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1.0 REPORTING PERIOD

This is the sixth annual technical report and covers the work
from November 1, 1977 to October 31 , 1978 .
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2.0 OBJECTIVES

2.1 General

The obje’~ti ves of the program are to contribute toward new and

improved rotating machines for Naval applications , particularl y in the
area of superconducting machinery.

2.2  Specific

A specific objective was to study the ac loss which occurs in
multif i lament superconductors , with the objec t of providing the informa-
tion needed for the design of stable low-loss conductors for use in
rotating machines .
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3.0 SUMMARY

Since nearl y all of the work done under this contract has been
pub l ished or is scheduled for publication in the scientifi c literature ,

this annual report is mainly a brief status report , along with a list of

publications and references. Abstracts of all papers are listed at the

end.

Approximately all of the work performed dur ing the pas t year

was in the study of ac losses in superconductors . This is a basic re-

search program to study losses , with the primary objective of the program

being an understanding of the various loss mechanisms , and the deve lop-

ment of methods for accurately calculating losses under various condi-

tions of possible interest in regard to superconducting rotating machines.

During the past year efforts were concentrated in developing

methods for estima ting losses in a superconduc tor which is acted upon by
an al ternating external transverse magne tic f ield , wh i le ca rry ing  an

arbitrary amount of in-phase transport current . The prob lem is extremel y

difficult to calculate but some curves were developed so that a reason-

able estimate of the losses can be made . The results were reported at

the 1978 Applied Superconductivity Conference in Pit tsburgh , PA.

The main structure of the theory of ac losses in superconduc-

tors is now in pl ace , even thoug h there are many important details which
remain to be answered. For isolated conductors in strong magnetic fields

which fully penetrate the conductor , the loss formulas are sufficiently
simple that they may be routinely used , and requ ire l itt le knowled ge of I :
superconductivity . Unfortunately this is not true of the weak field case

where the conductor is partially penetrated. Much of the work under this

contract has gone into a study of partial penetration . An opportunity to

study this case in detail was provided by measuremen ts made at the

3
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University of California at Berkeley , on a number of superconducting
solenoids which were built for airborne prospecting . In close collabora-
tion with the workers at Berkeley, calculations were made for these coils
and reported on at the 1978 Intermag Conference in Florence , Ital y .
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I.

4. 0 STUDIES OF AC LOSSES

Interest in a- ioss theory and the need for more accurate cal—

cula tions from the standpo int of superconduc ting machi nery des i gn arises

in two ways : (1) where the ac loss is small and the interest is in the

proper amount of cool ing needed to remove the hea t and (2) where the ac
los ses are large and form the primary design limitation . AC loss due to

ri pples in a dc magn eti c f ield and loss due to slow sw itc h ing of the

field usually produce no problem if they are well understood and predict-

abl e, so that adequate cool ing can be prov ided fo r, and a proper conduc-

tor design can be selected. The question here is reliability at minimum

cost. To obtain this information entirely from the construction and

testing of experimental machines would require too long a time period and

would be very expensive .

The second category is connected with the possibility of using

superconductors in a primarily ac field , and future hopes for revolution-

ary machine design . The rate of recent progress in conductor design , and

in the understanding of the various loss mechanisms which dictate a given

design , indicate the l ikel ihood that superconduc tors can he developed for
fully ac applications . The attainment of this goal would open the possi-

bility of new designs and new types of superconducting machinery .

AC losses in multifilament superconductors are well-known to be

of two types: an eddy curren t loss in the matrix and hysteresis loss in

the filamen t . To obtain the former , the electric field must be known at
each point in the conductor. To obtain the hysteresis loss , the magnetic

