
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



.l

i.	 b

NASA Cit-135178

DESIGN STUDY OF SUPERCONDUCTING MAGNETS FOR A

COMBUSTION MAGNET04YORODYNAMIC (MHD) GENERATOR

ff ASA-CF-1 35178) DESIGN STUDY OF	 N77 -20686
SUPERC0NDTICTING MAGNETS FOR A COMBUSTION
MAGNErOHYDRODYNAMIC (MHD) GENERATOR
(Magnetic Corp. of America, Waltham, Mass.)	 Unclas
255 p HC Al2/MF A01	 CSCL 201 G3/ 75 24642

Richard J. Thome and John W. Ayers

^f

W,GNETIC CORPORATION OF AMERICA Ig

^^`,^'^^,17

Prepared For	 ^	 A

A	 1S7-7	 `{..
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION ^^ 	 RECEIVE3

' NASA ST FAC11 WS►
r'	 l PUT BRAi^Ck

NASA Lewis Research Center 	 S c z

Contract NAS 3-19885

.: I



i

{	 * For sale by the National Technical Information Service, Springfield, Virginia 22161
;i

1.	 Report No. 2. Government Accession No. 3. Recipient's Catalog No.
NASA CR-135178

4. Title and Subtitle 5. Report Date
March, 1977

Design Study of Superconducting Magnets for a
Combustion Magnetohydrodynamic (MHD) Generator

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.

Richard 0. Thome and John W. Ayers HAS-03

10. Work Unit No.
9. Performing Organization Name and Address

Magnetic Corporation of America 11. contract or Grant No.
179 Bear Hill	 Road HAS 3-19865
Waltham, Massachusetts 02154

13. Type of Report and Period Covered

Contractor Report12. Sponsoring Agency Name and Address

National Aeronautics and
Space Administration

14. Sponsoring Agency Code

Washington, D.C. 20546

15. Supplementary Notes

Technical Manager, James A. Burkhart, Plasma Physics Branch,
Plasma Flow Section, NASA-Lewis Research Center, Cleveland, Ohio

16. Abstract

Design trade off studies for 13 different superconducting magnet systems
have been carried out. 	 Based on these results, preliminary design character-
istics have been prepared for several superconducting magnet systems suitable
for use with a Combustion Driven MHD generator. 	 Each magnet generates a field
level of 8 T in a volume 1.524 m (60 in.) long with a cross section 0.254 in
0.254 

in
	 in. x 10 in.) at the inlet and 0.406 m x 0.406 in (16 in. x 16 in.)

at the outlet.	 The first design involves a racetrack coil geometry intended
for operation at 4.2 K, the second design uses a racetrack geometry at 2.0 K,
and the third design-utilizes a rectangular saddle geometry at 4.2 K. 	 Each
case was oriented differently in terms of MHD channel axis and main field
direction relative to gravity in order to evaluate fabrication ease. 	 All
cases were designed such that the system could be disassembled to allow for
alteration of field gradient in the MHD channel by changing the angle between
coils.	 Preliminary design characteristics and assembly drawings were generated
for each case.

s

DRIGINAL PAGE IS
Or' POOR QUALITY

17. Key Words (Suggested by Author(s)) 18. Distribution Statement

Superconducting	 Magnet, Unclassified
Magnetohydrodynamic (MHD)

19. Security Classit (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22, Price'
Unclassified Unclassified 254

.,6..



x

ORE ID

This report was prepared'by M.	 q.;c Corporation of RmeII-L& 179 ea	 ai
Road, Waltham, Massachusetts 02154 under NASA Contract No. NAS 3-19885.

The work was administered under the direction of the Plasma Physics Branch,
Plasma Flow Section, NASA--Lewis Research Center, Cleveland, Ohio. fir. Names A.
B rlchaft qewve'd as Technical- Manager on the program.

'	 This report describes work performed during the period September 1975 to
December 1976. The authors wish to acknowledge contributions to the effort by
Z. J. J. Stekly, C. J. Lucas, T. M. Hrycaj, R. J. Camill .ao # • P. B. Punchard,
,W.. R. Mann, J. Minervini, and P. M. G. Margosian.



J

^ TABLE OF CONTENTS

1. SUMMARY 1

1I. INTRODUCTION 3

III. PRELIMINARY DESIGN TRADEOFFS 9
S

A.	 State of the Art 9

B.	 System Configuration and Characteristics 17 i

C.	 System Cost Estimates 31

D.	 Design Considerations 52

E.	 Selection of Configuration for Analysis 70
-

IV::::, 'a T RACETRACK, 4.2 K SYSTEM 73

A..	 system Description :,	 73

B. + ''W.indi ng Geometry and Field Characteri:ati cs 90

Structure and Dewar Design 107

V.. B T RACETRACK, REDUCED TEMPERATURE SYSTEM 129 }

A.	 System Description 130

" B.	 Winding Geometry and Field Characteristics 145 ?

C.	 Structure and Dewar Design 165

V1. D T RECTANGULAR SADDLE, 4.2 K SYSTEM 173 j

_ A.	 System Description 173

B.	 Winding Geometry and Field Characteristics 191

C.	 Structure and Dewar Design 208
h!

VII. COST ESTIMATES AND DISCUSSION OF RESULTS 221
j

A.	 Phase I Results 221

S.	 Characteristics of Phase II Preliminary Design 222

r C.	 Estimation of Costs for Preliminary Design Nos. 1, 2, and 3 229

VIII. SUMMARY 233

APPENDIX A.	 EFFECT OF ACCESS PORTS ON THE FIELD IN THE MID CHANNEL .235

APPENDIX B.	 STABILITY CRITERIA 241

` PEDING, PAGE 13LANK NoT
Ir



i.i

i

DVS

4

F

k'

a

-.	 1

f,

i

-I-

	
f.

The main goal of-this.offort was to prepare prelimi"nary designs for three
superconducting magnet sysie s for a combustion driven`'M^HD generator. The pro-
gram was carried out 'in two phases. In Phase I alternate design concepts were
evaluated to provide sufficient information to allow three to " "be chosen for the
Phase II preliminary design phase.

Phase I concentrated on.the relative importance of different winding geome-
tries, supercorafluctors, field levels, operating temperatures, and whether or , not
irpn should be used for field enhancement. Solenoidal, racetrack, rectangular
saddle, and annular saddle geometries were evaluated. The rectangular saddle
was carried"into Phase II because of its efficient use of material and the race-
track was chosen because of its simplicity in fabrication. The 8 T level was
selected for all systems, and the decision-was made to utilize a limited amount
of iron for field enhancement in the MHD channel and for field reduction at the

is	 supercond=ting windings: A-11.. •systems:utilized NbTi since preliminary cost
e dim tes 'i ndi i ateti' that- this rr 3t6r4-a1 wot l d be most economical for this appl i
cation.'

Preliminary Design No. 1 was based on a racetrack geometry at 4.2 K, No. 2
on a racetrack geometry at 2.0 K, and No. 3 on a rectangular saddle geometry at
4.2 K. Furthermore, each design was carried out such that the system could be
disassembled periodically to allow for alteration of field profile on the MHD
channel axis by changing the angle between coils. Preliminary desi gn evaluation
and preparation of preliminary layout drawings has led to the conclusion that
each system is feasible. A program of supporting development will be necessary
in any case during final design. One area of particular importance will involvebi	
experimental verification of stable superconducting operating conditions for the
winding construction finally chosen. This is particularly true if the 2.0 K
case (Preliminary Design No. 2) is chosen since little information is available
concerning stability criterion in He II.

t

	

	 Results itply that the rectangular saddle (Design Pao. 3) will he substantially
more economical to_design and" build than any of the racet racks considered. For

} the racetrack geometry, operation at 2.0 K implies a somewhat less costly system
than operation at 4.2 K. The cost of refrigeration or of supporting development
was not included, however.

_	 y

i

i

1

f•



c.

i'

R

I

r
P

}	 II. INTRODUCTION

This program involved a trade-off and preliminary design study on concepts
for a superconducting magnet system for a Combustion Magnetohydrodynamic (MHD)
Generator.. This allows an insight to be gained into the magnitude of the proj-
ect in terms of physical characteristics and cost. It also allows potential
;Interface problem areas to become evident and allows estimates to be made of
any development required.

There is no MHD test facility in the U.S. at the present time which util-
izes a superc&nducting magnet system even though the magnetic field provides
the coupling Me-chani-sm for the power generation process and must be provided by
a superconducting magnet if efficient power generation is to take place. The
winding geometry required for this application is complex, and the superconduct-
ing magnets of interest to this program are among the largest superconducting
magnets built to date. Fabrication and installation of an MHD magnet of the
type considered in this program would be-an important step forward in supercon-
ducting magnet development to assure that the technology required for full-scale
MHD magnet design and construct-ion will be available when needed.

The dimensional requirements on useful field volume for the system are
illustrated in Figure 11-1.- The main fl eld direction is perpendicular to the

r	 axis of.,a channel which is square-in cross section and I.524 m (60 in.) long.
°u	The field at the 10-in. square (0.254 m square) inlet is B • , and the.field at

the 716-in' square (0.406 m square) is Bo. The maximum fiel6s on axis which were-
considered initially were in the 5 T to 8 T mange. A taperdd ' fiPld'pr0' Me
along the channel axis was desired such that Bo -4 0.8 8i . rurthermOre, t=he
desired field homogeneity was 5 percen^,',;

The effort was .divided into two phases. Phase I involved the evaluation of
attractive design alternates. Interest centered on the impact of different wind-
ing geometries, field level, types of superconductor, operating temperature, and
the use of iron for field enhanc fe;:,.Fnt. The cases selected for evaluation are
hummari4ed in Table II-1.

Figure II-2 defines these geometries by illustrating one quadrant of a
transverse section of the coil system. In each case a complete winding cross
section would result from reflection of the sketch about both axes. The sole-
ir,oidal geometry is comparatively simple to design and fabricate; however, the
bore size of the solenoid is determined primarily by the length of the MHD chan-
nel. A relatively large winding results and magnetic field is generated in
large volumes where it is not used. The racetrack usos conductor more efficient-
ly by having windings which'la a close to the channel and parallel to the channel
axis. Tire racetrack geometry is, by definition, located "over" and "under" the
MHD channel or bore tube with each turn lying in a single plane. The saddle
geometries also have turns parallel to the channel axis; however, they require
compound bending of the end turns in order to cross over and under the bore tube.
Two saddle geometries are illustrated: the rectangular saddle and the annular

"	 saddle. The fanner is better suited to a square bore requirement, and the latter
to a round bore; However, both were considered in Phase I.
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In Phase I, es.4imates were generated which allowed each of the cases in
Table II-1 to be optimized from the standpoint of ampere-meter requirement and
conductor stress level. Overall winding dimensions and characteristics were
determined as well at stored energy and weight estimates for structure and dewar.
Labor estimates were made -For detail design, fabrication and installation of
eaca system. Consideration was also given to fabrication with three different
conductors': NbTi for operation at 4.2 K, NbTi for operation at 3.0 K, and iyb3Sn
for operation at 10 K. Approximate system costs were then generated for each of
the geometries with each conductor for a total of 39 estimates. A review of the
results and system characteristics (see Section III) allowed three cases to be
chosen to be carried forward into Phase II which involved the generation of a
preliminary design for each of the cases.

The net result of Phase I was the decision to concentrate the Phase II
effort on: (1) a racetrack geometry with an operating temperature of 4.2 K
(Section IV), (2) a racetrack geometry with an operating temperature of 2.0 K
(Section V), and (3) a rectangular saddle geometry with an operating temperature
of 4.2 K (Section VI). All systems were to produce 8 T, use NbTi superconductor
and use iron for field enhancement. It was also decided that the separation of
the coils at the downstream end should be adjustable with a mechanical shimming
scheme such that the channel exit field would be 6.4 tesla when the coils were
positioned closest to the bore tube and 4.5 testa when the coils were positioned
farthest from the bore tube. Purthermore, 'the goal was for the flux density to
deviate from a linear profile ± 5 percent for the 6.4 t?sla channel exit case
and ± 8 percent for the 4.5 tesla channel exit case.

The rectangular channel geometry was chosen because it was the most eff-
cient in terms of material utilization. The racetracks offered simplicity of
design and construction. One of the cases was chosen for operation at 2.0 K in
order to evaluate the potential advantages of sub-lambda liquid helium as the
cooling medium.

Prel.iminary,designs were generated for each case (Sections IV, V, and VI)
and then characteristics were compared and cost estimates were prepared (Section
VII). All systems satisfied user requirements on field level and field volume.
The rectangular saddle wa g estimated to be substantially less costly than any of
the racetrack systems. The saddle is expected to be somewhat more expensive.in
design, fabrication, and installation labor; however, this was far outweighed by
requirements for less material for conductdr and structure.

A comparison of the racetrack systems indicated that the 2.0 K systems were
somewhat less expensive than their 4.2 K counterpart. Conductor requirements
were substantially lower, but this was offset by increased structural require-
ments to limit the stress Ievel in the windings. No allowance was made for the
relative difference in cost of refrigeration or for the additional development
which may be necessary because of the lack of data available for magnet design-.
in sub-lambda helium.

s

The MHD channel axis and the main field direction were oriented diffF-ent'ly
relative to the gravity vector for each of the three systems. With minor modifi-r
cations, any of the cryostats could be interchanged with any of the coil subsys-
tems. All orientations appear feasible, and the concept for occasional altera^

r^
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Lion of the angle between coils was included. In each case, this would involve
system warm up, disassembly, replacement of mechanical spacers between coils,
re-assembly and cooldown. The concept is suitable for an MHD test facility on
this scale where are occasional variation in field profile would be desirable.

The effort has provided preliminary design information on three systems and
is suitable as a baseline from which a final design task may be initiated.
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III. PRELIMINARY DESIGN TRADE-OFFS

The first phase of this program involved a preliminary evaluation of
alternate magnet design concepts which would satisfy user requirements. Overall
magnet system characteristics were estimated, and rough cost estimates were
generated for several designs. Three concepts were then . selected and investi-
gated in more detail during Phase II. The purpose of this section is to discuss
the results of the Phase I effort in which the groundwork was laid for selection
of the systems to be carried forward for further study.

A. STATE OF THE ART

Before proceeding with a discussion of design concepts, it is useful to
consider the general state of development of superco)iducting MHD magnets and
geometrically similar dipoles. Toward this end, several tables and figures
were prepared. Figure III-1 is a plot of overall current density versus stored
energy with points corresponding to the design or operating points of selected
superconducting magnets.

The points shown in Figure III-1 are coded to indicate whether the magnet
is operational or 's in the design or planning stage. The code also indicates
the superconducting material used. The majority of the points are for dipolesn	
or saddle magnets since this is the geometry relevant to applications in MHD
and to this program. Certain solenoids are included since they represent the
largest superconducting magnets now in existence. These are the bubble chamber
magnets at CERN (BEBC), Fermi National Accelerator Laboratory (FNAL), Argonne,
and Brookhaven (BNL), and the spark chamber magnet at CERN (Omega). The point
labeled "US-USSR" represents the design point for an MHO magnet to be built in
the United States for the USSR U25 experimental facility.

Magnets in the loner energy range (-- 1 MJ or less) often are under develop-
ment as part of a program seeking to minimize magnet weight for airborne appli-
cations or to ultimately minimize magnet cost because of the need for large
numbers of magnets. As a result, the overall current density is raised to con-
serve conductor. This results in designs which are not cryogenically stable
but dependent on intrinsic conductor stability criteria and the ability to
develop a thermomechanical winding and structural design which will suppress
effects which initiate operational perturbations. The understanding of the
necessa, ,y and sufficient conditions for high current density winding design is
not as well developed as the understanding of relatively low current density
winding design involving cryostatic stability. As a result, large magnets are
conservatively designed at lower current densities because of the large capital
investment involved.

The points numerically coded from -(l) to (12) in Figure III-i were specifi-
cally designed as part of an MHD-oriented program, with the exception of Nos.
(8) and (10). Number (8) is a large bore, low field, iron bound magnet for
experiments in higif energy physics. Number (10) is a saddle magnet which is
typical of present high current density technology and has characteristics which
satisfy typical MHD requirements. The characteristics of these magnets are
outlined.in more detail in Table III-l.

-9-
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1ADLE II1-1

CHARACTERISTICS OF SUPERCONDUCTING MHO-TYPE =10S

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

MCA GARNER ELECTRO- ELECTRO- LAWRENCE MCA
BUILT CRYOGENICS TELHUICAL TECHNICAL RADIATION BUILT IIISTITUTE
FOR BUILT FOR tAd LAB LAB FERRANTI FOR OF HIGH

WPAFO KFA-JULICH AYCD JAPAN JAPAN MITSUBISHI HITACHI LIVERMORE PACKARO FRAL TEMPERATURE AIRCO

Saddle MD Project ARGAS KdD Model 1 kH MID Racetrack MHO Saddle MD Saddle High Energy L.S.A.F-- 1 Peter U-S.S.R. Saddle IWO

BEIP,RKS Racetrack Saddle Saddle Pair, 3 IV Magnet Magnet Physics Expts.C.D.R.D. Mon Saddle IVAN Magnet

Pair Magnet Magnet MHD P.agnet Sdddle Magnet MHD Saddle Magnet HHD Saddle

i.ENSTH OF OVIFORM FIELD (n) .98 B 75%	 Ctrl. 1.60 1.2 .34 0 75. 1.2 .25 O 90% .6 ---- l .2D .7F
.B1 A 95"

LEYGTII (n) 1.5 1.66 3.05 .85 .84 ].B 2.25 1.05 1.45 .50 1.0

21.3 = Magnet 3D.5 ao 33 cm 39 x 130 27.8 cn 38 car 100 Cm 33 cm 14,6 x 9.5 14 m 17.5 cm

30RE
Diame:er Cold Cold cra	 an Cold Cold Room Cold an	 cm Cold Races

IS ca Diameter 29 cm Warm 21.4 as 25 cm oval leaperature

Warn Harts Warn Warm Cold

CENTRAL 319 3.3 3.7 2.4 5 1.06 4.5 .95 1.55 2.6• 3.1 3.3

FIELD (T)
PEAK 5.46 6.2 4.26 3.2 7.5 2.62 5.6 2.0 3.67

ENERGY (MJ) .586 6.3 3.9 .37 70 . 155 4. 5 1.3 .19 .128 .12 4.0

09RALL CURRENT OEUSiTY
Wcn2 ) 12,030 51100 3,270 5,400 2,50013,000 3,200 3,20D B4OOO 13,700 25,100 9.300

MF	 Nb-TS MF	 Ilb-Ti Nb-Zr Mb-Zr Nb-Ti-Zr Nb-Ti-Ta Nb-Ti-Zr MF Nb-Zr Hb-Ti MF	 Nb-Ti Stranded 121 Strands

1.8:1	 CSC 2.3:1 4 Strands 10 Cores 10 Cores Cable 1.25:1 1.1:1 Nb-Ti-Zr US-Ti in Cu

CONDUCTOR 180 filaments 21 Filaments 9 Strands in Cu Soldered 19 Strands 211 Filaments Flat Cable-li Indium In- .050"x •125"

1" Twist Pitch 3" Twist Pitch .010" pia .25 mn dia 13 Cu.-3 SC 5 Cra Twist Strands, preg. Cable
.064• x .064" S7" x .114 • .046" x .500" .040" x.250" .024" dia Pitch .025" Strand 28 Cu -

.010" Strand Strands .000" square Diameter 21 S.C.
Diameter 3.5 x 8 ran 1.2 x 10 ma 1.6 x 7 mn .044" x .144" Strands

CONDUCTOR CURkENT (A) 376 330 725 455
1.27511,570

1,000 500 600 685 1,625 998
2 Sections

CWUCTOR CURRENT DGISITY	
14,500	 5.90D	 10,000	 4,55015.600	 5,350	 ----	 ----	 36,500	 12,400

^ProduceS 3.6 T ./iron Corn.



Hagnet (1) is a superconducting saddle magnet designed and built as part
of an Air Force program to develop lightweight MHD magnets. The magnet is
shown in Figure III-2. It utilizes a high current density conduction cooled
winding and a structure composed of high strength aluminum and titanium. The
magnet has been repeatedly operated up to a central field level of 3.9 T at an
overall winding current density if 1.2 x 10 8 A/mz.

Magnet (2) is a racetrack pair built for an MHD test facility at Julich,
West Germany. The design utilizes a relatively low current density. The uni-
form field length for this magnet is 1.6-m. This is the longest °ield length
for any superconducting MHD magnet that has operated.

Magnet (3) is illustrated in Figure III-3. This magnet was the first
superconducting MHD saddle magnet. It utilized a cryostaticaily stable winding
design and aluminum support structure. It has been repeatedly operated to a
central field of 3.7 T.

Magnets (4) to (7) were designed and built as part of the MHD R&D effort
in Japan. All designs utilize a low current density fully stabilized winding.
Magnets (4), (6), and (7) use saddle type windings whereas magnet (5) is a race-
track configuration. The latter has achieved a 5 T central field which is the
highest to date for a superconducting MHD magnet.

Magnet (8) is an iron bound saddle type magnet constructed for experiments
in high energy physics. It is included here because of its relatively large
bore size.

Magnet (9) was designed and built as part of a joint program between the 	 ~
U.S. Air Force and Canadian Defense Research Board to develop lightweight, high
current density MHD magnets. It has been operated up to a field level of 1.55
T at an overall current density of 1.37 x 10 8 Alm'.

Magnet (10) is shown in Figure III-4. This type of design is representa-
tive of the present state of high current density saddle magnet development. It
was designed and built for the Fermi National Accelerator Laboratory. The
structure is a continuous wrap of high strength stainless steel wire, and each
layer is fully impregnated with epoxy as illustrated in Figure III-5. It has
been repeatedly operated at a 2.64 T central field level with an overall wir.^iog
current density of 2.51 x 10 8 Alm'.

Magnet (11) is a superconducting saddle magnet built at the Institute of
High Temperature in the USSR. It is believed to be a relatively low current
density, cryostatically stable winding design.

Magnet (12) is a saddle magnet built as part of the USAF superconducting
MHD magnet development program. It has been operated up to a central field
level of 3.3 T with an overall winding current density of 9.3 x 10 7 A/m2.

In reviewing the information in Table III-1 and Figure III-1, several com-
ments are in order in view of the requirements and alternatives available in the 	 .
present design program.

F
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Figure III-2

Assembled su perconducting MHD magnet and supporting structure. This
magnet has a winding ID of 8 inches, a uniform field length of 40
inches, and has been operated at a central field level of 4.0 T which
corresponds to a maximum field at the windings of 5.5 T. This magnet,
built by Magnetic Corporation of America and wound entirely with
superconducting wire manufactured by our HIconductor Division, is

s'	 four times lighter than any other similar su perconducting magnet.
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Figure III-4

Fully assemhled "saddle" type high current density superconducting beamline
dipole. The dipole features a clear bore of 3.6" by 5.8". The main structural

componen
steel wi
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Figure III-5

Epoxy-impregnated "saddle" type layer for a high current density superconduct-
ing beamline dipole. Cooling passages between layers are formed on the concave

side of the layer by the mold.
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1. The present program requires a uniform field length of 1.504 m which
is comparable to that of the longest uniform field built to date
(Magnet (2)).

2. A tapered bore is required wi'n cross-sectional dimensions in the
0.25 m to 0.41 m range. No!ie of the magnets listed have tapered bore
geometries though bore sizes of comparable size have been used.	 ..^

i	 .

E	 3. Fields of interest to this program lie in the 5 Ito 8 T range. The
+	 highest central field operated to date is b T (Magnet (5)).
I

{	 4. The conductor utilized in each of the MHD type magnets is a composite
conductor of copper and superconductor in the NP-Ti-Zr alloy family.

5. Large size superconducting magnets (^ 5 x 10 6 J) are usually designed
at a low overall current density (see Figure III-1) corresponding to
cryostatic stability because of the large capital investment involved
and the present developmental nature of design at high current densi-
ties.

'	 rt

The first task in this design study involved an evaluation of several
design alternates. The design points for these alternates in terms of overall
current density and stored energy fall in the shaded band in Figure III--1	 j
labeled "conceptual designs." It is cipar I that the systems of Interest to this
program are larger than the superconducting MHD type magnets which nacre been
built and among the largest superconducting systems built to date. The shaded
band also indicates that the overall current densities used in the program are
realistic without excessive conservatism or optimism. The sections which follow
will discuss the conceptual design alternates for this program in detail.

i
B.	 SYSTEM CONFIGURATIONS AND CHARACTERISTICS

This section will discuss the basic system configurations which were con-
sidered and the initial estimates of system characteristics. The basic coil

I	 geometries selected for study are presented first. Overall system size, winding
size, and system characteristics are then given for the optimized coil configura-
tions at field levels of 5.0, 6.5, and B T. The section closes with estimate0
field profiles on the channel axis for selected systems.

1. Basic Geometry
r	

i^.

	

	 The basic geometries chosen for'study during Phase I are illustrated in
Figure III-6. Four sections are shown; each represents one quadrant of a sec-
tion transverse to the MHD channel. One quarter of the magnet system warm bore
is outlined by a dashed Iine in each case.

A system consisting of a pair of coaxial solenoids is the least complex
from the standpoint of design, structural support, and fabrication. Its inner
diameter is determined primarily by duct length, however, with the result that a

l large field volume is available outside of the region of interest. This leads
to a winding volume which is relatively large. Solenoid cases were considered
in this task with and without the use of iron in the solenoid bore.

i
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The racetrack geometry consists of two coils with sides essentially para-
llel to the duct. The overall winding size and volume are reduced relative to
the solenoid because the field produced is concentrated in the.region of inter--
est. For the'purposes of this task, the end turns of the racetrack were assumed

C	 to be circular.. Furthermore, cases Wore considered wit'h.andwi-thout iron in the
racetrack bore. The racetrack geometry is more'complPx=from the viewpoint of
structure and fabrication than the solenoid but less complex than the geometries

.	 which follow.

The rectangular saddle has.. a crass-s^tional shape similar to that of the
racetrack except..that the two coil halves meet at the midplane between coils.
This results in a Mare effective use of the conductor froat the field generation
standpoint but increases the complexity since the end turns must be shaped so
as to rise up and over-(.or.down and under) the duct on each end. Cases were 	 j
considered with and wlthou-Vi , iron i n the coi 1 _.bor4..

The annular section saddle is a variation on the saddle geometry and 1con-
silts of layers of conductor which lie on constant radii. The geometry lends
itself to a circular bore which must be sized so as to have a diameter equal to
..the diagonal of the required square duct. This leads to additional bore volume
and-represents a major advantage for this case.

` .S'ome additional core access is available with either the solenoid or'-race-
track as shown in Figure III-6, since the windings do not extend to the mid-

1	 plarke., This extended access leads to structural complications, however,
because the pair of coils experiences a strong attraction and the windings must

'	 be supported as they pass over and under the bore tube.

A qualitative comparison pf the winding geometries is outlined in Table
III-2 for magnets assumed to'have the same field level. Item (1) represents
bore access in addition to that required by the square bore specification. , This
occurs naturally in the case of the annular section saddle because of the round
bore for that geometry.

Items (2) and (3) in Table III-2 represent access transverse to.the channel
in a direction either parallel or perpendicular to the main field direction.
This is limited and must be consistent with structural requirements for the coil
systems. It is possible for all .cases parallel to the main field. Transverse
aGieess perpendicular to the main field is most compatible with the 'solenoid and
racetrack.

The fourth item is entrance length which is defined as the distance from
the dewar entrance to the M8i) channel entrance (i.e., the position of the plane
of the maximum field on the channel axis ,). Early est'ima'tes indicated that the
shortest entrance length may be expecte d-"with `ki'ie r`acetrack, followed by the
annular section saddle, solenoid, and rectangular saddle i^ that order.

Items (5) and (6) are overall ' size and overall weight and are indicative
of facility size requirements for the system. Structural weight and ampere-

-	 meter requirements are outlined in items (7) and (8) and are a measure of system
material- costs.

The relative stored energy and charge time for the different configurations

-19-
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TABLE 111-2

QUALITATIVE COMPARISON OF WINDING GEOMETRIES

(L:pLow; M=Moderate; H=High)

Solenoid Raqetrack Rectangular Annular Section
Saddle Saddle

1) Additional access around duct y -es yes no yes

. .. 2 ) Possible bo re access parallel yes yps yes yes
to B

3) Possible bore access perpen- yes yes no no
d-jrul-ar to -3

4) entrance length med-long. v short long medium

5) Overall size H 	 "': , H-M L M-L

6) Overall-weight H M L L

^tructUral weight H M L M

8) Ampere-meter requirement H H L M

9) Stored energy H M M-L

10) C'arge time required H M L M-L

11) Winding difficulty L M. H H•.

12) Structural camO-I-pxity L ..M M-H H



is given in items (9) and (10). The energy is a measure of size and also
affects charge time assuming the same power supply is used in each instance.

