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SUMMARY

A& pancake-wound, low-loss, superconducting, irduction-
hedating coil has been designed to demonstrate the
feasibility of superconducting poloidal system for the
Tob ara¥ reactors, to provide confidence in application
of superconductivity to actual reactors, and to
nrovide the opporturity to solve specific engineering
aroblems to support the fusion pulsed coil program.
The corl i« designed to store 20 MJ at 50 KA.  The
superconductor: material is NbhTy for a 7.5 tesla
maxagr field. The coil {s designed to survive at
least 100,000 cycles of full bipolar ha'f cycle
sinusoidal  operation fraa +7.% tesla to -71.5 tesla
frelds in one second.  The coil is natural conveclion
immersion-cooled at 4.5 ¥ in liquid helium bath. The
design demonstrotes contidence in an advanced design,
ltow-loss, c¢rynstable conductor, alony with safuty,
reliabihity and the operating life of the coil of more
than 100,000 cycles.  The total enerqy loss during a
tult bipolar pulse will be approximately 0.32 of the

crored oneragy, The analysin shows that the coil
design will meet or exceed all of the performance
roquiyenent «, the bey design features of the cnil

include rodular constractron, no superconductor joints,
at Lo transitaon, andependent cooling of individual
pancakes, and scalatrinty to ITE size ohmic heating
Ly tem, The  rvewults  of  structural  and
analyves are jeesented,

thermal

INTRODUC TLON

A 'Jud_\‘ wiat canpleted by the Westinghouse [lectric
Cotporation an 1975 for LASL ta demonytrate the feast-
baltes of o wopecconducting induct fon heatang coil
Tor ihe Tobarab polordal freld systemse The resylts
nto kg gy wrte prpsented gt the Hth Sympasige on
I ngunges ing Frohleme, uf Fuwion Husearch in
Since the completyon ot the study the
destingiogne [lectrve Corporation hay conpleted  the
detamr et desvgn and anglysys of the 0D M) cotl, Thisg
e grpnenty the vesylts of Lhe detarled desgn and
andiyses' ool the 'O MY wgperconduc ting anduct 1on
heat e cm ],

IS AL I R P

Sl supper ted by Untver sty of Calttarmy,
Losw Alanos S entafye Laboratory,
Ceary gt Do, Y a4y |

M. S. Walker
Intermagnetics General (orporation
Guilderbend, N.Y.

OBJECTIVES

The following design criteria are consistent with the
objectives of tie program.

¢ Llong lifetime integrity and reliability normally
associated with the electrical utility incustry,

- Mechanical ruggedness and firmness that will nnt
change over the lifetime of the Tobanmak rachine
(greater than 10° cycles).

- lough insulaticn that will nnt deqradate nver
the operating lifetime of the Tobtamal machine.

o Lowest mssihle losses byt congistent with alnyo
dpproach,

o Manufacturability,

o Design concept scalable to an FTE s1ze systen,
The soecifired magnet  performance rr-mnrt---u)-n". an
operaling enviroment are summarired below M

o Ihe conl ag tn store 20 M1 g2 15 ot energy a' full
noriral operating current.

o the maxymum magnetaic freld for normal operating
current ts to be Joh tesla on the superconductor,

s The norel operating curvent vy to bhe Ha e,

o The nyminal tartene vollage gerang the corl tere .
Al oy paperted te he 10BN e gt ey
tranyfer,

o The corl will be ngtural convpction amew yion.
corled (Foal Bath) at A% b an Yagad hebige,

o The coftl sty bhe capable of operatang  JoG, hai
cyc e of G mipelar (one brpmlar cyele oy
tepeated  at o made  every 100 spconds),
degramting 1ty pertormance,

wit hog!

o The tall ypolar mode  will be a0 halt-cycle
sinusordal aperation feom o T tp S0 T el
noone wecomd,



o The testing of the ccil will include both discharge
into resistive load for L/R = 0.5 second exponen-
tial decay time constant, and a full bipolar field
and current reversal operation.

e The coil iy not to go normal during testing,

o The coil is to bhe cryostable with the ability to
recover to the superconducting state of one
complete turn of the conductor continuously
carrying full normal current in the highest field
re~'on and which has been driven normal from an
energy disturbance which raises the temperature of
the individual superconducting strands at the
middle of the normal turn tc 25 K.