field acting on each filament must be known . A large part of the problem

of calculating losses in superconductors is involved in computing these

fields .

~~~~~~~~~~~
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5.0 PUBLICATIONS DURING THE PAST YEAR

1 . W . J . Carr , Jr., Ben Clawson , and Wayne Vogen , “AC Losses in Super-
conducting Solenoids ,” IEEE Transactions on Magnetics , Vol. MAG-1 4,

617 (1978).

Abstract: Losses were measured in a variety of different

solenoids made from various types of superconductors . Both single fila-

ment and multifi lament, twisted and untwisted , conductors were used . The

results were compared with calculated losses for these cases .

2. W. J. Carr, Jr., “AC Loss from the Combined Action of Transport Cur-

ren t and Appl ied Field ,” To appear in the Proceedings of the 1978

Applied Superconductiv ity Conference , 1978.

Abstract : The ac loss in a superconductor resulting from the

combined action of an alternating transport current and in-phase ac trans-

verse field is calculated for a slab , and normali zed in a form which can
be applied approximately to a circular wire . Some results for limiting

cases are also directly calculated for a wire .
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t~’J~ COMPLETE LIST OF PUBLICATIONS UNDER THE CONTRACT

1. W. J. Carr , Jr. , “AC LOSS in a Twisted Filamentary Superconducting
Wi re ,” Journal of Applied Physics, 45:929 (1974).

Abstract : Calculat io ns arc made for the ac losses in a twis ted
fi lamentary superconductor by assuming a continuum model with anisotropic
conductivity. The Maxwell equations are solved for a long wire of radius
Ro and twist length L. In terms of the classical skin depth 6 , appropri-
ate for the conductivity perpendicular to the filaments, the losses are

calculated for an applied magnetic field transverse to the wire axis in

the case of (1) a uniform field (/2 Ro/6 < < 1, L/21T .S < < 1), (2) shield-

ing from surface currents (/2 R0/8 < < 1, L/2i~6 > > I ) ,  and (3) skin
effect (/2 R0/6 > > 1). Losses are also calculated for the case of a
transport current in no applied field. The model can be used in more
general cases and has the virtue of giving precise results with a minimum
of auxiliary postulates.

2. W. J. Carr , Jr. , “AC Loss in a Twisted Filamentary Superconducting
Wire II ,” Journal of Applied Physics, 45:935 (1974).

Abst ract : Hysteresis losses in a twisted fi l amentary supercon-
ducting wire are calculated for various cases corresponding to complete
penetration of the magnetic field into the wire , shielding of the field
by the supercurrents , and shielding due to eddy currents. In general ,
the wire may be divided into two regions : an outer saturated layer which
tends to behave at the higher frequencies like a solid superconductor ,
and the interior where the average parallel electric field vanishes and
the wire behaves like a collection of individua l filaments.



3. J. H. Murphy, M. S. Walker, and W. J. Carr, Jr., “Theory of Alter-
nating Field Losses in Cylindrical Twisted Multifilamentary Super-

conductors,” Intermag Conf. Proc., IEEE Trans. Mag., 10:868 (1974).

Abstract: The theory of sinusoidal alternating field losses in

a cylindrical multifilamentary superconducting wire is discussed. Hyste-

resis loss expressions are presented for the individual filament losses

in the interior of the wire when these filaments are completely pene-

trated, and for the loss occurring in an outer current-saturated layer of

the wire. The loss expressions presented were determined assuming a con-

tinuum model with anisotropic conductivity for the superconductor. The

case of a permeability different from unity, applicable for weak fields,

is discussed.

4. W. J. Carr, Jr. ,  “Electromagnetic Theory for Filamentary Supercon-
ductors,” Physical Review B, 11:1547 (1975).

Abstract: It is shown that a multifilament superconductor,

made up of a bundle of twisted filaments embedded in a normal matrix , can
be treated as a new state of matter with anisotropic electrical and mag-
netic properties. Macroscopic electromagnetic field vectors, which sat-

isfy Maxwell’s equations, are defined in terms of averages over the

“microscopic” fields. However, the sources for the field, i.e., the cur-

rent and charge densities and the magnetization and polarization, differ

in some respects from those for ordinary matter. In particular, since

the el ementary magnetic dipole moment s are distributed along lines rather
than located at fixed points, the definition of the magnetization trans-

verse to the filaments differs by a factor of 2 from that for ordinary
matter , and the definition of the macroscopic current density is also
slightly modified. Constitutive relationships among the field vectors in

terms of permeabilities , dielectric constants , and conductivities are ex-
amined in the limits of strong and weak fields.

8
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5. W. J. Carr , Jr. , “Conductivity , Perme ability and Dielectric Constant
in a Multifilament Superconductor ,” Journal of Applied Physics,
46:4043 (1975) .

Abstract : Results are given for the permeability , conductivity,
and dielectric constant of a multifilament superconductor , treated as an
anisotropic state of matter. The calculations are made for the l imiting
cases of strong and weak ac magnetic fields compared with the field re-
quired for complete penetration of the filaments. General expressions