Items (11) and (12) are winding difficulty and structural complexity,
respectively, and are a measure of fabrication time and cost.

The list in Table III-2 is intend:d to provide an insight into some of the
overall characteristics of the different systems through a comparison which is
strictly qualitative.

2. Overall Size Estimates

The overall dimensions for some of the systems considered in Phase I were
estimated and are shown in Figures 1I.I-7 through I1I-70. All figures are drawn
to the same scale. The approximate dimensions for the 8 T systems are shown in
Figures III-7 and III-8. All dimensions are optimistic in overall envelope
since they do not include the lengths required for stiffeners on the flat plates
of the dewars. Because of.the large areas involved, the stiffeners required
may be expected to be substantial in size. Three 5 T systems are shown in Fig-
ure III-9. Figure III-10 shows S. T, 6.5 T,. and 8 T annular section saddle sys-
tems to i I I use. ate the vartati on in overai .l s.i .ze with f i el.4 level.

In performing the first phase of this program, 13 different designs were
carried through the rough cost estimation stage. These cases are listed in
Table III-3 together with estimates of the entrance length for each case.

3. Windin2 Size Estimates

Dimensional estimates for the winding envelopes for each of the 13 cases
carried through the first phase are shown in Figures III-11 to III-14. Each,
case was arrived at through an optimization involving total ampere-meters
required, complete cryostatic stabilization, and estimates of conductor stress.
The design considerations involved and the trade-off procedo.re used in Phase I
will be described in Section III-D..

Figure III-11 illustrates two $ T solenoids together with an outline
illustrating the position of the duct relative to the windings in a manner con-
sistent with the field profile requirements in the program. It is clear that
the use of iron in the solenoid bc:a has a major impact on winding volume. The
iron contributes to the generation of useful field and thus reduces the ampere-
meters required. In addition, the iron has a tendency to reduce the peak field
at the winding and, therefore, affects the current density chosen in design.

Racetrack winding dimensions are shown in Figure III-12. Both 8 T and 5 T
designs are shown with and without iron used in the winding bore. The impact
and advantage of the iron is again obvious. Figure III-13 gives similar infor-
mation for the rectangular saddle geometry. Rote that the duct is positioned
somewhat further downstream for the saddle than for the racetrack. This arises
because of a tendency for the saddle to have a slower rise in field profile than
a racetrack.

The relative size of the windings for 5 T, 6.5 T, and 8 T annular section
saddle coils is shown in Figure III-14. The dramatic increase in winding volume
as field increases is evident.
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Table 111-3

Estimated Entrance Length (Optimistic)

(end of dewar to duct inlet)

magnet ty pe

solenoid w/iron

solenoid w/o iron

racetrack w/iron

racetrack w/o iron

rectangular saddle w/iron

rectangular saddle w/o iron

annular section saddle

annular section saddle

annular section

racetrack w/iron

racetrack w/o it
rectangular sadd

rectangular sadd

entrance length
(m.)

1.21

1.67

1.02

1.26

1.39

1.45

1.11

.89
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4. Tabulated System Characteristics

The characteristics of the 13 systems investigated under Phase I of the
program are outlined in Tables III-4 through III-7. Each table corresponds to
one of the four geometries: solenoid, racetrack, rectangular saddle, and annu-
lar saddle. For each case the total central field (i.e., maximum field on duct
axis) is given as well as the iron contribution if any. This is followed by
the estimated peak field at the windings. Electrical characteristics are than
given together with the estimated masses of system components. Each design is
based on an overall current density chosen in a manner consistent with complete
cryostatic stabilization and a limited conductor stress. Results for comparable
systems studied in Phase II may differ somewhat because the design procedures
for the latter were more refined.

5. Field Profile Estimates

Figures III--15 to III-21 show field profiles along the axis as estimated
in Phase I for several of the designs considered. In each case, two character-
istic profile lengths are given. One is based on a length definition such that
the useful field is assumed to begin at the maximum field point and end at the
point corresponding to 80 percent of maximum. The other is based on a length
such that the profile is within ± 5 percent of a linear profile.

C. SYSTEM COST ESTIMATES

1. Summary

As part of the comparative system evaluation under this task, rough cost
estimates were prepared. These are summarized in Tables III-8 to III-10 in
normalized form. Each table contains 13 cases. All cases on a given table
utilize a particular type of superconductor operating at a particular tempera-
ture; that is, the systems in Table III-8 utilize NbTi at 4.2 K, the systems in
Table III-9 utilize NbTi at 3.0 K, and the systems in Table III-10 utilize Nb3Sn
at 10 K. Following cost estimation, a relative cost was generated by arbitrar-
ily choosing the total cost estimate for the 4.2 K, NbTi, 8 T, annular saddle as
a unit cost and dividing all other cost estimates by this value. The approxi-
mate cost for the baseline system was $2.27 x 10 6 . More detailed analysis and
cost estimation may lead to higher values; hence a contingency of the order of
20-25 percent would seem reasonable.

In each table the 13 designs are arranged in columns. The seven columns to
the left are designs at an 8 T central field, whereas the five to the right are
at 5 T. A design at 6.5 T is given in each table and is bounded by heavy lines.
The geometry, whether or not iron is utilized, and central field level are given
in the first three lines. Relative cost estimates are then given for labor and
for material components. The assumptions and methods used in calculating these
Phase I estimates are given in Section III-C-2.

The costs for the system designs reflect the complexity of structural sup-
port in that design costs are less for the solenoid and more for the saddle
geometries with the racetracks at an intermediate level. The design costs are
assumed to be independent of field level or operating temperature. Fabrication
and installation costs, on the other hand, are geometry and field level depen-
dent because of the variations in ampere-meters required and in fabrication
techniques.
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TABLE III-4

SOLENOID SYSTEM CHARACTERISTICS

Total Central Field (Wb/m2)

Iron Contribution (Wb/m2)

Peak Field (Wb/m2)

Electrical Characteristics

Overall Current Density (107 A/m2)

Operating Current (kA)

Stored Energy (106 J)

Ampere--Meters (107 A-m)

Ampere-Turns (106 At)

Mass of Components

Conductor (103 kg)

Structure (103 kg)

Dewar (103 kg)

Iron (103 kg)

Miscellaneous (';O3 kg)

TOTAL (103 kg)

1	
/

S

jf(k4

j

a

8.0	 8.0

1.6 0.99

4 4

386 607

16.4 31.8

16.1 27.0

30 64

59 114

27 44

40 --

16 22

172 244
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TABLE III-5

RACETRACK SYSTEM CHARACTERISTICS
a

p^
l	 Total Central Field (Wb/m2 ) 8.0 8.0 5.0 5.0

Iron•^ontribution ('Wb/m2 ) 0.61 -- 0.45 --

Peak Field (Wb/m2)
P

9.6 10.2 7.07 7.9

Electrical Characteristics

Overall Current Density (107 A/m2 ) 2.55 2.23 4.27 3.9

i

Operating Current (kA) 4 4 4 4

'	 Stored Energy (106 J)
t

88.1 120 19.9 26.1

Ampere-Meters (107 A-m) 11.9 14.7 4.5 5.28

Ampere-Turns ( 10q, At) 18 21 8.06 9.I

Mass of Components

Conductor (103 kg) 25 31 7.7 9.7

Structure (103 kg) 25 39 3.1 4.4

Dewar (103 kg) 56 71 17.4 21.2

Iron (103 kg) 6 -- 3.1 --

miscellaneous (103 kg) 11 14 3.1 3.5

TOTAL (103 kg) 123 155 34.4 38.8



TABLE III-6

RECTANGULAR SADDLE SYSTEM CHARACTERISTICS

F
Total Central	 Field (Wb/m2 ) 8.0 8.0 5.0 5.0

iron  Contribution (Wb/m 2 ) 0.41 -- 0.21 --

Peak Field (Wb/m2 ) 8.66 9.44 5.35 6.20

Electrical Characteristics

Overall Current Density (10 7 A/W) 3.3 3.1 4.73 4.43

k 'Operating Current (kA) 4 4 4 4}

Stored Energy (10 6 J) 37.0 45.5 9.73 11.4
t

Ampere-Meters (107 A-m) 6.54 7.37 2.77 2.95
L

Ampere-Turns (106 At) 9.54 10.4 4.50 4.70

Mass of Componerits

Conductor (103 kg) 12.7 15.0 4.0 4.6

Structure (103 kg) 13.2 17.0 2.7 2.9

i
Dewar (103 kg) 35.4 39.6 14.6 14.4

H Iron (103 kg) 2.7 -- 0.2 --

Miscellaneous (103 kg) 6.4 7.2 2.2 2.2

11 TOTAL (103 kg) 70.4 78.8 23.7 24.1

-34-



Total Central Field (Wb/m2)

Iron Contribution (Wb/m2)

Peak Field (Wb/m2)

Electrical Characteristics

Overall Current Density (107 A/m2)

Operating Current (kA)

Stored Energy (106 J)

Ampere-Meters (107 A-m)

Ampere-Turns (10 6 At)

Mass of Components

Conductor (103 kg)

Structure (103 kg)

Dewar (103 kg)

Iron (103 kg)

Miscellaneous (103 kg)

TOTAL (103 kg)

r
_J

	

8.0	 6.5

	

9.44	 7.87

3.1 3.75 4.43

4 4 4

88.8 33.8 13.6

9.29 5.19 3.05

12.3 7.7 4.88

TABLE II1-7

ANNULAR SADDLE SYSTEM CHARACTERISTICS

18. o

26.

20.

6.

72.

9.5	 d._R



w ..n
t

w
0
rn

5.8
1.54 m = 60.6 in.

coil inner diamete

5.4

0.2	 0	 0.2	 0.4	 0.6	 0.8	 I.0

Distance From Magnet Center, Meters

Along Duct Axis For 8 T Solenoid With Iron

i .i

Field on ?xis, Tesla

'7.8

-- Bc	 Ideal
Linear
Profile

-5%

7.07.4

— 1.63 m = 64.2 i n

6.6	 0.8 Bc

6.2



Field on Axis, Tesia
BC

-8.0

7.6	 -----Ideal Linear Profile

7.2

1.78 m ='NJ in.

6.8

.8 BC 
I

6.4

1.67 m = 65.7

.0

-coil inner diam

.6

1.2	 1.0	 0.8	 o.6	 0.4	 0.2	 0	 0.2	 0.4	 o.6	 0.8	 1.0

Axial Distance From Magnet Center, meters

Figure III-16.	 Field Profile Along Duct Axis For 8 T Solenoid Without Iron

1	 -.



E
W
00

E _n

W
O

m
4:1.

10

9

8

7

6m

•d 5

a
4

a

3

2

1

+5% B
Ideal Linear`_'

Profile	 ^'	 —^.8 Bc

•r4

1.69 m = 66.5 in.

1.53 m = 62.2 in.

i Lance.wen--^.	 ndes

5ro
Ideal Linear I

C

1.52 m = 59.8 in.	 0.8 B 

1.64 m = 64.6 in.

Distance
Between

Ends

'rofi 1 e

0	 0.4	 0.8	 1.2	 1.6	 2.0	 Z A

Axial Distance, Meters

Figure III-17. Axial Field Profiles for Racetracks Without Iron



"0

i

Distance
Between

gc	Ends 	
+50

lc al Lin !a r Profile

_5"

	

1.54 m = 60.6 in.	 0.8 B 

1.48 m = 58.3 in.

B
c

	

Ideal Line.	 Profile

1.59 m = 62.6 in.
	 -5%	

I

	1.50 m = 59.1 in 	 .8 Bc

Distance
Between

Ends

9

8

7

6

5
cc
r 4
a^

3

2

1

0	 0.4	 0.8	 1.2	 1.6	 2.0	 2.4

Axial Distance, F1e;ers

Figure II1-18

Ax i al Field Profiles for Rectangular Saddles Without Iron

44f

R

FA 3083

-39-



v ^

Qi

F-

X

w

Q
c0

LL-

a^

0

l

.o

-1A

O

2.4	 2.8-.4	 0	 .4	 .8	 1.2	 1.6	 2.0

Axial Distance, Meters

Figure III-19. Axial Field Profile for 8 T Annular Section Saddle Without Iron



ion Saddle Without Iron

1.6	 2.0	 2.4 2.8

T.

w

s

10.0

8.0

.^^	 Bc

m

6.0F

0
n 4.0

u,

0.8 B 

+5%
deal Linear Profile

• -5%

1.70 m = 66.9 in.

1.52 m = 59.8 in



8.0

ro

6.a
B
C

X

0

4.0

a^
1.68 m = 66.1 in.

1.52 m = 59.8 i r

0.8Bc

-- Ideal Linear Profile
o•

2.0

I.N

Tm
W

N

10.0

Distance Between Ends

0

-.4	 0	 .4	 .8	 1.2	 1.6	 2.0	 2.4	 2.8

Axial Distance, deters
	 1

Figure III-21. Axial Field Profile For 5 T Annular Section Saddle Without Iron



Table I1I-8. Summary of Approximate Relative Cost Estimates for Systems Osin2 NbTi @ 4.2 K

Rectangular Annular Section Rectangular
Geometry Solenoids Racetracks Saddle Saddle Racetracks Saddle

Iron Yes No Yes No Yes No No No No Yes No Yes No

Central Field (Wb/m2 ) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 6.5 5.0 5.0 5.0 5.0 5.0

Labor Costs:

Design .04_ .04 .05 .05 .06 .06 .06 .06 .06 ;.05 .05 .06 .06

Fabrication & Installation .09 .12 .09 .09 .13 .14 .11 .08 .06 . .05 .05 .08 .08

Labor Subtotal .13 .16 .14 .14 .20 .20 .18 .14 .12 .11 .11 .14 .14	 -

Material Costs:
Conductor .23 .52 .22 .33 .10 .13 .16 .07 .04 .06 .07 .03 .04

Support Structure .08 .16 .15 .22 .10 .12 .21 .09 .04 .02 .03 .02 .02

Dewar .10 .17 .22 .28 .14 .15 .10 .06 .04 .07 .08 .06 .06

Iron Plug .02 - . 0 03 - .001 - - - - .001 - <.001 -

Tooling .06 .06 .06 .06 .07 .07 .07 .07 .06 .05 .05 _ .05 .05

Miscellaneous .07 .14 .10 .13 .06 .07 .08 .04 .03 .03 .04 .02 .03

Subtotal .57 1.06 .74 1.02 .46 .55 .63 .32 .20 .23 .27 .19 .19

Administrative Expenses .17 .32 .22 .31 .14 .16 .19 .10 .06 .07 .08 .06 .06

Material Subtotal .74 1.37 .97 1.33 .60 .71 .82 .42 .27 .30 .36 .24 .25

TOTAL COST	 .87 1. 53 	 1.11	 1.47	 .80	 .91	 1.00	 .56	 .39	 .40	 .46	 .39	 .39

.aw
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Table III-9.	 Summary of Approximate Relative Cost Estimates for Systems Using ffl^Ti @ 3 K

Rectangular Annular Section Rectangular
Geometry Solenoids Racetracks Saddle Saddle Racetracks Saddle

Iron Yes No Yes No Yes	 No No No No Yes No Yes No

Central Field (Wb/m z ) 8.0 8.0 8.0 8.0 8.0	 8.0 8.0 6.5 5.0 5.0 5.0 5.0 5.0

€	 Labor Costs:

^."	 Design .04 .04 .05 .05 .06	 .06 .06 .06 .06 .05 .05 .06 .06

Fabrication & Installation .09 .12 .09 .09 .13	 .14 .11 .08 .06 . .05 .05 .08 .08

Labor Subtotal .13 .16 .14 .14 .20	 .20 .18 .12 .12 .11 .11 .14 .14

Material Costs:

Conductor .18 .40 .16 .22 .08	 .10 .12 .06 .03 .05 .06 .03 .03

`	 Support Structure .08 .16 .15 .22 .10	 .12 .21 .09 .04 .02 .03 .02 .02
F
r

0evlar .10 .17 .22 .28 .14	 .15 .10 .06 .04 .07 .08 .06 .06

Iron Plug .02 - .003 -- .001 - - - - .001 -- <.001

Tooling .06 .06 .06 .06 .07 .07 .07 .07 .06 .05 .05 .05 .05

Miscellaneous .07 .12 .09 .12 .06 .07 .08 .04 .03 .03 .03 .02 .02

Subtotal .52 .92 .68 .89 .44 .51 .58 .31 .20 .22 .26 .18 .19

Administrative Expenses .15 .28 .20 .27 .13 .15 .18 .09 .06 .06 .08 .06 .06	
E

Material Subtotal .67 1.20 .88 1.16 .57 .66 .76 .40 .26 .28 .33 .24 .24

TOTAL COST .80 1.36 1.02 1.30 .77 .86 .94 .54 .38 .39 .44 .38 .38



Table III-10. Summary of Approximate Relative Cost Estimates for Systems Using Nb 3Sn @ 10 K

Rectangular Annular Section Rectangular
Oeometr Solenoids Racetracks Saddle Saddle Racetracks Saddle

Iron Yes No Yes No Yes	 No No No No Yes No Yes	 No

Central Field (Wb/m 2 ) 8.0 8.0 8.0 8.0 8.0	 8.0 8.0 6.5 5.0 5.0 5.0 5.0	 5.0

Labor Costs:

Design .04 .04 .05 .05 .06	 .06 .06 .06 .06 .05 .05 .06	 .06

Fabrication & Installation .09 .12 .09 .09 .13	 .14 .11 .08 .05 .05 .05 .08	 .08

Labor Subtotal .13 .16 .14 .14 .20	 .20 .18 .14 .12 .11 .11 .14	 .14

Material Costs:

Conductor
	

1.90	 4.46	 1.81	 2.53	 .85	 1.09	 1.38	 .60	 .30	 .48	 .62	 .25	 .29

Support Structure .08 .16 .15 .22 .10 .I2 .21 .09 .04 .02 .03 .02 .02

Dewar .10 .17 .22 .28 .14 .15 .10 .06 .04 .07 .08 .06 .06

Iron Plug .02 - .003 - .001 - - - - .001 - <.001 -

Tooling .06 .06 .06 .06 .07 .07 .07 .07 .06 .05 .05 .05 .05

Miscellaneous .32 .73 .34 .46 .17 .22 .26 .12 .07 .09 .12 .06 .06

Subtotal 2.48 5.58 2.58 3.E4 1.33 1.65 2.03 .94 .50 .71 .90 .44 .48

Administrative Expenses .74 1.68 .77 1.06 .40 .49 .61 .28 .15 .21 .27 .13 .14

Material Subtotal 3.22 7.26 3.35 4.61 1.73 2.14 2.64 1.22 .65 .92 1.17 .57 .63

TOTAL COST	 3.35	 7.42	 3.49	 4.75	 1.92	 2.35	 2.81	 1.36	 .78 1.03	 1.28	 .71	 .77
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The cost for conductor is dependent on field level, geometry and whether
or not iron is utilized. The impact of the latter is dramatic at the high
field levels. Generally speaking, the solenoid requires the most conductor,
followed by the racetrack, the annular saddle, and the rectangular saddle. The
geometry of the conductor in the annular saddle is more efficient for field
production than that in the rectangular saddle; however, the conductor for the
rectangular saddle lies closer to the axis in this case because the desired
cross section is square, and the annular saddle must be positioned on the basis
of the diagonal rather than the side of the square.

Support structure was divided into that which could be wound into the coils
(e.g., a stainless steel strip wound into a solenoid) and that which must be
applied externally or between coils. Size and weight of structure were computed
on the basis of stress and load estimates and then multiplied by a chosen cost
per pound factor for cost estimation purposes.

Cost estimates for the dewar in each case were based on size, weight, and
structural requirements. Tooling cost is determined by both geometry and field
level since the latter has a major effect on coil size and weight which must be
handled. The manner in which each component cost was estimated is given in the
section which follows.

The format for the three tables is similar, and the major difference is
conductor cost. A comparison of the total system cost estimates indicates a
cost advantage for a system at reduced temperature. Cost estimates for Nb3Sn
systems at 10 K were generated because of an expressed interest in the possibil-
ity of operation at high temperature. As indicated, this leads to substantial
cost increases.

2. Component Cost Estimates

The purpose of this section is to outline the manner in which the approxi-
mate cost components were estimated for use in Phase I in preparation of the
relative costs given in Tables III-8, III-9, and III-10.

a. labor Costs

1) Design

In generating labor costs for the design of the different systems under
consideration, it was assumed that the design effort required was independent
of field level over the field range of interest and primarily dependent on basic
geometry. The design effort was broken into a list of design tasks for the
solenoid, racetrack, and saddle systems. For each task the manhours were esti-
mated for engineering, drafting, and engineering assistant labor categories.
Total manhours in each category were totaled for each system geometry, and a
total design cost was generated under the assumption that the unit labor cost
to the program was $30/manhour for engineering, $20/manhour for drafting, and
$12/manhour for engineering assistants. An allowance was also included for a
direct material charge for computer time. The latter was relatively low for the
solenoid system because of its symmetry and relatively high for the saddle sys-
tems because of their complexity (racetracks were midway between the two).
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2) Fabrication and Installation

In generating labor costs for fabrication and installation, manhours were
estimated for engineering and technician labor categories for -Four general tasks
for each system. The four tasks included: superconducting coil module fabri-
cation, module and structural assembly, coil-dewar assembly, and assembly to
subsystems (e.g., power supply, quench protection circuitry, refrigeration sys-
tem, etc.). No allowance was made for initial system shakedown and test nor for
site preparation (e.g., foundation, building, utilities, etc.). Manhours were
totaled and costs were generated under the assumption that the unit labor cost
to the program was $30/manhour for engineering and $12/manhour for technicians.

b. Material Costs

1) Conductor

Early in the program conductor designs were generated on the basis of
typical current density vs. field characteristics and an approximate criterion
for cryostatic stabilization. Conductor dimensions were determined as well as
the required copper to superconductor ratio for several operating current
Ievels as a function of magnetic field level (see Section III-D-1). Considera-
tion was given to multifilament NbT1 at temperatures of 2, 3, and 4.2 K; to
multifilament Nb 3Sn at 4.2 and 10 K; and to Nb 3Sn tape type conductor at 4.2 K.
An operating current level of 4,000 A was chosen as well as a type of conductor
construction.

Figure III-22 illustrates the "built-up" construction which was chosen.
This may be expected to be economical for the high copper to superconductor
ratios and large quantities required for the magnets under consideration. It
consists of a basic multifilament or tape type conductor which is then soldered
to sufficient copper to achieve the necessary total copper to superconductor
ratios. A cost estimate for a unit length of conductor was determined as a
function of magnetic field by first estimating the cost per kiloamp-meter for
the basic conductor and then incrementing the cost to allow for the additional
copper required and for the soldering operation. The cost per kiloamp-meter
for the base conductors was estimated following discussions with conductor
manufacturers* and scaled to different field values. The assumed values are
given in Table III-11. The values in Table III-11 are approximate but suitable
for use in generation of rough system cost estimates. No attempt was made to
consider the cost or fabrication implications of large quantity production or
the need to develop handling techniques.

On the basis of approximate stability criteria, the amount of copper needed
to stabilize each of the base conductors in Table III-11 was found. It was then
estimated that the final conductor cost would be determined by the base conduc-
tor cost from Table III-11, an incremental cost of 2.3 $/lb. for the additional
copper required, and an incremental cost of 0.85 $/lb. of total conductor weight

* Manufacturers contacted were: Intermagnetics General Corp. for Nb3Sn tape,
Harwell Superconductors for Nb 3Sn multifilament, and Magnetic Corporation of
America for NbTi multifilament.
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11.13

16.22

37.12

4.4

2.82

1.91

10

17.25

25.30

67.47

11.1

4.69

2.92

17	 12

--	 28.75

--	 38.93

--	 133.32

68.8

7.12

3.94

TABLE III-11

ASSUMED COST PER UNIT LENGTF ($/kAm) FOR BASE CONDUCTORS

Magnetic Field (Tesla)	 5

Nb3Sn (tape) @ 4.2 K	 5.95

Nb3Sn (MF) @ 4.2 K	 10.87

Nb3Sn (MF) @ 10 K	 21.57

NbTi (MF) @ 4.2 K	 2.3



for forming the "built-up" conductor through soldering. The resulting estimated
conductor cost in $/m for the six conductors considered is shown in Figure III--
23 as a function of magnetic field The curves clearly indicate the cost advan-
tage at 4.2 K of NbTi relative to Nb3Sn tape or relative to Nb 3Sn multifilament
from low fields to field levels in excess of 10 T. Results also indicate a sub-
stantial cost savings for NbTi if the temperature is reduced below 4.2 K. The
effect arises from the increase in critical current density as temperature
decreases and is most pronounced at the high field levels. Nb3Sn multifilament
was also considered at 10 K because of a possible interest in high temperature
operation; however, results indicate that the cost may be prohibitive. The
overriding effect is the decrease in critical current density at the high tem-
peratures.

Figure III•-23 now forms the basis for generating the conductor cost esti-
mates for the systems considered. For each system the total conductor length
and the peak magnetic field at the windings were estimated. It was then assumed
that a graded construction would be utilized with three different conductors.
These were chosen for operation at the peak field, at 0.8 times the peak field,
and at 0.6 times the peak field. Furthermore, it was assumed that 20 percent
of the total conductor required would be purchased with properties suitable for
peak field operation, 20 percent with properties suitable for operation at 0.8
times the peak field, and 60 percent with properties suitable for operation at
0.6 times the peak field. This then specified the quantity required at each of
three fields for each system and combined with the unit costs from Figure III-23
determined the total conductor cost for the purposes of the Phase I system
comparison.

2) Support Structure

Costs for support structure were determined by estimating the weight of
structural components and then multiplying by an estimated cost/unit weight.
Structural weights were based on conceptual designs for support (see Section
III-D-2) sized on the basis of calculated loads of electromagnetic origin for
each case. Components were divided into external structure and internal struc-
ture. External structure was defined as tie rods and built-up stainless steel
sections such as I-beams and ring girders applied to the outside of the winding
envelope. Internal structure was defined as stainless steel strip wound within
the windings in parallel with the conductor for internal winding support. Fol-
lowing estimation of weights for external and internal structure, total struc-
tural costs were generated assuming unit costs of 8.1 $11b. for external struc-
ture and 1.5 $/lb. for internal structure.

3) Dewar

Devrar weights were estimated on the basis of the overall size of the wind-
ings plus support structure together with approximate calculations involving the
necessary shell, plate, and rib thicknesses to support the atmospheric loads
with a suitable safety factor (see Section III-D-3). Dewar costs were then
determined by multiplying the estimated dewar weight by a unit cost assumed to
be 4.40 $/lb.

0•_ f
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4) Iron Plug

For each case involving the use of iron, the weight of the iron plugs was
determined on the basis of the optimized system dimensions. A cost estimate
was then found on the basis of a unit cost assumed to be 0.45 $/lb.

5) Tooling

To determine the tooling cost for the systems, the effort focused on the
characteristics of the 8 T systems. For each case (i.e., solenoid, racetrack,
rectangular saddle, and annular saddle), estimates were made for the cost of
tooling in four categories. This included winding fixtures, coil and module
handling fixtures, winding machine requirements, and on -site handling and dewar
assembly fixtures. The total tooling cost for each 8 T geometry was then
reduced by 10 percent to arrive at a tooling cost for the 6.5 T case, and the
tooling cost for each 8 T geometry was reduced by 20 percent to arrive at a
corresponding value for the 5 T case.

6) Miscellaneous

The cost for miscellaneous material items was assumed to be 15 percent of
the sum of the material cost estimates for conductor, support structure, dewar,
iron plugs, and tooling.

7) Administrative Expenses

Administrative expenses are those costs which arise in procurement of the
material and in administering the contracts for each material item. These were
assumed to be 30 percent of the subtotal for conductor, support structure, dewar,
iron plugs, tooling and miscellaneous.

D.	 DESIGN CONSIDERATIONS

This section will present a discussion of the methods used in developing
and evaluating the design concepts for Phase I of this program. The methods and
techniques are approximate but suitable for use in overall systems and trade-
off analyses and in the generation of approximate cost estimates.

Conductor

The basic component in any superconducting magnet is the conductor. The
characteristics of the conductor are dependent on the operating current level,
field to be experienced, operating temperature, and stability criterion used in
design. Because of the large size and capital investment required for the sys-
tems of interest to this program, a design involving full cryostatic stabiliza-
tion is Justified. Typical conductor size and copper to superconductor ratios
were determined early in the program for use in finding the overall current
density and quantity of conductor necessary for each magnet concept considered.