COIL DESCRIPTION

The major coll paraneters are shown in Table 1. The
coil is of spirally wrapped, pancake wound confiqura-
tien. The wide-flat cabled conductor”, showr in
Figure 1, 15 wound on individual conil formers in a
ctlockviise and counterclockwise confiqguration for
alternate pancakes, The coil is made up of eight
spiral-wound pancakes as sShown in Ffigure 2. To
elimrate the need for internal electrical joints the
pancat es are wound 1n pairs with consecutive pancales
alternating between clockwise and counterclockwise
rotation, The co1l support structure s made up of
seaqrented G-1UCP plates located betwepn pancakes.

TABLE 1

20 M. COIL PARAMETE RS
PLAR FIELD 7.8 TESLA
1YPE OF CONDUCTOR WIDE FLAT CABLE OF

SUSCABLEE
COOLING POOL BOIL AT 48°K
WINDING PANCANL
CURRLNT 50 LA
CONDUCTOR WIDTH 1832 cm
CONDUCTOR THICKNLES 1248 cm
CONDUCTOR CURRENT DENSITY 215 Arem?
COIL MEIGHY 140 48 ¢m
coi BUAL 0 om
coiL oo 14784 em
TUNNS/PANCAK] »
NUMBI R OF PANCARTS .
CUIL OVIRALL CURRINT DINSITY 1828 Arem?
INODUCTANCE (FLUK LINRAGE 18 24 mH
M1 THODI
ETURTD INI MUY AT BORA 203M)
these platey are supported by an anterngl cylinder

myde up ot the andiyadual pancabe winding formers and
a sequented external cylindor as shown wn Figure
=10l hotts L1 ot the 100 and 32 at the O.D,) arp
used to hold the corl together and provide suffioreny
holting force ta mayntatn contact botweon coil membery
under load,
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The spacers are D020 anch wide

st ape
antgl
heliu oy thow chgnnels,,

and 0.0k inch thick, with a 0.125 inch space between
them. The spacer is secured to the former at the I.D.
with a small G-10CR screw and is co-wound with the
conductor. At the 12th turn on the midplane of the
coil a 0.25 inch thick 304 L (30% to 407) cold rolled
strap s added fer structural support. The strap will
bear against a steel insert in the plate to reduce the
bearing load on the C-10CR plates. The strap has
tapered ends to provide a smooth transition in this
area. It has a 0.5 inct radius at the top and bottom
as well as radii at the tapered ends to reduce stress
concentration. This strap will transmit a portion of
the axial forces through the coil. The strap ic made
0.020 inch over the conductor size to allow for plate
deflection, therefore, greatly reducing the axial lnad
to be carried by the conductor.
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FIGURE 1 20 MJ SUPERCONDUCTING CADLL

the G-1OCR axral  suppart meabers provide separgtion
bhetween pancakes, T addition, the plates suppor! the
el axial loads and transmit them to the
outer suppart cylinderse A portion of the arial load
15 also transmitted through the mid-place  support
straps This construction prevents an accnma'atvoe of
axtal forces on the condurtors which ¢ould te detr)
ment al, Because the mandrel is Tacated r1eade the
conductor, the axial load would bear against  the
strand 1f 1t was transmitted theough the conductors,,
The rabbon spacers (ratlroad-tie-Yike spacers) are too
smal 1 (0,060 incie thack) to  rovide mach support for
the axial  tosding, The conductor, however,  must
transeit aty own toad to the platen which can he (on
sder able (000 poundy/inch or more), In addrtron,
thisy method of anval support prgvides Tir the 1owest
conductor motron, becguse there 1y no gtcumglatron of
forces, There are two different saze platen, 4 i h
and Zoanche The Y-anch plate grovides support to the
outereast pancabeys, since these have the highest avrgd
Tonde (1.5 " poundy each, or aproximately S0 of
toral load),

mner o and
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FIGURE 2 CROSS-SECTIONAL VIEW OF THE 20 MJ COIL

