry for the lift and 
side force gradient coils was sought which would eliminate the 
use of iron. Second, other coils were added and the shapes of 
the lift coils were modified to produce a workable, compact 
array. 

In order to take the! first step an existing computer program 
for field calculation by Adams (31) as modified later by 
Way (32) was adapted for computing the magnetic field from a 
series of line current elements. This was used to compare 
various lift coil geometries. To provide a benchmark for 
performance, coils were sought that would reproduce the maximum 
design fields of the NASA prototype magnetic balance at its 
maximum current .. 

The present NASA-MI,]~ balance at the MIT Aerophysics Laboratory 
uses three main groups of copper coils, cooled with water, with 
iron poles for controlling and producing forces and moments in 
different directions (33). The three groups of coils are as 
follows: 

a) 

b) 

c) 

- - * Helmholtz-coil system (controls Bx ' Bxx) 

Saddle-coil system (controls B , B ) y z 
Side and lif1: force system (controls Bzx ' ~x) 

the first subscript denotes the vector component and the 
second denotes thE~ derivative; i.e., B =partial derivative 
with regard to x of z component of B6 zx 
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Figure 22 shows the arrangement of these coils. Besides 
these, there is an Electromagnetic position Sensor Coil 
System, which measures the position of the model for con
trolling it. 

Since the main sources of power consumption are coils in 
groups (a) and (c) and the iron poles of group (c) limit 
the field and make scaling unreliable, it was decided to 
design coils (a) and (c) using superconductors and no iron. 

Because the high frequency fields of both the roll system and 
EPS system penetrate the EPS coils and saddle coils (b) above, 
these were left as normal copper in the proposed design. 
This choice eliminated the need for windowed or dielectric 
dewars since all superconducting coils could be confined to 
two, axially separated, short, annular dewars radially outside 
the EPS coil. Thus a copper shield outside of the normal coil 
package could shield the EPS from the extraneous effects of 
stainless steel or inconel dewars. The main constraints for 
such a design are: 

a. All superconducting coils should be in one or two 
warm bore dewars. 

b. Enough light passage to watch the model or use 
optical measuring devices such as a laser 
velocimeter or transits should be provided. 

c. The saddle coils and position sensor coils should re
main in their position. This assumes that new LN 2-
cooled coils for these purposes could be housed 
in this volume. The remaining space is shown in 
Figure 23. 

Computer Program 

The computer program (TABLE) (14,31,32) tabulates the magnetic 
field components due to a series of straight line elements or 
a series of circular line current elements. In the straight 
line current element mode it is limited to the shapes which 
could be approxinlated by straight lines. Figure 24 shows a 
sample winding that can be handled by TABLE (see Appendix C 
for listing). 

The number of turns used in the computer program is controlled 
by M and N (nurnber of layers and turns per layer in winding 
cross section). Alishahi (14) has shown that for smaller 
than 16 wires per layer the correct number should be used but 
that for larger numbers a less time consuming approach is to 
substitute an equivalent 16 by 16 array for this particular 
configuration. The error is below 2 percent. 
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Testing Computer Program 

A model coil similar to the designed lift coil system was made 
and the transverse field component on the axis was measured 
and compared with TABLE predictions for the same coil system. 
The model coil is shown in Figure 25. 

Figure 26 shows the results of TABLE together with measured 
results. The computer program overestimates by about 10 per
cent. This is probably a result of the departure from the 
ideal shape. Winding edges are not perfectly square and the 
corners of individual turns are rounded where they go over the 
form. 

Finding the Best Configuration 

The present side and lift coil system with iron poles 
(Figure 22) has a measured performance of: 

= 1.4 I zx 

Taking I = 385A, the gradient should be 540 gauss/in. This zx 
is the basic requirement chosen for each different configura
tion of air core superconducting side and lift coils. 

As a first step a model coil with the coil form shaped like the 
iron poles was tested as Model I (Figure 27). Since the per
formance was not satisfactory and winding was expected to be 
difficult (the winding plane is not perpendicular to the core 
form axis so wires will slip during winding), Model II with the 
same core shape bu.twith the winding plane perpendicular to 
the core axis was tried (14). The disadvantage with this model 
was that due to its acute angle of winding with the axis plane, 
i·t does not use the available volume efficiently. 

Figu.re 28 shows Model III. This model came about as an approxi
mation to Model II and since it uses all available space, it is 
a better choice in most cases. The test coil array (Figure 25) 
is a two coil version of this geometry. 

Choosing a. configuration depends on the magnitude of gradient 
which needed $ For a low transverse field gradient 
(B < 200 gauss/in). Model I and Model II are comparable to zx 

Model III but at field gradients as high as (~ = 500 gauss/in). zx 

53 



Model III is considerably superior. For producing 500 gauss/in. 
gradient, Model II at 60 0 core aX1S angle should have 5000 turns 
in each of 8 coils whereas Model III with three-stage optimized 
coils needs 3900 turns in each of eight locations. This should 
be clear since for extending Model III upper stages would be 
closer to the center than upper stages of Model II. 

Model III can be optimized easily if the effect of each stage 
is studied separately. Such an investigation shows that at a 
definite radial position the highest gradient may be obtained 
from one stage. Table 7 shows the B /(ampere turn) for each 

zx 
stage in Figure 28 and a fourth stage that might be added. 
Stage one was discarded after such a study because it is far 
from the optimum radius and its contribution to total gradient 
is negligible. Table 7 shows that the optimum radius is about 
the place where stage 3 is. It seems the optimum radius de
pends on the axial spacing of the two sets besides the 
geometrical parameters of the winding. 

It is interesting to note that due to symmetry, computation 
of the field of one coil of each stage is enough to compute 
the total field for points on the x axis (axis of symmetry). 
This can save a lot of CPU time in preliminary calculations. 

Comparison of results for the three models shows that Model III 
is the most advantageous since 

a) It can produce the desired field gradient B = 540 gauss/ 
zx 

in. with the least volume of space and superconductor. 

b) It could be extended for higher field gradients. 

c) Construction of such a coil system would be less trouble
some since winding is straightforward and the methods 
of Kraemer could be used for coil construction. 

Figure 29 shows the B component of magnetic field for points z 
on the x axis. The B gradient at the center is 586.8 gauss/in. 

zx 
with gradient uniformity 12% over a sphere of radius 3 in. The 
average gradient is Bzx = 619 gauss/in. over a distance from 
x = -3 to x = 3. 

Magnetizing and Drag Coils 

After the dimensions of side and lift coil system were found, 
the magnetizing and drag coil system (Helmholtz coils) could 
be designed according to the following considerations: 
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Table 7 

Transverse Field Gradient of Different Stages 
of the Side and Lift Coil Model 

Mean Gradient 
B Radius zx 

* Stage in. gauss/in. Ampere Turn 13 /Ampere Turn zx 

* 

1 505 15.6 18x24x260 1.39 x 10- 4 

2 8.5 102. 36x24x260 4.54 x 10- 4 

3 11.5 190.6 54x24x260 5.66 x 10- 4 

4 14.5 189.88 72x24x260 4.23 x 10- 4 

260A cable current is assumed for design purposes. 
18x24, 36x24, etc. are the turns per layer and number 
of layers of each lift coil; i.e., half the total available 
number of turns. Program details are in Appendix C. 
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a) Magnetizing and drag coils should produce B = 7700 x 
gauss/in. and B = 655 gauss/in. according to the xx 
measured performance: 

B = 20 I x x 

B = 1.7 I xx xx 

for present M.S.B. and I = I = 385A. x xx 

b) Drag coils should be inside the magnetizing coils to 
minimize inductance, so the inner diameter is the 
outer diameter allowed by side and lift coil system. 

c) Magnetizing and drag coils should be optimized for the 
least volume or least inside field, since several 
dimensions are possible in a trade-off. This should 
be done in conjunction with loss computation. Note 
that A.C. losses were not computed in this part of the 
study for the proposed coil arrays. 

computations for drag and magnetizing coils were carried out by 
using the circular current element program POINT, Appendix B. 
Figures 30 and 31 show B vs. axial distance for magnetizing 

x 
and drag coils. Magnetizing coils have a field component, 
B = 7448 gauss/in. with a uniformity of .92 percent over a x 
sphere of radius 3 in. and corresponding values for the drag 
coils are B = 634.7 gauss/in. at the center with gradient xx 
uniformity 6.5 percent over a sphere of radius 3 in. 

Figure 32 shows the overall designed coils with present saddle 
and position sensor coils. All superconducting coils were de
signed for 260A operation. Note that the Helmholtz coils are 
not separated by the theoretically ideal distance. This is 
also true of the NASA prototype Helmholtz coils, which are 
approximately positioned. A more detailed picture of this coil 
arrangement can be found in Figures 39a,b,c, 

56 



Magnetic Field inside Coils 
and the Conductor Size 

For choosing the proper diameter of conductor the magnetic 
field due to all coils inside the windings is needed. From 
these the current density should be determined to be less than 
J c from Figures 1 or 2. Computer program TABLE (Appendix C) 

was used for this purpose and the field at different wire 
locations was obtained. The wire self field, which depends 
on conductor diameter, was added to this. Table 8 includes 
the maximum field inside each stage of side and lift coils, 
drag and magnetizing coils and the percentage contribution of 
each set of coils to the overall field. This field is the 

1/2 

magnitude of B; i.e., (B 2 + B 2 + B 2) ,which is x y z 
perpendicular to the wires. The maximum field is found from 
a comprehensive study for each set of coils. Figures 33 
through 36 show the magnitude of the magnetic field inside 
respective coils. Figure 35 shows the field distribution in 
two drag coils, since prediction of the worst one is difficult. 
In each computa"tion i:he absolute value of each field component 
due to side and lift coils was added to the absolute value of 
the same component of the drag and magnetizing field. 

One can define the appropriate conductor size either by the 
maximum field in the worst coil, or by the maximum field in 
each coil locally. ~rhis procedure could be repeated for each 
single coil; i.e., dividing each coil into several parts and 
defining the proper conductor size for each segment based on 
maximum field in thait segment. The second method would be 
advantageous in reducing superconductor volume but would require 
the purchase of more types of cable. 

One can check the initial assumed cable size on which the field 
calculations were based by noticing that for every cable size 
trial, the current density in the superconductor should be less 
than the critical current density obtained from a J c vs. B re-

lation, such as one in Figure 1. Checking this condition leads 
to a new conductor size and new coil dimensions. Therefore, the 
field calculation must be repeated until J < J. It is worth 

c 
noticing that the field does not change with cable size a great 
deal if one keeps the number of turns constant. This may cut 
down the number of i,terations. 