The model used for conductor design is illustrated in Figure III-24. The
figure illustrates a conductor with cross-sectional dimensions, t x w, carrying
a current I in the presence of a magnetic field B. A fraction, f, of the
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SCHEMATIC ILLUSTRATING MODEL USED FOR DETERMINING CONDUCTOR SIZE

AND COPPER TO SUPERCONDUCTOR RATIO
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surface area is exposed to liquid helium which is assumed to be able to accept
a heat flux per unit area, q. The critical current density of the superconduc-
tor, jsc, and the resistivity of the substrate, p, are known functions of field
and temperature. Two equations can then be written on the basis of a heat
balance assuming all current flow in the substrate (note: substrate to super-
conductor ratio = csc) and on the basis of a geometrical constraint.

The decision was made to concentrate on multifilament NbTi and Nb3Sn tape,
type conductor because of their commercial availability in large quantities and
application experience. Consideration was also given to multifilament Nb3Sn
because of its potential for availability and application in the future.

The critical surface for a superconducting wire is illustrated in Figure
III-25. The so-called "short sample" characteristic is shown at the temperature
Tb . Note that temperature reduction below Tb leads to increased current carry-
ing capacity, and temperature increase above Tb leads to a decrease in capacity.
For this program we are particularly interested in operation at Tb = 4.2 K; con-
sequently, conductor designs were generated for multifilament NbTi, for multi-
filament Nb3Sn, and for tape type Nb 3Sn. Interest was also expressed in an
advanced design for operation at T b = 10 K; consequently, multifilament Nb Sn
designs were determined at this temperature. Finally, the decision was maAe to
consider operation at a reduced temperature to take advantage of possible cost
savings in the conductor required. As a result, conductor designs were gener-
ated for NbTi at 3.0 K and at 2.0 K. The impact of low temperature operation
on current carrying capacity is indicated in Figure III-26, which shows super-
conductor current density as a function of magnetic flux density and temperature
for NbTi. The effect is particularly important at the high field level where
the percentage gain in critical current density as temperature is reduced is
most dramatic. Reduced temperature operation leads to increased refrigeration
costs; however, these may be offset by substantial savings in the conductor
required.

Figure JII-27 gives the conductor thickness as a function of magnetic field
for the six superconductor-temperature combinations considered. All conductors
have a width of one inch and operate at 4,000 A, which is 70 percent of the
critical current for the conductor. All designs are fully stabilized assuming
a fraction of cooled conductor perimeter of 0.4 and an allowable heat flux from
the conductor surface of 0.35 W/cm 2 . Note that the variation in conductor
thickness for the six combinations is relatively small at a given field over
most of the field range even though the superconductor current density may be
vastly different. This results from the relatively large amount of copper
required for cryostatic stabilization. In effect, the conductor cross section
is determined primarily by the quantity of copper necessary and not by the quan-
tity of superconductor. This argument holds for fields up to about 10 Wb/m2.
Above this field, the conductor thickness curve for NbTi at 4.2 K begins to
increase rapidly. This arises because of the rapid decrease in critical current
density of NbTi at these nigh field levels for Tb = 4.2 K. When the temperature
is decreased to 3.0 K and 2.0 K, the effect is cancelled.

The conductor current density for the six conductor-temperature combinations
is shown in Figure III-28. For fie l ds up to about 10 T, there is relatively
little variation between conductors at the 2 K, 3 K, and 4.2 K levels. The
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conductor at 10 K operates at somewhat lower current densities but is still in
the same general range. The weights per unit length for these conductors are

given in Figure III-29.

Figure III-30 gives the overall current density attainable with the con-
ductor assuming a spiral wrap insulation 0.006 inches thick on each turn and
assuming a 0.032-inch thick spacer between layers. This is the maximum attain-
able overall current density since it does not include a loss in packing factor
t_ Itributable to internal winding structure if it is needed.

Each of the curves described above corresponds to fully stabilized, high
copper to superconductor ratio conductors with an operating current of 4,000 A.
Generally speaking, the advantage of a high operating current is a reduced cost.
As higher currents are considered, however, overall current density is even-
tually penalized because of limitations on heat transfer from the conductor sur-
face. Conductor characteristics were run at the 3,000 A and 5,000 A levels as
well as at 4,000 A. The latter was eventually chosen for the Phase I conceptual
design effort because it was high enough to reduce the total turns involved to
a reasonable level and yet not so high as to substantially penalize the attain-
able overall current density.

2. Support Structure

Cost estimates for magnet support structure were arrived at by determining
loads of electromagnetic origin for each system, estimating the weight of the
structure required to support the loads, and multiplying the weight by a suit-
able unit cost.

Figure III-31 illustrates the main loads in a solenoid system and the mode
of support assumed in the Phase I conceptual design trade-off. In the lower
figure, Fc represents the attractive load between coils, F i represents the
attractive load between iron plugs, and F r represents the radially directed load
on the windings. The weight of the compressive structure was determined on the
basis of stainless steel loaded to a working stress of 2.8 x 10 4 psi with suffi-
cient length to bridge the space between coils and sufficient cross-sectional
area to carry the total load F. and F .	The radial load Fr was assumed to be
supported by "hoop" stresses generated in the conductor and in stainless steel
banding wound within the winding. In order to size the banding, the average
hoop stress across the winding was computed and then multiplied oy a geometry
dependent factor to estimate the maximum hoop stress. Sufficient stainless
steel was then added to the winding to limit the stress in the conductor to
10,000 psi. The top sketch in Figure III-31 illustrates a section of a single
turn in parallel with a structural band and the manner in which the radial
stresses are supported by hoop stresses in the conductor and structural band.
The division of the hoop load between the conductor and band is dependent on
their relative cross-sectional area and moduli of elasticity. For the cases
considered, the band was sized to limit conductor stress to a pre-determined
level.

The main loads of em origin in a transverse section of magnets with the
racetrack or saddle geometries are illustrated in Figure III-32. The top figure
is a racetrack section. F  represents the attractive force between the magnet

i
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halves. The weight of the compressive structure which supports this load was
determined on the basis of stainless steel loaded to a working stress of 2.8 x
10 4 psi with sufficient length to span the distance between coils and sufficient
cross-sectional area to carry the total load Fc. For the purposes of estimating
the structural weight necessary to support the loads F t, the concept illustrated
in Figure III-33 was utilized. This consists of I-beams which span both coils
and which transmit the load from one side of the coil to the other via tie rods.
Stainless steel loaded to a working stress of 2.8 x 10 4 psi was utilized. A
similar structure was assumed for transverse support in the rectangular saddle
geometry. Somewhat different structural concepts were used in the Phase II
design phase. The concepts illustrated served as a basis for comparison involv-
ing sufficient structure in a trade-off for several field levels and geometries
for the purposes of Phase I.

The lower sketch in Figure III-32 illustrates the main lnad in a transverse
section of an annular saddle type magnet. This 15 comparable to the lurid F t in
the racetrack. The load in the saddle which is comparable to F. in the race-
track is supported within the vii-ndings and may require internal structure. To
estimate a transverse structural weight for the annular saddle, a stainless
steel ring girder structure similar to that illustrated in Figure III-34 was
assumed.

In addition to the loads illustrated in Figure III-32, the racetrack, rec-
tangular saddle, and annular saddle experience loads on the end turns which
tend to "stretch" the coils parallel to the axis. In the racetrack and annular
saddle geometries, weight estimates were generated for sufficient stainless
steel strips to carry this load component under the assumption that it would be
wrapped within the windings. For the rectangular saddle, weight estimates were
generated assuming 1-beams and tie rods for load transmittal between ends.

The purpose of the structural concepts described above was to provide a
basis for computing structural weights sufficient to carry the loads of em
origin and, in turn, to allow rough cost estimates to be generated. The tech-
niques for load support were all subject to review and change in Phase II.

3. Dewar

Dewar weights were determined for cost estimation purposes by sizing
individual shells and walls with stiffeners where applicable. For the cylin-
drical shells envisioned for the annular section saddle and for the cylindrical
shell components of the solenoid and racetrack systems, weight optimization
computer programs were utilized. These programs are used to size the thick-
nesses, diameters, and lengths of a cylindrical magnet dewar in a preliminary
fashion to yield the optimum weight design based upon safe structural strength
criteria. The dewar consists of helium can, radiation shield, and room tempera-
ture container. It was assumed that the radiation shield was cooled by liquid
helium boiloff and that the radiation shield and cold vessel were wrapped with
superinsulation. No allowance was made for cryogenic support equipment such as
vacuum pumps, transfer lines, etc.

The magnet size was determined by the MH D field-volume requirement and the
assumed overall current density. Estimates of em loads were used to size
structure. This then determined the radii of the helium can, radiation shield
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and room temperature container in the region of the magnet. Reasonable
engineering tolerances were assumed for distances between walls.

The criteria for determining the shell thicknesses depended upon the type
of shell loading, there being two different types of loading to be considered
in dewar construction.

The helium can is subjected to an internal pressure, and the thickness was 	 .^
calculated from a maximum working stress criteria with a constraint set on mini-
mum allowable thickness based on past experience in shell handling and fabrica-
tion.

A safety factor was incorporated by taking the pressure to be larger than
expected over-pressures and/or in the choice of working stress. The outer shell
is subjected to an external pressure, and the criteria for preventing buckling
are usually more stringent than those determining the compressive stress in the

walls. The outer shell is subject to buckling both radially and axially, and
there are different criteria for each of these in the computer program. Which
one is the most stringent depends upon the lengths, diameters, material thick-
nesses, and material properties. A ribbed structure was assumed. The number of
ribs required for stability and the weight of the configuration were calculated
on the basis of the appropriate stability criterion.

Flat plates were assumed to be subjected to a uniform pressure and ribbed
with stiffeners. Figure III-35 illustrates typical results for weight estimates
for flat plates as a function of dimension and aspect ratio (i.e., ratio of
plate width to length) for a load of 45 psi and a working stress of 2 x 10 4 psi.

Shells sized in the above fashion by subroutines were then combined by a
main program to determine dewar weight.

4. Iran

The use of iron offers two advantages in a superconducting magnet system:
(1) it can contribute to magnetic field production and, therefore, reduce the
total ampere-meter requirement and (2) it can be positioned so as to create a
reverse field in the vicinity of the maximum field region near the winding and
thus reduce the maximum field experienced by the superconductor.

To gain an insight into the field production capability of the iron, con-
sider Figure III-36. The sketch represents the cross section of one quadrant
of a rectangular saddle system with dimensions suitable for production of a cen-
tral field of about S T. Three different locations for iron slabs are illus-
trated. The table indicates estimates for the central field production capabil-
ity of each type. The type 1 slab or pole piece is the most effective and con-
tributes approximately 0.5 Wb/m 2 to the central field. Type 2 and type 3 loca-
tions are comparable in field production capability but only 70 percent as
effective as the type 1 'location. The table also indicates the respective
masses per unit length for iron in the three locations. Assuming that cost is
dependent on weight, it is clear that the type 1 location is most cost effective.

f
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Furthermore, iron with good magnetic properties is not suited for use as struc-
ture at liquid helium temperatures; consequently, iron in the type 2 and type 3
locations would not serve as structural support but would complicate the design
and application of the structure required. As a result, the decision was made
to consider the type l location for iron position in the solenoids, racetracks,
and rectangular saddles in Phase I. Iron was not considered for use with the
annular saddle geometry because the winding window was expected to be filled
with structural material.

The field contribution on the channel axis by iron in the type 1 location
for four cases considered in Phase I was estimated and is shown in Figure III-
37. The field is normalized to the saturation flux density for the iron and
decreases along the length because of the taper of the pole pieces arising from
the channel divergence.

E.	 SELECTION OF CONFIGURATIONS FOR ANALYSIS

After completion of Phase I, the material discussed in this section was
presented to and reviewed with NASA personnel. Three configurations were then
chosen for further investigation in Phase II. These consisted of: (1) an 8.0
T racetrack with iron pole pieces to be operated at 4.2 K, (2) at 8.0 T race-
track with iron pole pieces to be operated at T < 4.2 K, and (3) an 8.0 T rec-
tangular saddle with iron pole pieces to be operated at 4.2 K. Considerable
interest was also expressed in a design which could allow the magnetic field to
be changed by system shutdown, warm up, and alteration of winding position.
This was included in the three designs which will be discussed in the sections
which follow. Each of the three designs uses a different coil-dewar orienta-
tion. Minor modifications would allow any of the coil system concepts to be
merged with any of the dewars.
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IV. 8 T RACETRACK, 4.2 K SYSTEM

This section will present results on the first of the three preliminary
designs considered in Phase II of the program. This consisted of a cryostati-
cally stable, 8 T, 4.2 K magnet-dewar system. The magnet was mounted with MHD
channel axis horizontal and main field direction vertical. A split racetrack
pair geometry was utilized, and the system was designed to allow the included
angle between the coil pair to be altered so as to provide for variation of the
field gradient along the MHD channel. The subsection which -Follows will pre-
sent an overall description of the system. This will then be followed by a
discussion of the winding geometry and conductor characteristics. The section
will close with a discussion of the structure and dewar design.

A.	 SYSTEM DESCRIPTION

1. Overall Characteristics

The preliminary design characteristics for Design No. 1 are given in Table
IV-1. The overall system dimensions are given in the top section of the table.
This is followed by electrical characteristics. Two modes are indicated and
correspond to operation of the two racetrack coils with a 5° included half-
angle (low gradient mode) or 15 1 included half-angle (high gradient mode). The
maximum field at the winding is 10.3 T. This level may be reduced somewhat
upon further iteration of the graded design during a future detail design phase.
The range of overall current density and conductor current density are given.
Weights are summarized and indicate that conductor is the heaviest component
and represents about half of the total weight of 80,970 kg. At the MHD channel
inlet, the magnetic flux density is 7.6 T for the low gradient operating mode
and 7.9 T for the high gradient mode. At the exit, the magnetic flux density
is 6.08 T for the low gradient mode and 4.65 T for the high gradient mode.

Top and side views of the racetrack coils are given in Figures IV-1 and
IV-2, respectively. Figure IV-2 also shows the two extreme coil positions from
the standpoint of field profile variation. Calculated field profiles along the
channel axis for these coil positions are shown in Figures IV-3 and I4-4. The
flux density variation from a linear profile is ±5% for the low gradient mode
and ±8% for the high gradient mode.

Figure IV-5 shows one quadrant of the cross section of the MHD channel at
the channel inlet, channel exit, and at planes 0.508 m (20 inches) in from each
end. Two numbers are given at each point in the sections. One number is the Y
component of field (i.e., main field direction) when the maximum field on axis
is 8 T, and the other number (in parentheses) is the ratio of the local Y com-
ponent of field to the Y component of the field on axis in that plane. Table
IV-2 gives results for the computed field components and magnitude with corres-
ponding coordinates in the channel.

An assembly drawing of .the magnet-dewar system is shown in Figure IV-6
(Drawing No. E-2703).

S
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Preliminary Design Characteristics for System No. 1

- 8T Racetrack with Iron - 4.2K -

Dewar Dimensions

Inlet	 0.254 m. x 0.254 m. (10 in. x 10 in.)

Outlet	 0.4064 m. x 0.508 m. (16 in. x 20 in.)

Overall Length	 4.3 m. (169 in.)

Outside Diameter	 4.09 m. (161 in.)

Overall Height	 6.41 m. (253 in.)

Electrical Characteristics

Field at Channel	 Inlet

5° Mode 7.60 T.

150 Mode 7.90 T.

Field at Channel Outlet

5° Mode 6.08 T.

15 0 Mode 4.65 T.

Max. Field on Channel Axis

5° Mode 8 T.

15 0 Mode 8 T.

Max.	 Field at Minding* 10.3 T.

Active Field Length 1.524 m.	 (60 in.)

Stored Energy* 171	 x 106 j.

Inductance* 21.4 H.

Operating Current* 4000 A.

Overall Current Density* 1.97 x 107 Alm 2 - 4.52 x 107 Alm 2

Conductor Current Density* 5.21 x 107 Alm2 - 8.16 x 107 Alm 2

Total Turns 4894

Ampere-Meters 12.70 x 107

Weights

Conductor (Kg)	 15,900

Structure (Kg)	 39,866

Dewar (Kg)	 25,204

TOTAL (Kg)	 80,970

* Values for 5 Mode
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Table IV-2

Computed Field Components at Selected Points Throughout
MHD Channel Volume for 5 0 Mode

X

Coordinate (m)

Y Z

Field

B 

Component

BY

(T)

B

Field
Magnitude (T)

 /B/

0.00 0.00 0.00 0.00 7.55 0.00 7.55
.400 0.00 0.00 0.00 7.95 0.00 7.95 a
.500 0.00 0.00 0.00 8.00 0.00 8.00 0
.600 0.00 0.00 0.00 7.96 0.00 7.96 0- °

-0.764 0.00 0.00 0.00 6.09 0.00 6.09
-0.764 0.00 0.076 0.00 6.02 0.00 6.02
-0.764 0.00 0.152 0.00 5.83 0.00 5.83 ^, v
-0.764 0.076 0.00 0.33 6.18 0.00 6.19

-0.764 0.076 0.076 0.33 6.12 -0.13 6.13 0

-0.764 0.076 0.152 0.32 5.93 -0.25 5.94 ° 4-

-0.764 0.152 0.00 0.66 6.47 0.00 6.50 ° Lj
-0.764 0.152 0.076 0.65 6.41 -0.26 6.45 °J °
-0.764 0.152 0.152 0.64 6.21 -0.51 6.26 LL-
-0.256 0.00 0.00 0.00 7.30 0.00 7.30 _
-0.256 0.00 0.064 0.00 7.24 0.00 7.24 cD 41

-0.256 0.00 0.127 0.00 7.09 0.00 7.09
-0.256 0.064 0.00 0.03 7.35 0.00 7.35
-0.256 0.064 0.064 0.08 7.30 -0.10 7.30 a
-0.256 0.064 0.127 0.08 7.14 -0.21 7.14 °- n
-0.256 0.127 0.00 0.16 7.52 0.00 7.52 C
-0.256 0.127 0.064 0.16 7.47 -0.21 7.47
-0.256 0.127 0.127 0.15 7.31 -0.42 7.32
0.252 0.00 0.00 0.00 7.86 0.00 7.86
0.252 0.00 0.051 0.00 7.82 0.00 7.82 0

C%I 03

0.252 0.00 0.102 0.00 7.70 0.00 7.70
0.252 0.051 0.00 0.05 7.91 0.00 7.91

0.252 0.051 0.051 0.05 7.86 -0.08 7.86 0
0.252 0.051 0.102 0.05 7.74 -0.16 7.74 +^
0.252 0.102 0.00 0.11 8.03 0.00 8.03 -2
0.252 0.102 0.051 0.11 7.99 -o.16 7.99 a Q

0.252 0.102 0.102 0.10 7.87 -0.33 7.88 'y "-
0.760 0.00 0.00 0.00 7.60 0.00 7.60
0.760 0.00 0.038 0.00 7.58 0.00 7.58 ^
0.760 0.00 0.076 0.00 7.49 0.00 7.49
0.760 0.038 0.00 -0.16 7.65 0.00 7.67 P °'
0.760 0.038 0.038 -0.16 7.62 -0.06 7.62 0,EI
0.760 0.038 0.076 -0.16 7.54 -0.11 7.54 a ^,
0.760 0.076 0.00 -0.32 7.79 0.00 7.80
0.760 0.076 0.038 -0.32 7.76 -0.11 7.77 .12

0.760 0.076 0.076 -0.32 7.68 -0.22 7.69 W
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The main components of the magnet system consist of the upper and lower
superconducting racetrack coils, internal and external coil support structure,
iron pole pieces and LHe dewar. The KHD channel would have its axis coincident
with the axis of the warm bore tube of the LHe dewar, which is located approxi-
mately 2.29 m (90 inches) above the ground level. The magnetic field is per-
pendicular to the axis of the dewar bore and the main field direction is verti-
cal. The warm bore tube measures 0.254 m x 0.254 m (10" x 10") at the inlet
and tapers to 0.406 m x 0.508 m (16" x 20") at the outlet over an "active" MHD
channel length of 1.524 m (60"). The distance from the upstream end of the
dewar to channel inlet (entrance length) is 1.42 m (56"), and the distance from
the channel outlet to the downstream end of the dewar (exit length) is 1.35 m
(53"). Because the design affords additional clearance at the outlet end of
the magnet over that required, the warm bore outlet dimensions given above are
purposely larger than those specified. This allows one to utilize the addi-
tional space in the warm bore if desired.

For the completed assembly, the highest point (vapor-cooled power leads)
measures approximately 6.41 m (252") above the floor. The dewar has an outer
diameter of 4.37 m (172") with an approximate overall length of 4.29 m (169").
It bolts to the floor at four locations and weighs a total of approximately
80,970 kg (178,500 lbs.). A cryoge-iic valve is located near the bottom of the
magnet and is used for initial fill of the magnet with LHe. During normal opera-
tion, a fill port which is located in the power lead assembly is used to maintain
a constant LHe level. Vent ports, which are used to vent the LHe boiloff, and
a pressure relief valve, which is used to protect the magnet from a pressure
overload, are located on top of the dewar. In addition, a vacuum port with a
pressure relief valve is located near the bottom of the magnet and is used to
evacuate the dewar. The dewar utilizes a helium vapor-cooled radiation shield
between the warm vessel and cold vessel walls. Superinsulation is used between
the radiation shield and cold vessel at all locations except where penetrations
are necessary for the gravitational supports or fill and vent lines. The warm
bore tube and bore radiation shield are concentric an,i supported by connection
to their corresponding elements at the ends.

The magnet coils are of a racetrack geometry and are designed to operate
in the superconducting state at a temperature of 4.2° K and a pressure of about
one atmosphere. The axial loads of electromagnetic origin are supported inter-
nally by the conductor and a strip of stainless steel wound in parallel with the
conductor during fabrication. The liquid helium vessel doubles as external sup-
port structure. Transverse loads of em origin are supported by built-up stain-
less steel sections along the sides of each coil and by plates which are placed
over and under each coil. These plates also restrain iron pole pieces which are
located in the winding window for each coil. The attractive load P Ctween coils

and between iron "plugs" is supported by built-up stainless steel wedge--shaped
spacers. The latter also determines the coil angle and transmits the weight of
the coils to the main gravitational support structure.

The main gravitational support structure is stationary within the dewar and
held in place by four low heat leak column supports. The coils are pivoted on
one end to allow the angle between them to be changed by disassembly of one end
of the dewar and replacement of the wedges between the coils and main gravita-
tional support.

The coils are electrically in series with the interconnection between coils
located within a flexible LHe line or bellows at the pivot end. Flexible

-02-
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vent lines at the downstream end of the magnet are intended to be replaced
if the angle is changed whereas the power lead and helium lines at the upstream
end are permanent. The liquid helium holdup tank and vapor-cooled lead cryostat
section are connected via a coupling.

2. Power Lead Assembly

The vapor-cooled lead assembly is a high current coaxial design similar to
those designed and fabricated by MCA for use in the Argonne National Laboratory
bubble chamber magnet. A typical construction for these leads is shown in Fig-
ure IV-7. Current enters via buss-bars connected to the warm end A and then
passes through the walls of a bundle of copper tubes in the center of the assem-
bly to the cold end terminal A'. This bundle of tubes is electrically isolated
from another tube bundle located in the annulus between large concentric, non-
conducting tubes. The return current enters the cold end terminal at B', passes
through the walls of the copper tubes in the annulus, and exits at the warm end
terminal B.

Alteration of field Gradient

Each coil is located inside a stainless steel structure which has been
designed to pivot about a fixed shaft mounted on the main gravitational support
structure and dewar. An outline of the steps in the procedure for changing the
coil angle from high gradient made (wide angle) to the low gradient mode (low
angle) is shown in Table IV-3. This is intended as an outline of the pro-
cedure and iflust be expanded to include a detailed step-by-step procedure
and QC when a detailed design effort is performed. At present it illustrates
feasibility of the concept.

4. Outline of System Assembly

Table IV-4 presents an outline of an assembly procedure for the magnet
system described above. It shows the basic sequence of events that is required
and indicates the complexity of the task and scope of the major erection equip-
ment needed. A final procedure is beyond the scope of the present effort and

would result from a detailed desi gn program.

The procedure assumes that each racetrack coil and its main structure/LHe
dewar are subassembled off site. The main components of the dewar are also
assumed to be subassembled off site. In addition, it is assumed that the facil-
ity, foundation, utilities, and component handling fixtures are available. It
is essential that measures be taken to ensure a "clean room" atmosphere about
the immediate area in which the final assembly takes place. This will minimize
the possibility of foreign .Matter, dust, etc. getting onto the superinsulation
and other sensitive components of the magnet system.

Several ports for viewing or accessibility will be necessary. The quantity;
size, and location of these ports will be determined during the final design
phase.
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TAkla TV-1

Outline of Procedure to Alter Field Gradient

Oe-energize the magnet, remove the LHe and allow the system to warm up
to room temperature.

Apply a fixture to support the downstream end or the warm b^_ a tube.

Release the dewar vacuum, unbolt the warm bore tube from the downstream
room temperature vessel-end cover, and remove the end cover.

Apply a fixture to support the downstream end of the bore tube radiation
shield.

Remove superinsulation and de-couple radiation shield cooling tubes as
necessary.

Unbolt the bore tube radiation shield from the downstream radiation
shield end cover and remove the latter.

Remove superinsulation as necessary and remove flexible helium lines from
each coil to the vent ports, initial fill port and from the upper coil to
the hold-up tank.

Attach a mechanical or hydraulic ,jack between each coil/LHe vessel and
the main gravitational structural support.

Remove the attractive em load support spacers.

Change the angle of the coils by jacking each coil/LHe vessel into place.

Position the new intercoil support spacers.
,a

Bolt the He vessels to the main gravitation structural support and to the
spacers. Remove the jacks.

Replace flexible helium lines to vent ports, initial fill port and between 	 a
upper coil and hold-up tank. Replace superinsulation as required.

Replace downstream radiation shield end cover and bolt to bore tube radia-
tion shield and outer radiation shield.

Connect radiation shield cooling tubes, replace superinsulation, and remove
support fixture for downstream end of bore tube radiation shield.

Replace room temperature vessel end cover, bolt cover to main shell and to
bore tube. Remove warm bore tube end support fixture.

Evacuate vessel and prepare for cooldown.
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Table IV-4

Outline of Asst,, ^,oiy Procedure *

Place the bottom half of the room temperature vessel in position on the
foundation (Reference Figure IV-8a).

Place the low heat leak columns inside the legs of the room temperature
vessel and fasten them to the base of the legs (Reference: Figure IV-8a).

Attach the preassembled multilayered superinsulation blankets to the entire
inside surface of the room temperature vessel (Reference: Figure IV-8a).

Place the lower half of the radiation shield in position and attach it to
the low heat leak columns. Attach the multilayered superinsulation
blankets to the entire inside surface of the radiation shield (Reference:
Figure IV-8b).

Preassemble the bottom spacers and the coil/He vessel to the main gravita-
tional support structure. Lift and position the entire subassembly on
the low heat leak columns and fasten it in place (Reference: Figure IV-8c).

Preassemble the upper coil and spacer. Lift and position the subassembly
onto the main gravitational support structure and fasten in place (Reference:
Figure IV-8d).

Attach the preassembled multilayered superinsulation blankets to the entire
inside surface of the upper half of the room temperature vessel. Place
the latter in position on top of the lower half and weld them together
along the mating surfaces (Reference: Figure IV-8d).

Position and dress the multilayered superinsulation blanket along the
inside of the mating surfaces of the room temperature vessel halves
(Reference: Figure IV-8d).

Attach the multilayered superinsulation blanket to the inside of the upper
half of the radiation shield. Slide it into position from the upstream end
of the assembly and fasten it to the lower half of the radiation shield
(Reference: Figure IV-8e).

Place the helium hold-up tank into position, temporarily support it at the
inlet end of the magnet with a fixture, and fasten it to the bracket at
the outlet end of the magnet (Reference: Figure IV-8f).

Insert power lead assembly and connect to helium hold-up tank. Complete
all electrical and plumbing connections. Complete assembly of power lead
housing (Reference: Figure IV-8f).

Using a fixture to support one end, feed the warm bore tube radiation shield,
which has multilayered superinsulation blankets attached to its outer wall,
through the rectangular opening in the main gravitational support, position
it in place, and support it at each end (Reference: Figure IV-8g).

Occasional reference to the assembly drawing, which is shown in Figure
IV--6, will aid in visualization of the procedure.

l
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Table IV-4Conc uded

Assemble the radiation shield end covers, which have multilayered super-
insulation blankets attached to their inside surface, to each end of the
magnet and bolt to bore tube radiation shield (Reference: Figure IV-8g).

Connect the tracer tubes of the end covers to the warm bore tube radiation
shield and to the outer radiation shield at each end of the magnet as
required (Reference: Figure IV-8g).

Position the room temperature vessel end covers, which have multilayered
superinsulation blankets attached to their inside surfaces, in place and
fasten them to the flanges of the center portion of the room tempo~ature
vessel (Reference: Figure IV-8h).