The axi1a]l plates belween pancakes are 1n four seqments
with ar overlap arpa.  The top portion of each plate
has qrooves rachined every 29 which are 0.19% inch
wide hy 10.1160 1nch deep for heliur anlets,  The bottom
ot each plate has heljum outlet channels spaced 20 at
the 1.0 and 1" ar the 0.0, which dre machined at a YV
slope fror the centerline,  The stoned channels enable
the heligm bubbleps '~ pxit from each pancabe with syf-
ticient velocity,  Ar the md-plane of cach plate, o
gronve 1% macthined fer the steel anserts, There a-e
vixteen inserss et jlate. Between each 1naert there
1o DM oanek spacer, whach 1y undergy zed 1o vy ade
ventlaton oo the rogrone The width of the inqert
reqrion wat determined by the tolerances, and *he cri-
tervg that the stegp must bear on the anserts, The
nanc abe aster? Iy vy shown 10 Fygere 3,

e radral sopior? s provided by the stainless steel
cond g0 'or aede e ot o trpnae AU, AV g et mpmherr,
are alvo provided gt the cml Lohe and .00 of
Hote ente A, The panrabes are designed tn be nelf-
vy e tong e earth pancabe s radially  supported
vatyeadnally by the ena ) former and ennductor mandy el

SO T TS TaN AND PLREORMANC |

e Gargt ot an the cgnduttor degign was to select
the jancbe-wnd wide flat cable approach, It was
vergufrately o that the surface for heat transfer
fron the comfuctor for stamlity shou'd be increased
an foan pessible, aathin the Limity of (1) jwe-
serving  adequate channel s1ze tor bubtble clearance,
and (Y Vomatamg the nunber of cable elerents to that
whith can be handled with conventional ¢abhling machin-
my, a' the qame Cime, 4 manimam cotl arrent density
amd packyag denaaty would be achioved by (1) maxinig-
ing the conhye bt wisith (o miptmy e Che ngeter of pan
tabe conly oveeall and () o zang the conductor
thaghrone Yok e gs many turny g possable,
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FIGURE 3 ONE PANCAKE ASSEMBLY SHOWING COOLANT
FLOWPATTERN

7o accomnodate these considerations, the conductor
core which supports the roil hoop load was marde as
thin as possible tkrough the use of a mgh-strength
Nitronic 40 stainless steei. The numher nf subcahlag
was eventually set at 36, the maximu~ number accoro-
dated ly conventional cahling machinery. Witk the
cable geometry thus established, the J1taingre dieen-
stong of the cable would depend upnn the selectien nt
the smallest subcable s'rands possible, w 'hin the
constrdint  that the npergt na currert of GG v
anperes be achieved with the assurance of recowmy
frer g tully-nurealyzed 1ony sectien - 8 ¢ ondiyggtnor,

The fully-normai IR heat trasster for ctalalsoy wis,
conservatyvely “ut realyistically
O,/ 0 Wattsyem' (fran the unnccluded J/2 of the sirvand
surface).  imlarly, a W71 level of cporetieg rogr-
rent relative to the eratical current at 200 Tegl | aed
4.5 v was selectrd. The tntal A logy o g vnyee
-.wum( pulse of the corl from L4 T ta ol b 'y
0. 3% of the PO Moyt o rpd sner gy wher cerl ooy
uperat tng alone, and the Toss 1y 027 when (o0l e
crorgbamg o an g crtack, Thiy Yoy vy eanainally by o
the 1032 of JO4ngle target of ths o0 b G e
cotl opmatamy oan oo srtack (e

¢ hesper LM

AR EEY TS L L R
approval) for copper ratr e sujer cndygtonn, g e
darre with *he pro o gnpecrfira® 1oneg,

The 20 M) cable 1y chown In the taesetene shoeter !
Vaguee The conductor vnoa wede fha0 cabte o0 8
subcables wegpped around an ansulated stanlens steeld
rentral strap o sandrel,
six (eega  (polysyter

Fach syh able cannanes o
wnde-amndeY O leaaing Tatoeg
ruperconduc tor strands aroomd 4 setaely o angglares
stainless  steel core stegnd. A desiraptann of
compnent mater lal\, parameters an! dy crqtnpn nt thy
cable  and sabcahle are provided a0 fahte x
Aesiription of the qqaecronmfurter ofr et o ae s it
1o Table 4,