After such an attempt for the proposed configuration, the proper 
cable dimensions are presented in Table 9. 'rhe computed maximum 
fields were increased 20 percent to take into account the possible 
computer error and other factors. 
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Table 8 

Maximum Magnetic Field Inside Coils 
with Percentage of Contribution of each Set 

% % of % of % 
Self Cont. of Cont. of Mag-

-l Max 
Field 

Coil Description Field S&L 1st S&L 2nd netizing' % 

]--
Draq Tes_~_~ I 

S & L Coil 
1st stage 27.5 ~.6 31.2 11. 8 26.8 3.71 

------_ .. -

S & L Coil 
2nd stage 35.1 23.6 5.3 11.1 24.9 3.71 

-.-

Drag Coil 41. 1. 2. 51.1 4.1 3.56 

-.. , .. -

Magnetizing 
Coil 34. 8 • 15.4 4.9 37.7 2.81 
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Table 9 

Final Cable Dimensions 
for Different Coils 

Side and Lift, 1st stage 

Cable Dia nun SSC 2 
rom 

J A/ rom 2 

7x6x5 1. 73 .222 1170 

Side and Lift, 2nd stage 

7x6x5 1~~1 1170 

I 
Drag Coil 

~5X5E I 
.212 

I 
1229 

I 
Magnetizing Coil 

Maxfield 
x 1. 2 
Tesla 

4.52 

4.52 

I 

4.35 

I 

~~5- r::~159 Il~46 
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1250 

1250 

--

1338 J , 
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The proposed conductor is a cable of solid NbTi core filaments . 
. 0367 mm in diameter with copper/superconductor ratio = 1.71/1. 
This conductor, the smallest tested in this program, appears to 
be the best conductor solution available without development 
for the present application. possible improvements were men
tioned in Chapter III. 

Saddle Coil Geometry 

While the design of Figure 32 using planar rectangular winding 
side force and lift coils is a feasible geometry and is the 
simplest to design and construct, it is large. Using the normal 
copper coils with an outside dimension of 33 inches as a bench
mark, the 61.5 inch dimension of Figure 32 represents an in
crease of 86 percent or about six times the volume. It was 
therefore suggested to wrap the side and lift coils around the 
central volume in a saddle stage as shown in Figure 37. 

As this type of coil is composed of both circular and straight 
line current elements, a new computer program was necessary. 
The chosen procedure is to divide each circular current~ element 
into a number of definite angle increments and approximate each 
arc with its chord. The subroutine SADDLE, which computes the 
coordinates of the endpoints of circular elements and the 
supplementary Fortran statements, is presented in Appendix D 
along with an evaluation of the error resulting from the chord 
approximation. 

In addition to use of saddle side and lift coils additional 
volume saving can be made by moving the drag and magnetizing 
coils to the inside of the side and lift coils in the volume 
axially outside of the inner saddles. The saddle coil results 
show no great field gradient loss over the previous design 
if one keeps the same number of turns. However, the advantage 
of saddle coils is somewhat offset by the fact that less turns 
can be located in the same region because the volume is smaller. 
This design assumes the needed improvement of about 30 percent 
in packing factor can be realized. Time was not available to 
pursue this in more detail. 

Figure 38 demonstrates this configuration together with the 
Figure 32 design (dashed lines). The reduction in outer radius 
is quite noticeable, 12 inches, thus saving 78 percent in super
conductor volume. The transverse field gradient B at the zx 
center is 542 gauss/in. with uniformity 11.4 percent over a 
sphere of radius of 3 inches. The field from the magnetizing 
coils is B = 7026 gauss/in. with uniformity 18 percent and for 

x 
the drag coils is B = 678 gauss/in. with uniformity 15 percent xx 
over a sphere of radius 3 inches. 
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The internal field in one coil of each set due to the lift 
force current was computed. Table 10 shows these results 
with the percentage contribution of each set of coils. 
Table 11 shows the appropriate cable size using the results 
of Table 10. If we choose the cable size in the worst case, 
when one lift coil set comes to full power and the other is 
off (i.e., computing the field due to two upper coils of each 
set with twice the former ampere turns) instead dividing the 
lift coil current, we will end up with a 17 percent increase 
in cable diameter. 

This design is more advantageous than the previous one in being 
more compact and using less conductor.. However, it has the 
disadvantages of requiring a more complex dewar dE~sign; a more 
complicated mechanical support; and a more difficult winding 
procedure. 

In order to better visualize how these two possible geometries 
could be implemented, Figures 39 and 40 were made. These are 
assembly views of the two geometries showing winding layout 
and possible coil support structure. Figure 39a shows the coil 
array in end view with location for winding support rings and 
clamping bolts. Figures 39b and 39c show vertical and 45 degree 
longitudinal sections. Figures 40a,b and c show the alternate 
saddle coil arrangement to the same scale. It is also possible 
to use the drag-magnet coil position from Figure 40 with the 
planar side and lift coils of Figure 39. This would provide 
some size reduction along with easier construction. 
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Table 10 

Percentage contribution of Each Coil Set 

1st stage 
S & L 

> •• ~"~ ••• ~ •••• ,-,-,,,,--,. 

2nd stage 
S & L 

3rd stage 

Self 
Field 

25.9 

.--...,.,-...... " ......... ~. 

41.5 

S & L 51.1 

Magnetizing' 57.6 

Drag 24~6 

% Contribution 

Upper 
Left * 
S & L 

74.8 

82.6 

85.5 

13 

Upper 
Right** 
S & L 

3.2 
__ .,~ .• n.' __ 

2.7 

2.5 

8.4 

12.5 8.6 

S & L 
Rest 

Coils 

5.8 

.. .... ~ .. ,.,,-.--,....--

5.2 

Mag. 
and 
Drag 

16.2 2.94 

9.5 3.11 

._--+----+-- ._----_._. 

4.9 7.1 

7 71.6 

7.6 71.3 

2,79 , 
I 
I ··_-_··_····_-···· .. -1 
I 
1 

3.77 I 

-----J . I 

3.5 1 ___ J 
* Including 1st, 2nd and 3rd stage S & L coils at 

** 

X(+) Y(-) Z(-). 

Including 1st, 2nd and 3rd stage S & L coils at 
x(+) Y(+) Z(-). The field in this column should be 
subtracted from the previous column. 
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\ Cable 

Drag 

Dia mm 

Table 11 

Cable Diameter 
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Chapter VI. CONCLUSIONS 

The conclusion of the study reported is that use of super
conductors for magnetic balance coils is technically feasible 
and advantageous, particularly so for large systems at high 
dynamic pressure. 

This is a result of the fact that superconducting coils with
out iron can be directly scaled to larger sizes and higher 
force levels needed in large cryogenic wind tunnels. In the 
configuration of Figure 40 a coil array is suggested which 
does not use iron and which is nearly the same size with the 
same force capability as the present NASA prototype normal 
copper coil system which uses iron cores. 

This study determined that use of superconductors is feasible 
for a magnetic balance system. It did not determine for what 
design conditions superconducting coils are the best choice. 
A detailed study of each proposed application will be required 
to determine what the optimum trade-off will be between super
conductors and normal conductors considering both initial cost 
and operating cost. 

Specific recommendations are made for cable designs and super
conductor choice and two coil arrangements for a mUlti-purpose 
magnetic suspension and balance system are suggested. 
Specifically, for a benchmark comparison conductor sizes and 
winding sizes are prE!sented based on achieving the same maximum 
design conditions as the present NASA-MIT prototype magnetic 
balance.* 

For the magnetic balance application where frequency response 
from D.C. to 20 Hz is required and desired for some cases up 
to 40 Hz the best conductor is a bundle of fine copper stabilized 
superconducting wires which are individually insulated. For 
fields below 6 Tesla, Nb-Ti appears to be the best material. This 
is the type of cable tested in the present study. For fields up 
to 10 or 12 Tesla Nb3-Sn bronze process superconductor appears 

best. Addi t.ional development f however, is required to produce 
the required insulated fine wire in this material. 

* Note: Since funds never permitted construction of the 
originally planned power supplies, all operation 
to date has been limited to 100 amps or roughly 
one-ninth design power. 
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In the coil geometries selected, Figures 39 and 40, the 
position sensing coils and saddle coils for pitch, yaw and 
roll are normal copper and are located in the center of the 
balance volume. Since these coils operate in the strongest 
fields, have high frequency signals 400 to 20,000 Hz and are 
closest to the optical access, there is nothing to be gained 
and much to be lost by making them superconducting. With this 
approach two metal (stainless steel or Inconel) annular dewars 
can be used to house the other coils and the central region is 
kept clear for optical access. 

Also, in order to make these coils superconducting a dielectric 
dewar assembly would be required. An attempt to construct a 
fiberglass dewar for the coil interaction experiments indicated 
that this is a difficult practical problem which will require 
significant effort for solution. The use of the suggested 
geometries avoids the need for the dielectric dewar. 
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Figure _a 
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Core geometry using 

c 

spring of 
stain-

Figure 7 

Al~ernate Superconducting 
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Figure 8 

Multifilament Shielded Superconductor 
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Copper 

Nb 
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Figure 9 Nb 3Sn Litz Wire Strand 
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14 cm (5.5 in) 

Figure 10 Sample Coil Cross Section 
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Figure 15 Dewar Assembly 
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Figure 16 

Single Core Wire Coil Losses Measured at 200 Amp 
Peak Sinusoidal Current. Lines are calculated from: 

Watts 8 Bm d f Jo Bo 
M3 

= (Bm+Bo) 
s.c. 31T 

Jo = 6.8188S x 10 9 A Bo 1.OS1724T 
M2 

= 
f = Freq. Hz. 
0 Coil #3: d = 7.37 x 10-SM Bm = .268T 

A Coil #S: d = 3.67 x 10-SM Bm = .257T 

H- I 

Frequency Hz. 
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Figure 18 

Multifilament Wire Coil Losses Measured at 200 Amp 
Peak Sinusoidal Current. Line is calculated from: 

Watts 8 Bm d f 
--:~-- = 
M

3 31T s.c. 

Jo = 6.81885 x 109 

f = Freq. Hz • 

Jo Bo 
(Bm+BO~ 

A Bo = 
M2 

1.05l724T 

• Coil #4: d = Ro = 9.3 x 10-5M Bm = .27lT 

~T, ... :-r 

I-
, I 

j r I 

I 
I 

10) 1 

I ! 