Using the same procedure as that used for installation of the warm bore
tube radiation shield, feed the warm bore tube, which has multilayered
superinsulation blankets attached to its outer wall, through the rectangu-
lar opening in the bore tube radiation shield and position it in place
(Reference: Figure IV-8h).

Bolt the warm bore tube to the downstream end cover and weld the warm
bore tube to upstream end cover (Reference: Figure IV-8h).
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After dewar evacuation and successful completion of the steps in Table IV-
4, the magnet is ready to b; cooled down and energized. This assumes that
appropriate tests and quality control checks have been performed during the
final assembly stage.
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B. WINDING GEOMETRY AND CONDUCTOR CHARACTERISTICS

During Phase I, racetrack coil systems were considered at different field
levels with and without iron pole pieces. The dimensions of the coils were
optimized according to a procedure involving estimation of certain characteris-
tics which are critical from a magnet design standpoint. This procedure con-
sisted of the following four parts:

a. Select a realistic range of current densities and determine the effect
of overall winding geometry and dimensions on the total conductor
volume and total ampere-meters required for a specified central mag-
netic field,

b. For the more promising configurations found in a, estimate the stress
levels in the windings,

c. For designs that are realistic with respect to a and b above, calcu-
late the peak fields in the windings, and

d. Evaluate results and repeat.

The "best" initial design point was taken as that which had the minimum value
of ampere-meters consistent with realistic stress level estimates and a realis-
tic peak field estimate in the windings. The dimensions of the coil system
found in this fashion were the starting point for the Phase II analysis. The
latter proceeded iteratively through a process of:

1. Assume an overall current density.

2. Calculate fields along the axis and throughout the winding.

3. Adjust the geometry and/or current density and repeat 1-3.

4. Size the conductor, insulation, and internal structural components.

5. Calculate an overall current density, compare with the value assumed
initially, and repeat steps I to 5.

The initial optimization was done on the basis of the low gradient profile, and
then during step 2 the winding geometry was altered slightly to achieve the
high gradient field profile. The information which follows represents the
result of several iterations leading to a set of preliminary design specifica-
tions.

As mentioned earlier, the starting point for the iterative design loop was
the set of coil dimensions and uniform overall current density found for the
8 T racetrack, 4.2 K, design with iron in Phase I. The cross section for each
coil in this case was rectangular. The Phase II analysis began by calculating
the field distribution in the windings. It was concluded that this simple
cross-sectional shapa resulted in a peak field which was quite high; hence a
"notch" of conductor was removed from the inner section of the winding and the
conductor was "graded" or tailored to the field distribution experienced in the

-90-
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winding. Grading was limited to four sizes of conductor since it was
felt that extension of the concept beyond four would not offer an economic
advantage in total conductor cost. It would, in addition, necessitate
more joints in fabrication.

The dimensional characteristics of the four conductors and required stain-
less steel banding are given in Tables IV-5 and IV-6, respectively. Lengths
and weights are also given. Conductor was sized to be cryostatically
stable by using the design technique discussed in Appendix B. The size 	 a,,
was also based on calculated values of maximum field determined in each
of the winding sections. The manner in which the conductor and stainless
band are used in the winding is shown in Figure IV-9 together with the
final overall dimensions. Insulation and winding spacer thicknesses are
given and consist of a spiral wrap of 1.524 x 10-4 m (0.006 in.), turn-
to-turn insulation and a distribution of 2.286 x 10- 0 m (O.O go in.) thick
insulating slats between "pancakes".

The design assumes that the conductor will be insulated with a 60 percent
spiral wrap of insulation and then wound in parallel with the stainless
steel channel into "pancakes". Pancakes would then be stacked with slats
between them and joints made at the inside and outside to electrically
connect the pancakes in series and form the coil. The main purpose of
the stainless steel is to carry the axial load of electromagnetic origin.
In addition, the width of the stainless steel is equal to that of the con-
ductor plus the spiral wrap insulation. This allows the compressive load
parallel to the wide face of the conductor to be carried, transmitted, an(-
accumulated pancake to pancake by the stainless steel rather than to
accumulate conductor to conductor. Similarly, the sides-of the channel
section are wide enough to prevent conductor to conductor accumulation
of load perpendicular to the conductor face.

Figure IV-10 again shows a cross-section of th;^ winding for Design No. 7
in the end turn region. The solid lines indic.:ie the winding boundary
assumed for field computation purposes to provide input information to
size conductor and steel requirements. The dashed lines indicate the
winding boundary for Design No. l on the basis of the conductor and steel
chosen as a result of the previous step. The next step in the iterative
design process would be to recompute field distributions in the new winding
envelope and relax the shape of the notch. This, however, is part of the
final design process and may be considered ai "fine tuning" from the stand-
point of preliminary design.

The model used for field calculation purposes in the windings for Design
No. 1 is illustrated in Figure IV-11, which shows a cross section of the
racetrack in the midplane of the end turn region. The location of the
iron relative to the coil is shown as well as the 11 current filaments
used to model the coil to generate field profiles for use in grading
studies. The model used a rectangular notch for the purpose of maximum
field reduction. Further development of this concept during the detailed
design of the coil would use more filaments in the coil model and eventu-
ally replace the rectangular notch with a triangular shape (see dashed
line in Figure IV-11) with the "depth" adjusted so as to minimize the
field concentration ratio. For the purposes of this program, the rectangu-
lar notch is suitable to generate the preliminary design requirements.
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Table IV--5

Estimated Conductor Requirements for Design No. 1_

q=0.7 w/cm2 ; Conductor Width=0.0254 m = 1.0 in.; Also See Figure IV-9

Conductor	 Region
Type	 Where Used

1	 a,f,i

2	 b,j

3	 c,g,k

4	 d,h,l

-32-

Conductor
Thickness, t

M. Copper Length Weight
(in.) Superconductor (m.) (kg)

3.02 x 10-3 4.3 3963 2595
(0.119)

2.77 x 10-3 6.3 4161 2460
(0.109)

2.29 x 10-3 11.4 9121 4605
(0.090)

1.93 x 10-3 14.3 14,515 6240
(0.076)

TOTAL = 31,760 15,900



7.62x 104m
(0.03 in.)

(1.072
,0254 m.

(1	 in.)

ts5
Region M. Length Weight

ss Type Where Used (in.) (m.) (kg)

1 a j 3.56 x 10-3 2490 1940
(0.140)

2 b,j 1.75 x 10-3 4161 1640
(0.069)

3 f 2.97 x 10-3 1473 965
(0.117)

4 c,g,k 7.62 x 10-4 9121 1640
(0.030)

5 d,h,l 7.62 x 10-4 14,515 2585
(0.030)

TOTAL: 31,760 8770

s	 ^

Table IV-6

Internal Structural Requirements for Design No. 1;

q=0.7 w/cm2 ; f=0.6 (Also See Figure IV-9)

i
I
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Figure IV-9. Winding Final Dimensions and Constructional Detail for Design '!o. 1
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Figure IV-12 shows the calculated field concentration ratios along lines
through the winding as illustrated in the sketch above the plot. This illus-
trates the basic reason why conductor grading can be performed; that is, the
field becomes progressively lower as the outer coil boundary is approached.

Fi gure IV-13 illustrates the manner in which grading helps to reduce the
peak field concentration ratio. This is a plot of the calculated field concen-
tration ratio at the points illustrated in the sketch above the plot. The cal-
culated values are given; however, the actual profile may be approximated by
averaging values at adjacent points. This leads to a smoother profile, but the
character is similar. Line "a" represents results without grading and shows a
peak ratio in the vicinity of points 5 and 6 at a level of about 1.35. Line
"b" shows the first attempt at grading and illustrates how the field concentra-
tion around points 5 and 6 was drastically reduced; however, it became more
severe in the vicinity of S, 9, and 10 which then becomes the governing loca-
tion. Line "c" shows the results for the grading chosen for Design No. 1 and
illustrates how the results have progressed to a situation where the variation
along the boundary (points 5-13) and the level of concentration is reduced.
This was deemed sufficient for the purposes of this preliminary design. Further
iterations during detail design may alter the shape of the notch and specify the
boundaries between conductor grades somewhat differently, but the general char-
acter and complexity may be expected to be similar.

Following specification of the coil and conductor characteristics, a
preliminary investigation into the quench characteristics for magnet design
one was begun. A computer model was used which carries out a forward integra-
tiony in time to estimate the current, temperature and voltage transients within
the coil system.

Basically, the model begins with the assumption that the coil becomes
normal at a single point. Ohmic heating at this point leads to a temperature
rise in its vicinity with subsequent growth of the normal region. Since the
winding thermal properties are not isotropic, the normal region does not grow
with equalspeed in all directions. This is modeled and transformed into an
equivalent resistance to be used in a circuit equation in finite difference
form which allows calculation of current during the next time increment. The
effects of temperature on the resistance of successive normal volume increments
is taken into account. The circuit used is shown in Figure IV-14 which assumes
that the power supply is disconnected during the discharge transient and that
the superconducting coil dissipates its energy internally in the normal region
R (t) and in "dump" resistor, R PS, located outside the dewar.

Results of the quench calculations are shown in Figures IV-15, IV-16 and
IV-17.

Three values for the circuit dump resistor, RES (Figure IV-14) were con-
sidered. Figure IV-15 shows the current in the coil as a function of time
assuming quench initiation at t=O from an initial current equal to the operating
current level of 4000 A. As expected, the larger the dump resistor, the faster
the discharge rate.

The maximum temperature in the coil occurs at the point of quench initia-
tion. Figure IV-16 shows the maximum temperature as it develops in time during

.,...
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the quench transient for the two cases corresponding to the different dump
resistors. The rapid initial climb in temperature arises from the low specific
heat at reduced temperatures and the high energy dissipation rates during the
initial part of the transient. dote that the higher value for the dump
resistor leads to a reduced maximum temperature since less energy is dissipated
in the coil.

The voltage across the normal region in the coil is plotted in Figure IV-
17. This is defined as the current times the resistance of the normal region
and is a measure of the voltage levels experienced within the magnet. As shown
in the figure, the voltage rises to a peak and then decays. R summary of the
results is given in Table IV-7. Note that the larger dump resistance leads to
a faster decay rate, a lower maximum temperature, a lower internal voltage, and
a higher terminal voltage.

The layer to layer voltage that corresponds to the 0.5 ohm external dump
resistor was estimated at less than 145 volts for the resistive voltage com-
ponent alone. This will be reduced by the inductive voltage component. The
voltage across the coil terminals is high but acceptable, though special pre-
cautions will be necessary in design and construction.

On the basis of these preliminary results, a simple protection scheme con-
sisting of a dump resistor at about the 0.25 to 0.5 ohm level seems reasonable
for this system. Reevaluation and more detailed analysis will be necessary dur-
ing a detailed design phase.
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Table !V-7

Summary of Estimated Quench Characteristics for Design loo. I

Dump Decay Maximum Max. Voltage Across Max. Voltage At
Resistor Time Constant Temperature Normal Region Coil Terminals

(ohm) (sec) (OR) M M

0.25 20.99 101 1877 977

0.5 16.85 89 1281 2000
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C. STRUCTURE AND DEWAR DESIGN

This section begins with a discussion of the applied forces of electromag-
netic origin which are induced in the windings and the manner in which they
were computed. It continues with a description of the structure and dewar and
of the design criteria utilized in their design. The section ends with a dis-
cussion of the heat leak estimates for the magnet system

1. Applied Forces

Several different types of loadings must be considered in the design of a
superconducting magnet. These include: gravity loads, thermal loads, ther-
mally induced loads, loads by electrical transients, and electromagnetic (em)
loads experienced in operation. The em loads are by far the greatest and are
discussed in this section in detail. The remaining loads, which ,gust be taken
into consideration ultimately, are considered beyond the scope of this program
and would be dealt with in depth during a detailed design phase. The overall
characteristics of the preliminary design as presented in this report should
not change to any large extent as a result of the consideration of these other
loads.

The total force on a section of current carrying conductor(s)--for example,
a portion of a magnet winding--may be found by integrating the Lorentz force
over the volume of the section of interest. To obtain an analytical result in
closed mathematica 7 form, it must be possible to perform the following opera-
tions in the region:

1. Express U1 mathematically

2. Express g mathematically

3. Integrate U x B

The procedure outlined by steps 1, 2, and 3 is tractable only in situations with
particularly simply geometry. In most cases, one or more of these steps must be
replaced by an approximating procedure.

For the racetrack and rectangular saddle geometries, all of the above steps
must be carried out numerically. The basis for the computation is that it is
possible to express in closed form the magnetic field generated by a straight
current filament of finite length. The above procedure is then replaced by:

1. Represent the entire current carrying winding by a model composed of
current carrying "sticks" of finite length. This requires a specifi-
cation of the end points of each stick in a suitable coordinate system
and of the magnitude and direction of the current carried by each
stick.

2. Select the coordinates of points at which the magnetic field is to be
determined and calculate the field at each of these points by a vec-
torial sum of the contributions from each current "stick." If a point
hies outside the winding model, then contributions from all of the
sticks are summed. However, if a point is located on a stick (as is



necessary if the goal is the determination of the force at that point),
then it is necessary to sum all contributions except for that due to
the stick which passes through the point of interest. The latter is
necessary to avoid the fact that the zero cross-sectional area of a
given stick together with its finite current leads to an infinite mag-
netic field on the stick itself.

3. Determine the local components of the force per unit volume at a given
point by forming the vector cross product of the current carried by the
stick and total magnetic field calculated at that point and dividing by
the winding cross-sectional area which the stick represents.

4. Find the total force in a selected direction on a section of winding
by summing the proper components of the forces per unit volume multi-
plied by the incremental volumes they model over the section.

In general, the larger the number of sticks in the current filament model, the
better the approximation; however, computational time increases rapidly and
even the initial task of merely specifying the coordinates of the sticks may
become formidable.

The current filament model used for force computation in this preliminary
design is illustrated in Figure IV-18. This is again a coil cross section in
the end turn region. Forces of electromagnetic origin for the purposes of this
preliminary design were computed using four current filaments in each coil. The
amp-turns for each filament are indicated. Two views of the current sticks for
the model are given in Figures IV-19 through IV-22 together with force vectors
drawn to scale to illustrate the load distribution and magnitude at rated field.

The X and Z force components in the end turn regions were used to design
the stainless steel bands that are integrally wound in parallel with the conduc-
tor as described in Section IV-A of this report. The Z force components along
the straight section or sides of the coil were used in designing the transverse
support structure of the coil,and the Y force components were used to design the
support spacers for the attractive load between the coils.

2. Structure Description and Design Criteria

A summary of the mechanical characteristics of the external structural com-
ponents for Design No. 1 is given in Table IV-8. This gives the design qressure,
weight, materials, and overall size of the major structural components of the
magnet system which include the coil/He vessel, the attractive em load support
spacers, and the main gravitational support structure. The design of the struc-
ture was based on a maximum allowable working stress of 2.75 x 10 8 N/m2 (40,000
psi), which allows for a margin of safety of two (2) applied to the allowable
yield strength of stainless steel.

The above represents external support structure. In addition, there is structure
internal to the winding. This consists of the stainless steel channel that is
wound in parallel with the conductor and which, in conjunction with the conductor,
supports the axial em loads in the coil windings.
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Table IV-8

Summary of Mechanical Characteristics of the Maior
Structural Components for Desi gn No. I

I. Coil/He Vessel

A. Design Pressure

1. 2.07 x 10 5 N/m2 (30 psia) Internal
2. 1.03 x 10 5 N/m2 (15 psia) External

1	 B. Weight

1. Conductor = 15,900 kg (34,980 lbs.) (2)r	
2. Iron	 = 6,773 kg (14,900 lbs.) (2)
3. Structure = 18,182 kg (40,000 lbs.) (2)

{	 TOTAL = 40,855 kg (89,880 lbs.)

C. Material

1. Conductor - MF NbTi/Copper
2. Iron - AISI 1008
3. Structure - 310S SS

D. Overall Size of Each Vessel

1. Length = 3.30 m (130 in.)	 ^
2. Width = 2.39 m ( 94 in.)
3. Height = .76 m ( 30 in.)

II. Support Spacers for Attractive em Load (Low Gradient Profile Mode)

A. Weight (Low Gradient)
1,205 kg (2,650 lbs.) ea; total - 4,820 kg (10,600 lbs.)

a	 B. Weight (High Gradient)
568 kg (1,250 lbs.) ea; total - 2,273 kg ( 5,000 lbs.)

3

C. Material - 310S SS

D. Overall Size	 High	 Low

I. Length =	 2.48 m (98 in.)	 2.48 m (98 in.)I	 2. Width	 =	 1.91 m (75 in.)	 1.91 m (75 in.)
j	 3. Inlet Height = 0.18 m ( 7 in.) 	 0.10 m ( 4 in.)

4. Outlet Height= 0.71 m (28 in.)	 0.18 m7 in.)

III. Main Gravitational Support Structure

A. Weight - 7,818 kg (17,200 lbs.)

B. Material - 310S SS

C. Overall Size

1. Length = 3.38 m (133 in.)
2. Width = 3.25 m (128 in.)
3. Height - 0.56 m ( 22 in.)
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a. Stainless Steel Channel (Internal Structure)

The dimensional characteristics of the required stainless steel banding
are given in Table IV-6. Estimated lengths and weights are also included.
The manner in which this material is used in the winding is shown in Figure
IV-9. Insulation and winding spacer thicknesses are given and consist of a
spiral wrap 1.52 x 10_

4 m (0.006 in.) turn--to-turn insulation and a distribu-

tion of 2.286 x 10-3 (0.090 in.) thick insulating slats between "pancakes".
The estimated hoop stress distribution in the winding is shown in Figure
IV-23. As indicated, the average hoop stress attains a peak level of about
7.49 x 10 7 H/m2 (11,000 psi). in the windings. The windings experience zero
radial stress on the inside turns and a compressive radial stress in those
turns outside of the peak hoop stress location. For the purposes of this
program, this stress distribution was calculated based on the assumption that
the end turn region acts as a solenoid. This is a reasonable assumption as
long as the boundary conditions are valid; i.e., as long as the radial de-
flections of the point of tangency between the straight portion of the coil
and the round portion of the end turns of the coil are consistent with that
of a solenoid having the same dimension. In order to do this, the transverse
structure should be designed with suitable stiffness at that point.

The size of the stainless steel banding required in each subregion (see
Figure IV-9) of the coil cross section was chosen to limit the axial stress
in the conductor to 6.90 x 10 7 N/m2 (10,000 psi). Results of the analysis
indicated stainless steel banding was required only in regions a, b, f, i,
and j based on this criterion. However, the stainless steel banding must
also transmit the attractive em loads parallel to the wide face of the con-
ductor and prevent load accumulation between conductors in adjacent pancakes.
As a result of this criterion, it is required in the remaining regions and
was included with a wall thickness of 7.62 x 10- 4 m. (0.030 in.).

b. Coil/He Vessel (See Figure IV-6)

The coil/He vessel, which contains the iron pole pieces, coil windings,
and LHe, consists of a top place, bottom plate, center section, side beams,
and seal plate, all of which are fabricated from 310S stainless steel. Ribs
are welded to the top plate for additional stiffness, and doubler plates are
welded to the bottom plate for added strength for the section of the coil end
turns that passes over the bore tube; i.e., that portion which is not sup-
ported directly by the attractive em load support spacers. The center sec-
tion is welded to the bottom plate after th coil and iron pole piece have
been assembled, and it is plug welded to thF,41 top plate. Several stainless
steel rods, which are threaded through clearance holes in the iron plug,
connect the center of the top plate with the center of the bottom plate to
minimize local bulging due to the internal pressure of the LHe. Shear pins
connect the top plate and bottom plates to the side plates. The seal plate
is the last part to be added and is seal welded about the perimeter of the
vessel to provide a vacuum tight container.
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The top and bottom plates were designed to support the transverse em loads
in tension. In addition, the top plate has been designed to withstand the
internal pressure of 1.03 x 105 N/m2 (15 psia), which can increase to a maximum
value of 2.07 x 10 5 N/m2 (30 psia = pressure at which relief valves are assumed
to open) under a fault condition. The bottom plate has been designed to support
the coil in the end turn region where it spans the gap between the attractive
em load support spacers. The bottom plate <<as also been designed to support the
em loading that is applied by the iron pole piece. The seal plate has been
designed to withstand the maximum expected internal pressure of the coil/He
vessel. The pivot shaft, which is an integral part of the coil/He vessel, has
been sized to support one half of the gross weight of the coil/He vessel.

c. Attractive em Load Support Spacers

The attractive em support spacers fasten between the coil/He vessel and
the main gravitational structure and have been designed to support the high
attractive loads which exist between the upper and lower coil/He vessels during
normal operation. Two sets of four spacers per set are required per magnet sys-
tem; i.e., one set for the high field profile design case and one set for the
low field profile design case. The wedge-shaped spacers are fabricated from
310S stainless steel plate and consist of a top plate, bottom plate, and two
center webs. The top and bottom plates have been designed from a bearing stress
point of view, while the center webs have been analyzed from a compressive
stress and elastic stability viewpoint. The bolts which fasten the bottom
spacers to the coil/He vessel and the main gravitational support have been
designed to support the weight of the coil/He vessel. The bolts for top
spacers have been designed to support the shear forces that develop due to the
attractive em loads acting on the wedge-shaped spacers. They have also been
designed to support the weight of the coil/He vessel in tension.

d. Main Gravitational Support Structure

The main gravitational support structure has a twofold purpose; i.e., it
supports the attractive em loads between coil/He vessels and the combined weight
of the coil/He vessels and attractive em load support spacers. It has been
designed to transmit these loads to the column support system which in turn
transfers them to the ground. Basically speaking, the main support consists of
longitudinal and transverse beams with a gusseted, rectangular beam encircling
the warm bore tube and radiation shield. The longitudinal and transverse beams
have been designed to support the gravitational loads as a beam in bending at
room temperature even though its yield strength will increase at cryogenic tem-
peratures. The rectangular box beam in the center has been designed to trans-
mit the loads across the warm bore tube and radiation shield. The deflection
of the inner wall of the rectangular box beam has been limited to avoid any con-
tact with the superinsulation around the outer surface of the radiation shield.
The pillow block bearings which support the shaft of the coil/He vessel have
been designed with slots which provide some adjustment for final alignment pur-
poses and allow the coil/He vessel to be positioned accurately at final assembly.

The main gravitational support structure will be fabricated from 310S
stainless steel and is of welded construction. In addition, it will be made in

t
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two pieces off site to satisfy shipping requirements and then transported to
the site and field welded together to form a single weldment.

3. Dewar Description and Design Criteria

From a structural standpoint the dewar must be designed to carry the gravi-
tational loads of the magnet, the induced electromagnetic loadings, and the
thermally induced loads. In addition, it must insulate the cold space suffi-
ciently well to maintain the heat leak into the system at an acceptable level.
The dewar consists of a warm bore tube, warm bore tube radiation shield, outer
room temperature vessel, outer radiation shield, and the column support system.
The liquid helium vessel has been incorporated into the coil support structure
and was discussed earlier.

A summary of the mechanical characteristics of the dewar for Design fro. l
is given in Table IV-9. This gives the design pressures, weights, materials,
and overall sizes of the major dewar components for the magnet system. These
components are the room temperature vessel, the radiation shield, the column
support system, and the vapor-cooled power lead assembly. This section
describes the major components of the dewar and discusses the criteria that were
the basis for the design.

a. Warm Bore Tube and Warm Bore Radiation Shield

The most important and significant characteristic resulting from the design
of a warm bore tube and warm bore radiation shield is the distance from the cen-
ter of the bore to the coil. This dimension impacts the quantity of conductor
used, the size and weight of the magnet, the cost, and other aspects of the
design. It is essential that this dimension be kept to a minimum. In order to
do this, the warm bore tube and radiation shield must be designed to be as thin
as possible and as close to each other as can be tolerated. This implies solid
plate design without ribs or corrugations, which would normall y be used for
stiffness.

The warm bore tube is located at the center of the magnet and surrounds
the MAID channel. Superinsulation is wound around the warm bore tube to reduce
the radiation heat load from room temperature to the radiation shield and
helium vessel. A small gap separates the superinsulation from the radiation
shield and is sized to compensate for any assembly or manufacturing tolerances
as well as thermal contraction during cooldown. If the superinsulation comes
in contact with the radiation shield, a conduction path is established which
acts to increase the boiloff rate of the magnet, which is highly undesirable.
The radiation shield intercepts the radiation '=t load that reaches it and
conducts it to a suitable heat sink. Around the radiation shield is placed
additional superinsulation which minim°zes the radiation heat load from the
radiation shield to the helium vessel. There is also a small gap between the
superinsulation and the helium vessel.

Figure IV-24 shows the cross section of the warm bore tube and radiation
shield at the inlet of the magnet and gives the clearance between the warm bore
tube and the radiation shield and the distance from the center of the warm bore
tube to the innermost surface of the coil. These clearances remain the same as
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Table IV-9

Summary of Mechanical Characteristics of Dewar for Design No. I

I. Room Temperature Vessel

A. Design Pressure

1.	 1.03 x 10 5 N/m2 (15 psis)	 Internal
2.	 1.03 x 10 $ N/m2 (I5 psia) External

B. Weight = 18,636 kg (41,000 lbs.)

C. Material = 304L SS

II. Radiation Shield

A. Design Pressure

1.	 0 N/m 2 (0 psia) Internal
2.	 0 N/m2 (0 psia) External

B. Weight = 5,909 kg (13,000 lbs)

C. Material = ETP Copper Annealed

III. Column Support System

A. Configuration

1.	 Four legs consisting of three concentric cylinders
2.	 All columns have flexural hinges and are designed

to compensate for thermal contraction of the He
vessel and main support

B. Type

1.	 Inner Cylinder = 010
2.	 Intermediate Cylinder = Aluminum
3.	 Outer Cylinder = 010
4.	 Hinge Material = 6A14V ELI Titanium

C. Weight = 142 kg (312 1bs.) ea x 4 = 568 kg (1250 1bs.) total

IV. 4,000 A Lead Assembly

A. Weight = 91 kg (200 lbs.)

B. Material = OFHC Copper and 010
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the warm bore tube, and the radiation shield tapers to 0.406 m x 0.508 m (16 in.
x 20 in.) at the outlet of the magnet.

Thewarm bore tube,. which is at a temperature of 300° K and subjected to an
internal pressure of 1.03 x 10 5 H/m2 (15 psia) during normal operation, was
analyzed for stress and deflection as a simple beam supporting its own weight
uniformly over its length. It was also analyzed as a square, flat sided tube
having an. internal pressure of 1.03 x 10 5 H/m2 (15 psia). The flat plates were
assumed to be uniformly loaded and supported on all edges. Based on a maximum
allowable deflection of 7.6.x 10 -4 m (0.03 in.), the design of the warm bore
tube proved to be deflection controlled. The clearance space between the warm
bore tube and the radiation shield takes into consideration the following areas:
superinsulation thickness, deflection under gravitational and internal pressures,
manufacturing tolerances, and a clearance space.

The radiation shield in the bore was analyzed so as to support its own
weight when held at the ends. In the course of the design of the radiation
shield, it was found that its size is controlled by manufacturing, handling,
and shipping considerations. Stress and deflection are small and consequently
do not govern the design. As a matter of judgment, the minimum practical
thickness based on these considerations is 6.35 x 10- 3 m (.25 in.) for a tube
of the size required for this magnet system.

Figure IV- 25 shows the radiation shield temperature rise as a function of
thickness for 5083-H38 aluminum. alloy and Electrolytic Tough Pitch (ETP) copper
for two different packing densities of superinsulation. The temperature rise
in this case was calculated based on the radiation shie -.t conducting the radia-
tion heat load input to a cold sink. It is clear from this figure that from a
heat transfer point of view the FTP copper should be used to minimize the tem-
perature rise and consequently the We boiloff. A more detailed analysis may,
however, indicate that aluminum is suitable though less attractive thermally.

Both the warm bore tuba and the warm bore radiation, shield are made as
single weldments and shipped to the site for final assembly.

b. Room Temperature Vessel and Outer Radiation Shield

The room temperature vessel consists of a center section, which is fabri-
cated from welded 304L stainless steel plate and rolled into final shape, and
two dished end covers which are spun into shape. The center section is made
in two sections with a flange at the mating surfaces; i.e., a top half section
and bottom half section. The structural design of a vacuum vessel of this size
is controlled by the external pressure; i.e., that pressure that would cause
the vessel to become elastically unstable (local buckling). Stiffening rings
are required about the center tube at the location of the support legs to pre-
vent localized bending and buckling failures. The support legs have been
designed with a large inside diameter to accept the low heat leak columns. The
room temperature vessel was also analyzed as a beam and for elastic instability
when supporting its own weight. in the final design, consideration should also
be given to niTd steel as material for the room temperature vessel.