TABLE 2

CONDUCTOR DESIGN AND PERFORMANCE

PERAFORMANCE
Operanng Current |,
lop b a1 4 5K 75T

Areata w)

ot Strand Surlace

Jop 1Circumscrned Conductor

Fully-normal Heat Transter tror: 2 3

50 000 Amperes
o
2615 Amps cm”

0 76 watts cm’

Conaucior Lengin
Caole Dimensions
Contiguraticr

Number of Subcanles N
Mandrel Core Matena'

Mandre: Cote Dimensions t

insulahion taw

Cable Pacn Angle ¢

OVERALL CABLE DISCRIPTION

Mandre' Dimensians inciuding

Cabte Fircn Lengih and Sense 4L

720 meters
1532cmx 12 480cm
Cable ot Subc abies
% .
Niromc 40

X w 02V 1icmal 164rm l

025 cmai1 210cn:

- 18 Degrees

73 em (plud arie

SUBCABLE DESCRIPTION

Configuratiun

Cable Arunn

A Core !
tNamber ! Nb 1. Strangs 1 6
Subcahik Diameter witn insulatiun 2ty 06374 cmn
Core Sttand Diameler wat: Insgiatir 02238
ber Length ang Sense 4670

16 as Anghe '
Core Strar 3 Mdterone l 104 Hranies. Steel
Core Strana [hameer Ly onsg ateed O, LMl em
Insurdbhon e (ore Stegnae, l Vmega (Pal,esne

Annde Houage
Core Lirar 2 Ingidt ¢ Teaeaness 00004 ¢

_____ ___._..—J
TABLE 3

FINAL STRAND DESIGM

iTim

VALUL

b

METALLIC RADIUS® v,
WITH INSULATION ¢,

INSULA.TION TYPE

INSULATION THICRNESS
F1LAMI NT RIGION ¢,
PINTHMICENISS 1,
COPPIm SHELL O

B TRAND 'Wlif,ll
CuGUTIRAREA
CvCURE ARLA
Cw10TAL ANL A

90 Cu 1O N AATA

Mo Y. ARLA

MITAL WITHIN G,
FIAMINT SIZE ¢

NO OF FILAMINTE N,
WAR Cu AT IWEIN I AMEN TS
manco tLatwHiey '
#,. Cul:

UL WITHIN CONDUC TN
INVELOP

PULLY NOHMAL HIAT ¢/ ADM
273SURFACH

N UTRITEX]

1020 mm (0 0402°')
103 mm {0 0407

OMIGA (POLYESTER AMIDE
MO

004 mm (0 ODOS")
0 500 mm 10 0238 ')
0084 mm (0 0025}
0104 mm (O0D41")
?72mm 10 304 )
1001 mm? gy
0611 mm? (188
72014 mm? (7an1

0 338 .am? 110%)
0820 mm? (18w

1 268 mm? (100%)
2V Hm

1%

| 1

17

1a10¥m

9N

orwAlIENm?

—— e

1ABLE 3 (CONT'D)
FINAL CONDUCTOR DESIGN AND PERF ORMANCE

SUBCABLE DESCRIPTION ICONT'D)

Nb 1. STRAND OVERALL DIAMFTER 21, 0 2068 cm

Nb T/ ETRAND INSULATION OMEGA (POLYESTER
AMIDE IMIDE)

Nb Ti STRAND INSULATION THICHNFSS 00014 cm

THE PMOHYDRAULIC DESIGN

It 15 generally recngnized that an efficiert met hod of
cooling magnets 15 immersion or bath cooling. Ffor the
pulsed magnet aprlications, bath conling is particu-
larly advantageous because it produces the maxinur
heat capacity per unit volume for storage and s se-
gyuent removal of pulsed losses. Pool cooling systers
scale to larnger si12e coils very well 1 ¢ proper atten-
tion 15 given to vapor diversion from the mnagne!
interior to preven' vapor accuaulation. The npera-
tional chararcteriscics of the coil must be viewed 1n
Thght of the ccil's ahility tn mee! the desqn
~equirements during normal cyclic operation. ‘tor the
spec1fic case of thermal design, these requiresents
tranilate 1nto maintaining adequate conductor coul-
1ng.  Insurance of conductor coolinn margin is cant - n-
yent on provading satisfactory vapor venting and
Tigad helvum inventory.