J 

·,··1 

... 
Frequency Hz. 
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Figure 19 Dewar Set~up with 
Parallel Coil Arrangement 
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Figure 20 Test Coils in Perpendicular Bracket 
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Flow meter 
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Figure 21 Experimental Schematic 

90 

Liquid 
Nitrogen 

Liquid 
Helium 

Taps 



J. OJ. 

MOUNTING PlATES 
a TIE RODS 

Z - oxis 

---t---+ 
y-oala 

WINO 
AXIS 

x- oxis 

Magnet Assembly 

Lift and Side Force System 

Figure 22 Present Copper Magnetic Balance 
Coils after Stephens (33) 
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Figure 23 Excluded Volume for Design 
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'l.' ~ Reference Edge 

20 

Interface Array Example: 

5 layers 

3 turns /layer 

2 

..----" M=5 

Points represent centroids 
of equivalent ~ire bundle~ 
not a finite element mesh 

Fiaure 24 Sample Coil Geometry 
Specification 

93 

4 

1. Starting 
--z-- Interface 
N 



1 

Figure 25 Model Coil for Testing TABLE 

1 Model coil 3 A.C. transformer 

2 Pick-up coil support 4 Pick-up coil voltmeter 
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Figure 26 Transverse Field Component 
vs Axial Distance 

computer Results 

Model Measurements 
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Figure 29 B vs Axial Distance x z 
for Side and Lift Coil 
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Figure 30 B vs .n..xial Distance x 
x 

for Magnetizing Coils 
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section A-A 

__ .0-/- 0_00 
/ / . 

,//,// .....----~ 
/ / 

/' ,../ 
__ - ~ _____ I 

l.o.~5 

62.75 

Turns 
Reference Coil Req 

* 
per 

* 

* 

Number Description No. Layer Layer 

1 1st stage side and lift 8 36 42 
2 2nd stage side and lift 8 52 42 

3 Magnetizing 2 38 50 

4 Drag 2 52 75 

5 Saddle 

6 EPS 

For side and lift force coils these figures are half the 
total of number of turns, accounting only for the lift coils. 

Figure 32 Assembly of Designed Coils together with 
Present Saddle and EPS. Dimensions 
are in inches. 
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Figure 38 Legends 

Reference Coil Reg 
* 

* 

Number Description No. Layer 

1 3rd stage 8 44 
side and lift 

2 2nd stage 8 35 
side and lift 

3 1st stage 8 27 
side and lift 

4 Drag 4 7 

5 Magnetizing 2 31 

For side and lift force coils these figures are 
half the total number of turns, accounting only 
for lift coils. 

Turns 
per 
Layer * 
32 

30 

28 

75 

75 
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Figure 39a Vertical Section of Superconducting Coil Array 
using Planar Side and Lift Coils 
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Appendix A 

* DEVELOPMENT OF ELECTRONIC POWER METER 

While liquid helium boil-off measurement is the most straight
forward means of measuring superconducting coil loss, it has 
several drawbacks: 

1. The measurement is delayed by the time to fill the 
apparatus with gas and establish a steady state 
measurement. 

2. The tare heat load on the dewar places a lower limit 
on sensitivity. 

3. Losses in the normal leads are to some extent con
ducted back into the helium volume. This is not 
objectionable at high losses but can be at high D.C. 
bias. 

In an effort to provide a better means of monitoring dissipa
tion in the sample superconducting coils than provided by 
helium boil-off, an instantaneous power meter was constructed 
using an Analogue Device AD435K analogue multiplier. 

This meter worked well at room temperature and LN2 temperature 

but errors in the pick-up coil caused performance with super
conducting coils to be non-quantitative. The meter schematic 
is shown in Figure A-I and the connection circuit in Figure A-2. 
This meter provides the instantaneous (up to about 40 KHz) 
product of voltage, current and the cosine of the angle between 
them. When subject to a reactive load at low frequency this 
device provides an instantaneous record of power flow. When 
integrated over one cycle, this yields the net power deposited 
in the coilo Since the reactive voltage component is much 
larger than the resistive component, a small pick-up coil is 
provided wound outside the sample coil. The number of turns 
of this coil is trimmed so the voltage inductively coupled into 
the coil nearly equals the reactive voltage component. In ** 
practice cancellation was achieved within 3 percent at 2000 Hz. 

* 

** 

The authors would like to acknowledge the work done by 
Mr Peter Way in testing and debugging of the power meter 
described in this section. 

Apparently this 3% is partly in phase with the voltage because 
of electrostatic coupling to the coil. 
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In principle use of this inductive voltage bucking coil in 
series with the voltage taps on the sample coil should re
duce the out~of-phasevoltage component presented to the 
multiplier to 3 percent of its value at the coil. This 
removes the problem of multiplier saturation at large 
reactive voltages. The sample coil test circuit is shown 
in Figure A-2. Here the controlled generator current 
(A.C. or D.C.) is fed into the coil through leads B.P. and 
E.C. These are 880 strand #36 wire used for flexibility and 
heat exchange with helium. Shunt AB develops the current 
metering signal for reading by DVM or power meter. Point D 
is connected to instrument ground with a non-current carrying 
lead. Point C is connected to the DVM used to read coil 
voltage and is also connected through the bucking coil to the 
power meter voltage input. By this means the voltage drop in 
the input leads BD and EC is not included in any measurement 
of voltage. The multiplier provided with nine levels of full
scale output derived from three ranges of 20, 200 and 2,000 watts 
and 3-scale multipliers of x.l x 1 and x5.That is, set on the 
xl scale multiplier and the 20 watt setting, 10 volts at "Z test" 
and full meter deflection would be obtained at 200 amperes at .1 
volt. 

When tested at room temperature or with a liquid nitrogen 
cooled coil, the performance was excellent. However, the power 
loss with superconducting coils was so small that extraneous 
effects obscured the power readings. This is believed to be a 
result of two factors: (1) less than 100% coupling between 
pick-up coil and primary coil; and (2) capacitive pick-up of 
coil voltage (which contained in phase voltage drop) by the 
primarily inductive bucking coil. This was true for both a 
bucking coil wound outside of the sample coil and one wound 
with a parallel strand for the whole length of the coil. 

It is believed that successful operation could be achieved by 
developing the bucking signal from a Rogowski coil around one 
current lead and amplifying it before subtraction. The circuit 
of Figure A-I would still be used with the above differential 
amplifier added to the front end. 
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Terminal 

A 

B 

C 

D 

E 

F 

G 

E 
• 

Point Connected to 

Shunt Power meter floating current 
input 1 

Shunt Power meter floating current 
input 2 

Hot Coil Power Coil voltmeter 
Terminal 

Ground Coil Power Power meter ground reference 
Terminal 

Coil Lead to Power only 
Generator 

Bucking Coil C 
Terminal 1 

Bucking Coil Power meter voltage input 
Terminal 2 

Figure A~2 Circuit using Bucking Coil 
and Power Meter to Measure 
Instantaneous Coil Power 
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Appendix B 

THE LOSS PROGRAM 

A computer program was: written (13) in Fortran to handle the 
coil loss calculations. The program consisted of six sub
routines to handle the various geometries, and a main program 
to read input that determines which subroutines are called. 

The first subroutine is called POINT. POINT calculates the 
three components of the magnetic field due to a coil composed 
of circular turns, assuming a one amp current. This is done 
by using the equations found in Reference 34 for the field due 
to one loop of current: in terms of the elliptic integrals K 
and E; 

H 111 Z K + 
a 2+r2+z2 

E - 21T 1/2 - 2 2 r ') 2 
r (a+r) ··+Z (a-r) +Z 

111 1 
2 2 _Z2 

HZ K + a -r 
:::: 

21T 1/2- 2 2 2 2 (a-r) +Z (a+r) +Z 

where a is the radius of the loop, and (r,Z) the coordinates 
of the point called. The field is calculated for all the 
turns of the coil, and the results summed. 

Subroutine LOSS calculates the loss in joules per cycle per 

meter3 of superconductor, for a single super conducting 
filament. Given the diameter of the filament, and the value 
of the local parallel and transverse field, it calculates the 
value of the penetration fields, then applies the appropriate 
loss equations (2.10-2.12) and returns the value to the calling 
subroutine. 

Subroutine LOSSI calculates the loss in joules per cycle for 
a given coil due to its own field. Taking advantage of symmetry, 
the subroutine first uses POINT to determine the field strength 
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at each turn in the lower half of the coil. The losses in 
each turn are summed and the final result multiplied by two. 
The value thus obtained is then printed. 

Subroutines LOSS2-LOSS4 calculate the interactive loss in a 
coil due to current in a nearby coil. They work the same as 
LOSSI, calling POINT, and LOSS, and taking advantage of any 
symmetries present in each particular geometry. 

LOSS2 calculates loss in a coil due to a neighboring coil 
parallel to it and with the base of each coil on the same 
plane. The separation between axes is assumed to be the 
diameter of the coils by the statement; SEP = .140. The pro
gram divides the lower from half of the unpowered coil (as 
looking at both side by side) into discrete volumes, uses POINT 
and LOSS to calculate loss in each volume, sume them and 
mUltiplies the result by four. The result is then written. 

LOSS3 calculates loss in a coil due to a neighboring coil 
adjacent to it, but with the neighboring coil's axis pointing 
at the center of the unpowered coil. The bottom of the powered 
coil is assumed to be .070 meters from the axis of the unpowered 
coil. The loss is calculated as LOSS2. 

Finally LOSS4 reverses the roles of LOSS3. The unpowered coil 
is adjacent to the powered coil and pointing at it. The 
separation is the same and the computations are performed in 
the same way. 

120 



c SCOTT W. PREY S.M. THESIS JUNE, 1979 
c 
C PROGRAM TO CALCULATE SUPERCONDUCTING COIL LOSSES DUE TO SELF-FIELD 
C OB DUE 10 FIELD tENEBATEO BY NEARBI COIL 
C TO USE, FIPST INPU'r POWERED COIL PARAMETERS; COIL I, INSIDE RADIUS 
c 'MET~RS}, OUTSIDE RADIUS, LENGHT, NUMBER OF LAYERS, AND NUMBER OF 
C TURNS PEB LAYER 
C SECOND, INPUT LOSS CODE Ie; 
C Ie=1, SELF FIELD LOSS 
C 1C=2, PARALLEL INTERACTIVE LOSS 
C IC=3, PERPENDICULAR LOWER INTERACTIVE LOSS 
C IC=4, PERPENDICULAR UPPER INTERACTIVE LOSS 
C THIRD. INPUT LOSS SUBROUTINE DATA 
C Ie=,: INPUT CURRENT, NUMBER OF SThANDS, AND CORE DIAMETER (MM) 
C IC=2,3,4; INPUT UNPOWERED COIL PARAMETERS, THEN INPUT FOR IC=1 
C A N~GATIVE CURRENT SWITCHES TO STEP FOUR 
C POURTH, INPUT STEP ceDE JC 
C JC=1; GOTO STEP tNE 
C JC=2; GOTO STEP TWO 
C JC=3; STOP 
C 
C 

COMMON RI,RO,XL,LAY,NTL,NTl2 
GOTO 6 

10 WErrE (u,5) 
5 FORMAT(1X,/,/) 
6 READ (5 11 1) NUM..,BI,.RO,.XL,LAY,NTL 
1 FORMAT(12,J(F6.4)q2I2) 

IF(~UM eLT. 0) GOIO 30 
N'IL2=NTL/2 
WRIJrE (611'2) NUM 

2 FORMAT(1X,'COIL '·,12,' POWERED·) 
20 READ{5,3) Ie 

3 FOHMAT(I1) 
GOTO(11,12,13,1ij),IC 

11 CALL LeSS1 

GOTt) 15 
12 CALL 10SS2 

GOTe 15 
1.3 CALL LOSS.3 

GOTO 15 
14 CALL 1.0554 
15 READ(5,4) JC 

4 FORi.'1AT(11) 
GOTO (10,20,30) ,JC 

30 CC NT INUE 
END 

121 



SUBROUTINE POINT (Xp,YP,ZP,BX,BY, B.Z,ISTEP) 
DOUBLE PRECISION A, RHO, ZZ, IK2, XK, CK2, XKP, XLAM 
COMMCN RI,RO,XL,LAY,NTL,NTL2 
FEAL K 
DIMENSION B(6), Z(65) 
C= .. 0000002 
A=LAY-l 
DC 10 1:=1,LAY 
B=1-1 