The radiation shield is situated in a vacuum and is not pressure loaded;
consequently, it must only be designed to withstand its own weight. It was
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Figure IV-25 Radiation Shield Temp. Rise as a Function of Thickness
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analyzed as a beam and for elastic instability. Manufacturing, handling, and
shipping considerations controlled the design. In performing the analysis, the
additional stiffness supplied by the tracer tubes was neglected. The radiation
shield is fabricated in the same manner as the room temperature vessel. As with
the warm bore radiation shield, the material was chosen as ETP copper.

c. Column Support System

The column support system must transmit the gravitational load of the
structure and coils to the foundation. For a given structural configuration,
the heat load is directly proportional to the cross-sectional area of the sup-
port and inversely proportional to its length. It is desirable, therefore, to
use long, slender members to support the gravitational loads. If these members
are to be used in tension, the design is relatively simple, and an efficient
structure is obtained. If the loads must be borne in compression, the buckling
load of the support often becomes a limiting factor before the material is
loaded to its design stress level.

The column support system chosen for this program consists of a collection
of nested cylinders of epoxy-glass composite and aluminum materials which has
been discussed and analyzed by J. R. Heim, Cryogenics, December 1972. This
type of support has been successfully tested and has been incorporated in the
design of some large superconducting magnets which are either operating or
under construction presently. As Figure IV-26 shows, this type of support con-
sists of three or more concentric cylinders. If materials are selected such
that the thermal contraction of the intermediate tube (for a three-column
design) is equal to the sum of the contractions of the inner and outer tubes,
the overall height will not change when the column is cooled down to operating
conditions. Consequently, all alignments can be made at room temperature dur-
ing final assembly and will not be lost when the magnet system is cooled down.
For a three-tube configuration, the middle tube can be made from aluminum, and
the outer tube and inner tube can be made from epoxy-glass composite. This
results in a low heat leak temperature stabilized column type support. At the
top and bottom of the support are located hinges which are fabricated from
6A14V (ELI) titanium. Titanium is chosen because it can withstand large de-
flections without exceeding its yield point. At final assembly the webs of the
hinges are aligned perpendicular to the line of action which connects the cen-
ters of diagonal-supports (see the assembly drawing, Figure IV-6). When the
magnet cools down, the hinges bend to compensate for the thermal contraction of
the system in a plane parallel to the ground. This is shown in Figure IV-27.

The column support has been analyzed for compression, tension (inner cylin-
der), buckling, and elastic stability modes of failure. The hinge has been
analyzed to ensure the yield strength is not exceeded based on the calculated
angle of tilt which occurs on cooldown. It has also been designed to withstand
a lateral force approximately equal to 2.2 x 10 3 N (500 lbs.) applied at the
top of the column. This is in anticipation of a possible side force that might
be applied to it during installation.

4. Radiation Heat Load Estimates

The total heat load on the magnet system consists of the sum of the con-
duction heat leak through the supports, the radiation heat leak, resistive

r
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Illustration of Low Heat Leak Supports Consisting of Three and
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heating in nonsuperconducting electrical joints, and the heat loss due to con-
duction through and heat generation in the energized leads. For the scale of
magnet systems under consideration, thermal radiation and the vapor-cooled
power leads are the largest heat load on the system.

The radiative heat load from the room temperature container to the radia-
tion shield and from the radiation shield to the liquid helium container can be
easily estimated by calculating the surface area exposed to thermal radiation
and by estimating an eqO valent heat flux per unit surface area for these two
temperature ranges. Estimates have been performed for Design Ho. 1, and the
results are presented in Table IV-10. It was assumed that the radiation shield
is cooled by LHe boiloff and the equivalent heat flux through the superinsula-
tion from room temperature was 100 milliwatts per square foot. Tile heat flux
from the radiation shield to the superinsulated liquid helium container was
assumed to be 5 miliiwatts per square foot.
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Table IV-10

Estimated Cryogenic_ Characteristics for 8 T Racetrack
with Iron - 4.2 K

I.	 Temperature He Vessel - 4.2° K

II.	 Temperature Radiation Shield - 98° K

III. Total He Inventory - 359 liters

IV.	 Boiloff Rate

A. Leads - 12 Z/hr.

B. Radiation Shield, Column Supports, He Vessel - 8 Z/hr.

V.	 Superinsulation

A.	 Bore

1.	 Cold Side - 1.91 x 10-2 m (.75 in.)	 i
2.	 Warm Side - 2.54 x 10 - 2 m 0.0 in.)

B.	 Outside
I

1.	 Cold Side - 5.08 x 10-1 m (2.0 in.)

2.	 Warm Side -

ri

5.08 x 10-2 m (2.0 in.)
5

4
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V. 8 T RACETRACK, 2 K SYSTEM

The second system considered under Phase II of this program was similar to
the first in that it involved an 8 T magnetic field level in a system utilizing
a racetrack geometry. The operating temperature, however, was selected as 2 K
(nominal) to allow the impact of sub-lambda operation to be considered. Reduced
temperature operation (i.e., T < 4.2 K) offers two potential advantages: (1) the
critical current density of the superconductor increases as temperature de-
creases; hence Iess superconducting material cross section is required for a
given current and field level and (2) the liquid helium experiences a change in
state below 2.2 K (approximately) and exhibits an infinite apparent thermal
conductivity. The latter may lead to the equivalent of a very high allowable
heat flux from the surface of the conductor for stability purposes with a cor-
responding decrease in the amount of copper substrate required. This may
translate into a substantial reduction in conductor cost. The latter would
ultimately have to be weighed against the increased cost and complexity of
Providing a 2 K environment for the coils.

In considering the design of the conductor, little empirical information
was found which could be directly translated and applied to the design of a 2° K
fully stabilized conductor. There is little doubt that a theoretical and experi-
mental program oriented directly toward stable superconducting magnet design in
sub-lambda helium would be desirable. The main question surrounds the deter-
mination of an allowable heat flux from the surface of the conductor (or an
equivalent condition). Since the information was not available, cases were
considered for two selected values for this variable. Two sets of conductor
designs resulted with two sets of winding envelope dimensions. These results
are presented in tabular form and indicate the impact on the design of differ-
ent allowable heat flux levels in the fluid. The determination of the level
which may actually be achieved will require an experimental program.

System No. 2 was designed such that the MHO channel axis was horizontal
and the main magnetic field horizontal. The dewar and magnet are, therefore,
similar to those in Design Ho. 1 with the magnet, however,rotated 90 0 about the
channel axis. This led to a somewhat less complicated procedure for variation
of angle between the coils for this system which was also designed to allow
variation of field gradient along the channel axis.

The dewar utilizes a radiation shield cooled by bulk liquid nitrogen. Each
coil is enclosed in its own LHe dewar which is integrated into the structure for
support of the axial and transverse forces of em origin. The cryogenic support
subsystem envisioned for this system would involve a liquefier which maintains
liquid helium in a 1,000 Y. storage dewar at 2-4 psig and about 4.5 K. This
liquid is then pumped and used in a 2 K (nominal) heat exchanger which cools
the main magnet-dewar system. The vapor-cooled power leads would not use
coolant from the main magnet-dewar but would be supplied with LHe I directly
from the pressurized storage dewar. Providing the coolant for the leads would,
therefore, be independent of the subsystem providing the 2 K environment for the
coils.

PRECEDING PAGE BLANK NOt FILM
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The subsections which follow will present an overall description of the
system, a discussion of the winding geometry and conductor characteristics, and
a description of the structure and dewar design.

A.	 SYSTEM DESCRIPTION

1. Overall Characteristics

The preliminary design characteristics for Design No. 2 are given in Table
V-1. The overall system dimensions and electrical characteristics are pre-
sented. Two modes are indicated and correspond to operation of the two race-
track coils with a 5 0 included half-angle (low gradient mode) or 15 0 included

half-angle (high gradient mode). The maximum magnetic field at the winding is
11.4 T. This level may be reduced somewhat upon further iteration of the
graded design during a future detail design phase. In addition, the range of
overall current density and conductor current density is given. Weights are
summarized in Table V-2, as a function of the allowable heat flux from the sur-
face of the conductor from a stability standpoint. The value which can
actually be achieved must be determined in an experimental program. Note the
dramatic effect on conductor weight. As is the case with Design No. 1, the
conductor comprises a substantial portion of the overall weight of the magnet
systems.

The magnetic flux densities required at the inlet and outlet for the low
gradient mode and the high gradient mode for Design No. 2 are the same as
Design No. 1; i.e., 8.0 T (inlet) and 6.4 T (outlet) for the low gradient mode
and 8.0 T (inlet) and 4.5 T (outlet) for the high gradient mode with allowed
variations of ± 5% and t 8%, respectively.

Top and side views of the racetrack coils are given in Figures V-1 and V-2,
respectively. Figure V-2 also shows the extreme coil positions from the view-
point of field profile variation. Calculated field profiles along the channel
axis for these coil positions are shown in Figures V--3 and V-4. The flux den-
sity variation from a linear profile is ± 5% for the low gradient mode and t 8%
for the high gradient mode.

Figure V-5 shows one quadrant of the cross section of the MHD channel at
the channel inlet, channel exit, and at planes 0.508 m (20 in.) in from each
end. Two numbers are given at each point in the sections. One number is the Y
component of field (i.e., main field direction) when the maximum field on axis
is 8 T, and the other number (in parentheses) is the ratio of the local Y com-
ponent of field to the Y component of the field on axis in that plane. Table
V-3 gives results for the computed field components and magnitude with corres-
ponding coordinates in the channel.

An assembly drawing of the magnet-dewar system is shown in Figure V-6
(MCA Drawing E-2808).

The main components of the system consist of the left and right supercon-
ducting racetrack coils (as viewed from the downstream end of the system),
internal and external coil support structures, iron pole pieces, and LHe dewar.
The MHD channel would have its axis coincident with that of the warm bore tube
of the LHe dewar which is located approximately 2.46 m (97 in.) above the foun-
dation. The magnetic field is perpendicular to the axis of the dewar, and the
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Table V-1

Preliminary Design Characteristics for Design No. 2

8 T Racetrack with Iron - 2 K

Dewar Dimensions

Inlet 0.2540 m x 0.2540 m (10 in. x 10 in.)

Outlet 0.4064 m x 0.508 m (16 in. x 20 in.)

Overall Height 6.33 m (250 in.)

Outside Diameter 4.37 m (172 in.)

Overall Length 4.01 m (158 in.)

Magnetic Field Characteristics

Field at Channel Inlet

5 0 Mode 7.60 T

15 1 Mode 7.85 T

Field at Channel Outlet

5 0 Mode 6.29 T

15 0 Mode 4.50 T

Max. Field on Channel Axis

5° Mode 8 T

15 1 Mode 8 T

Max. Field at blinding* 11.4 T

Active Field Length 1.524 m (60 in.)

Electrical Characteristics Design 2.1 Design 2.2

Stored Energy's 138 x 10 6 J 138 x 10 6 J

Inductance* 17.3 H 17.3 H

Operating Current* 4000 A 4000 A

Overall Current Density* 1.78 x 10' A/m 2 -- 1.84 x 10 7 A/m2 -

6.79 x 10 7 A/m2 9.66 x 10 7 A/m2

Conductor Current Density* 9.39 x 10' A/m 2 - 14.9 x 10 7 A/m2 -

11.7 x 107 A/m2 20.0 x 10 7 A/m2

Total Turns 4824 4824

Ampere-Meters 13.03 x 10' 12.73 x 107

*Values For 5 1 Mode.
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Table V--2

Summar of Wei ghts for Preliminarl Design
Characteristics for Design No.
8 T Racetrack with Iron - 2 K

Weights	 Design  2.1	 Design 2.2

Conductor (kg) 	 10,960	 6,020

Structure (kg)	 30,455	 26,585

Dewar (kg)	 24,920	 24,920

TOTAL (kg)	 66,335	 57,525
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Table V-3

Computed Field Components at Selected Points Throughout
MHD Channel Volume for 5 u Mode

X

Coordinate (m)

Y Z

Field

BX

Component

BY

(T)

BZ

Field
Magnitude (T)

/B/

0.400 0.00 0.00 0.00 7.93 0.00 7.93
0.500 0.00 0.00 0.00 8.00 0.00 8.00 4-1 Q
0.600 0.00 0.00 0.00 7.99 0.00 7.99 'o
0.700 0.00 0.00 0.00 7.86 0.00 7.86 a °

-0.724 0.00 0.00 0.00 6.29 0.00 6.29
--0.724 0.00 0.076 0.00 6.21 0.00 6.21
-0.724 0.00 0.152 0.00 5.99 0.00 5.99 a
-0.724 0.076 0.00 0.28 6.39 0.00 6.40 V +s
-0.724 0.076 0.076 0.28 6.32 --0.15 6.33 0 0
-0.724 0.076 0.152 0.27 6.09 -0.29 6.10
-0.724 0.152 0.00 0.55 6.70 0.00 6.72
-0.724 0.152 0.076 0.55 6.63 -0.29 6.66
-0.724 0.152 0.152 0.54 6.40 -0.59 6.45
-0.216 0.00 0.00 0.00 7.33 0.00 7.33 -
-0.216 0.00 0.064 0.00 7.27 0.00 7.27 ° m
-0.216 0.00 0.127 0.00 7.07 0.00 7.07

-0.216 0.064 0.00 0.08 7.39 0.00 7.39
-0.216 0.064 0.064 0.07 7.33 -O.12 7.33 0
-0.216 0.064 0.127 0.07 7.15 -0.24 7.15 °' Q
-0.216 0.127 0.00 0.15 7.58 0.00 7.58 a

-0.216 0.127 0.064 0.15 7.52 -0.24 7.53
-0.216 0.127 0.127 0.14 7.33 -0.49 7.35 `-`-
0.292 0.00 0.00 0.70 7.90 0.00 7.90
0.292 0.00 0.051 0.00 7.86 0.00 7.86 ° m
0.292 0.00 0.102 0.00 7.71 0.00 7.71
0.292 0.051 0.00 0.06 7.95 0.00 7.95
0.292 0.051 0.051 0.06 7.91 -0.10 7.91 ° cs
0.292 0.051 0.102 0.05 7.76 -0.19 7.76

CL o

0.292 0.102 0.00 0.12 8.11 0.00 8.11 F-

0.292 0.102 0.051 0.11 8.05 -0.19 8.05
0.292 0.102 0.102 0.11 7.91 -0.38 7.92
0.800 0.00 0.00 0.00 7.60 0.00 7.60
0.800 0.00 0.038 0.00 7.57 0.00 7.57

4Jto
0.800 0.00 0.076 0.00 7.47 0.00 7.47 ; p
0.800 0.038 0.00 -0.18 7.65 0.00 7.65
0.800 0.038 0.038 -0.18 7.62 -0.06 7.62
0.800 0.038 0.076 -0.18 7.52 -0.13 7.52 U0.800 0.076 0.00 -0.36 7.81 0.00 7.82 o
0.800 0.076 0.038 -0.36 7.78 -0.13 7.79
0.800 0.076 0.076 -0.36 7.68 -0.26 7.69
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I

main field direction is horizontal. The warm bore tube measures 0.254 m x
0.254 m at the inlet and tapers to 0.406 m x 0.508 m (16 in. x 20 in.) at the
outlet (i.e., the 0.406 m dimension is along the horizontal axis) over an "ac-
tive" MHD channel length of 1.524 m (60 in.). The entrance length of the warm
bore tube measures 1.17 m (46 in.), and the exit length measures 1.32 m (52 in.).
The highest point (vapor-cooled power leads) of the completed assembly measures
about 6.33 m (250 in.) above the foundation. The dewar outer diameter, 4.37 m
(172 in.), is similar to that for Design No. 1, while the overall length of the
dewar for Design No. 2 measures a little less than that for Design No. I. The
overall weight. of the magnet system for Design No. 2 ranges from 66,335 kg
(145,937 lbs.) to 57,525 kg (126,555 lbs.) based on the value of the allowable
heat flux assumed in conductor design. As in Design No. 1, the dimensions
given for Design No. 2 utilize the additional clearance available the the warm
bore outlet.

The magnet coils are of a racetrack geometry and are designed to operate in
the superconducting state at a temperature of 2° K and a pressure of ", 0.03 atmo-
spheres. A possible cryogenic support system is shown schematically in Figure
V-7. The main magnet coils are refrigerated by a "2.0 K" heat exchanger. A
helium liquefier system provides helium to a pressurized storage dewar which sup-
plies liquid to be utilized in the heat exchanger. The storage dewar also pro-
vides He I for coolant to a separate dewar in which the vapor-cooled leads are
mounted. Boiloff from the power lead coolant dewar and the return from the heat
exchanger are passed back to the liquefier system.

A liquid helium flow schematic is shown in Figure V-8. Fill and vent points
are labeled to correspond to points on the assembly drawing (Figure V-6). The
initial cooldown to 4.2 K and fill would be accomplished by passing LHe I into
the fill lines (E and F) at the bottom of each coil/He vessel and venting through
t: and D. During normal operation, the fill line would feed the 2 K reservoir
from the heat exchanger and the vent lines would return flow to the heat ex-
changer.

A schematic for power flow in the system is shown in Figure V-9. With this
concept the power would pass through the power lead dewar wall in a sealed feed
through. The leads on the magnet side of the feed through.s would be a heavy,
oversized cable or braid of superconductor and copper insulated from and mounted
in a flexible line. Since one end of the line would be anchored at 4.2 K on
the power lead dewar and the other end at ti 2.0 K on the main magnet dewar, it is
clear that a small temperature gradient will exist along the line. Furthermore,
a He I/He II interface will exist in the lines. A full-scale mock--up and test of
this power feed system (as well as other selected system components) would be
desirable following a detailed design phase.

An alternate system would involve a 2 K refrigerator directly coupled to the
main racetrack dewars. The main advantage of the system shown is that the lique-
fier system may be temporarily shut down for maintenance without interferring
with magne' operation as long as He I is available in the storage dewar.

Many of the aspects of the design which deal with em load support, gravita-
tional load support, interconnections, and general descriptive functions of each
major component of the magnet system that are discussed in Section IV-A-1 for
Design No. l also hold true for Design No. 2 with the following exceptions:

I
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1. The coil/He vessels, rather than being one atop the other as in Design No.
1, are side by side and are supported on their sides by a pivoted shaft at
the inlet end and a rail support on the outlet end which has a law friction
surface on which the coil/He vessels may slide during the coil angle change
procedure. This also means that the main magnetic field component is hori-
zontal and not vertical as it is for Design No. 1.

2. The main gravitational support is below the coil/He vessels; consequently,
it does not transmit any em loads as the corresponding component must in
Design No. 1. This also results in somewhat shorter low heat leak columns.

3. The spacers for the support of the attractive em loads for the low gradient
profile (i.e., 5 0 half-angle) are an integral part of the coil/He vessel.
This is accomplished by welding plates, which have been shaped to the cor-
rect angle, to the bottom of the coil/He vessel. For the high gradient
profile (i.e., 15 0 half-angle) a spacer is required and bolts to each coil/
He vessel. This is also a viable alternate for Design No. I which used
two sets of spacers.

2. Alteration of Field Gradient

Table V-4 outlines the steps in the procedure for changing the coils from
the high gradient mode (wide angle) to the low gradient mode (low angle). The
main advantage Design No. 2 has over Design No. 1 with respect to changing coil
angles is the fact that the large weights of the coil/He vessels are supported
by the pivot shaft and the rail support; consequently, a much smaller jack can
be used to move them.

Table V-4 is intended as an outline of the procedure and must be expanded
to include a detailed step--by-step procedure and QC when a detailed design
effort is performed.

3. Outline of System Assembly

Table V-5 outlines an assembly procedure for the magnet system described
above. It shows the basic sequence of events that is required and indicates the
complexity of the task and scope of the major erection equipment needed. The
same assumptions and preface remarks as made in Section IV-A-4 for Design No. I
apply here as well.

After dewar evacuation and successful completion of the steps in Table V-5,
the magnet is ready to be cooled down and energized. This assumes that appro-
priate tests and quality control checks have been performed during the final
assembly stage.

B.	 WINDING GEOMETRY AND CONDUCTOR CHARACTERISTICS

The design of the winding envelope for Design No. 2 involved an iterative
procedure, which began with the dimensions generated in the Phase I effort, pro-
ceeded through dimensional variations until the desired magnetic field charac-
teristics were achieved in the channel, and proceeded through overall current
density variations until the winding was graded and peak field reduced to an
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Table V-4

Outline of Procedure to Alter Field Gradient for Design No. 2

(High Gradient Mode to Low Gradient Mode)

De-energize the magnet, remove the LHe and allow the system to warm up to
room temperature.

Apply a fixture to support the downstream end of the warm bore tube.

Release the dewar vacuum and remove the downstream room temperature vessel
end cover.

Apply a fixture to support the downstream end of the bore tube radiation
shield

Remove superinsulation as necessary and remove flexible helium lines from
each coil to the fill and vent ports.

Attach a mechanical or hydraulic jack between coil/LHe vessels.

Remove the spacers.

Change the angle of the coils by jacking each coil/LHe vessel into place.

Holt the He vessels together. Remove the jacks.

Replace the flexible helium lines to fill and vent ports.

Replace downstream radiation shield end cover.

Replace superinsuiation and remove support fixture for downstream end of
bore tube radiation shield.

Replace room temperature vessel and cover and remove warm bore tube and
support fixture.

Evacuate vessel and prepare for cooldown.
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Table V-5

Outline of Assembly Procedure for Design No. 2*

Place the bottom half of the room temperature vessel in position on the founda-
tion (reference: Figure V-10a).

Place the low heat leak columns inside the legs of the room temperature vessel
and fasten them to the base of the legs (reference: Figure V-10a).

Attach the preassembled multilayered superinsulation blankets to the entire
inside surface of the room temperature vessel (reference: Figure V-10a).

Place the lower half of the radiation shield in position and attach it to the
low heat Ieak columns. Attach the multilayered superinsulation blankets to
the entire inside surface of the radiation shield (reference: Figure V-10b).

Place the main gravitational structure on the low heat leak columns and fasten
it in place (reference: Figure V-10c).

Place the coil/He vessels in position and fasten the pivot shaft to the rear
rail support (reference: Figure V-10d).

Attach the preassembled multilayered superinsulation blankets to the entire
inside surface of the upper half of the room temperature vessel. Place the
latter in position on top of the lower half and weld them together along the
mating surfaces (reference: Figure V-10d).

Position and dress the multilayered superinsulation blanket along the inside
of the mating surfaces of the room temperature vessel halves (reference: Fig-
ure V-10d).

Attach the multilayered superinsulation blanket to the inside of the upper half
of the radiation shield. Slide it into position from the end of the assembly
and fasten it to the lower half of the radiation shield (reference: Figure
V-10e) .

Spread coil/He vessels apart, slide power lead assembly into place and mount,
and slide 2 K reservoir into place and mount (reference: Figure V-10e and f).

Complete assembly of power lead system, connections to 2 0 K heat exchanger, and
all internal electrical connections and plumbing (reference: Figure V-10e and f).

If high gradient mode operation is desired, slide attractive em load support
spacers into place and fasten. If low gradient mode operation is desired,
slide coil/He vessels together and fasten (reference: Figure V-10e and f).

Occasional reference to the assembly drawing, which is shown in Figure V-6,
will aid in visualization of the procedure.
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Table V--5 (Concluded)

Using a fixture to support one end, feed the warm bore tube radiation shield,
which has multilayered superinsulation blankets attached to its outer wall,
through the rectangular opening in the main gravitational support, position it
in place, and support it at each end (reference: Figure V-10g).

Assemble the radiation shield end covers, which have multilayered superinsula--
tion blankets attached to their inside surface, to each end of the magnet and
bolt to bore tube radiation shield (reference: Figure V-10g).

Connect the tracer tubes of the warm bore tube radiation shield to those on
the end covers at each end of the magnet as required (reference: Figure V-10g).

Position the room temperature vessel end covers, which have multilayered super-
insulation blankets attached to their inside surfaces, in place and fasten
them to the flanges of the center portion of the room temperature vessel (ref-
erence: Figure V--1 Oh) .

bore tube
superinsula-
ooenina in
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Bolt the warm bore tube to the downstream end co
upstream end cover (reference: Figure V-10h).
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acceptable level. The final configurations are shown in Figure V-11, which is a
cross section through the end turn region of the coil at the high field end in
the Z=0 plane. This design uses a "notch" in the winding envelope for the pur-
poses of peak field reduction in a manner similar to that used for Design No. 1.
The investigation of grading and field distribution within the windings utilized
a model with 11 current filaments with one located at the center of each section
labeled a, b, c ... Q. During a final detailed design phase, more filaments
would be used and the shape of the rectangular notch would be altered somewhat.
The model used was sufficient for purposes of this preliminary design.

Winding construction is illustrated in "Section A-A" of Figure V-ll. It is
similar to that used in Design No. i in that a spiral wrap of insulation has
been used on the conductor and each turn is supported by the stainless steel
channel section which carries the axial load on the coil system and also pre-
vents turn to turn load accumulation. The thickness of the slats between layers
has been altered in a manner consistent with stability requirements (see Appen-
dix B).

Considerable uncertainty exists concerning superconducting magnet stability
criterion for operation in sub-lambda LHe. To circumvent the present lack of
information, two designs were generated for this 2° K system. They were based
on successively larger allowable heat fluxes from the surface of the conductor.
These were chosen as 2 and 4 watt/cm 2 and used in a model to size conductor for
a design at each level. The overall dimensions of the winding which resulted
for each "q" are presented in the table in Figure V-11 and related to the sketch
through the dummy dimensions "A" and "B." This information is also presented in
Figure V-12 which shows the envelope dimensions for Designs 2.1 (q = 2 watt/cmz)
and 2.2 (q = 4 watt/ cm 2 ), drawn to scale relative to the original winding
envelope boundary used for computation of field distributions.

Four conductors were used in each design for grading purposes. Stainless
steel was sized for each conductor. The dimensional characteristics, lengths,
and weights for the conductors and stainless steel channels are shown in Tables
V-6 to V-9, and a summary is given in Table V-10. Note that there is little
variation in length of conductor between the designs; however, the conductor
weight decreases dramatically. The latter occurs because the increase in allow-
able surface heat flux (q) reduces the copper to superconductor ratio required
to achieve stability. The decrease in conductor weight as q increases leads to
an increase in internal structure weight. This is due to the constraint imposed
in the design whereby the stress in the conductor was limited to 10 4 psi. Con-
sequently, when the conductor size decreases with increasing q, it is necessary
to add more steel to carry the loads which remain essentially constant. The net
result is that the conductor weight for q = 4 W/cm z is equal to 55 percent of
the value corresponding to a q = 2 W/cm z , whereas the weight of conductor plus
internal structure for q = 4 W/cm 2 is equal to 82 percent of the value corres-
ponding to a q = 2 W/cm2.

In order to calculate the field distribution in the windings, 11 current
filaments were used in a manner similar to that used for Design No. 1. This is
illustrated in Figure V-13 in which the location of the iron is shown as well
as a rectangular notch. As in the case of Design No. 1, the rectangular notch
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4	 d, h, 1	 2.69 3

(0.1

Table V-6

Estimated Conductor Requirements for Design No. 2.1

q = 2 W/cm2 ; Conductor Width = 0.0127 m = 0.5 -in.

Conductor
Conductor Region Thickness Copper Length Weight

Type Where Used m	 in. Superconductor (M)

1 a,	 f,	 i 3.35 x 10- 3 7.5 3,585 1,665
(0.132)

2 b, j 3.25 x 10-3 9.3 4,145 1,475
(0.128)

3 c,	 g,	 k 3.10 x 10-3 12.0 9,480 3,240
(0.122)



7.62x10-`'1
(0.03 in.)

Tabl e V-7

Internal Structural Requirements for Design 2.1

q = 2 W/cm 2 ; fss = 0.6

SS^pe.

1

2

3

4

5

.UI^r^	 tU

(.572 in.}
,

Region tss Length Weight

Where Used m^i_ LMI L^gl

a,	 i 1.07 x 10-2 2,260 2,806
(0.422)

b,	 j 5.26 x 10
"3

4,145 2,574
(0.207)

f 9.04 x 10- 3 1,325 1,390
(0.356)

c,	 g,	 k 1.7 x 10- 3 9,480 2,060

(0.067)

d,	 h,	 1 7.62 x 10- ' 5,360 1,660

(0.030)

Total Length = 32,570

Total Weight = 10,490
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Conductor
Conductor Thickness Copper Length Weight

Type Where Used m	 in. Superconductor (m) (Lco-

1 a,	 f,	 i 2.11	 x	 10-s 4.3 3,570 780
(0.083)

2 b, j 1.98 x 10-3 5.2 4,100 865
(0.078)

3 c,	 g,	 k 1.85 x 10- 3 6.8 9,330 11855
(0.073)

4 d,	 h,	 1 1.57 x	 10-3 9.2 14,820 2,520
(0.062)

Table V-8

Estimated Conductor Requirements for Design No. 2.2

g = 4 W/cml ; Conductor Width = 0.0127 m = 0.5 in.