are given for the ac power loss.

6. W. J. Carr, Jr., M. S. Walker, and J. H. Murphy, “Alternating Field

Loss in a Multifilament Superconducting Wire for Weak AC Fields
Superposed on a Constant Bias ,” Journal of Applied Physics, 46:4048
(1975).

Abstract : Expressions are given for the alternating field loss
in a twisted fi lamentary superconductor as a function of frequency and
magnetic field , for the case of small ac applied fields which do not com-
pletely penetrate the filaments. The ac field is superimposed on a fixed

bias field. In this limit the effective diamagnetism of the filament

leads to a permeability less than unity for the composite. Expressions
are presented for both the hysteresis and the eddy current loss.

7. M. S. Walke r , W. J. Carr , Jr . ,  and J. H. Murphy , “Loss Behavior in
Twisted Filamentary Superconductors ,” IEE E Trans . on Magnetics ,
MAG-li , 1475 (1975).

Abstract : A carefu l comparison between theory and experiment
is made for the transverse alternating field eddy current losses in three
twisted mixed-matrix filamentary superconductors of the composition

3CuNi :3Cu:lNbTi. The measurements were made over a wide frequency range ,
up to 106 Hz. Good agreement is obtained.

9
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8. W. J. Carr, Jr., “Possibility for an All-Superconducting Synchronous
Motor or Generator,” Westinghouse Research Report 73-9J2-MACON-Rl .

Abstract: Possibilities for a motor or generator with super-

conducting armature and field winding are discussed, and the ac losses

that would be expected in the armature winding are calculated.

9. W. J. Carr, Jr., “Design Theory for a Fully Superconducting Syn-

chronous Motor or Generator,” Westinghouse Research Report

73-9J2-MACON-R2.

Abstract : Theory is developed for a superconducting synchro-
nous motor or generator having both the field and the armature windings
superconducting. An approximate design is given for a four-pole 30 MW
operating at 180 rpm.

10. J. H. Murphy and W. J. Carr, Jr., “Eddy Current Losses in Twisted

Multifilamentary Superconductors,” Westinghouse Research Report
73-9J2-MACON-R3 .

Abstract : Calculations are made for the eddy current losses in
a mult ifilament superconductor having a copper sheath.

11. L. N. Wedman , “A Low Speed Direct Current Superconducting Hetero-
polar Motor ,” Report EM4562.

Abst ract : Important progress in assessing the limits of rat-
ings for new concept electrical machines for ship propulsion application s
has been achieved. The superconducting heteropolar motor has been iden-

tified as the most promising machine concept for slow-speed , high-power
use. Maximum utilization of the drum homopolar machine is limited by
transmission line current ratings , and may be greatly improved if an in-
line drive is required, thus allowing the use of the homopolar torque

converter. The magnetic disc homopolar motor with water cooling appears

to be the preferred concept for low-speed homopolar motor applications.

Technical progress in the conceptual configuration of the superconducting

10
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heteropolar machine is presented, together with a report on progress on

the solution of commutat ion prob lems in such machines.

12. W. J. Carr , Jr . ,  M. S. Walker , D. W. Deis , and J. H. Murphy, “Hyst e-
resis Loss in a Multifilament Superconductor,” Advances in Cryogenic

Engineering, 22, 428 (1977).

Abstract : Theory of hysteresis loss in a multifilainent super-

conductor is reviewed and measurements are presented for a mixed-matrix
NbTi conductor. The measurements were made calorimetrically as a func-

tion of frequency and transverse ac magnetic field , for a 50 kOe dc bias
field, and also with no bias. Both a linear ac field dependence and a

cubic field dependence were observed, corresponding to the case of com-

plete penetration of the filaments, and partial penetration. Comparison

of experiment with calculation was made by evaluating the critical cur-

rent density from the measurements and the loss expression, and comparing

this value with a direct measurement of from transport current . Good
agreement was obtained.

13. W. J. Carr, Jr., “Parallel Field Losses in Twisted Multifilament

Superconductors ,” Sixth Symposium on Engineering Problems of Fusion
Research , IE EE Pub . No. 75CH1O97-S-NPS (1975), p. 152.

Abstract: In some applications of multifilament superconduct-

ing wire an appreciable component of a time dependent magnetic field

exists along the twisted filaments, and across the matrix, and loss and
stability problems are introduced . It has been suggested by various

authors that these effects-can be minimized by periodically introducing

reverse twist in the wire. A calculation is given for the eddy current

loss that can be expected for such a conductor. The calculation also ap-

plies for the case where the twist is uniform but the direction of the

magnetic field reverses along the length of the conductor.

11
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14. W. J. Carr, Jr., “Longitudinal and Transverse Field Losses in Multi-

filament Superconductors ,” IEEE Transactions on Magnetics , Vol. MAG- 13 ,
192 (1977) .

Abstract : • A review is given of the method of calculating losses
in a composite twisted multifilament superconductor based on the aniso-
tropic continuum model , and a summary of results are shown for the loss