10 E (1)= RI+S*(RC-RI}/A 
AA=N'fL 
AA=XL/AA 
DO 20 I=l,NTL 
XI=1 
X1=XI- .. 5 

20 Z(I)=AA*XI 
BH=O 
BZ=O 
DO 30 I=l,NTL,lSTEP 
DO 30 J=l I LAY 
EHO=SURT(XP**2~YP**2) 
ZZ=ZP-Z(I) 
A=R(J) 
I F ( ( (X P - A .. L E .. A A) .. AND.. ( X P-A .. G.E.. - A A» .. 0 R", « Z Z .. 'LT.. A A) 

1 • AND. (Z Z • G'I.. - A A) ) GO TO 3 0 
XK2=4 .. *A*HHO/ (A+HHO) **2+ZZ**2) 
IF(XK2 .. ,LT. 1.) GO'IO 5 
WRITE (6,1) A,RHC,ZZ 

1 FCRMAT(lX,3(F9.6» 
5 CONTINUE 

X K=DSQRT (XK2) 
CK2=1.-XK2 
K=3 .. 14159/2 • 
. E'=K 
IF(XK .EQ. 0.) GCTO 24 
XKP= 1. -XK2 

IF(XKP .EQ. 0.0) GOTO 30 
XlAM=DLOG(4 .. /XKP) 
K=XLAM+XKP*(XLAM-1.)/4.+XKP**2*(XLAM-7./6.)*9./64.+ 

1 XKP**3*(XLAM-37./JO.)*25./256. 
E=1.+XKP*(XLAM-.5)*.5+XKP**2*(XLAM-13./12.)*3./16.+ 

1 XKP**3*(XLAM-6./5.)*15./128. 
1F(XK .. GT ... 95) GOTO 24 
CALL FEC2(XK,1.,1.,RES,IER) 
K=BES 
CALL FEC2 (XK,'. ,CK2,RES,IER) 
E:.::RES 

24 CONTINUE 
BR=O 
IF(RHC .EQ. 0 .. ) GO'IO 25 
BR=BR+C*ZZ*(-K+(A**2+RHO**2+ZZ**2)*E/«(A-RHO)**2+ZZ**2»/ 

1 RHO/DSQRT«A+RHO)**2+ZZ**2) 
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25 CONTINUE 
BZ=BZ+C* (K+ (A**2-RHO** 2-ZZ** 2) *E/ ( (A-RHO) **2+ZZ**2) ) / 

1 DSQRT«A+RHO)**2+ZZ**2) 
3D CCNTINUE 

XX=ISTEP 
BZ=BZ*XX 
BR=BR*XX 
BX=O 
6Y=0 
Ir'«XP "EU. 0.) .AND. (IP .EQ. 0.» GOTO 40 
THETA=ATAN2(XP,YP) 
BX=BR*COS (THETA) 
B Y=BR*SI N eTH ETA) 

40 ceNTINUE 
RETURN 
END 

SUBEOUTINE lOSS(C.XN,D.BT.B.WV) 
XJC=6 .. S19E+09 
80=1.05124 
X MU= 1.. ~6E-06 
PI=3.14159 
XJC~XJO*BO/(B+BO) 

BPR=XMU*XJC*D/PI 
BPT=XMU*X~lC*D/2 .. 
IF«BT .GE. BE'T) .DH .. (B .GE. BPR») GOTO 10 
WV= (9. 054*B**.3+ (64 .. /9.) *BT**J) I (XMU**2*XJC*O) 
GCTO 20 

10 WY=XJC*D*(.8488*B+.6661*BT) 
20 RETURN 

END 

SUBROUTINE LOSS1 
COMMON RI,RO,XL,LAY,NTL,NT12 
DIMENSICN X (6) ,Z (65) 
B=O 
W=O 
XJO=6 .. 819E+C9 
BO=1 .. 05124 
XMU=1 .. 26E-06 
PI=3 .. 14159 

5 CONTINUE 
HE AD (56 1) c" X N I'D 

1 FORMAT(2F5.1,F5.4) 
IF (C .. LT .. O.) GCTO 50 
C=C* .. 707 
D=D/l{)OO. 
A=lAY-l 
DO 10 1= 1 6 LA Y 
BB=I-1 
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10 X(I)=RI+BB*(RO-RI)/A 
A=NTL 
A=XL/A 
DO 2 0 1:::: 1 I NT L 2 
X2:! 
X2=X2-.5 

20 Z (1)=X2*A 
DO 40 1:1,LAY 
DO 40 J=l, NTL2 
XP::::X (1) 
YP=O 
Z P:Z (J) 
CALL POINT{XP q YP,ZP q BX,BY,BZ,1) 
BR=BX*SQBT(XP**2+YP**2)/XP 
n=SQBT(BR**2+EZ**2) 
B=C*B 
XJC:XJO*BO/CB+BO) 
BP=XMU*XJC*D/PI 

AREA:PI*(D/2.)**2*XN 
F=C/(XJC*AREA) 
BP=BP* (1.-F) 
IF (B .GT. BP) GaTO 30 
\o1V=9 .. 054*B**3/ (XMU**2*XJC*D) 
W=W+2.*PI*X(I)*AREA*WV 
GOTO 40 

30 WV=.84Sa*B*XJC*D 
W=W+2.*PI*X(I)*AREA*WV 

40 CCNTINUE 
W=W*2.* (1.+P**2) 
C=C/ .. 707 
WRITE (6,2) C, W 

2 FOHMAT(lX,'SELF FIELD LOSS AT ·,FS.l,· AMPS IS ·,P8.5, 
1 • JOULES PER CYCLE') 

GOTO 5 
50 CONTINUE 

RETUHN 
END 

SUBh0UTINE LOSS2 
DIMENSION X(6),Z(33),DT(3) 
DATA DT 1.7854, .. 5236, .. 3927/ 
HEAD(S,1) NUM,HI,RO,XL,LAY,NTL 

1 FORMAT (12,3 (F6.4) ,212) 
WBI1:E (6 6 5) 

5 FORMAT (1X,/) 
WRITE (6,4) 

4 FORMAT (1X,'PARALLEL COILS') 
1C CCNTINUE 

hEAD (5,2) C,XN,D 
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2 FORMAT(2F5.1,F5.4) 
IF (C '-LT. 0) GOTO 60 
C=C* .. 707 
D=D/1000. 
w-=O 
SEP=. 140 
A=LAY-1 
DC 20 I=1,L1Y 
8B=I-1 

20 X(I}=R1+BB*(BC-RI)/A 
A=NTL 
J\= XLI A 
N2=N'fLj2 
DO 30 I=1,N2 
XI=1 

30 Z(I)=A*XI 
D050 1=1,LAY 
DO 50 J=1"N2,4 
K=1 
IF (I .,GEe 3) K=2 
IF(I .GE. 5) K=] 
'l'HETA=-DT fK) /2. 

40 THETA=THETA+D1(K) 
IF(THETA .GE. 3.14) GOTO 50 
XP=SEP+X(I)*CCS(THETA) 

YP=X(I)*SIN(THETA) 
zp=z (J) 
CALL POINT(XP,IP,ZP,BX,BY,HZ,4) 
BT=-BX*SIN (THETA) +8Y*C05 (THETA) 
B B=BX *CO S ('IH ET' A) + BY*SIN (T HET A) 
B=SQRT(8Z·*2+BR.*2) 
BT=C*BT 
B=B*C 
CALL .LOSS (C,XN,D, 13T, H, WV) 
AREA=3.14159*(D/2.)*.2*XN 
W=W+DT(K) *3. 14159*X(I)*AREA*WV 
GOTO 40 

50 CO N1' INU E 
C=C/ .. 707 
W=W*16 .. 
WRITE (6,3) NUM,C,,"· 

3 FORMAT(1X,'COIL ',11,- UNPOWERED LOSS AT ·,P5. 1,- AMPS POWERED I, 

PC01L IS • ,F9 .. 78 fI JOULES PER CYCLE') 
GOTO 10 

60 RETURN 
END 
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SUBFOUTINE LeSS3 
DIMENSION X (6),Z (33) ,DT (3) 
DATA DT /.1854, .5236, .3921/ 
BEAD (5, 1) NUM,BI,RO,XL,LAY,NTL 

1 FORMAT(I2,3(F6.4),2I2) 
WBITE(6,5) 

5 FORMAT (1X,/) 
WRITE (6, 4) NUM 

4 FORMAT (1X,'PEBPENDICULAR COILS; COIL ',11, • LOWER') 
10 CCNTINUE 

READ (S,2l c, XN,D 
2 FORMAT(2F5.1,F5.4) 

IF (C • LT. 0) GOTO 60 
C=C*.101 
D=D/1000. 
w=O 
SEP= .. 070 
A=LAY-1 
DO 20 1=1,lAY 
BB=I-1 

20 X{I)=RI+BB*(RO-RI)/A 
A=N'IL 
A=11/A 
N2.::NTL/2 
DO 30 I=1,N2 
Xl=1 

30 Z (I) =1*XI 
D050 1=16LAY 
DC 50 J=1,N2,4 
K=1 
If (I .. GE .. 3) K=2 
IF(I .GE .. 5) K=3 
THETA=-D'+ (K) /2. 

40 THETA=THETA+DT(K) 
IF(THETA .GE. 3.14) GOTO 50 
XP=X(I)*SIN(THETA) 
YP='L. (J) 
ZP=XU)*COS(THETA)-SEP 
CALL POINT(XP,YP,ZP,BX,By,BZ,4) 
BT=-BZ*SIN(THETA)+BX*COS(THETA) 
BR=BZ*COS(TH~T~+EX*SIN(THETA) 

B=SQRT(DY**2+DR**2) 
BT=C*B'I 
13=B*C 
CALL LOSS(C.XN,D,BT,B.WV) 
AREA=3.14159*(D/2.)**2*XN 
W=W+DT (K) *3 .. 14159*X (I) *AR.EA*WV 
GOTO 40 
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50 CONTINUE 
C=CI.107 
W= w* 16. 
WRrlE (6.3) NUM,C,W· 

3 FORMAT (1 X, 'COIL ",11, f UN.POWERED LOSS AT " F5. 1,' AMPS POWERED 4 II 

PeorL IS • ,F9. 7,' JOULES PEB CYCLE') 
GOTO 1 \) 