-WA



7.62 x 10-4
(0.03 in.)

Table V-9

Internal Structural Requirements for Design 2.2

.. _ n i.r r.....2 . ^	 - n x	 ^

.UI44n m t

(.572	 in.

Region tss Length Weight

55 Type Where used m	 in. (mI S-K21

1 a,	 i 1.15 x 10-' 2,250 2,963

(0.451)

2 b,	 j 6.05 x 10 -3 4,100 2,075
(0.238)

3 f 9.8 x 10- 3 1,320 1,488

(0.386)

4 c, g,	 k 2.46 x 10
-3

9,330 2,i...'_

(0.097)

5 d,	 h,	 1 7.62 x 10-4 14,820 1,492

(0.030)

Total Length 31,820

Total Weight =	 11,560
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2.2	 4	 31,820 a n9n	 11 rlrin	 17 KRn

Table V-10

Summary of Requirements for Conductor and

Internal Structure for Design No. 2

Conductor	 Conductor	 Int. Struc.	 Wt. of Conductor

q	 Length	 Weight	 Weight	 and Int. Struc.

Design	 W/cm2	m)	 (kg)	 (kg)	 Wig)

2.1	 2	 32,570	 10,960	 10,490	 21,450
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will most likely evolve into a more triangular region when a detailed design is
performed using a model with more filaments. The model used was sufficient for
the purposes of this effort. The calculated field distribution over the winding
is given.

The manner in which the field varies along selected lines through the wind-
ing is shown in Figure V-14. The filament model used leads to an overestimate
of field strength at points adjacent to filaments and an underestimate at points
between filaments. Calculated curves therefore exhibit the "sawtooth" character
shown. The actual field vawiation is not due to concentrated currents flowing
in filaments but to current distributed over large areas; consequently, the
actual field distribution will tend toward the average curves labelled "expected"
in Figure V-14. Results have the same general character as with Design No. 1.
The general decrease in overall level of field as the winding progresses from
inside to outside allows for several conductors to be used in a graded design.

The initial goal of the grading process is to vary the overall current
density in sections of the coil for the purpose of reducing the peak field con-
centration ratio. Conductors are then selected following a field computation
throughout the winding. The results of successive iterations in search of a
suitable current density distribution is shown in Figure V-15. Results are
sawtooth in form for reasons discussed earlier and may be smoothed by consider-
ing lines (not shown) connecting averages between adjacent calculated points.
The plot shows the field concentration ratio at successive points around the
inside boundary of winding. The result of the grading procedure is to reduce
the peak field concentration ratio from an initial of about 1.55 to about 1.37.

After specification of the winding components and overall winding dimen-
sions, a preliminary investigation was carried out concerning the behavior of
the coil during a quench transient. The model used was described earlier rela-
tive to Design No. 1 (see Figure IV-14 and the related text). Analyses were
centered on Design 2.2 since this utilized the smallest conductor and, there-
fore, had the highest current density of the two alternates. Calculations were
performed with the maximum permissable resistance in the dump circuit since this
removes as much energy as possible from the coil. This resistor was taken as
0.5 R since this leads to an initial voltage of 2 kV across the coil terminals
and higher values were considered impractical. Estimated results under these
conditions indicated temperatures corresponding to possible burnout levels.
Since the dump resistor level was already as high as possible, it was decided
that the coil would have to be protected by an active system.

With this approach it is assumed that the initiation of quench is detected
and that other normal regions are initiated in the coil system by heaters which
are activated following detection. In this way the coil energy is dissipated
over more material and the severity of the quench is reduced. Estimated results
under these conditions are shown in Figures V-16, V-17, and V-18. In each fig-
ure two curves are shown which correspond to quench initiation at four and six
locations in the magnet, respectively. Figure V-15 illustrates the current vs.
time characteristics and the faster decay rates which arise as more normal
regions are initiated. The temperature transients are shown in Figure V-17,
which shows the maximum temperature decreasing as the number of propagating
regions increase. Similarly, Figure V-18 illustrates the way in which the
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voltage level within the coil system is reduced as the number of normal regions
propagating simultaneously increases.

The conclusion to be drawn from this initial study into the quench behavior
for Preliminary Design No. 2 is that the current density is sufficiently high
relative to Design No. l to lead to more severe quench conditions. A more de-
tailed analysis and supporting effort will be required during detailed design.
Furthermore, estimates indicate that a simple protection scheme consisting of a.
single dump resistor may not be adequate; consequently, more complex measures
may be necessary. The initiation of multiple normal regions following the detec-
tion of the onset of a normal region is a relatively simple approach which may
alleviate the high temperature, high voltage problem.

C.	 STRUCTURE AND DEWAR DESIGN

The structure and dewar description and structural design criteria for
Design No. 2 are similar to those utilized for Design No. 1. Exceptions are
discussed in this section.

1. em Forces

The basic geometry and field level for both Design Nos. l and 2 are identi-
cal. The main difference lies in the average overall current density in the
windings and therefore in envelope dimensions. The latter may be expected to
alter the distribution of loads of em origin somewhat; however, the net loads
axially, in the transverse direction, and between coils for Design No. 2 would
be expected to be close to those calculated for Design No. 1. As a result, the
em loads calculated for Design No. 1 were used as the em loads for Design No. 2
in estimating the structural requirements. If either case is pursued, a more
detailed force distribution and structural analysis would be necessary.

2. Structure Description and Design Criteria

A summavy of the mechanical characteristics of the structural components
for Design No. 2 is given in Table V-11. This gives the design pressures,
weights, materials, and overall sizes of the major structural components of the
magnet system which includes the coil/He vessel, the support spacers for the
attractive em loads, and the main gravitational structure.

a. Winding Internal Structure

The internal structure for Designs 2.1 and 2.2 consists of the stainless
steel channel discussed earlier (see Tables V-7, V-9, V-10, and V-11). The
sides of the stainless steel channel are intermittent to allow for helium cir-
culation. Their primary purpose is to transmit load and prevent turn to turn
load accumulation in the conductor in a direction perpendicular to the wide
conductor face. The back of the stainless channel is continuous and is sized
to limit the axial stress in the conductor to 101 psi as a result of the forces
in the end turn region of the magnet. It is assumed that these loads result in
a hoop stress in the steel and the conductor. The estimated hoop stress distri-
^utiv,i in the winding for Preliminary Design No. 2 is shown in Figure V-19.
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Table V-l1

Summary of Mechanical Characteristics of the Major

Structural Components for Design Nos. 2.1 and 2.2

I. Coil/Hs Vessel

A. Design Pressure

1. 2.07 x 10 5 N/m2 (30 psia) Internal
2. 1.03 x 10 5 N/m l. (15 psia) External

B. Weight
2.1

1. Conductor	 10,960 kg (24,112 lbs.)
2. Iron	 6,773 kg (14,900 lbs.)
3. Structure	 18,955 kg (41,700 lbs.)

36,688 kg (80,712 lbs.)

C. Material

1. Conductor = MF NbTi/Copper
2. Iron = AISI 1008
3. Structure = 310S SS

D. Overall Size of Each Vessel
2.1

1. Length	 3.18 m (125 in.)
2. Width	 2.51 m (99 in
3. Height	 .76 m (30 in.

2.2

6,020 kg (13,244 lbs.)
6,773 kg (14,900 lbs.)

18,468 kg (40,630 lbs.)

31,261 kg (68,774 lbs.)

2.2

3.05 m (120 in.)
2.51 m (99 in.)
.76 m (30 in.)

II. Support Spacers for Attractive em Load

A. Weight = 932 kg (2,050 lbs.); Total = 3,737 kg (8,200 lbs.)

B. Material = 310S SS

C. Overall Size

1. Length	 = 3.19 m (126 in.)
2. Width	 = 0.58 m (23 in
3. Inlet Height = 0.15 m (6 in.)
4. Outlet Height = 0.41 m (16 in.)

III. Main Gravitational Support Structure

A. Weight = 1,000 kg (2,200 lbs.)

B. Material - 310S SS

C. Overall Size

1. Length = 2.76 m 109 in.
2. Width = 2.58m 102 in.
3. Height = 0.28m (11 in.)
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Note that the level is somewhat higher than for Design No. l (Figure IV-23).
This arises from the higher current density in this case. These estimates
are suitable for the purposes of this study; however, a detailed structural
analysis will be necessary during the final design.

b. Coil/He Vessel

The coil/fie vessels for Design No. 2 are supported on their sides and
not their faces as was done.for Design No. 1. However, this difference in
gravitational orientation does not affect the coil/He vessel structure itself
which carries the large transverse electromagnetic loads. Plates are welded
to the bottom of the coil/He vessel and are shaped to conform to the angle
required for low gradient mode operation.

c. Attractive em Load Support Spacers

Since the spacers for the low gradient profile mode for Design No. 2 are an
integral part of the coil/He vessel, the only set of spacers required are those
for the high gradient profile mode. Two wedge-shaped spacers are required for
this case, and they fasten between the left and right coil/He vessels. The
spacers are fabricated from 310S stainless steel and consist of a top plate,
bottom plate, and two webs which have been sized from a compression stress,
critical buckling stress, and elastic stability viewpoint. The fasteners which
hold them in place have been sized to support the high shear forces that develop
as a result of the attractive em loads acting on the tapered surface of the
spacer.

d. Main Gravitational Support

The main gravitational support for Design No. 2 consists of a front rail,
a rear rail, and two interconnecting beams which are welded together to form a
single subassembly. A low friction material is located on the front and rear
rails in the area underneath the coil/He vessels. It consists of a thin sheet
of material which extends over the length of travel of the coil/He vessels as it
moves from the low gradient mode to the high gradient mode. These rails and
beams transmit the weight of the system to low heat leak column supports.

3. Dewar Description and Design Criteria

The dewar for Design No. 2 has been designed to withstand the gravitational
loads of the magnet. It has also been designed to insulate the cold space suf-
ficiently well to maintain the heat leak into the system at an acceptable level.
The mechanical characteristics for the dewar for Design 2 are given in Table V-
12. The dewar consists of a warm bore tube, warm bore tube radiation shield,
outer room temperature vessel, outer radiation shield, and the column support
system. The radiation shield is cooled by liquid nitrogen, which is assumed to
be available in external storage dewars and fed through the tracer tubes on the
radiation shield. The 2 K (nominal) heat exchanger of the cryogenic support
subsystem which has been discussed earlier mounts on top of the room temperature
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s Table V-l2

Summary of Mechanical Characteristics of Dewar

for Design No_.	 2

I. Room Temperature Vessel

A. Design Pressure

1.	 1.03 x 10 $ N/m2	(15 psia)	 Internal
2.	 1.03 x 10' N/m 2	(15 psia) External

B. Weight = 18,636 kg (41,000 lbs.)

C. Material = 304L SS

Ii. Radiation Shield

A. design Pressure

1.	 0 N/m 2 (0 psia)	 Internal
2.	 0 N/m 2 (0 psia) External

B. Weight - 5,909 kg (13,000 lbs.)

C. Material = ETP Copper Annealed

III. Column Support System

A. Configuration

1.	 Four legs consisting of three concentric cylinders
2.	 ,.11 columns have flexural hinges and are designed

to compensate for thermal contraction of the He
vessel and main support

B. Type

1.	 Inner Cylinder = G10
2.	 Intermediate Cylinder = Aluminum
3.	 Outer Cylinder = G10
4.	 Hinge Material = 6A14V ELI Titanium

C. Weight = 71 kg (156 lbs.) ea x 4 = 284 kg (625 lbs.) total

IV. 4,000 A Lead Assembly

A. Weight = 91	 kg (200 lbs.)

B. Material = OFHC Copper and Gl0
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vessel. The liquid helium vessel has been incorporated into the coil support
structure and was discussed earlier.

a. Warm Bore Tube and Bore Radiation Shield

Figure IV-24, which shows the cross section of the warm bore tube and bore
radiation shield at the inlet for Design No. 1, also applies for Design No. 2.
At the outlet, the warm bore tube dimensions differ from thosee for design No. 1
in that the largest dimension, 0.508 m (20 in.), lies along Vie horizontal axis.
The orientation relative to the magnetic field is the same, however.

b. Room Temperature Vessel and Outer Radiation Shiel

Other than the fact that the overall length of the room temperature vessel
(and, consequently, that of the radiation shield) is slightly, 0.279 m (ii
shorter due to the smaller main gravitational support and coil/He vessel, all
other aspects of the room temperature vessel and outer radiation shield for
Design No. 2 are the same as Design No. 1, which is discussed in more detail in
Section IV-C-3-b.

c. Column Support System

The low heat leak columns for Design No. 2 are approximately one half the
height of those for Design No. 1. The shorter height means that the web of the
hinge is thinner and the size of and thickness of the concentric cylinders re-
main the same. The 2.2 x 10 3 N (500 lbs.) lateral load design criteria con-
trols the thickness o the web of the hinges, and therefore, since the moment
arm through which it acts is shorter, it follows that the web can be made
thinner.

4. Radiation Heat Load Estimates

The total heat load on the magnet system consists of the sum of the conduc-
tion heat leak through the supports, the radiation heat leak, resistive heating
in nonsuperconducting electrical joints, and the heat loss due to conduction
through and heat generation in the energized leads. For the scale of magnet
systems under consideration, thermal radiation and the vapor-cooled power leads
are the largest heat load on the system.

The radiative heat load from the room temperature container to the radia-
tion shield and from the radiation shield to the liquid helium container can be
estimated by calculating the surface area exposed to thermal radiation and by
estimating an equivalent heat flux per unit surface area for these two tem pera-
ture ranges. The estimates have been performed for Design No. 2, and the
results are presented in Table V-13. It was assumed that the radiation shield
is cooled by liquid nitrogen and the equivalent, heat flux through the superin-
sulation from room temperature was 100 milliwatts per square foot. The heat
flux from the radiation shield to the superinsulated liquid helium container was
assumed to be 5 milliwatts per square foot.
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Table V-13

Estimated Cryogenic Characteristics for Preliminary Design Flo. 2

8 T Racetrack with Iron - 2 K

I.	 Temperature He Vessel - 2° K

II.	 Temperature Radiation Shield - 77° K

III. Total He Inventory - 245 liters

IV.	 Boiloff Rate

A. Leads - 12 9,/'hr.

B. Radiation Shield, Column Supports, He Vessel - 8 9,/hr.

V.	 Superinsulation

A. Bore

1. Cold Side - 1.91 x 10 -Z m (.75 in.)

2. harm Side - 2.54 x 10- 2 m (1.0 in.)

B. Outside

1. Cold Side - 5.08 x 10 -2 m (2.0 in.)

2. Warm Side - 5.08 x 10"2 
m (2.0 in.)
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VI. 8 T RECTANGULAR SADDLE, 4.2 K SYSTEM

This section will prc,ent results on the third of the three preliminary
designs considered in Phase II of the program. This was a cryostatically stable,
8 T, 4.2 K magnet--dewar system as was Design No. 1 (see Section IV); however,
Design No. 3 was based on a rectangular saddle winding geometry. The latter was
chosen since the estimates performed in Phase I implied a substantial economic
advantage for this winding shape. Even though the saddle is more complex to
build than the racetracks (e.g., see Sections IV and V), it is substantially
lighter and uses less conductor for a given central field because the conductor
is used more efficiently from the standpoint of field production in the region
of interest.

System No. 3 was designed such that the MHD channel axis was vertical and
the main magnetic field horizontal. Note, however, that any of the three mag-
net designs considered could be used with any of the three dewar designs with
minor alterations. The system to be discussed was also designed such that the
field gradient along the MHD channel could be altered by variation of the angle
between coils.

The subsections which follow will present an overall description of the
system, a discussion of the winding geometry and conductor characteristics, and
a description of the structure and dewar design.

A.	 SYSTEM DESCRIPTION

1. Overall Characteristics

The preliminary design characteristics for Design No. 3 are given in Table
VI-1. The table gives overall dimensions of the system, electrical characteris-
tics, and weights of the major components of the magnet system. Two modes are
indicated and correspond to operation of the two racetrack/saddle coils with a
2 0 included half-angle (low gradient mode) or 10 0 included half-angle (high
gradient mode). The maximum field at the winding is 9.5 T. This may be reduced
somewhat upon further iteration of the graded design during a future detailed
design phase. Overall current density and conductor density ranges are given.
As with Design Nos. 1 and 2, the conductor is the heaviest major component and
for this design represents about 14 percent of the total weight of the magnet
system.

The magnetic flux density at the inlet for the high and low gradient operat-
ing modes is the same as for Design Nos. 1 and 2; i.e., 8.0 T. At the outlet
the low gradient operating mode has a magnetic flux density of 6.4 T whereas
the field at the outlet for the high gradient mode is 4.5 T. Uniformity require-
ments are ± 5% for the low gradient mode and ± 8% for the high gradient mode.

Top and side views of the racetrack/saddle coils are given in Figures VI-1
and VI-2. Figure VI-2 shows the two extreme coil positions from the viewpoint
of field variation. Calculated field profiles along the channel axis for these
coil positions are shown in Figures VI-3 and VI-4. The magnetic flux density
variation from a linear profile on axis is ± 5% for the low gradient mode and

i -	 ± 8% for the high gradient mode.

rKl,;t 1i',1)1NG PAGE BLANK NOT FILMED
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Table VI-1

Preliminany Design Characteristics for Design No.3

8 T Rectangular Saddle with Iron - 4.2 K

I

Dewar Dimensions

Inlet

Outlet

Overall Height

Outside Diameter

Electrical Characteristics

Field at Channel Inlet

2° Mode

10 1 Mode

Field at Channel Outlet

2° Mode

10° Mode

Max. Field on Channel Axis

2° Mode

10° Mode

Max. Field at Winding*

Active Field Length

Stored Energy*

Inductance*

Operating Current*

Overall Current Density*

Conductor C-irrent Density*

Total Turns

Ampere-Meters

Weights

Conductor (kg)

Structure (kg)

Dewar (kg)

TOTAL (kg)

0.2540 m x 0.2540 m (10 in. x 10 in.)

0.4064 m x 0.4064 m (16 in. x 16 in.)

6.18 m (244 in.)

4.27 m (168 in.)

8.00 T

7.36 T

6.41 T

4.50 T

8T

8T

9.12 T

1.524 m (60 in.)

62.2 x 10 6 J

7.77 H

4000 A

3.68 x 10 7 A/m 2 - 4.53 x 10' A/m2

6.02 x 107 A/m2 - 7.38 x 10' A /m2

2,652

7.83 x 107

9,770

40,941

20,940

71,651

* Values for 2 1 Mode
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Figure VI-5 shows one quadrant of the cross section of the MHD channel in-
let, channel exit, and at planes one quarter of the distance from each end of
the channel. Two numbers are given at each point in the sections. One number
is the Y component of field (i.e., main field direction), and the ocher number
(in parentheses) is the ratio of the local Y component of field to the Y compon-
ent of the field on axis in that plane. Table VI-2 gives results for the com-
puted field components and magnitude with corresponding coordinates in the chan-
nel.

Figure VI-6 shows the assembly drawing (MCA Drawing E-2809) of the magnet-
dewar system for this design. The magnet-dewar system consists of the same
major components as Design Nos. l and 2. The basic differences in this design
are as follows:

I. The basic coil geometry is that of a rectangular saddle, but consists of a
racetrack coil nested inside the end turns of a rectangular saddle coil.

2. Internal coil structure for the racetrack is not required for hoop loads
because of the different manner of coil support; i.e., the end turns of the
racetrack coil are supported axially by the rectangular saddle end turns
which in turn are supported by the coil/He vessel structure. Intermediate
structural components between the racetrack and saddle end turns may be found
to be necessary in the final design. Stainless steel banding in the windings
has been used to prevent the accumulation of forces from layer to layer and
from turn to turn as a result of the electromagnetic loads.

3. External structure in the form of straight beams and tension rods are re-
quired to support the transverse loads in the windings. This differs somewhat
from the racetrack cases discussed earlier. Figure VI-7 shows that for race-
track coils, the bottom and top plates of the coil/He vessel can support the
transverse em forces and because of their geometry they clear the warm bore
tube and radiation shield. However, the rectangular saddle coil geometry dis-
allows this; consequently, the transverse em loads must be supported in another
manner such as the straight beams and tension rods which were utilized on this
program. The straight beams transmit the load in bending to the tie rods,
which in turn support the load in tension.

4. The axis of the MHD channel is vertical.

5. The main gravitational support structure carries gravitational loads only;
i.e., it does not transmit attractive em loads in compression as is the case for
Design No. 1.

The location of the MHD channel relative to the axis of the magnet remains
the same as for the first two designs. The inlet and uutlet dimensions of the
warm bore tube and the "active" MHD channel length conform to the user require-

ments. The distance from the upstream end of the dewar to the channel inlet (en-
trance length) measures 1.06 m (42 in.), and the distance from the channel out-
let to the downstream end of the dewar (exit length) measures 1.13 m (44 in.).

The magnet-.dewar system is fastened to the foundation in four places and
has a total weight of about 48,970 kg (107,730 ibs.). It measures 6.18 m (244
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Table VI-2

Computed Field Components at Selected Points Throughout
MHO Channel Volume for 5 0 Mode

X

Coordinate (m)

Y Z

Field

8K

Component	 T

BY	
B

Field
Magnitude (T.

 /B/

0.500 0.00 0.00 0.00 7.81 0.00 7.81
0.600 0.06 0.00 0.00 7.93 0.00 7.93 c a
0.700 0.00 0.00 0.00 8.01 0.00 8.01 0 r_
0.800 0.00 0.00 0.00 7.99 0.00 7.99 `t °
-0.824 0.00 0.00 0.00 6.42 0.00 6.42
-0.824 0.00 0.076 0.00 6.41 0.00 6.41
-0.824 0.00 0.152 0.00 6.40 0100 6.40 LA u
-0.824 0.076 0.00 0.29 6.48 0.00 6.48 u
-0.824 0.076 0.076 0.29 6.48 0.00 6.49 •Q CO)
-0.824 0.076 0.152 0.30 6.48 -0.03 6.48 w
--0.824 0.152 0.00 0.53 6.66 0.00 6.68
-0.824 0.152 0.076 0.54 6.67 0.01 6.69 °1
-0.824 0.152 0.152 0.56 6.70 --0.01 6.73
-0,316 0.00 0.00 0.00 7.08 0.00 7.08 -
-0.316 0.00 0.064 0.00 7.08 0.00 7.08 ^ u
-0.316 0. 00 0.127 0.00 7.09 0.00 7.09
-0.316 0.064 0.00 0.03 7.07 0.00 7.07 ^'~
-0.316 0.064 0.064 0.03 7.08 0.01 7.08 •6 u
-0.316 0.064 0.127 0.03 7.09 0.00 7.09 " n
-0.316 0.127 0.00 0.06 7.05 0.00 7.05 E
-0.316 0.127 0.064 0.06 7.07 0.03 7.07
-0.316 0.127 0.127 0.06 7.11 0.03 7.11 W-4-
0.192 0.00 0.00 0.00 7.45 0.00 7.45
0.192 0.00 0.051 0.00 7.45 0.00 7.45 ° u
0.192 0.00 0.102 0.00 7.45 0.00 7.45 ,n 7-:
0.192 0.051 0.00 0.05 7.44 0.00 7.44 u'~
0.192 0.051 0.051 0.05 7.45 0.00 7.45 v u
0.192 0.051 0.102 0.05 7.45 0.00 7.46 Q- Q
0.192 0.102 0.00 0.10 7.43 0.00 7.43 ^' E
0.192 0.102 0.051 0.10 7.44 0.01 7.44 °
0.192 0.102 0.102 0.10 7.46 0.02 7.46 " 4^
0.700 0.00 0.00 0.00 8.01 0.00 8.01
0.700 0.00 0.038 0.00 8.01 0.00 8.01 r°
0.700 0.00 0.076 0.00 8.01 X7.00 8.01 .^ u
0.700 0.038 0.00 0.02 8.01 0.00 8.01
0.700 0.038 0.038 0.02 8.02 0.00 8.02 a ^'
0.700 0.038 0.076 0.02 8.02 0.00 8.02 n u
0.700 0.076 0.00 0.04 8.03 0.00 8.03 rj a
0.700 0.076 0.038 0.04 8.03 0.01 8.03
0.700 0.076 0.076 0.04 8.04 0.01 8.04

.A^-
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in.) from the foundation to the highest point on the magnet, which is the top
of the vapor-cooled lead assembly housing, and has an outside diameter , which

measures approximately 4.27 m (k08 in.). The overall height measurement was
based on a clearance of .470 m (18.5 in.) between the inlet end of the dewar and
the foundation. Consideration must be given to alteration of this dimension to
allow for MHO system components or to provide for a "pit" beneath the inlet sec-
tion which will allow for components. The magnet could sit on raised concrete
piers as an alternate method to allow for adequate clearance for MHD system
hardware.

During operation, the MHO flow direction will be from the bottom of the
magnet to the top. As with the first two designs, the fill and vent ports, in
addition to the relief valve, are located at the top of the magnet, while the
initial fill LHe valve and the vacuum cha„iber relief valve are located near the
bottom. Accessparts are provided at the top of the magnet to facilitate final
connections to the vent lines.

The dewar utilizes a Helium gas-cooled radiation shield between the warm
vessel and cold vessel walls. Superinsulation is used between the warm vessel
and radiation shield and between the radiation shield and cold vessel at all
locations except where penetrations are necessary for the gravitational supports,
power leads or fill and vent lines. The warm bore tube and bore radiation
shield are concentric and supported by connections to their corresponding ele-
ments at the ends.

The axial em loads are supported by the coil/He vessel structure. A series
of straight beams and tension rods bear the transverse em loads. The straight
beams extend across the faces of the sides of both coil/He vessels and are tied
together with the tension rods. The attractive em loads between coils are sup-
ported by wedge-shaped spacers, which also set the coil angles, in the same
fashion as that for Design Nos. 1 and 2.

-184-

The main gravitational support structure, which is supported by four (4)
low heat leak columns spaced 90 0 apart from each other, carries the dead weight
of the coil/He vessels, the spacers, the straight beams and tension rods, and
the radiation shield. 	 It does not experience any em loads. Verticality of
the coil/He vessel is maintained by means of the transverse support beam
bearing on the ma 4 n gravitational support and thus acting as an "outrigger".
The coils pivot ut one end on a shaft, which is an integral part of the main
gravitational support structure, to allow the angle between them to be changes'

Each coil is located in an integral coil/He vessel which has been design
to allow rotation to a new included half-angle between coils. Table VI-3 out
tines the steps in the procedure for changing the coil angle from a high

The electrical interconnections and vapor-cooled power lead connections
are made in a similar manner to that described for Design No. 1 (see Sec-
tion IV-4).

2. Alteration of Field Gradient



gradient mode (wide angle) to the low gradient mode. This procedure must be
reviewed and considered in detail during a final design of the system.

3. Outline of System Assembly

The following will outline an assembly procedure for the magnet system
described above. It shows the basic sequence of events that is required and
indicates the complexity of the task and scope of the major erection equipment
needed. A final procedure is beyond the scope of the present effort and would
result from a detailed design program.

The procedure assumes that each coil and its main coil/He vessel structure
is subassembled off-site. The main components of the dewar are also assumed to
be subassembled off-site. In addition, it is assumed that the facility, founda-
tion, utilities, and component handling fixtures are available. It is essential
that measures be taken to ensure a "clean room" atmosphere about the immediate
area in which the final assembly takes place. This will minimize the possibil-
ity of foreign matter,dust, etc. gathering on critical surfaces such as the sup-
erinsulation. Several ports for viewing or accessibility would be necessary.
The quantity, size, and location of these ports will be determined during the
final design phase.

After dewar evacuation and successful completion of the procedure as out-
lined in Table VI-4, Vie magnet is ready to be cooled down and energized. This
assumes that appropriate tests and quality control checks have been performed
during the final assembly stage.
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Table VI-3

Outline of Procedure to Alter Field Gradient for Design No. 3

De-energize the magnet, remove the LHe and allow the system to warm up to room
temperature.

Release the dewar vacuum, open the access ports at the top of the magnet, and
disconnect the flexible vent lines internal to the system.

Apply a fixture to horizontally support the downstream end of the warm bore tube
and remove bolts between bore tube and upper dewar end cover.

Remove bolts in flange at room temperature end of power lead assembly; remove
bolts at interface between lower end cover and main room temperature vessel;
lift and remove upper dewar end cover and main room temperature vessel as a unit.

Apply a fixture to horizontally support the downstream end of the bore tube
radiation shield.

Remove superinsulation and unbolt the downstream, radiation shield end cover
from the main radiation shield, bore tube radiation shield and radiation shield
within the power lead assembly; disconnect tracer tubes as required, then lift
and remove the radiation shield end cover.

Apply a fixture to vertically support all tie rods and transverse support beams
in position; loosen tie rods.

Attach a mechanical or hydraulic jack between each co`'LHe vessel and the main
gravitational structural support near the mechanical shims that maintain coil
verticality.