The 20 MJ coil is a nduction heating NbTy magnet
cooled by saturated .1quid helium at &.5 K. The
magnetic field changes sinus.idally from 7,57 to
-7.5T 1n 1 secund; stays constant at -7.57 for 10
seconds, changes fram -7.57 to +7.51 in 1 second and

stays constant for 10 seconds to start another cy:le.

DBuryne the bipolar pulse, 0.31% of the energy stored
n the —agnet (62 L) is dissipated as neat losses to
be treroferred to the helyum n the magnet. The
losses deiend on hoth spars and *ame. The inner turne
have higher magnetic field and consequently higher
0850 with a maximum of 0.5 Joultes/em” in the inner-
most turn. For Dipalar pulse the power loss hes o
Mristrabuthion ot g, cos’ 8 where Qm L0 werd ane @
15 the tme 1n secnnds.  The conductor behaviar dur ing
a tipolar pulse 1« shown an Faqure 4.
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The heat generation and heat removal curves are Shown
in Fioare 5. At a condector temperature of 25 ) or
more, the heat removal 15 higher than the heat gen-
eration and the conductor recovers to the temperature
where the heat generaticn and the resoval are equal.
Based ¢gn the c;ual area criteria of Maddnchk, Janes and
worris’, the conductor reccvers to the Super-
conducting state by the nn1 effects since the area
under the heat removal curve is more than the area
unier the heat! qeneratior curve a< can he seen from
figure .

HEAT REMOVAL

070

0.60 F_
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¥ Voath, k

FIGURL 5 20 MJ CONDUCTOR STARILITY

STRUC TURAL ANAL YSIS

The structural design consvders the conductor torces,
the conductor maton, and the conduCtor conling.

The ‘pryrgu vy bguee® on epctresgim] the sunercanductor
by applying a srelowt (10,000 1h)  during  winding
hpre e of  *hp il fprp g 1n ther~al rortracton
betweern soapercatlucton asserbly and the conl former
Mt gt et The folloming o'ragctural  crsagn
CErter 1 wan gl et

@ Ihe taateg  steare g *he NLWTy superconductor was
Pomrieed tn L s,

@ The margry stressy antensi'y yn the structure was
less than o4 raterial yield stress (retal g
canpanents) or 4 of the gltmate strength (non.
met gl e ¢ omponent ),

® The marymur strest theory was used for compusite
Strut ey,

e Ihe myism shear theory was used for wetalhie
strurtar g,

The analytical methods used for the 20 MJ were a
computer program  for stress analysis of non-
homogenecus solennids (STANSOL), a general purpose
finite element code (MICAN), and arpropriate hand
calculations.

Tre STANSOL mode) was usSed to calculate winding
stresses due to preloads, thermal, and magnetic
Yoads. STANSOL considers the «coil to be an
axisymmetric, mu:tilayered composite with arbitrary
distribution of layer thickness and material
properties. The materials can be anisotropic.
Applied loads include windirg preload, differential
temperature, electromagnetic body forces, internal
pressure and erternal pressure. References b and 6
provide the theoretical brsis for the program.

The model was also run to simulate the maximum
Qi adient pessihle during the cooldown.

The meche~ical properties of the conductor were
ohtained by 1twn means. The radisl modulus was
determined by ratioing values obtained from a sample
conductor which was tested in coumpression. The hoop
awodulus was calculated by consigering the modulus
proportional to the copper-Superconductor area modulus
product. In addition, the calculations were repeited
assuming the hoop modulus to he low. !n qeneral, the
stresses ar> higher when the conductor strands carry
no 1oed and these are reported in this paner,

The STANSOL model was used to calcvlate the amount of
jrelcad necessary to maintain the windinn pact in a
state of radial compression. This preload wds fron
&,000 tu 10,000 1bs.