60 RETUR N 
END 

SUBROUTINE LOSSLl 
DIMENSION 1(6).Z(65) 
READ (5,1) NUM,RI,HO,XL,LAY,NTL 

1 FORMAT(r2,3(F6.4),212) 
WRITE(6,,5) 

5 F CR M A IJ ( 1 X , j) 
WRITE(6.4)NUM 

4 FOEMliT(1X,'PERPENDICULAR COILS; COIL ',11,' UPPER') 
10 CON'IINUE 

PEAD(5 11 2) C,XN,D 
2 FORMAT(2F5.1,F5.4) 

IF(C eLT. 0) GOTO 60 
C=C*.707 
D.::::D/1000 .. 
W=O 
D'1'=3.14159/6. 
SEP = .. 070 
A.::::LAY-1 
DO 20 1=1 41 LAY 
BB=I-1 

20 X(I)=RI+BB*(RO-RI)/A 
A=N'II. 
A=XLjA 
DC 30 I=1.WrL 
XI=1 

30 Z(I).::::A*XI 
D050 I=1,LAY 
DO 50 ... 1.::::1"NTL$4 
THETA=~·DT/2. 

40 THETA=THETA+DT 
I F (THETA .. GE. 1 .. 57) GOTO 50 
xp·=z (J) +SEP 
yp=x CI).COS(THETA) 
ZP=I(I)*SIN(THETA) 
CALL POINT (XP, YP,ZP,BX,BY, BZ ,4) 
BR=BY*COS (THRT A) +EZ*SIN (T HET A) 
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BT=-BY*SIN(THETA)+BZ*COS(THET~ 
B=SQBT(BX**2+EB**2) 
BT=C*BT 
B=B*C 
CALL LOSS(C.XN.D,BT,B,WV) 
AREA=3.14159*(D/2.)**2*XN 
W=W+DT*3.14159*X(I)*ABEA*WV 
GCTO 40 

50 CONTINUE 
C=C/ .. 107 
W=w*16. 
VI RITE (6, 3) N U M, C , W 

3 f'O.BMAT (1X. 'COIL • ,11,' UNPOWERED LOSS AT • ,F5.1.· AltPSPOVERED ., 
1'COIL IS ·,F9.7,· JOULES PER CYCLE') 

GCTO 10 
60 RETURN 

END 
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Appendix C 

COMPUTER PROGRAM TABLE 
AND COMPUTER RESULTS 

Computer program TABLE and computer results for the designed 
lift force, drag and magnetizing coils (Figure 32) are pre
sented. The lift coils' number of turns is half the total 
available number of turns since the second half belongs to 
side force coils. Therefore, the side force field component 
(B ) distribution is similar to lift force component (B ) y z 
distribution. In practice, they are powered from a single 
line having the resultant current. 

The complete elliptic integrals in Subroutine Circe are com
puted according to (36). 
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f-' 
W 
0 

c TABLE 
c ----------
c Program to calculte magnetic field components produced by coils 
c ccnsi~ting of straight line or circular current elements. 
c Straight line current elements are counted counter-clockwise about 
c the correspondig coordinate directions.All currents are posti"e 
c counter-clockwise. 
c 
c 
c 

Input variable list 

c variable name definition 
increments in x direction. 
increments in y direction. 
increments in z direction. 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

im 
jm 
km 
dx 
dy 
dz 
x( 1) 
y( 1) 
z{ 1 ) 
da 
xmu 
coi 1 
x1,y1,z1 
x2,y2,z2 
ccur 
icoil 
ncoi 1 
nint 
mm,nn 
xX,yy,zz 
c1 
xl 
ri 
ro 
lay 
nt! 

number of 
number of 
number of 
"delta x" 
"delta y" 
"delta z" 
x coordinate of starting point for incrementing. 
y coordinate of starting point for incrementing. 
z coordinate of starting point for incrementing. 
demagnetizing constant for the model. 
macnetic permeablity of free space. 
indivdual coi 1 description. 
coordinate of the e~d points of the straight line 
current elements making up the COils. 
coi 1 current. 
numbe of first coil. 
number of last coi 1. 
number of interfaces. 
dimenssion of interface array. 
interface endpoints. 
axil distance of solenoid from the center. 
solenoid length. 
solenoid internal dimeter. 
solenoid external dimeter. 
solenoid number of layers. 
solenoid number of turns per layer. 

note: 
In order for coors to work properly, 

wW,w1,w2,must be dimensioned to at least 
ww(4,nint),w1(ntot),w2(ntot).xx,yy,zz hav~ the same dimensions 
as ww. 

integer out 

4 
5 
10 
11 
12 
18 
19 
111 
113 
116 
155 
156 
159 
192. 
193 
450 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 

2000 

2001 

50 

dimension x(50} ,y(50) ,z(50), 
1x1(8736),y1(8736),z1(8736),x2(8736),y2(8736).z2(B736) 
2,confg(18) ,curt (500) ,coi 1 (18,28) ,sum(12,50),xx(4,10),yy(4,10). 
3zz (4,10) , ww (4,1 0) ,w1 (8736) ,w2 (8736) , 1 d ( 50) 

common c1 ,x 1,1 ay ,nt 1 ,ri, ro, curC,kk, i i. j j .nc 
format(1x.2i2) 
format(2f10.4,3i5,3f10.4.2i2) 

format(2f10.4,2f12.10) 
format(3i4,6f5.3) 
format(3i3) 
format(3i3,f8.3) 
format(3f8.2) 
format(1x,3f6.2,5x,3f11.2) 
format(4x,1hX,5x,1hY,5x,lhZ,15x,2hBX,9x,2hBY.9x,2hBZ) 
format(6x,6hinches,20x,5hgauss) 
format(/ ,18a4) 
format(18a4) 
format (24x ,18a4) 
format(" 1", t40, "system summary output") 
format(j /t20, "coi 1 descript ion:· ,16(jt20.1Ba4)//) 
read(1,10,end=420)da,ams,xkt,xmu 

For calculating field inside any coil put the Ip equal to the 
number of that coil. 

read(4,4)icoil, ip 
xmp=xmu/(4.*3.1415926) 
read(1,156,end=420) (confg(ic).ic=1.18) 

Input spatial description: 
maximum number of x,y,and Z increments,delta x,delta y.delte z 
corner points of the plot. 

read ( 1 ,11 ) i m. jm ,km, dx, dy, dz, x (1) • y ( 1 ) ,z ( 1 ) 

calculate and store the spatial coordinates for this calculation. 
do 2000 i=2,im 
x ( i ) =X (1) - ( i -1) *dx 
do 2001 j =2, jm 
y(j)=y(1)-(j-1)*dy 
do 50 j=1.100 
sum(i.j}=O. 
read(1.12)ncoil,inpopt,out 
write(7.159)(confg(ic).ic=1,18) 
do 200 nc=icoil ,ncoll 
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c 
c 
c 

299 

28 

27 

26 

29 

59 

57 
61 

i9 

77 
80 

c 
c 

ltIrite(6,299) nc 

Corresponding values for each 8 coil set should be read fr~ one file. 

if(nc.gt.8)go to 28 
format(lx,"COIL NUMBER",110) 
read ( 1 ,155) (co i 1 ( i c, nc) • i c= 1 .18) 
goto 29 
cont i nue" 
If(nc.gt.16)go to 27 
read (2,155) (co i 1 ( i c, nc) • i c= 1 .18) 
go to 29 
if(nc.gt.24)got026 
reaa(3,155)(coi 1(ic,nc).ic=1,18) 
go to 29 
read (4,155) (co i 1 ( i c, nc) , i c= 1 ,18) 
re rt d(4,5)cl,xl,lay,ntl,kk,ri.ro,curc,istepx.istepr 
go to 310 
continue 
if(nc.gt.8)go to 59 
read(1.18)mm,nn,nint,ccur 
go t061 
continue 
if(nc.gt.16)go to 57 
read(2,18)mm,nn,nint,ccur 
go to 61 
read(3,18)mm,nn,nint,ccur 
continue 
do 80 j=l,nint 
do 80 i =1 ,4 
if(nc.gt.8) got079 
read( 1,19) xx( i • j ) ,yy ( i • j) ,zz ( i • j) 
go to 80 
cent I nue 
if(nc.gt.16)go to 77 
read(2,19)xx(i,j),yy(i,j),zz(i,j) 
go to 80 

read (3,19) xx (i • j ) • yy ( i ,j ) • zz ( i • j ) 
continue 
ntot=mm*nn*nint 
call coors(nint ,mm,nn,ntot,xx,x1 ,x2,10) 
call coors(nint,mm,nn,ntot,yy,y1,y2,10) 
call coors(nint,mm,nn,ntot,zz.z1.z2,10) 

If the inside field is desired this part ~ilt be done defining nn2.mm2. 

c 
if(nc.ne.lp) go to 106 
Im=O 
mr..2=mm/2 
nn2=1 
do 99 n=nn2,nn2 
do 99 ml=mm2,mm,mm2 
do 99 Ipp=4,4 
If(m1-2)55,55,56 

55 m=l 
go to 58 

56 m=mi 
58 im=im+1 

ld( im)=4*nn*(m-1)+4*n+iPP 
ldl =ld( im) 
x( Im)=(x1 (ldl )+x2(ldl) )/2 
y( Im)=(yl (ldl )+y2( ldl) )/2 
z ( 1m) = ( z 1 ( 1 d 1 ) + z2 ( 1 d 1 ) ) /2 

99 continue 
106 continue 

lm=ntot 
310 continue 

ns=O 
do 1 99 i = 1 , i m 
do 199 j=1,jm 
do 199 k=l ,km 
ns=ns+1 
IoIrlteC6,298) ns 

298 format(1x,"NO. OF POINT-,i10) 
if(nc.gt.24)go to 201 
bx=O.O 
by=O.O 
bz=O.O 
11 = IdC i) 
do 2 1 0 1 = 1 ,1m 
If(nc.ne.ip)go to 105 
i f ( 1 • eq. 1 1 ) go to 198 
go to 105 

198 IoIrlte(7,104) i,x1(1),y1{1).z1(1).X2(1),V2 (1).z2(1).1 
104 format(2x,i2,2x,6(f7.3.2x).i7) 

go to 210 
105 continue 

dk=1 
a=(x1(1)-x(i»/39.37 
b=(x2{1)-x(i»/39.37 
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I\.) 