Unbolt attractive em load support spacers and remove.

Change the angle of the coils by jacking each coil/LHe vessel into place.

Solt the He vessels to each other and position the transverse support beam on
the main gravitational support to maintain verticality of the coil/He vessel.

Remove the jacks.

Tighten all tension rods and remove fixtures holding transverse support beams.

Replace the downstream radiation shield end cover and bolts to main shield, bore
tube shield and shield in power lead assembly.

Replace superinsulation and remove support fixture for downstream end of bore
tube radiation shield.

Replace room temperature vessel end cover and main vessel, bolt as required,
and remove warm bore tube end support fixture.
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Table 11I-3 (Concluded)

Connect internal vent line by using access parts.

Evacuate vessel and prepare for cooldown.
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Table VI-4

Outline of Assembl y Procedure for Desi gn No. 3*

Position the lower dish section of the room temperature vessel on the foundation
(reference: Figure VI-8a).

Mount the low heat leak support columns in the section (reference: Figure VI-8a).

Apply superinsulation to the inside surface of the room temperature vessel (ref-
erence: Figure VI-8a).

Apply superinsulation to inside surface of lower radiation shield dish and
mount on support columns (reference: figure VI-8b).

Lift the main gravitational support structure into place on support columns and
fasten (reference: Figure VI-8c).

Stack loosely assembled transverse support beams and tension rods on gravitational
support structure (reference: Figure VI-8d).

Preassemble the two coil/LHe vessels and attractive em load support spacers.
Lift and lower into position between transverse support beams onto pivot
shafts. AIso interconnect coils electrically at lower end (reference: Fig-
ure VI-8d).

Sequentially position transverse support beams and tighten tension. rods (reference:
Figure VI-8e).

Connect initial fill lines to initial fill port

Apply superinsulation to outside of cylindrical outer radiation shield and then
lift and position over assembly onto lower radiation shield dish. Bolt at
periphery and connect tracer tubes (reference: Figure VI-8f).

Apply superinsulation to outside of bore tube radiation shield. Lower into
bore. Bolt at lower end and connect tracer tubes (reference: Figure VI-8f).

Position LHe holding tank and power lead assembly. Complete power lead and fill
connections to coil/LHe vessels (reference: Figure VI-8f).

Apply superinsulation to inside of upper radiation shield dish. Lower into
position. Bolt and connect tracer tubes at periphery, at bore, and at power
lead assembly. Lower warm bore tube into position and support at upper end.
(reference: Figure VI-8g).

Apply superinsulation to inside of room temperature vessel subassembly consist-
ing of cylindrical shell, upper dish, and power lead housing. Lift and lower
into position onto lower dish and bolt. Complete vent port assembly via
access ports (reference: Figure VI-8h).

Occasional reference to the assembly drawing, which is shown in Figure VI-6,
will aid in visualization of the procedure.

..6..
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Table VI--4 (Concluded)

Bolt upper room temperature dish to warm bore tube and weld lower end of bore
tube to lower dish (reference: Figure VI--8h).

I

4...
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B. WINDING GEOMETRY AND CONDUCTOR CHARACTERISTICS

The rectangular saddle geometry was chosen to be carried through Phase II
because of the relatively low cost estimate generated in Phase I in comparing
candidate coil shapes. This arises primarily from the more efficient placement
of the conductor in a saddle in terms of magnetic field production for a given
number of amp-turns or amp-meters. The effect is illustrated in Figure VI-9,
which is a plot in normalized form of dimensionless ampere-meters vs. dimension-
less magnetic field for the racetrack and saddle geometries for magnets with
bore dimensions which do not vary with length_ The inserts on the figure define
the geometric variable ri as the distance from channel axis to winding. "a" is
the desired magnetic field on axis, "t" the distance between coil end turns, and
"Xi" the overall current density. It is clear that the rectangular saddle re-
quires less ampere-meters than the racetrack for any given ri, B, aj, and Q.
The figure was calculated for a specific value of (ri/Q); however, the trend
between geometries is essentially the same for all relatively long systems.

A drawing of one quadrant of the rectangular saddle winding used in Design
No. 3 is illustrated in Figure VI-10. The winding envelope is shown as well as
the location of the warm bore and channel. At the level of overall current
density utilized, the winding cross section extends above the level of the bore.

_	 An option exists, therefore, to design each of the windings in the system either
as: (1) a single rectangular saddle where all turns must be bent up and over
the channel in the end turn regions or (2) a pair of coils consisting of a race-
track nested within a saddle. The latter was chosen (see Figures VI-1 and VI-2)
since the system size will require modular coil fabrication and since it
requires slightly less conductor than the first option. The racetrack is formed
from those turns in the cross section (see Figure VI 10) which are high enough to
be passed directly over the bore tube without first being bent up; the saddle is
formed from those turns which lie alongside the bore tube. The system is,
strictly speaking, a hybrid consisting of both racetracks and rectangular
saddles; however, it will be referred to as the latter to avoid confusion with
systems 1 and 2 which consist of racetracks alone.

The process of winding design for system 3 was iterative and similar to
that used for Design Nos. 1 and 2. The starting point was again the set of coil
dimensions and uniform overall current density found in Phase I for the 8 T,
4.2 K rectangular saddle with iron. The design proceeded through a process of
grading which was again limited to a small number of different conductor sizes.

The manner in which the conductor and internal structural support is util-
ized in the rectangular saddle design is illustrated in Figure VI-11. Final
dimensions are given for a transverse section of the winding and the end turn
region. The racetrack has been divided into two regions which use two different
conductors (regions "A" and "B"), each of which is 0.0254 m (l in.) wide. The
rectangular saddle uses the same 0.0127 m (0.5 in.) wide conductor throughout.
Further grading may be found to be desirable during the detail design phase.

As indicated in Figure VI-11, the design assumes that the conductor will
be insulated via a 50 percent coverage of spiral wrap insulation. The conductor
is wound in parallel with and nested in a stainless steel channel section. The
sides of the channel are sized to prevent turn to turn load accumulation
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perpendicular to the wide face of the conductor. The stainless steel channel
sides are also intermittent to allow for helium circulation around each conduc-
tor. Epoxy fiberglass slats are used between layers (60 percent coverage) to
allow for helium circulation and to act in conjunction with the back of the
stainless steel channel to prevent turn to turn load accumulations parallel to
the wide face of the conductor.

The dimensional characteristics of the three conductors and required stain-
less steel banding are given in Tables VI-5 and VI-6. Conductors were designed
to be cryostatically stable at 4.2 K according to criteria discussed in Appen-
dix B. The size was also based on the maximum field experienced in the winding
sections in which it was utilized.

Figure VI-12 shows a cross section of the winding for Design No. 3 in the
end turn region. The solid lines indicate the winding boundary assumed for
field computation purposes to provide input information to size conductor. The
dashed lines show the "final" winding boundary for Design No. 1 on the basis of
the conductor and steel chosen as a result of the previous step. The next step
in the iterative design process would be to recompute the field distribution in
the new winding envelope and re-grade the conductor. This process would be con-
tinued in the final design phase.

The model used for field calculations in the windings for Preliminary Design
No.. 3 is shown in Figure VI-13, which is a cross section of the nested racetrack/
saddle in the midplane (2=0) of the end turn region. The location of the iron
is shown as well as the 12 current filaments used to model the coil to generate
the field profiles for use in grading studies. As discussed earlier, the field
may be expected to be overestimated at points adjacent to current filaments and
underestimated at points between filaments. However, the model is suitable for
preliminary design purposes and may be expected to provide a reasonable field
estimate if values at adjacent points are averaged and applied midway between
the points used. For this preliminary design the peak field search was limited
to the Z=0 plane shown, a tra y : ,* 6"se sec•ci on close to the ends, and a plane
(Z = 0.192 m) just inside the curve o; the end turns. Peak field concentration
ratios for the latter are the most severe and are shown in Figure VI-14. A
graph of the variation of the peak field concentration ratio along several lines
through the section at Z = 0.192 is shown in Figure VI-15. A similar plot is
given in Figure VI--16 for a plane in the transverse section close to the end
turn region at the high field end. Note that the fields experienced by the
winding in this section are somewhat lower. In the final design phase a more
extensive search should be performed, and a model with more filaments would be

•	 used. Results, however, would not be expected to substantially alter the con-
clusions reached in this preliminary design effort.

Following specification of the coil and conductor characteristics, a pre-
liminary investigation into the quench characteristics for magnet design no. 3
was begun. The model used was described earlier relative to Design No. I (see
Figure IV-14 and the related text). Results were somewhat more favorable than
with Design No. l primarily because the rectangular saddle of Design No. 3 has
a lower stored energy than the racetrack of Design No. 1 and, therefore, less
energy to be dissipated during a quench. Results of the quench calculations

.i
N.
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3	 C	 4.57 x 10-1	 .0127
(0.18)	 (0.5)

24.9	 10,452	 5,226	 a

Table VI-5

Estimated Conductor Requirements for Design No.	 3;	 q = 0.7 W/cmz

Conductor Conductor
Conductor	 Region	 Thickness Width Copper Length	 Weight
jXpe	 Where Used	 m	 in. m	 in.	 Superccnductor (m)	 ( l

1	 A	 2.62 x 10-1 .0254 8.2 2,717	 1,519
(0.103) (1.0)

2	 8	 2.13 x 10-3
0254 12.9 6,396	 3,025

(0.084) (1.0)
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7.62 x 10-1
(0.03 in.)

hs s^

Region wss hss Length Weight

SS Type	 Where Used m	 in.1 m	 in. (M) (kg)-

1	 A 0.0272 3.68 x 10- 3 2,717 495

(1.072) (.145)

2	 B 0.0272 3.2 x 10- 3 6,396 1.145

(1.072) (.126)

3	 C 0.0145 5.64 x 10
-3

10,452 7,265

(0.572) (.222)

Total Length = 19,565 m

Total Weight = 2,905 kg

Table VI-6

Internal Structural Requirements for Design No. 3

q = 0.7 W/cmZ, fss = 0.6

"ss
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are shown in Figures VI-17 through VI-10 for two values of the dump resistor
and are summarized in Table VI-7. These estimates indicate chat layer to layer
and terminal voltages are somewhat more favorable than with Design No. 1 and
that a simple protection circuit involving a dump resistor value of about 0.25
to 0.5C .i will probably be adequate for quench protection. More detailed
analysis will be required during specification of the protection system follow-
ing a detail design phase.
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Table VI-7

Summary of Estimated Quench Characteristics for Design No. 3

Dump Decay Time Maximum Maximum Voltage Maximum Voltage

Resistor Constant Temperature Across Normal Region At CoilTerminals

(2) sec (0	 K)	 - (V) (V)

.25 19.09 77 615 1000

.50 11.83 61 265 2000



C.	 STRUCTURE AND DEWAR DESIGN

This section discusses the components of the structure and dewar for Sys-
tem No. 3 and the design criteria on which the design was based. The method
for calculation of applied forces, as discussed in Section IV-C for Design
No. 1, can be directly applied to Design No. 3 as well, and therefore, only the
results of the em load computations, including a sketch of the current filament 	 ..0
model which was used in the analysis, are presented in this section.

1. em Forces

The current filament location used for force computation in this prelimi-
nary design is illustrated in Figure VI-20. This is again a coil cross section
in the end turn region in the Z=0 plane. Forces of electromagnetic origin for
the purposes of this preliminary design were computed using four current fila-
ments in each coil. The amp turns for each filament are indicated. Two views
of the current sticks for the model are given in Figures VI-21 through VI-25
together with force vectors drawn to scale to illustrate the load distribution
and magnitude at rated field.

The force components parallel to the X axis are the axial load components
on the coils and for this design are supported by the coil/He vessel, while the
Z axis force components are called the transverse load components on the coils
and for this design are supported by the straight beams and tension rods. The
Y axis force components are the attractive components between coils and are sup-
ported by wedge-shaped spacers.

2. Structure Description and Design Criteria

A summary of the mechanical characteristics of the structural components
for Design No. 3 is given in Table VI-8. This gives the design pressure,
weights, materials, and overall sizes of the major structural components of the
magnet system which includes the coil/He vessel, the support spacers for the
attractive em loads, the main gravitational support structure, and the straight
beams and tension rods. The design was based on a maximum allowable working
stress of 2.75 x 10 3 N/m2 (40,000 psi) which was based on a margin of safety of
two (2) applied to the allowable yield strength of the 310S stainless steel
material.

a. Winding Internal Structure

The internal structure for Preliminary Design No. 3 consists of thF stain-
less steel channel section which encloses each turn as described earlier.
Estimates indicate that the conductor alone would be able to mechanically with-
stand the bearing stress due to em load accumulation in the windings. However,
for the purposes of preventing the onset of instability due to conductor motion,
the stainless steel was included to collect and transmit the loads through the
winding to the external structure and thus prevent turn to corn load accumula-
tion on the conductor.
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Table VI--8

` Summary of Mechanical Characteristics of the Major
Structural Components for Design No. 3

I. Coil /He Vessel

A. Design Pressure

1.	 2.07 x 10 5 N/m2 (30 Asia)	 Internal
2.	 1.03 x 10 5 N/m z (15 psia) External

B. Weight

1.	 Conductor =	 9,770 kg (21,444 lbs.) (2)
2.	 Iron	 = 10,350 kg (22,770 lbs.) (2
3.	 Structure = 14,545 kg (32,000 lbs.) (2)

TOTAL = 34,665 kg (76,264 lbs.)

C. Material

1.	 Conductor = MF NbTi/Copper
2.	 Iron = AISI	 1008
3.	 Structure = 310S SS

0. Overall Size of Each Vessel

1.	 Length = 3.15 m (124 in.)
2.	 Width = 2.44 m (96 in.)
3.	 Height = .76 m (30 in.)

II. Support Spacers for Attractive em Load

A. Weight = 734 kg (1,615 lbs.) ea; total = 2,9;6 kg (6,460 lbs.)

B. Material = 310S SS

C. Overall Size (each)

1.	 Length = 2.74 m (108 in.)
2.	 Width = 0.51 m (20 in.)
3.	 Inlet Height = 0.10m (4 in.)
4.	 Outlet Height = .81 m (32 in.)

III. Main Gravitational Support Structure

A. Weight = 3,455 kg (7,600 lbs.)

B. Material = 310S SS

C. Overall Size

1.	 Length = 3.76 m (148 in.)
2.	 Width = 3.50 m (138 in.)
3.	 Height = .25 m (10 in.)

.	 IV. Straight Beams and Tension Rods

A. Total Weight = 9,655 kg (21,240 lbs.)

B. Material = 310S SS_

C. Overall Size - varies (see assembly drawing, Figure IV-6)
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b. Coil/He Vessel

The coil/He vessel contains the racetrack and rectangular saddle coils,
iron pole piece, and LHe and is shaped in the form of a "U" which wraps around
the warm bore tube. It also tapers along the "active" MHD channel length and
maintains a constant clearance between itself and the bore radiation shield.
Basically speaking, the coil/He vessel structure consists of top, bottom, and
side plates which are fabricated from 310S stainless steel plate. Ribs are 	 ••w
welded to the top plate for additional stiffness. The assembly and fabrication
procedure of the coil/He vessel is as follows. After the sides and bottom have
been welded together to form an open box structure, the saddle coils (which
have previously been wound and tested) are first placed into the structure on
epoxy-glass spacers, followed by the racetrack coil (which also has been pre-
viously wound and tested) which nests inside the end turns of the rectangular
saddle coil. Shims of epoxy-glass material are added to ensure a tightly packed
container. After this, the top cover is added and seal welded. After a thor-
ough mechanical and electrical check, the coil/He vessel subassembly is ready
for installation in the magnet system.

The coil/He vessel has been designed to withstand a maximum internal pres-
sure of 2.07 x 10 5 N/m2 (30 psia) which is the release pressure for pressure
relief valves on the system and also has been designed to support the axial
forces of the coil windings. In addition, the unsupported area of the bottom
of the vessel which bridges the warm bore tube and bore radiation shield has
been designed to withstand the em loads and the internal pressure. The bottom
plate has also been sized to support the em loads exerted on it by the iron pole
piece. Ribs are welded to the bottom of the vessel for additional stiffness and
are tapered to correspond to the low gradient mode half-angle for the coils.
"U" shaped supports are provided near the bottom of the coil/He vessel struc-
ture to accept the pivot shaft, which is an integral part of the main gravita-

tional support.

c. Attractive em Load Support Spacers

Since the low gradient mode half-angle is built into the bottom of the coil/
He vessels for this design, spacers to support the attractive em loads between
coils are required for the high gradient mode only. For Design No. 3, one (1)
set of spacers having four (4) spacers per set is provided and fastened between
the coil/He vessels in a similar fashion as for Design Nos. 1 and 2. There are
two wedge-shaped spacers per side with each spacer having one tapered side and
one straight side. The tapered side of the spacers fastens to the bottom of the
coil/He vessel, while the straight side mates with the other spacers' straight
side along the centerline of the magnet. Each welded spacer consists of a top,
bottom, and two center webs and is fabricated from 3105 stainless steel plates.
The spacers have been designed to support the attractive em loads that exist
between coils during normal operation and have been analyzed from a compression
stress, critical buckling load, and elastic stability viewpoint. The fasteners
that hold the spacers in place have been sized to support the high shear loads
that develop as the em loads tend to squeeze the tapered sections out from in
between the coils.



d. Main Gravitational Support

The gravitational support is an octagonal welded structure which is fabri-
cated from 310S stainless steel. It fastens to the top of the four low heat
leak columns of the dewar and has two (one on each side) welded U-shaped trusses
which are fabricated from 310S stainless steel plate stock, extending below it
into the domed head of the bottom of the dewar. The pivot shafts, on which the
coil/He vessels rotate to facilitate the changing of the coil angle, are welded
to these trusses. Basically speaking, the octagonal structure and trusses are
box shaped beams.

This structure has been designed to support only gravitational loads be-
cause the magnet axis is vertical and as a result the support spacers for the
em loads do not transmit any of the em load to it. The. gravitational loads
consist of: the weight of the coil/He vessels, the attractive em load spacers,
the straight beams and tension rods, and the weight of the gravitational sup-
port itself. As with Design Nos. 1 and 2, the main gravitational support will
probably be made in two pieces and welded together on-site in order to satisfy

shipping requirements.

3. Dewar Description and Design Criteria

The dewar for Design No. 3 has been designed based on the same applied
loadings and design criteria as that for Design Nos. 1 and 2. These are dis-
cussed in Section IV-C. A summary of the mechanical characteristics of the
dewar for Design No. 3 is given in Table VI-9. This gives the design pressures,
weights, materials, and overall sizes of the major dewar components for the mag-
net system. These components include the room temperature vessel, the radiation
shield, the column support system, and the vapor-cooled power lead assembly.

a. Warm Bore Tube and Bore Radiation Shield

The warm bore tube size at the entrance and exit is as specified by the
customer; i.e., 0.254 m x 0.254 m (10 in. x 10 in.) a the inlet and 0.406 m x
0.406 m (16 in. x 16 in.) at the outlet. The exit dimensions for Design Nos. 1
and 2 were increased in one direction to 0.508 m (20 in.) because there was ade-
quate room to do so. However, this is not the case with Design No. 3 because
the coil geometry is a rectangular saddle shape and as a result it engulfs or
wraps around the warm bore tube and bore radiation shield. The other aspects of
the warm bore tube and bore radiation shield are the same as Design Nos. I and
2 with respect to wall thickness, shapes, clearances, and materials. (See Fig-
ure IV-24 for the cross section of the warm bore tube and radiation shield at
the inlet to the magnet; i.e., it is the same as that for Design Nos. 1 and 2.
The warm bore tube and the radiation shield for Design No. 3 were based on the
same loadings, design criteria, and method of analysis as that for Design Nos. 1
and 2.

b. Room Temperature Vessel and Outer Radiation Shield

The room temperature vessel for this design consists of two parts, one of
which is the stationary lower end cover and the other is the removable main
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Table VI-9

Summary of Mechanical Characteristics of Dewar for Design No. 3

I. Room Temperature Vessel

A. Design Pressure

1. 1.03 x 10 5 N/m 2 (15 psia) Internal
2. 1.03 x 10 5 N/m2 (15 Asia) External

B. Weight = 16,622 kg (36,570 lbs.)

C. Material = 304L SS

II. Radiation Shield

A. Design Pressure

1. 0 N/m 2 (0 psia) Internal
2. 0 N/m 2 (0 psia) External

B. Weight = 3,659 kg (8,050 lbs.)

C. Material = ETP Copper Annealed

III. Column Support System
i

A. Configuration

1. Four legs consisting of three concentric cylinders
2. All columns have flexural hinges and are designed	 j

to compensate for thermal contraction of the He
vessel and main support	 i1i

B. Type

1. Inner Cylinder = G10
2. Intermediate Cylinder = Aluminum
3. Outer Cylinder = G10
4. Hinge Material = 6A14V ELI Titanium

C. Weight = 142 kg (312 lbs.) ea 3 4 = 560 kg (1,250 lbs.) total

IV. 4,000 A Lead Assembly

A. Weight = 91 kg (200 lbs.)

B. Material = OFMC Copper and G10
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section and upper end cover. Unlike Design Nos. 1 and 2, the assembly procedure
for Design No. 3 (as outlined in Section VI-A) allows the main section of the
room temperature vessel to be a single weldment. The main section consists of
the top end cover and the mi dsection, which are welded together to form a sin-
gle weldment. Depending on the mode of shipping, it can either be fabricated as
a single weldment off-site (in which case it could be shipped by rail) or made
in two pieces which would then be welded together at the site (in which case it
could be shipped by truck). As with Design Nos. 1 and 2, the mating flanges of
the main section and the removable end cover would have to be machined in order
to obtain a vacuum tight seal. The material, design criteria, and method of
analysis of the room temperature vessel for Design No. 3 are the same as that
for Design Nos. 1 and 2 and are explained in Section IV-C.

The outer radiation shield is designed to be fabricated in the same fashion
as the room temperature vessel. However, additional precautions to prevent dam-
age during shipment must be taken with the outer radiation shield; e.g., tempo-
rary braces could be added to the open ends to prevent distortion. The material,
design criteria, and method of analysis of the outer radiation shield for Design
No. 3 are the same as that for Design Nos. 1 and 2 and are explained in Section
IV-C.

c. Column Support System

The design of the low heat leak columns for Design No. 3 has been performed
in the same manner as that for Design Nos. l and 2. Since the overal height and
load is essentially the same as that for Design No. 1, the sizes of the cylinders
and hinges are the same. See Section IV-C for a more detailed discussion of the
column support system proposed for use in this preliminary design.

4. Radiation Meat Load Estimates

The total heat load on the magnet system consists of the sum of the conduc-
tion heat leak through the supports, the radiation heat leak, resistive heating
in nonsuperconducting electrical joints, and the heat loss due to conduction
through and heat generation in the energized leads. For the scale of magnet sys-
tems under consideration, thermal radiation and the loss associated with the
dower leads are the largest heat loads on the system.

The radiative heat load from the room temperature container to the radia-
tion shield and from the radiation shield to the liquid helium container can be
easily estimated by calculating the surface area exposed to thermal radiation
and by estimating an equivalent heat flux per unit surface area for these two
temperature ranges. These estimates have been performed for Design No. 3, and
the results are presented in Table VI-10. It was assumed that the radiation
shield is cooled by liquid helium boiloff and the equivalent heat flux through
the superinsulation from room temperature was 100 milliwatts per square foot.
The heat flux from the radiation shield to the superinsulated liquid helium con-
tainer was assumed to be 5 milliwatts per square foot.
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Table VI--10

Estimated Cryogenic Characteristics for Preliminary Design Flo. 3

Rectangular Saddle with Iron - 4.2 K

I. Temperature He Vessel - 4.2° K

II. Temperature Radiation Shield - 98° K

III. Total He Inventory - 240 liters

IV. Boilofi= Rate

A. leads - 12 9,/hr.

B. Radiation Shield, Column Supports, He Vessel - 8 R/hr.

V.	 Superinsulation

A. Bore

1. Cold Sid(

2. Warm Sid(

B. Outside

1. Cold Sid(

2. Warm Sid(

-223-

W..— : !



V11. DISCUSSION OF RESULTS

The main goal of this program was to generate preliminary design charac-
teristics for a superconducting magnet system to be used in an MHD? test facility.

A.	 PHASE I RESULTS

Alternate conceptual designs were evaluated in Phase I (see Section III)
with emphasis on variations in winding geometry, magnetic field level, operat-
ing temperature, superconducting material and the use of iron for magnetic field
enhancement. Thirteen conceptual designs were generated and considered relative
to three combinations of operating temperature and superconducting material.
Relative cost estimates were then determined for the 39 combinations which
resulted.

The geometric variations considered in Phase I consisted of the solenoid,
racetrack, and two saddle configurations. Of the three basic types, the saddle
is most efficient in material utilization, Followed by the racetrack and the
solenoid. This was clearly reflected in material requirements and in relative
cost; hence the saddle was retained for consideration in Phase II. Of the two
saddle geometries (annular section versus rectangular saddle), the rectangular
saddle was less costly and was considered less complex and more suited to the
square bore requirements of the MHD system. Phase II was, therefore, to con-
sider the rectangular saddle geometries. The racetrack was significantly higher
in relative cost than the saddles; however, it was retained for investigation
because of its more simple geometry. Solenoids were attractive from the stand-
point of cost for magnets on this scale but were discounted since future large
MHD systems would require saddles or racetracks and it was felt that this sys-
tem should be a step in the development of full-scale systems.

Estimates during Phase I further showed that material requirements increased
dramatically with field level over the range considered (5 T to 8 T). After
consideration of the potential future requirements for the MHD test facility,
the decision was made to concentrate on the 8 T field level in Phase II. At
this field level, Phase I estimates showed that the use of iron for field en-
hancement in the channel was warranted, consequently, iron pole pieces were used
in all three Phase II designs.

Review of the Phase I estimates on maximum field levels in the windings
combined with estimates on conductor cost for several conductor and operating
temperature options indicated that Phase II should concentrate on the use of
NbTi superconductor at 4.2 K. In addition, the decision was made to evaluate
the potential impact of operation in sub-lambda helium, hence, the operating
temperature for one of the Phase II systems was selected as 2.0 K.

The net result of the Phase I effort was the decision to develop prelimi-
nary designs for the following 8 Tesla systems using NbTi superconductor and
using iron for field enhancement:

1. Racetrack Geometry at an Operating Temperature of 4.2 K
2. Racetrack Geometry at an Operating Temperature of 2.0 K
3. Rectangular Saddle Geometry at an Operating Temperature of 4.2 K

'WW.

-221-



The operating temperatures given should be interpreted as nominal values. For
example, 4.2 K is the saturation temperature for liquid helium at one atmosphere.
If the system were operated with a liquefier or refrigerator, however, the mag-
net dewar pressure would probably be slightly above one atmosphere with a cor-
responding temperature of about 4.5 K. This possibility was accounted for in
the designs by selecting an operating current level for the nominal temperature
at 70% of the critical current level for the nominal temperature. Operation at
a slightly higher temperature is, therefore, not discounted but would result in 	 a,,
an operating current to critical current ratio above 70%.

A further constraint was imposed after considering the future requirements
of an MHD test facility. All systems were designed such that they could be
periodically disassembled to allow alteration of the field profile in the
channel. This field profile flexibility may prove invaluable in development of
MHD system components.

B.	 CHARACTERISTICS OF PHASE II PRELIMINARY DESIGNS

The magnetic field and dimensional characteristics for the warm bore in
each of the preliminary designs are given in Table VII - 1. Note that all sys-
tems achieve 8.0 T on the MHD channel axis and that two operating modes are
given. The first is a low gradient mode corresponding to a relatively small
angle between coils in the system and the other is a high gradient mode with a
relatively large angle between coils in the system. The active field lengths
are the same for the three systems and the warm bore requirements are satisfied.
Note, however, that the racetrack . geometry allows the warm bore requirements to
be exceeded without penalty in the sense that the outlet dimensions may be
opened up to 0.4064 x 0.508 m. (16 in. x 20 in.) even though the requirement
is for 0.4064 x 0.4064 m. (16 in. x 16 in.). This arises from the difference in
relative conductor position for the racetrack and for the saddle. In the for-
mer case, additional bore divergence may occur without alteration of conductor
position whereas the rectangular saddle geometry would require an increase in
conductor requirements under the same dimensional increase.