The resulting stresses for each load case hds heen
calculated. fiqures 0 shows the conductor mandrel
stress under two load conditions. These cases rejre-
sent the load which exists when the cCurreat in $h
coil  is on (preload-magnetic-thermel) and off
(preload-thermal).  The difference in the levels 1ndi-
cate the change 1n stress State during pulsing. Ay
cdan be ohsprved from the rurves, the maximum hnop
stress tn the conductor mandrel is approximately
40,000 psi.  This 15 well within the limits,

L /(PH!LOAD MAGNETIC
30 - THE RMAL
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m
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Since there is a difference in tension in each turn of
the winding, shear stresses are carried throughout the
pancake. These shear stresses wrre computed by the
method given in Reference 6. and are plottea in
Figure 7. It was concluded that with 10,000 1b
winding tension, no separation of the radial turns
will occur during magnetic loading. By comparing the
shear load which must be transmitted to that available
from the radial pressure and using even a modest
friction factor (€0.1) sufficient radial load exists
io maintain radial tightness. Thic also minimizes
losses from mechanical hysteresis.

0
LEGEND:
50 — O PRELOAD - THRM

[0 "RELOAD ~ THRM-MAG

TURNS

FIGURE 7 SHEAR STRESS IN THE WINDING DURING OPERATION

The displacement of the winding pack has also been
calculated and 15 shown in Figure B8 for the two )oad
cases. The drfference between the two curves indi-
cates the displacement the winding undergoes during
pulsing. This 15 approximately 0.02 inches at the
outer riameter and 0.025 inches at the inner
surface. This is considered small in view of the
forces 1nvolved, i.e. 2,000 1bh/in. radial force at the
1.0,

0.0
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FIGURNT 8 WINDING DISPLACT MENT

The stresses in the 20 MJ structure were calculat-d
using the axisymmetric finite element model
(Reference B8). Constant strain quadrilaterals were
used in the model. The ventilation channels cdestroy
the axisymmetric nature of the plates and cylinders,
therefore, at these locations plane stress elements
were used. The model contained 2,114 finite elements
and 2,373 nodal points. The finite element model was
primarily used to analyze stresses and deflections du~
to axial forces. The radial loads were added for
completeness. The model was also used to finalize the
necessary bolting pressures, by requiring that all the
cylinder-plate interfaces be in axial compression when
the magnetic loads were applied. The tota) axial
loads per plate are given in Table 4.

TABLE 4 AXIAL LOADING

PLATL DIST FROM CENTEALINE (INCHES) LOAD (POUNDS!

1 148 -1). oal
2 oy ~4M 280
3 e —801 187
[ »1 ~1 450 a8

TOYAL LDOAD SYMME YAIC ARQUY COIL CENTERLINE -2921471 LB

The results of the analysis ndicated tha! the
stresses are acceptable. Maximum stresses 1 the
u-10CR plates is approximately 10,000 psi.  The cen-
tral support strar 1s compressed to =56,000 pe,

The corl 15 capable of operating 100,000 cycles 1n g
full bipotar mode with a 10 second hold time withegt
deyrading 1ts performance. Duraing tins operation, the
coil s subjected to stresses 1n the stainless steel
mandrel, coi! former and axi4l support plates, beth
mean and alternating,  The Loodman diaarar was used o
calculate the effect of mean stresses on fatique i fe,

Linggr fracture mechanicy, analycry wore glco per fro -ad
to develop tnspection criterya to assure that no
defects will prapnaate to satlure durimg the appraf sng
Tifet e, Several flaw tybes were aoalyled aat' o
anpmgr vt ial flaw 120 ot (147 anghen gptpreceg
for the namdrel, tratical
vanne of 1.h 1nches,

flaw si17en were 10 g

CONCT USTONS

The cverall corl desion mpets or excerds all the per
tormance requirements. The design also rovides the
canfidence 'n apphicatinn of superconductivity g
Tokamak reactors. The Structural analysis shows *hat
enough structure 18 rovided to withstand the |oreng
force and the drsign concept minimizes the conductor
motion durtng coll  ensrqQization. The  design a1y
scalable tu an [T1 s12e obmic heating system beracse
of modular construction and other devion features,
“uth as independent cooling of individua) pancakey and
the conductur suppart congcept.
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