197 

195 

194 

2 
3 

210 

201 
202 

203 
199 
200 

c=(yl(1)-y(j»/39.37 
d=(y2(1)-y(j»/39.37 
e=(zl(1)-z(k»/39.37 
f = ( z 2 ( I ) - z ( k) ) 139.37 
continu<! 
u=c*f-d*e 
v=e*b-f*a 
\II=a*d-b*c 
for mat(1x,"ldd=",i3,2x.6(f7.3,2x,ui=u,i3J.-l.-.i3.2x,Mi·-,i3) 
rl=(a*a+c*c+e*e)**.5 
r2=(b*b+d*d+f*f)**.5 
rs=r1+r2 
rm=r1*r2 
rdr=a*b+c*d+e*f 
rxr=(u**2+v**2+w**2)**.5 
continue 
h=(rm+rdr)/rm 
if ( h-O. 0 1 ) 2,1 , 1 
g=rs/(rm*(rm+rdr» 
goto 3 
g=«rs)*(rm-rdr»/(rm*rxr*rxr) 
curm=xmp*ccur*g*10000*dk 
bxl=curm*u 
byl=curm*v 
bzl=curm*w 
bx=bx+bxl 
by=by+byl 
bz=bz+bzl 
continue 
if(nc.le.24) goto 202 
call circe(x(i) .y(j).z(k),bx,by,bz,br,istepx.istepr) 
continue 
sum(1.ns)=sum(1.ns)+bx 
sum(2.ns)=sum(2.ns)+by 
sum(3.ns)=sum(3.ns)+bz 
if(nc.le.24)go to 203 
sum(6.ns)=sum(6.ns)+bx 
sum(7.ns)=sum(7.ns)+by 
sum(8.ns)=sum(8,ns)+bz 
continue 
·cont i nue 
contirlue 
write(7,192) 
write(7,159) (confg(ioc),ioc=1,18) 
write(7,193) «coil(ic,ni).ica1,18),ni=icoil.ncoll) 

410 
420 

c 
c 
c 
c 
c 
c 

10 

20 

write(7,113) 
write(7,116) 
ns=O 
do 41 0 i = 1 , i m 
do 41 0 j = 1 , j m 
do 410 k=1,km 
ns=ns+1 
write(7,111) X(i).Y(j).Z(k),(sum(ii,ns).ii 8 1.3) 
continue 
continue 
stop 
end 

This subroutine calculates the field of a solenoids due to Circular 
Current elements. 
i~tepx,istepr are the number of wires in x and r direction which 
approximated as one wire. 

subroutine Circe(xp,yp,ZP,bx,by,bZ,br,istepx.istepr) 
double precision xk1,xk2,k,e 
dimenSion r(100),xw(100) 
Common Cl.xl,lay,ntl,ri.ro.curc,kk,ii,jj.nc 
pi=3*atan(sqrt(3.}) 
cc=.0000002 
a=nt 1-1 
do 1 0 i = f ,n t 1 
b=i-1 
rei )=(ri+b*(ro-ri)/a}/39.37 
aa=lay 
aa=xl/aa 
do 20 i=l,lay 
xi=1 
xi=xi-.5 
xw(I)=aa*xi 
br=O 
bx=O 
do 30 1=1,lay,istepx 
do 30 j=1 .ntl, 1 stepr 
rho=(sqrt(zp**2+yp**2»/39.37 
c=(xw(i)+cl)*kk 
xx=(xP-c)/39.37 
a=r(j) 
Xk2=4.*a* rho/«a+rho}**2+xx**2) 
k=pi/2 
e=k 
if(xk2.eq.0)go to 25 
if(xk2.eq.l)go to 30 
xk1=1-xk2 
gO:13.8629436112d-t 
g1=0.96663442590d-1 
g2=3.590092383d-2 
g3=3.742563713d-2 



!-' 
W 
W 

25 

30 

40 

c 
c 
c 

g4=14.51196212d-3 
g5=.5dO 
g6=124.98593597d-3 
g7=.6880248576d-l 
g8=332.8355346d-4 

g9=441.787012d-5 
hO=4432.5141463d-4 
hl=.626060122d-1 
h2=4.757383546d-2 
h3=1.736506451d-2 
h4=24.99836831d-2 
h5=.9200180037d-1 
h6=40.69697526d-3 
h7=.526449639d-2 
k=gO+gl*xkl+g2*Xk1**2+g3*xkl**3+g4*Xk1**4+(g5+Q6*Xk1+97*xk1**2 

1+g8*xkH*3+g9*xk1**4)*( loge 1./xk1» 
e=1+hO*xk1+hl*xkl**2+h2*Xkl**3+h3*xk1**4+(h4*xk1+hS*Xk1**2+h6*xkl 
1*~3+h7*xkl**4)*(log(1./xkl» 
br=cc*curc*xx*10000/(rho*«a+rho)**2+xx**2)**.5)*(-k+(a**2+ 

lrho**2+xx**2)*e/«a-rho)**2+x x**2»+br 
continue 
bx=bx+cc*curc*10000/«(a+rho)**2+xx**2)**.5)*(k+(a**2-rho**2-

lxx**2)*e!«a-rho)**2+xx**2» 
continue 
xs=istepx 
rs=istepr 
br=br*xs*rs 
bx=bx*xs*rs 
by=O 
bz=O 
if(rho.eq.O)go to 40 
theta=atan(yp/zp} 
bz=br*cos(theta) 
by=br*sin(theta) 
continue 
return 
end 

This subroutine calculates the endpoints of wire filaments 
in a coil. The coil is approximated by a series of quadrilateral 

C interfaces. 
c variable 
c ww( i.) 
c wl(ind) 
c w2( ind) 
c 1 im 
c 

definition 
vertex coordinates for each interface. 
first endpoint of fi lament. 
second endpoint of filament. 
second dimension of ww array. 

subroutine coors(nint,m,n,ntot,ww,w1,w2,lim) 
dimension ww(4,lim),w1(ntot),w2(ntot) 
i f ( m. gt . 1 . and. n . gt . 1) go to 100 
ind=O 
if(m+n.ne.2) go to 110 
write(7,200) 

200 

110 

for~at(Hthe filament coordinates are already specifiedU
) 

return 
if(m.ne.l) go to 120 
do 40 j= 1 • n 
do 40 k=1 .nint 
ind=ind+l 
wl(ind)=(ww(1,k)*(n-j)+(j-1)*lo/w(4,k»/float(n-1} 

40 continue 
go to 130 

120 do 50 i = 1 ,m 
do 50 k=l ,nint 
ind=ind+1 
w1 (ind)=(ww(1 ,k)*(m-i )+(;-1 )*lo/w(2,k»/float(1II""1) 

50 cont i nue 
go to 130 

100 ind=O 
do 10 ;=1 ,m 
do 10 j=1, n 
do 10 k=1,nint 
ind=ind+1 
w1(ind)=(ww(1,k)*(n-j)*(m-i)+ww(4,k)*(j-1)*(m-i)+ 

1 ww(2,k)*(i-1)*(n-j)+ww(3,k)*(i-1)*(j-1}) 
2 /float«m-1)*(n-1» 

10 continue 
c 
c 
c 
c 
130 

20 

w2 is generated from 10/1 so that the endpoints fo~ each coil 
are together. 

k=m*n 

nn=nint-1 
do 20 1 =1 ,k 
11=(1-1)*nint 
w2( 1*r.int)=w1(11+1) 
do 20 ;=1,nn 
w2( i+11 )=w1 (1+1 +1 t) 
cont i nue 
return 
end 



Side and Lt ft Force Col Is Magnetic Field system' summary output 

coi 1 description: lHt coil 2 x(+) y(-) z(-) 
lift col I x(+) y(-) z(-) II ft coil :2 x(+) y(+) z(+) 
lift coi 1 x(+) y(+) z(+') ltft coil :2 x(+) y(-) z(+) 
11 ft co; I x(+) y(-) z(+) lift col I :2 x(+) y(+) z(-) 
11ft coil x(+) y(+) z(-) 11 ft cot! :2 x(-) y(+) z(-) 
lUt col I x(-) y(+) z(-) 11ft col l :2 x(-) y(-) z(-) 
lift coil x(-) y(-) z(-) lift cof1 2 x(-) y(+) z(+) 
tift coil x(-) y(+) z(+) 1i ft coil 2 x(-) y(-) z(+) 
11 ft coil x(-) y(-) z(+) 

X V Z BX BV 9Z 
tncnes gauss 

5.00 0.00 0.00 0.00 0.00 3210.41 

4.00 0.00 0.00 0.00 0.00 2498.65 
3.00 0.00 0.00 -0.00 0.00 1821.49 
2.00 0.00 0.00 -0.00 0.00 1194. 03 

1.00 0.00 0.00 0.00 -0.00 589.29 
0.00 0.00 0.00 -0.00 -0.00 0.00 

"".00 0.00 0.00 -0.00 -0.00 "589.29 

Drag Coils Magnetic Field system summary output 

coil description: 
drag coil 1 
drag coil 2 

)It V Z ex BY ez 
InChes gauss 

S.OO 0.00 0.00 -2986.28 0.00 0.00 
4.00 0.00 0.00 -.2441.84 0.00 0.00 
3.00 0.00 0.00 -1862.B3 0.00 0.00 
2.00 0.00 0.00 "1257.09 0.00 0.00 
1.00 0.00 0.00 -633.15 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 

"".00 0.00 0.00 633.15 0.00 O.go 

Magnetizing Coils Magnetic Field system summary output 

col I descriPtion: 
,Magnetizing coil 1 
Magnetizing coil 2 

)( Y 1.. BX BY BZ 
Incnes gauss 

5.00 0.00 0.00 -7258.84 0.00 '0.00 
4.00 0.00 0.00 -7326.72 0.00 0.00 
3.00 0.00 O. 00 -7379.74 0.00 0.00 
2.00 0.00 0.00 -7417.71 0.00 0.00 
1.00 0.00 0.00 -7440.53 0.00 0.00 
0.00 0.00 0.00 -744B.14 0.00 0.00 

"".00 0.00 0.00 -7440.53 0.00 o.eo 
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Appendix D 

COMPUTER PROGRAM TABLE MODIFIED 
FOR SADDLE COIL CALCULATIONS 

Side and lift coils field components on X axis. 

Magnetizing coils field components on X axis. 

Drag coils field components on X axis. 