The overall dimensions for the three systems are summarized in Table VII - 2.
The dimensions for the three cases are similar and, it should be noted, that any
of the three magnets could be mounted in any of the cryostats shown with minor
alterations. Designs No. 1 and No. 2 are both racetrack coil systems with the
main axes of the dewar and MHD channel mounted horizontally. The basic differ-
ence is that the main field direction is vertical with system No. 1 and hori-
zontal for system No. 2. The latter case allows for a somewhat less complex
procedure to be used in alteration of the angle between coils to change the
field gradient. The least complex procedure is believed to result with the
cryostat used for design No. 3 since all major pieces may be lifted vertically
for disassembly as opposed to being cantilevered as in designs No. l and No. 2.
The main disadvantage in the third approach is that the MHD channel axis is
vertical and, therefore, many components of the MHD system would have to be
located below the dewar or suspended above it. Design No. 2 is shown with a
2 K heat exchanger in outline on the top of the system. This heat exchanger
could be used on the other system as well if one of those dewar orientations
was preferred. A more detailed description of the three systems is presented
in the assembly drawings (Figures IV - 6, V - 6, VI - 6) and the related text.
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TABLE VII-1

MAGNETIC FIELD AND DIMENSIONAL CHARACTERISTICS IN THE WARM BORE
FOR PRELIMINARY DESIGN NOS. 1, 2 AND 3

Max. Field on
Channel Axis (T.)

Magnetic Field
at Inlet* (T.)

Magnetic Field
at Outlet* (T.)

Active Field
Length

Warm Bore Inlet
Dimensions

Warm Bore Outlet
Dimensions

7.6/7.9

6.08/4.65

1.524 m.
(60 in.)

0.254 x 0.254 m.
(10 x 10 in.)

0.4064 x 0.508 m.
(16 x 20 in.)

7.6/7.85

6.29/4.5

1.524 m.
(ry 1n.)

0.254 x 0.254 m.
(10 x 10 in.)

0.4064 x 0.508 m.
(16 x 20 in.)

8.0/7.36

6.4/4.5

1.524 m.
(60 in.)

0.254 x 0.254 m.
(10 x 10 in.)

0.4064 x 0.4064 m.
(16 x 16 in.)

System

	

1	 2
	

3

	

8.0	 8.0
	

$.0

*values given are for low gradient/high gradient operating modes

1
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TABLE VII-2

OVERALL SYSTEM DIMENSIONS FOR PRELIMINARY DESIGNS 1, 2 AND 3

•T
Q	 ^

Preliminary
Design No. 1•r
(8 T Racetrack, 4.2 K)	 M _̂	 G

^^	
B

4.29 m. —„-O^
;169 in.)

r19 1-1 CA-2K XCH

c^
Preliminary
Des i gn No. 2	 '^
(8 T Racetrack, 2K)	 r-- C-J

E c

M p
B(;1	 G

Preliminary
Design No. 3	 3.71 m.
(8 T Rectangular	 (146 in.)
Saddle, 4.2 K)

i

FA 3682

4.01 m.

—(158 in.)

rl
1

i

g	 6.18 m.
ii	 (244 in.)

1	 G

.27 M. D
168 in.)
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One of the critical areas in superconducting magnet design is the selec-
tion of the conductor. In the preliminary design phase this may be done on the
basis of past experience. However, in the final design phase to be performed
in the future, experimental verification will be necessary. Sufficient experi-
ence with design and operation of superconducting magnets in He I at 4.2 K
exists to allow stability criterion to be chosen for preliminary design pur-
poses. This hinges on the selection of an allowable heat flux from the surface
of the conductor to the liquid helium in the windings and this value was chosen
as O.7 watt/cm2 for designs-No. 1 and No. 3. Design No. 2 operates in He II,
however, and considerable uncertainty exists over the selection of a correspond-
ing criterion. As a result two alternates were considered. Design No. 2.1 was
based on a choice of allowable heat flux from the conductor surface of
2 watt/cm2 and design No. 2.2 was based on a value of 4 watt/cm 2 . It is clear
that a more detailed analyses and an experimental program would be desirable to
verify the choice for designs No. 1 and No. 3, but a supporting program is ab-
solutely essential for design No. 2. The logical time for this effort to be
performed would be in a detailed design phase for the system configuration
finally selected.

A comparison of the weights of the major components of the preliminary de-
signs is given in Table VII - 3. The effect of geometry is evident through a
comparison of designs No. 1 and No. 3. This clearly shows that the rectangular
saddle satisfies the user requirements on field and active volume with less con-
ductor because the system is more compact. Structural weight totals for the
two systems are comparable. If the designs were carried out for the low gradi-
ent mode alone, however, the structural weight for the saddle would be somewhat
lower since the transverse support beams could be substantially shorter.
Designs No. 2.1 and No. 2.2 illustrate the potential impact of operation at
2.0 K. Depending on the attainable heat flux from the surface of the conductor,
designs No. 2.1 and No. 2.2 show a considerable saving in conductor required.
This is compensated somewhat by the increase in internal structure required to
carry the em loads.

The electromagnetic characteristics of the systems are outlined in Table
VII - 4. The lower level of maximum magnetic field at the winding for the rec-
tangular saddle (design No. 3) relative to design No. 1 is a definite advantage
and has impact on conductor cost. The racetracks for designs No. 2.1 and
No. 2.2 have a somewhat higher value for maximum field at the winding than de-
sign No. I (also a racetrack) because their average overall current density is
higher. A range of current densities is given for the designs to correspond to
the maximum and minimum values achieved through grading of the conductor. The
total ampere meters required (a measure of conductor cost) for all the race-
tracks are similar; however, the conductor for designs No. 2.1 and No. 2.2 may
be expected to be successively less expensive than design No. 1 because they
are substantially smaller due to the high values for heat flux which was as-
sumed. Note that the amp meter requirement for the saddle (design No. 3) is
substantially lower than for the comparable racetrack (design No. 1).

After completion of the preliminary designs, cost estimates for the sys-
tems were prepared. These are summarized in Table VII - 5. The method of cost
estimation is discussed in Section VII - C. Relative values may be expected to
be more accurate than the absolute values given.
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TABLE VII-3

COMPONENT WEIGHT COMPARISON FOR
PRELIMINARY DESIGNS 1, 2 AND 3

System

1 2 3

2.1 2.2

Geometry racetrack racetrack racetrack saddle

Operating Temp.	 (°K) 4.2 2.0 2.0 4.2

Conductor (Kg) 15,900 10,960 6,020 9,770

Structure

Internal	 (Kg) 8,770 10,490 11,560 2,905

External	 (Kg) 31,096 19,965 15,025 38,036

Dewar (Kg) 25,204 24,920 24,920 20,940

Total Wt.	 (Kg) 80,970 66,335 57,525 71,651
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TABLE VII-4

ELECTROMAGNETIC CHARACTERISTICS FOR PRELIMINARY DESIGNS 1, 2 AND 3
(LOW GRADIENT OPERATING MODE)

System

1
	

2
	

3

Max. Field on Channel Axis (T.)

Max. Field at Winding (T.)

Operating Current (A.)

Operating Temp. (OK)

Stored Energy (106 J.)

Inductance (H.)

Overall Current Jensity (107A/m2)

Conductor Current Density (107A/m2)

Total Turns

Total Ampere-Turns (106A)

Total Ampere Meters (107A-m)

8.0

10.3

4000

4.2

171

21.5

1.97 - 4.52

5.21 - 8.16

4894

19.58

12.7

2.1

8.0

11.4

4000

2.0

138

17.3

1.78 - 6.79

9.39 - 11.7

4824

19.3

13.03

2.2

8.0

11.4

4000

2.0

138

17.3

1.84 - 9.66

14.9 - 20.0

4824

19.3

12.73

8.0

9.12

4000

4.2

62.2

7.77

3.68 - 4.53

6.03 - 7.38

2652

10.6

7.83

NN
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TABLE VII-5

SUMMARY OF COST ESTIMATES FOR PHASE 2 PRELIMINARY DESIGNS (10 3 DOLLARS)

Designation 1 2

2.1 2.2

Geometry racetrack racetrack racetrack

Central Field (T.) 8.0 8.0 8.0

Operating Temerature (K) 4.2 2.0 2.0

Labor Costs:

Design 325 325 325

Fabrication and Installation 484 482 480

Labor Subtotal 809 807 805

Material Costs:

Conductor 575 304 267

Support Structure 254 254 254

Dewar 248 268 268

Iron Plug 12 12 12

Tooling 194 194 194

Miscellaneous and Shipping 231 186 179

Subtotal 1514 1218 1174

Administrative Expenses 455 365 352

Material Subtotal 1969 1583 1526

TOTAL COST 2778 2390 2331

3

saddle

8.0

4.2

385

509

894

233

196

215

8

181

150

983

295

1278
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The total cost estimates in Table VII - 5 imply that the saddle system
(design No. 3) is substantially less costly than the corresponding racetrack
(design No. 1) at the same temperature. Results also indicate that the race-
tracks at 2.0 K (designs No. 2.1 and 2.2) will be somewhat less costly than the
4.2 K racetrack. Note, however, that no allowance has been made for the cost
of refrigeration at either temperature or for supporting development.

The design, fabrication and installation labor costs are essentially the
same for all racetracks and are lower than the corresponding line Items for the
saddle because the latter is a more complex winding and structure. The saddle
is, however, much more compact and this is reflected in its relatively low
material costs for all line items.

The main differences in material costs between designs No. 1, 2.1 and 2.2
are in the conductor which shows a substantial difference in favor of No. 2.1
and 2.2 and in the dewar where the latter is slightly more expensive to allow
for the more complicated interface with the subsystem providing 2 K refrigera-
tion (not a cost component in this study).

C.	 ESTIMATION OF COSTS FOR PRELIMINARY DESIGNS NO. 1, 2 AND 3

The purpose of this section is to outline the manner in which the cost
components were estimated for use in Table VII - 5.

1. Labor Costs

a. Design

In generating labor costs for the design of the different systems
under consideration, it was assumed that the design effort required was
primarily dependent on basic geometry. In addition, it was assumed that
the results of Phase II could be used as the basis of the design for the
next phase which means that the field level, MHD channel "active" length
and channel sizes will not change. The design effort was broken into a
list of design tasks for the racetrack and saddle systems. For each task
the manhours were estimated for engineering, drafting, and engineering
assistant labor categories. Manhours in each category were totaled for
each system geometry, and a total design cost was generated under the as-
sumption that the unit labor cost to the program was $30/manhour for
engineering, $20/manhour for drafting, and $12/manhour for engineering
assistants. An allowance was also included for a direct material charge
for computer usage.

b. Fabrication and Installation

In generating labor costs for fabrication and installation, manhours
were estimated for engineering, quality control and technician labor
categories for four general tasks for each system. The four tasks in-
cluded; superconducting coil module fabrication, module and structural
assembly, coil-dewar assembly, and assembly to subsystems (e.g., power
supply, quench protection circuitry, refrigeration system, etc.).
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No allowance was made for initial system shakedown and test nor for site
preparation (e.g., foundation, building, utilities, etc.). Manhours were
totaled and cos.,s were generated under the assumption that the unit labor
cost to the program was $30/manhour for engineering, $20/manhour for
quality control and $12/manhour for technicians.

2. Material Costs

a. Conductor

Conductor dimensions and the required copper to superconductor ratio
were determined as part of the design effort. Figure VII - 1 illustrates
the "built-up" construction which was chosen. This may be expected to be
economical for the high copper to superconductor ratios and large quanti-
ties required for the magnets under consideration. It consists of a basic
multifilament conductor which is then soldered to sufficient copper to
achieve the necessary total copper to superconductor ratios. A cost esti-
mate for a unit length of conductor w,-. s determined as a function of
magnetic field by first estimating the cost per kiloamp-meter for the
basic conductor and then incrementing the cost to allow for the additional
copper required and for the soldering operation. The cost per kiloamr-
meter for the base conductors was estimated as discussed in Section 11I.
No attempt was made to consider the cost or fabrication implications of
large quantity production or the need to develop handling techniques.
These unit cost estimates were combined with the requirements generated
in each design to arrive at a cost estimate for the conductor in each
configuration.

b. Support Structure

Costs for support structure were determined by estimating the weight
of structural components and then multiplying by an estimated cost/unit
weight. In addition, cutting, machining, welding and fabrication costs
were estimated. Structural weights were based on prelim nary designs for
support sized on the basis of calculated loads of electro-magnetic origin
for each case. Components were divided into external structure and inter-
nal structure. External structure was defined as coil He vessel, main
gravitational, and attractive em load spacers, rods and built-up stain-
less steel sections such as I beams applied to the outside of the winding
envelope. Internal structure was defined as stainless steel strip wound
within the windings in parallel with the conductor for internal winding
support. Following estimation of weights for external and internal struc-
ture, structural material costs were generated assuming unit costs of 1.65
$/lb. for external structure and 1.0 $/lb. for internal structure. Struc-
tural fabrication costs were then generated in the following manner: $.10/
lb. was used for cutting estimates and was based on a typical cut in a l"
thick stainless steel plate using a plasma arc cutting process. The linear
footage of weld was estimated and the following rates per foot were used
to estimate the welding costs:
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I" Plate or greater - p50/ft.
3/4" Plate or greater - $40/ft.
1/2" Plate or greater - $20/ft.

It was assumed that the cost for the welding gigs are included in the
above rates. Machining costs were based on $20/Hr. for small work and
$200/Hr. for large work. Labor rates were based on $12/Hr., and $1/lb.
was used for the stainless steel banding to estimate the costs to cut the 	 "'-
notches.

c. Dewar

Dewar weights were estimated on the basis of the overall size of the
windings plus support structure together with preliminary design calcula-
tions involving the necessary shell, plate, and rib thicknesses to support
the atmospheric loads with a suitable safety factor. Dewar material and
fabrication costs were then determined in the same manner as that used for
the support structure.

d. Iron Plug

For each case involving the use of iron, the weight of the iron plugs
was determined on the basis of the system dimensions. A cost estimate was
then found on the basis of a unit cost assumed to be 0.75 $/lb.

e. Tooling

For each case (racetrack and rectangular saddle) estimates were made
for the cost of tooling in four categories. This included winding fixtures,
coil and module handling fixtures, winding machine requirements, and on-site
handling and .iewar assembly fixtures. Material and fabrication costs were
generated in the same manner as that used for support structure. Costs to
engineer and design the tooling have been included at $30/manhour ^'or engi-
neering and $20/manhour for draftsmen.

f. Miscellaneous

The cost for miscellaneous material items was assumed to be 15 percent
of the sum of the material cost estimates for conductor, support structure,
dewar, iron plugs, and tooling. Shipping costs were included as miscella-
neous costs and were assumed to be 3% of the material cost estimates.

g. Administrative Expenses

Administrative expenses are those costs which arise in procurement of
the material and in administering the contracts for each material item.
These were assumed to be 30 percent of the subtotal for conductor, support
structure, dewar, iron plugs, tooling and miscellaneous.

-232-

_1



VIII. SUMMARY

The following conclusions may be drawn as a result of the preliminary
design evaluation performed under this program:

1. The satisfaction of user requirements concerning field level, field
profile and field volume may be accomplished with a superconducting
magnet system.

2. The concept of alteration of field profile by occasional disassembly of
the system to chan^ the angle between coils appears feasible for aiy
test facility on	 scale.

3. The racetrack and rectangular saddle winding geometries seem most suit-
able for this application. The former because of its simplicity and
the latter because of its efficient use of material.

4. Cost estimates indicate that superconducting magnet systems on this
scale are material intensive.

5. Stabilized NbTi superconductor is the most economical conductor for use
at the field and temperature levels of interest to this program.

6. For operation at 4.2 K, the rectangular saddle (Preliminary design No. 3)
may be expected tt: be substantially less expensive than the racetrack
system (Preliminary design No. 1). It is also estimated to be less
costly than the 2.0 K racetrack designs (Preliminary designs Nos. 2.1
and 2.2).

7. There is little information available concerning design of stable super-
conducting magnets in He II. Conditions may be expected to be substan-
tially better than in He I. As a result, alternate designs (Preliminary
Design Nos. 2.1 and 2.2) were considered for the second configuration
at 2.0 K assuming that an improved thermal environment would exist
from the stability standpoint. Results indicated that the 2.0 K
designs (Preliminary Design Nos. 2.1 and 2.2) would require consider-
ably less conductor than the 4.2 K design (Preliminary Design No. 1);
however, this was offset by a requirement for more internal structure
in order to limit the stress induced in the conductor by the loads of
electromagnetic origin. The net impact was to yield a moderate cost
savings for the 2.0 K systems over the 4.2 K system. The cost of
refrigeration and of supporting dev pEopment was not considered.

8. Preliminary design No. 1 utilize: a horizontal MHD channel axis with
vertical magnetic field; design No. 2 used a horizontal MHD channel axis
with horizontal magnetic field; design No. 3 used a vertical MHD channel
axis with horizontal magnetic field. All three magnet configurations
appear interchangeable in orientation with minor dewar modifications.
From the standpoint of alteration of field profile, all configurations
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are feasible; however design No. 3 is the least complex, followed by
design No, 2 and design No. 1. Design No. 3, however, has the MHD
channel axis oriented vertically and this may present more serious
interface problems with other components of the MHD generator than the
designs with channel axis horizontal.

i
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APPENDIX A. EFFECT OF ACCESS PORTS ON THE FIELD IN THE MHD CHANNEL

During the program, interest was expressed in the provision for access into
the MHO duct area for instrumentation through ports placed parallel or trans- 	 ., 1
verse to the main field direction. The parallel ports must pass through the
iron plugs in the bore of each coil. The presence of the hole in the iron pro-
duces a field perturbation because of the lack of iron. Estimates of the size
of this perturbation were generated for a typical case. The hole dimensions
for the case analyzed are shown in Figure A-1. A hole with a .0762 x .1524 M.
(3" x 6 11 ) cross section was chosen with a gap typical of port location at the
magnet system center. A coordinate system is also shown for use in conjunction
with results plotted in Figures A-2 to A-5. Each plot is taken in a plane of
constant Z and is a plot of the Y component of field as a function of X for
several values of constant Y. The field shown is the perturbation profile or
the profile which must be subtracted from the actual field present to account
for the absence of iron in the hole. In general, the perturbation is small
when compared to the expected background field levels of 6 to 8 T.
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APPENDIX B.	 STABILITY CRITERION

The purpose of this section is to present a brief discussion of stability
criteria and the methods used in sizing conductors for use in this preliminary de-
sign program. During the final design phase an experimental effort is essential
to provide data to verify stability of operation. This may be accomplished with
a carefully controlled series of tests employing models of the windings.

A.	 ADIABATIC AND DYNAMIC STABILITY

The basic concepts and theory behind adiabatic and dynamic stabilization
are well understood; however, the generation of accurate design criteria is
hampered by geometrical complexity and the difficulty of including the effects of
the temperature dependence of material properties. In many instances data on
material properties are scarce or nonexistent.

The basis for adiabatic (sometimes called intrinsic) stability lies in limit-
ing superconductor strand size to the point where the magnetization energy of the
superconductor is restricted to a level which would not raise the temperature
above the critical value if the energy were dissipated adiabatically within the
superconductor. The magnetization energy arises from shielding currents on the
filament surface which prevent an applied field from penetrating the bulk of the
superconductor.

Limiting size also limits the magnitude of the shielding currents and the
energy dissipated when the applied field finally penetrates (i.e., when a "flux
jump" occurs). Several discussions 1 -4 are available on the subject and generally
conclude that it is necessary for the diameter of a superconducting filament, d,
to be less than a critical value, i.e.,

YC(Tch-Tb)
(B-1)

d 2i ch
	 uo

where:

Tch = critical temperature at zero current in the presence
of a magnetic field

T  = bath temperature

j
ch ` superconductor critical current density in the presence

of a magnetic field

PO = 4w x 10-7 (H/m)

Y = density of the superconductor

C = specific heat of the superconductor

Refinements are possible but the above illustrates the basic functional
dependence of the properties involved.
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The adiabatic stability criterion given above implicitly assumes that,
in a multifilament conductor, the superconducting filaments are decoupled (i.e.,
they act independently in an electromagnetic sense). For this to be achieved it
is necessary that the conductor be twisted, otherwise the filaments toward the
outside of the conductor will shield an applied field from the inner filaments
and the characteristic size for stability is much larger than the diameter of a
single filament. Twisting a given conductor is only effective until the rate of
change of applied field exceeds a limiting value.

This is best understood by referring to the simplified model in Figure B-1 which
shows the cross section of a'conductor containing only two superconducting
strands in an electrically conducting substrate. The conductor is exposed to a
uniform time varying magnetic field (transport currents are neglected). The pic-
ture shows the field distribution for the actual geometry as well as for an
equivalent developed geometry which shows the magnetic field perpendicular to
the plane of the two strands. The induced current is a shielding current and
flows in opposite directions in each of the two strands. Only the component of
magnetic field perpendicular to the plane of the strands induces circulating cur-
rents. The magnitude of the circulating current density in each superconducting
strand is:

Q2
(LB

^ S = ^
2 pat

s

where:

i s	induced current density in each superconducting strand

= length for 1800 of twist

p = resistivity of the substrate*

ds = diameter of the superconducting strand

B = magnetic field

*The above equations are the results derived from simplified models which assume
a one component matrix with uniform resistivity, p. Refinements are possible to
account for geometric?1 effects and effects of multi-component matrices. The
basic concepts are unchanged, however, and would not alter this general discus-
sion.

Note the dependence on rate of change of field. If the induced current density
is comparable to the critical current density then the effective current carrying
capacity is reduced. The induced eddy currents decay after the magnetic field
stops varying in time. This decay-time constant may be interpreted in an alter-
nate fashion as a limiting time in which the external field may change and still
not be shielded from the interior filaments. This characteristic time may be
shown to be:

(B-2)
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T = °Q	 (B-3)
7F P

It can be concluded that untwisted conductors (R) have shielding currents that
do not decay in time. On ther other hand, even twisted conductors behave as
though they were not twisted for high rates of change of magnetic field. An
effectively twisted conductor allows the current to distribute evenly among all
the individual strands in the composite and contributes very significantly to
the overall stability.

The basic concept underlying dynamic stability was a natural outgrowth of adia-
batic stability theory. 	 In the latter it is assumed that the magnetization
energy dissipation is Iocalized in the sense that no heat transfer is allowed
away from the volume element in which the dissipation occurs. Relaxation of this
stringent condition takes into consideration the transient thermal and electro-
magnetic character of the problem and rapidly becomes mathematically complex.
It may be concluded for the purposes of this discussion that a conductor with
filaments small enough to be stable in an adiabatic sense will also be stable in
a dynamic sense.

For this application, the magnet operates in a do mode and charge times may
be expected to be relatively long (a substantial fraction of an hour). The pro-
duction of a twisted, multifilament NbTi superconductor with sufficiently high
twist rates and sufficiently small 'filaments to assure adiabatic stability is
well within the state of the art of manufacture for this type of conductor.
This, however, is stability relative to dissipation of magnetization energy.
Other destabilizing sources may exist in a winding and the main thrust of cost
effective winding design must aim at nullifying or reducing the destabilizing
influence of these sources.

B.	 CRYOSTATIC STABILITY

The simplest and most conservative stability criterion is based on a steady
state analysis of the conductor terminal characteristics as determined by the
superconductor, the stabilizing substrate, and the heat transfer from the con-
ductor to the liquid helium. The terminal characteristics are derived by equat-
ing the heat generated by the conductor to the heat transferred from the conduc-
tor to liquid helium. 5'9 The main result of this approach is that the temperature
in the conductor with all the current flowing in the substrate must be less than
the critical temperature (at zero current and at the operating magnetic field) of
the superconductor itself. Due to the non-linear character of heat transfer to
liquid heiium, this requires that conductors and windings be designed for a
limit on maximum heat flux per unit area of conductor exposed to liquid helium,
assuming that all the current is in the substrate.



i	 i	 i^	 t	 I	 I	 1

In simplified form, this requires that the following be satisfied for a
conductor with rectangular cross-section, I- x w:

Neat Balance: pj scI = 2fq(t+w)(csc)	 (B-4)

Geometry:	 jsctw = I(I+csc)	 (B-5)

where:

p	 resistivity = p(B,T)

B	 magnetic flux density

T = temperature

j
sc = superconductor current density = jsc(B,T)

I	 = operating current

q	 = heat flux per unit area

f = fraction of exposed area

csc = copper to superconductor ratio

t

	

	 A refinement of the analysis considers temperature variation across the
conductor and leads to the conclusion that the diameter of the superconductor
(e.g., for round superconducting filaments) should be less than a certain size
so that the temperature drop within the superconductor is small and recovery to
the superconducting state is assured if a normal region develops. This -ize is
given by:

	

d
	 2	 k(Tch-Tb)	

z

	(csc)	 (B-6)
ich	 P

where:	 k = thermal conductivity of the superconductor

p = resistivity of the substrate material

(csc) = ratio of substrate area to superconductor area

Further refinements to the model are possible; however, the above result
derived from a relatively simple model indicates the important conductor proper-
ties and the ser•^itivity of the strand size limit to property variation. For
example, note that "d", the strand size limit, would vary inversely as the super-

"

	

	 conductor critical current density but is less sensitive to the other variables
because of the fractional power dependence. Again, the satisfaction of equation

(B-b) is well ' within the state of the art of conductor manufacture.



The cryostatic stability criteria (i.e., Equations (B-4) to (B-6)) or their
equivalent have been used in the design of the largest superconducting magnets now
in existence. The source of uncertainty in design involves the choice of q, the
allowable heat flux from the surface, and whether or not strictly steady state
criteria should be utilized since most destabilizing influences may be expected
to be transient in nature.

The steady state heat transfer characteristics of liquid helium (i.e., He I)
are such that small temperature differences between the surface and the bulk
helium are possible only when operating in the nucleate boiling range. The upper
limit of the nucleate boiling range is usually defined in terms of the maximum
heat flux which can be transferred across a liquid helium-solid interface. If
the heat flux exceeds this maximum, transition to film boiling occurs, and there
is generally a large increase in the interface temperature difference. The re-
sults of experiments carried out to determine the peak nucleate boiling heat
flux (PNBF) in small channels are summarized by Johannes. 10 He presents the re-
sults in the form of a correlation between the PNBF and the ratio of the length
to diameter of the channel. Unfortunately, if this correlation is used for mag-
nets having channel lengths of the order of those of the magnets proposed in this
program, it leads to extremely large channel diameters for reasonable heat fluxes.
The reason for this is that the experiments from which the data correlation was
derived involved heating at the specified flux over the whole length of the chan-
nel. Consequently, the quality of the helium progressively worsened in travel-
ing from the inlet to the outlet. Eventually the quality was so poor at the out-
let that there was insufficient liquid at the outlet to supportnucleate boiling,
and it was here that the transition to film boiling first occurred. The quality
at which this occurs has been shown to be about 30 percent vapor.11

Protection against heating throughout the length of the channel in a real
magnet is unrealistic; the object of stabilization is to prevent this extreme
situation from happening. Therefore, rather than use the unnecessarily restric-
tive 1/d versus q correlation, it is reasonable to base the choice of q (for
conductor sizing purposes) on past experience -involving winding models and
stability tests, then to proceed to a verification of the design through model
testing in the preliminary design phase.

In this program a value of q = 0.35 watt/cm 2 was selected for use in Phase
I. This level is quite conservative, but was utilized in Phase I to assure that
sufficient winding volume would be allotted to allow for the addition of internal
structure during Phase II. Past measurements on winding models have exhibited
effective q's of about 0.8 - 1.2 watt/cm 2 for local disturbances, primarily be-
cause of two and three dimensional effects. As a result, a level of q = 0.7
watt/cm 2 was used to size conductors for use in the He I, 4.2 K, preliminary de-
signs (i.e., Preliminary designs Nos. 1 and 3). The conductor thickness versus
magnetic field which results from estimates on this basis are shown in Figures
B-2 and B-3.

Preliminary design No. 2 was based on an operating temperature of 2 K
which corresponds to He II. In this state, the helium exhibits an essentially
infinite thermal conductivity and very little information is available concerning
suitable criteria for stability. As a result, conductors were sized for two
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design alternates (i.e., Preliminary designs Nos. 2.1 and 2.2) where it was as-
sumed that the effective q which could be achieved in each case was 2 watt/cm2
and 4 watt/cm2 , respectively. Conductor sizes which result under these assump-
tions are shown in Figure B-4 which was used for preliminary design No. 2. It
must be emphasized that empirical verification is essential in this case and
criteria modification may be necessary.

The entire area of stability criteria is in a continuous state of review.
The assumptions made have a strong impact on conductor size, copper to super-
conductor ratio and overall winding dimensions. This, in turn, has a major
effect on cost. Recent efforts on sizing cooling passages have centered on the
provision of sufficient liquid helium within the winding to allow a high enough
the;-mal capacity locally to absorb a transient disturbance (e.g., frictional
heating due to relative conductor motion). Very little experimental da}a is
available. In the preliminary designs carried out in this effort, the decision
was made to provide a minimum local liquid helium volume equal to 10 percent of
the local conductor volume. Actual values in the designs range from a low of
10 percent to a high of 34 percent. This may be altered by changes in thick-
ness of conductor insulation or thickness of cooling spacers between layers and
should be investigated experimentally during the final design phase.

r
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