as a function of frequency due to longitudinal and transverse app lied

fields. In both cases three frequency ranges may be distinguished in

which (1) the magnetic field in the superconductor is just the applied
field , (2) the field produced by internal currents becomes important, and
(3) skin effect develops in the eddy currents , which flow transverse to
the fi laments. In addition to these losses in the body of the supercon-
ductor (characterized by a vanishing component of electric field parallel

to the fi lament axes) , the losses in the current saturated boundary laye r
is described. Some discussion is also given on the use of ac field losses
in calculating the “ramped” field case.

15. W. J. Carr , Jr . ,  “Long itudinal Field Losses in Mult if i l ament Super-
conductors over a Range of Frequencies ,” J. Appl . Phys., 2022 (1977) .

Abstract: The power loss in a twisted multifilament supercon-

ductor due to a time-dependent longitudinal magnetic field is calculated
as a function of frequency. The longitudinal field is assumed to have a

sinusoidal dependence on both space and time, alternating changing direc-

tion along the conductor over a length 2~. The eddy current loss , as a

function of frequency, initially is approximately proportional to ~2 and

rises as the square of the frequency, until  it reaches a plateau which
tends to be frequency independent and inversely proportional to

After a further increase with frequency, the skin effect region is reached
with frequency to the one-half power dependence. The current-density
distribution in the conductor is calculated , and it is shown that for

large £ the entire cross section of the conductor can become current
saturated if the amplit ude of the ac field is greater than LAi C 

where L
is the twist length , i~ is the critical current density , and A is the

fraction of superconductor.

12
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16. W. J. Carr, Jr.,, 3. H. Murphy, and G. R. Wagner , “Alternat i ng F i e l d
Losses in Filamentary Superconductor Carrying L)C Transport Current ,”
Ad vances in Cryogenic Eng i neering,  Volume 24 , 415 (1978).

Abst ract : Alternating field losses in multifilament supercon-
ductors have been calculated previously only for special limiting cases ,
i.e. , for the case of full field penetration of the filaments , or for the
case of no transport current . From these l imiting values interpolation
formulas are given here for the full range of alternating field and dc
transport current , assuming only that the frequency is below the critical
frequencies for internal field effects , and that saturation e ffects in
the outer fi laments may be neglected . The results are compared with some
measurements.

17. W. J. Carr , Jr., “Magnetic Circuit Design for a Homopolar Motor ,”
Westi nghouse Research Report 76-9C30-MACON-P2 . Presented to the
Winter Meeting IEEE Power Eng ineering Society in New York , January

1978 .

Abst ract : The use of iron to enhance the flux density in a
homopolar machine is limited by the presence of a large circumferential
field which tends to saturate the iron in the wrong direction . It is
shown that the use of an iron structure with optimized circumferential
gaps can overcome this difficulty, and in many cases eliminate the neces-
sity of a compensating current.

18. W. J. Carr, Jr. , Ben C1awsoi~, and Wayne Vogen , “AC Losses in Super-
conducting Solenoids ,” IEEE Transactions on Magnetics , Vol. MAG- 14,

617 (1978).

Abstract : Losses were measured in a variety of different
solenoids made from various types of superconductors . Both single fila-
ment and multifilament , twisted and untwisted , conductors were used. The

results were compared with calculated losses for these cases .

13
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19. W. J. Carr , Jr. , “AC Loss from the Combined Action of Transport Cur-
rent and Applied Field ,” To appear in the Proceedings of the 1978

Applied Superconductivity Conference , 1978 .

Abstract : The ac loss in a superconductor resulting from the
combined action of an alternating transport current and in-p hase ac trans-
verse field is calculated for a slab , and normalized in a form which can
be applied approximately to a circular wire . Some results for l i m i t i n g
cases are al so directl y calculated for a wire .

14
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7.0 PROGRAM PERSONNEL

The personnel who have contributed to this program are as fol-
lows:

W. J. Carr, Jr. - Consultant in Magnetics and Supercon-

ductivity

J. H. Murphy - Engineer, Cryogenics

G. R. Wagner - Physicist , Cryogenics.

Consultation has been provided by other members of the Machinery
and Cryogenics Groups.

-‘



8. 0 DISTRIBUTION LIST

Number
of Cop ies

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217

Attention : Mr. K. Ellingsworth 3
Mr. E. Edelsack 1

Commanding Officer 1
Office of Naval Research Branch Office
Box 39 , FPO New York 09510

Director
U. S. Naval Research Laboratory
Washington , DC 20390

Att ention : Technical Information Division 6
Dr. R. A. Hem 1
Dr. E . H. Takken 1

Defense Documentation Center 12
Cameron Station
Alexandria , VA 22314

Commander
Naval Ships Systems Command
Department of the Navy
Washington, DC 20360

Attention: Mr. A. Chaikin 1
Mr. J. C. Grigg 1

Commander
Naval Ship Engineering Center
Center Building
Prince Georges Center
Hyattsville, MD 20782

Attention: Mr. D. Schmucker 2

16 

- . 