Since this uses a close approximation to the circular arc, 
the convergence of the results with increasing the number 
of divisions was studied and is shown in Figure D-l. For 
this computation choosing a division of 15 degrees results 
in a .5% error or less. Thus increments of 15 percent should 
be conservative for most design calculations. 
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Figure D-l Convergence characteristfc of 
saddle coil computer results 
for chord approximation to 
circular arc. 
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Chord Division Size 



I--' 
w 
-l 

c 
c 
c 
c 

4 
5 
10 
~ 1 
12 
18 
19 
i 1 1 
113 
1; 6 
155 
156 
~59 

192 
1S;3 
450 

2000 

2001 

:cn 

50 

TABLE 

integer out 
di~e~s!on x(s l,y(50),z(50),yc(5632),zc(5532), 

1x1(5G32),y1(532),Z1(5632I,x2(5632),y2(5632),z2(56321 
2, cc·;-,f 9 ( 18) • col (18 f 38) ,s um (12. 50) • xx (4,10) • yy (4.10) • 
3zz{4.1 0), ld( 5 

cmnmor. c1,x:. Gy.ntl,ri.:'o,curc,kk,ii,jj,nc 
forma t (1 x. 3 ~ 2, f5. 3, i 2) 
format(2f1C.4,3i5.3f10.4,2i2) 
format(2f10.4,2 f 12.10) 
for~at (314.3f5.3.3f5.2) 
fel'iTiat (313) 
f 0" ma t ( 3 i 3. f 8 . 3 ) 
f0rrnat (3f8.:2 ) 
format (1:<,3-:'6.2,5)< .3f11.~) 
format(4x,1nX.5x,1hY,5x,lhZ,15x,2h8X,9x,2h6Y,9x,2hBZ) 
format (6x,6ninches,20x,5~gauss) 
for'TJat (/,1834) 
fcrmat(iSa4) 
format{24x,18a4j 
format("1 U ,t4C,ds v stem SJmmary output U

) 

fo r mat(//t2'J,"COi] description:",16(/t20,18a4)//) 
rEc;O(1,10,€nd=420)c:!a,o.T.S,xKt,xmu 
read( 4,4) i co i 1 • i p, i sad, da 1 fa1 , ~\coi 1 
xmp=xmu/(4.*3.1415926) 
reac(1,156.end=420) (confg{ic) ,ic=1,18) 
re3d ( 1 ,11 ) i r.1 • j 'n. km, dx, dy • dz f X ( 1 ) • y ( 1) ,Z (1 ) 
do 200 0 i = 2, i rn 
x ( i ) = x ( 1 ) - ( i -, ) *dx 
do 2001 j=2, jm 
y ( j ) = y ( 1 ) - ( j -1 ) *dy 
do 2002 k=2, km 
z (~; ) = z ( 1 ) - ( ,,-1 ) *C:z 
do 50 j=1,50 
do 50 i =1,12 
sum( i • j )=0. 
rea::' ( 1 ,12)r.soi 1 ,i npo;:Jt ,out 
wr i te ( 7,159) (confg ( i c) , i c= 1,18 ) 
do 200 nc=icoil,nccil,kcoii 
w!"'ite(6,29S) nc 
if(nc.gt.3);o to :8 

299 format(1x,"CG!L NU~aERU,i10) 
read (1 ,155) ( co i 1 ( i C • nc) , i c= 1 .1 8) 
goto 29 

28 continue 
if(nc.gt.16)go to 27 
read (2 , 155) ( cc i 1 ( i c f nc) , i c= 1 , i 8) 
go to 29 

27 if(nc.gt.24)got026 
!'ead (3 ,155) ( co i 1 ( ie, nc) • i c= 1 ,1 8) 
go to 29 

26 

29 

59 

57 
61 

79 

77 
80 

c 
c 
c 
c 

75 

76 

read(4 ,155) (coi 1 (ic,nc). ic=1, 18) 

read(4,5)C1,xl,lay,ntl,kK,ri,ro,curc,istepx,istepr 
go to 310 
cont i n ue 

wri te( 6,155) (coi i (ic,nc). 1c=1 ,18) 
if(nc.gt.8)Qc to 59 

read(1,18)mm,nn,nint,ccu!'" 
go to61 
cont in ue 
if(nc.g~.16)sc to 57 
read(2,18)mm,nn,nint,ccur 
00 to 61 
~ead(3,18)mm,nn,nint,ccur 
cont in ue 
do 80 j=1,nint 
do 80 i =1,4 
if (nc. gt. 8) got079 
read (1 ,19) xx ( i ,j ) t yy ( ; , j ) , ZZ ( ; .j) 
go to 80 
continue 
if(nc.gt.16)go to 77 
reao ( 2 , i 9) xx ( i , j ) , yy ( i t j ) • ZZ ( ; • j) 
go to 80 
read (3 , 19) x x ( i , j ) , yy ( i , j ) • ZZ ( i .j) 
cont i n ue 
ntot =mm*nn*n i nt 
call coors(nint,mm,nn,ntot.xx,x1.x2.10) 

if isad=O 
if isad=1 

regu lar co; 1 
sadd 1 e co i 1 

f(isad.eq.O)go to 75 
1=2 
f (xx ( 1 ,2) • n e. xx ( 1 ,1 ) ) i 1 =3 

call saddle(mm,nn,ntot,yy,zz,y1.Z1.y2,z2,i1) 
go to 76 
continue 
call coors(nint,mm,nn,ntot,yy,y1.y2.10) 
celi coors(nint,mm,nn,ntot,ZZ.Z1.z2,10) 
cont i n ue 
if(nc.ne.ip) go to 106 
im=O 
m2=4*nn-7 
mi =2*nn-4 
do 99 m=1 ,m2 ,mi 
im=im+1 
ld(im)=4*nn*(mm-1)+m 
ld1=ld(im) 
x ( i m) = (x 1 ( 1 d 1 ) +x2 ( 1 d 1 ) ) /2 
y ( i m) = ( y 1 ( 1 d 1 ) +y2 ( 1 d 1 n / 2 
z( im)= (z1 (ld 1 )+z2( 1d1) )/2 
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W 
00 

99 
106 
310 

298 

198 
104 

105 

c 
c 

c 
c 
c 

cont i nue 
cont i nt:e 
cont in ue 
1 fT'=nto t 
ns=O 
do 199 ; = 1 , i m 
j=i 
k=; 
ns=ns+1 
format(1x,"NO. OF POINTU,f10} 
if(nc.gt.24)go to 201 
bx=O.O 
by=O.O 
bz=O.J 
11=ld(i) 

do 210 1=1,lm 
if(nc.ne.ip)go to 105 
if(1.eq.ll)gO to 198 
go to 1 C5 
w r i t e ( 7 , 1 04) i, x 1 ( 1 ) , Y 1 ( 1 ) , z 1 ( 1 ) • x2 ( 1 ) , y2 ( 1 ) • z2 ( 1 ) • r 
format(2x,i2,2x,6(f7.3.2x).i7) 
go to 210 
cont i n ue 
dk=1 
a=(x1 (1 )-x( i) )/39. 37 
b= ( x2 ( 1 ) -x ( i ) ) /39.37 
c=(y1 (1 )-y( j) )/39. 37 
d=(y2( 1 )-y(j) )/39.37 
e= (z 1 ( 1 ) -z ( K ) ) /39 . 37 
f=(z2( 1)-Z(K»/39.37 

This part divides each arc into predetermined 
divisions and computes 

field due to the chords of those arcs. 
dalfa1 is the arbitrary arc division in radians. 

;f(isad.eq.O)go to 74 
i f ( x2 ( I ) • ne . x 1 ( 1 ) ) go to 74 
i f ( Y 1 ( 1 ) • eq. 0) y 1 ( 1 ) = 0 • 0001 
if (z 1 ( 1 ) • eq. 0) z 1 ( 1 ) =0.0001 
a 1 fa 1 = a t an ( y 1 ( 1 ) / z 1 ( 1 ) ) 
alfa=(3.14159/4.-abs(alfa1»*2 
nzlfa=abs(al fa)/dalfa1 
i f(nal fa.eq. 0)na1 fa=1 
da1fa=a1fa/na1fa 

73 

Ky=yy( 1,1 )/abs(yy( 1,1» 
kz=zz( 1,1 )/abs(zz( 1,1» 
r=( (y1 (1) )**2+(z1 (1) )**2 )**.5 
do 73 ii=1,nalfa+1 
beta=abs(al fal )+( i ;-1 )*dal fa 
yc(;;)=r*Ky*abs{~in(beta» 
zc( i i) =r*kz*abs(cos(beta» 
continue 
do 72 ii=1,nalfa 
a= (x1 ( 1 )-x( i) )/39. 37 
b={x2( 1 )-xC; ) )/39. 37 
c= (yc ( ; i ) -y ( j) ) /39.37 
d=(yc( ii+1)-y(j»/39.37 
e=(zc( ii)-Z(k»/39.37 
f=(zc( i i+1 )-z(k) )/39.37 

74 continue 
u=c*f-d*e 
v=e*b-f*a 
w=a*d-b*c 

195 forma t ( 1 x, " 1 dd=" , ; 3, 2x. 6 ( f7 .3, 2x. • i = It. i 3) t 

"1=".i3,2x,"i=u.i3) 

r1=(a*a+c*c+e*e)**.5 
r2=(b*b+d*d+f*f)**.5 
rs=r1 -To r2 
rm=r1 * r2 
rdr=a* b+c*d+ e* f 
rxr=(u**2+v**2+w**2)**.5 

~94 continue 
h=(rm+rdr)/rm 
i f ( h-0 • 01 ) 2, 1 • 1 
g=rs/(rm*(rm+rdr» 
goto 3 

2 g=«rs)*(rm-rdr»/(rm*rxr*rxr) 
3 curm=xmp*ccur*g*10000*dk 

72 
210 

201 

bx1=curm*u 
by1=curm*v 
bz1 =cu rm*w 
bX=bx+bx1 
by=by+by1 
bz=bz+bz1 
continue 
cont i n ue 
i f(nc. le.24) goto 202 
call c;rce(x~;),y(j)fZ(k).bx,by~bz,br,istepx.istepr) 



~ 
W 
\.0 

202 

203 

i99 
200 

88 

410 

86 

83 

84 

420 

10 

continue 
sum(1. ns)=sum(1 ,ns)+bx 
sum(2.ns)=sum(2,ns)+by 
sum(3,ns)=sum(3,ns)+bz 
if(nc.1e.24)go to 203 
sum(6.ns)=sum(6,ns)+bx 
sum(7,ns)=sum(7,ns)+by 
suml8,ns)=Su mta,ns)+bz 
cant in ue 
wri te ( 7,111) x ( i ) • y (j ) ,z (k) ,ox, by, bz 
continue 
cont i nue 
write{7,88) dalfai 
format(5x,"DALFA = ",f15.5) 
wri te ( 7,192 ) 

20 

write(7,159) (confg(ioc) ,ioc=1 ,18) 
wri te ( 7,193) « co i 1 ( ie, n i ) , i c= 1 ,18) ,n i = i co ; 1 • nco i 1 ) 
write(7,113) 
write(7,116) 
ns=O 
do 41 0 i = 1 , i m 
ns=ns+1 
j=i 
~::.i 
WI' i t e ( 7 , 111) x ( i ) , Y ( j ) • z ( k ) , ( 5 urn ( i i • n 5) , ; i = 1 ,3) 
write(6,86) 
format ("DO YOU WANT TO REPEAT? ENTER NONZERO DAlFA") 
reac(5,83) dalfa1 
format {1x,f5.3) 
if(dal ta1.eq.O)go to 420 
do 84 i = 1,3 
do 84 n=1 fns 
sum(i,n)=O 
go to 310 
continue 
stop 
end 
subroutine circe(xp,yp,z~,bx,by,bZrbr.istepx.istepr) 
double precision xk1,xK2,k,e 
dimension r(10C},xw(100) 
common c1.xl ,lay,ntl,ri ,ro,curc,kk,i i ,jj,nc 
pi=3*atan(sqrt(3.» 
cc=. 00 00002 
a=ntl-1 2~ 
do 10 i = 1 ,nt 1 
0=;-1 
r(i)=(ri+o*(ro-ri)/ai/39.37 
aa=lay 

aa=xl/aa 
do 20 i = 1 , 1 a y 
xi=; 
x~=xi-.5 

xw(i)=aa*x; 
br=O 
bx=O 
do ~O i=1,lay,istepx 
do 30 j=1 ,nt l,istepr 
rho=(sqrt(zp**2+yp**2»/39.37 
C=(xtll( i )+C1) *kk 
xx::=(xp-c)/39.37 
a=r(j) 
xk2=4.*a*rno/{(a+rho)~*2+xx**2) 
k=pi/2 
e=k 
if(xk2.eq.O)go to 25 
if(xk2.eq.1)gu to 30 
xk1=1-xk2 
gO=13.8629435112d-1 
g1=0.966634425906-1 
g2=3.5S0C92383d-2 
g3=3.7 4 2563713d-2 
g4=14.51196212c-3 
g5=.5dO 
g6=124.98593597d-3 
g7=.68802485760-1 
g8=332.8355345d-4 
g9=441 .7870120-5 
hO=4432.5141453d-4 
h1=.626060i22d-1 
h2=4.757383546d-2 
h3=1.736506451d-2 
h4=24.99233231d-2 
h5=.9200180037d-1 
h6=40.69697526d-3 
h7=.526449639d-2 
k=gO+g1*Xk1+g2*x~1**2+g3*xk1**3+g4*xk1~*4+(g5+g6*xk1+g7*xk1**2 

1+g8*xk1.*3+g9*xk1**4)*(log(1./xk1» 
e=1+hO*Xk1+h1*xk1**2+h2*xk1**3+h3*xk1**4+(h4*XK1+h5*Xk1**2+h6*xk1 
1**3+h7*xk1~*4)*(109(1./xk1» 
br=cc*curc*xx*10000/(rho*«a+rho)**2+xx**2)**.5)*(-k+(a**2+ 
1rho*.2+xx~*2)*e/«a-rho)**2+xx**2»)+br 
continue 
bx=bx+cc*'cur c* 1 0000/ ( ( (a+rhc) '" *2+xx**2) **.5) * (k+ (a**2-rho**2-

1xx**2)*e/«a-rhol**2+xx**2» 
go to 30 
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30 continue 130 
xs=istepx 

40 

200 

110 

40 

120 

50 

100 

10 

rS=istepr 
br=br*xs*rs 
bX=bx*xs*rs 
by=O 
bz=O 
if(rho.eq.O)go to 40 20 
theta=atan(yp/zp) 
bZ=br*cos(tneta) 
bY=br*sin(theta) 
cont i;) ue 
return 
end 

subroutine coors(nint,m,n,ntot,ww,w1,w2 p Tim) 
dimension ww(4,lim),w1(ntot),w2(ntot) 
if(m.gt.1.and.n.gt.1) go to 100 
ind=O 
if(m+n.ne.2) go to 110 
write(7,200) 
format("the filament coordinates are already specified Y ) 

return 
if(m.ne.1) go to 120 
do 40 j=1,n 
do 40 k=1 ,n; nt 
i nd=i nd+1 
w1(ind)=(ww(1,k)*(h-j)+(j-1)*ww(4,k»/float(n-1) 
continue 
go to 130 
do 50 i=1,m 
do 50 I, = 1 ,n ; n t 
;nd=ind+1 
wi (ind )=(ww( 1 ,k)*(m-i )+( ;-1 )*ww(2,k) )/float(m-1) 
cont; nue 
go to 130 
ind=O 
do 10 i =1 ,m 
do 10 j=1,n 
do 10 k= 1 ,n i n t 
i nd=i nd+1 
w1(ind)=(ww(1,k)*(n-j)*(m-i)+ww(4,k)*(j-1)*(m-i)+ 

1 ww(2,k)*(i-1)*(n-j)+ww(3,k)*(i-1)*(j-1» 
2 /float«m-1)*(n-1». 

conti nue 

k=m*n 
nn=nint-1 
do 20 1 =1, K 
11=( 1-1 )*nint 
w2(1*nint)=w1(11+1) 
do 20 ;=1,nn 
w2( 1+11 )=w1 (;+1+11) 
conti"'lue 
return 
end 

This subroutine calculates 
current element endpoints of a saddle 
type coil.Saddle is consistent with 
the subroutine Coors as long as 
numbering and direction of current 
elements is concerned. (refer to (3)). 

Inputs are the interface 
coordinates. 

subroutine saddle (m,n,ntot,u,v,u1,v1,u2,v2.i1) 
dimension v(4,4),u(4,4),u1(ntot).v1(ntot).u2(ntot). 

1 v2(ntot) 
ro=sqrt(u(1,1)**2+v(1,1)**2) 
ri=sqrt(u(3,1)**2+v(3,1)**2) 
q=sqrt(2.) 
ind=O 
ku=u(1,1)/abs(u(1,1» 
kv:::v(1,1)/abs(v(1,1» 
d1=1. 
d2=ri*q/2. 
r4=sqrt(u(4,1)**2+v(4,1)**2) 
if(abs(r4-ro)-.1)5.7,7 



7 cont i nue 2 continue 
do 1 i =1 ,m 
do 1 j = 1 ,n do 3 i = 1, i nd 

do 1 k=1,4 u2( i )=u1 (;+1 ) 

i nd= i nd+1 
v2( i )=v1 (1+1 ) 

r=ro-(ro-ri)/(n-1)*(j-1) if( i/4*4.ne. ;)go to 3 

a=(d2- (d2-d1 )/(m-1 )*( ;-1) )*q 
u2( i )=u1 (;-3) 

u1(ind)=(sqrt(2*r**2-a**2)-a)/2. 
v2( i )=v1 (;-3) 

if(u1 (ind) .eq.O.O) u1 (ind)=.OOOt 
3 continue 

v1(ind)=(abs(ui(ind»+a) 
return 

if(abs(u(1,1 ».le.aos(v(1.1»)go to 8 
end 

temp=u 1 ( ; nd) 
aaaaaa 

u1(ind)=v1(ind) 
vl(ind)=temp 

8 ui (i nd )=u1 (i nd)*ku system summa~y output 

v1(ind)=v1(ind)*kv 
continue 
go to 4 

5 conti ,ue coil riescription: 

nm=n 1 i ft co i 1 x ( +) y (-) z(-) 

I-' n=m 1 i ft co i 1 x ( +) y ( + ) z(+) 

~ m=nm 1 i ft co; 1 x(+) y(-) z(+) 

I-' do 6 j =1, n 1 i ft co i 1 x ( +) y ( + ) z(-) 

do 6 ; =1 ,m 1 i ft co i 1 x(-) y(+) z(-) 

do 6 k=1,4 1 i ft co i 1 )C ( -) y ( - ) z(-) 

ind=ind+1 1 i ft co i 1 x ( -) y ( + ) z(+} 

r=ro-(ro-ri)/(n-1)*(j-1) 1 ift coi 1 x(-) y(-) z(+) 

a=(d2-(d2-d1 )/(m-1 )*(i-1 »*q 1 ; ft co i 1 2 x ( +) y ( -) z (- ) 

u1(ind)=(sqrt(2*r**2-a**2)-a)/2. 1 1 f t co i 1 2 x (+) y ( +) z (+ ) 

i f (u 1 ( ; nd) . e q. 0.0) u 1 ( in d) = • 00 0 .. 1 i ft co i 1 2 x ( +) y ( -) z ( + ) 

v1(ind)=(abs(u1(ind»+a) 1 ; f t co i 1 2 x ( +) y ( +) z ( - ) 

i f (aos ( u ( 1 t 1 » . 1 e • aos ( v ( 1 .1 ) } ) go to 9 1 i ft co i 1 2 x ( -) y ( +) z ( - ) 

temp=u 1 (i nd) 1 i f t co i 1 2 x ( - ) y ( -) z ( - ) 

u 1 ( i nd ) =v 1 ( i nd) 1 i ft co i 1 2 x (-) y ( +) z (+ ) 

v1(ind)=temp 1 ift .coil 2 x(-) y(-) z(+) 

9 u 1 ( i nd ):u 1 ( i nd) +KU 1 i f t co i 1 3 x ( +) y ( -) z (- ) 

v1(ind)=v1(ind)*kv 1 i f t co i1 3 x ( +) y ( +) z ( + ) 

6 continue 1 if t co; 1 3 x (+) y ( -) z ( + ) 

4 continue 1 i f t co i 1 3 x ( +) y ( +) z ( - ) 

do =.> ; =; 1 , ; n d • 4 1 ; f t co i 1 3 x (-) y ( +) z (- ) 

u1 (i )=abs(v1 (;-1» *ku 1 i f t co i 1 3 x ( -) y ( -) z ( - ) 

v1(i)=aos(u1 (i-1»*kv 1 i ft co ; 1 3 x ( -) y ( +) Z ( + ) 

u1 (i+1 )=abs( u1 (i» *ku 1 i f t co i 1 3 x ( - ) y ( -) z ( + ) 

v1 (;+1 )=abs( v1 (i» *kv 



f-J 
~ 

N 

x y Z BX BY BZ 
inches 9auss 

5.00 0.00 0.00 -0.8278 1.0990 2888.2894 

4.00 0.00 0.00 -0.9422 0.9798 2279.5496 

3.00 0.00 0.00 -1.0103 0.8412 1686.3673 

2.00 0.00 0.00 -1. 0309 0.6968 1110.9974 

1.00 0.00 0.00 -1.0097 0.5584 550.6235 

0.00 0.00 0.00 -0.9571 0.4335 -1.3004 

-1.00 0.00 0.00 -0.8839 0.3266 -553.2781 

The results are not symmetrical exactly 
because of different layer and turn per 
layer for each coil set while having the 
same ampere turns. 

system summary output 

coil description: 
Magneti zing coi 1 1 
Magnetizing coil 2 

X Y Z BX 8Y BZ 
inches gauss 

5.00 0.00 0.00 10736.4222 0.0000 0.0000 
4.00 0.00 0.00 9353.5276 0.0000 0.0000 
3.00 (\.00 0.00 8309.1200 0.0000 0.0000 
2.00 0.00 0.00 7586.6281 0.0000 0.0000 
1.00 0.00 0.00 7164.1253 0.0000 0.0000 
0.00 0.00 0.00 7025.2583 0.0000 0.0000 

-1.00 0.00 0.00 7164.1253 0.0000 0.0000 

X Y 
inches 

5.00 0.00 
4.00 0.00 
3.00 0.00 
2.00 0.00 
1.00 0.00 
0.00 0.00 

-1.00 0.00 

Z 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

coil description: 
drag co; 1 1-a 
drag co i 1 2-a 
drag co i 1 1-b 
drag co i 1 2-b 

BX 
gauss 

:"'3866.7193 
- 2~l:33. 009~ 
-2155.8302 
-1393.5434 

-6B2.B394 
0.0000 

682.8394 

system summary output 

BY az 
0.0000 0.0000 
O.vOOO U.VUOtJ 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
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