~~~~~~~~

- 

A



Number
of Cop ies

Commander
Naval Ship R~D Laboratory
Annapolis , MD 21402

Attention : Dr. H. Boroson 1
Dr. E. Quandt 1
Dr. W. J. Levedah l 1
Mr. H. 0. Stevens 1
Mr. T. 3. Doy le 1

Headquarters
Naval Material Command
Department of the Navy
Washington , DC 20360

Att ention : Mr. R. V. Vittucci 1

Office of the Chief of Naval
Operations

Washin gton , DC 20350

Attention : Mr. H. Cheng 1
Dr. R. Burns I

Office of the Assistant Secretary
of the Navy (R~D)

Pen tagon , Room 4E74 l
Washington , DC 20350

Attention : Mr. 3. Probus 1

Naval Undersea Research and
Development Center

San Diego , CA 92132
Attention : Dr. T. G. Lan g 1

Advanced Research Projects Agency
1400 Wilson Boulevard
Arlington , VA 22209

Attention: Dr. E. C. Van Reuth 1

Massachusetts Institute of Technology
Cryogenic Engineering Laboratory
Cambridge , MA 02139

Attention: Professor Joseph Smith I

17

4 .-—.--.— ——— .
~

. . - - - . .

- -

~

-

~

- .



- ~~~~~~~~~~~~ 
IF~ ~~ . ~~~ - -,—-- - :. 

- .  T..~~ .

Number
of Copies

General Electric Company
P . 0. Box 43
Schenectady, NY 12301

Attention: Mr. G. R. Fox I
Dr. J. A. Mirabal 1
Dr. H. J. Jefferies 1
Mr. B. D . Hatch 1

National Bureau of Standards
U. S. Department of Commerce
Boulder , CO 80302

Attention : Mr. R. H. Kropschot 1

University of Colorado
Electrical Engineering
Boulder , CO 80302

Attention : Pro fessor J. Fuller 1

U. S. Atomic Energy Commission
Applied Technology Division
Germantown, MD 20S45

Attent ion : Dr. G. Johnson 1

Garrett Corporation 1
Caf ritz Building
1625 “I” Street , N.W .
Washington , DC 20006

Arthur D. Little , Inc. 1
Acorn Park
Cambridge , MA 02140

Air Research Manufacturing Company 1
9851-9951 Sepulveda Boulevard
Los Angeles , CA 90009

J. Thomas Broach - STSFA.-EA 1
U. S. Army Mobility Equipment
Research and Development Center
Fort Be lvoir , VA 22060

18

—_.—. .- -- . -.--—

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-. - ‘u’—”~~ T.T - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~~ . —~

., 
~~~~~~~~~~ - .., — .- . . . ._ .

Number
of Copies

C. 0., USAME RDC
Elect rotech Department
Electrical Equipment Division
Fort Belvoir , VA 22060

Attention : STSFB-EA (Dr. W. D. Lee) 1

Mr. Charles E. Oberly 1
AFAPL/PO D- 1
Wright -Patterson AFB , OH 45433

19

4 .
~~~

,.—- 
~~~~~~~ . 

-.-- -. -.- -.‘---— — . -—— . .—-- - —--- —~~----~ — ~ -
. — -. .. — --j -


