Materials and Cost Analysis of Constant-Tension
Magnet Windings for Tokamak Reactors

W.C. Young and R.W. Boom

September 1972

UWFDM-27

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



Materials and Cost Analysis of
Constant-Tension Magnet Windings for
Tokamak Reactors

W.C. Young and R.W. Boom

Fusion Technology Institute
University of Wisconsin
1500 Engineering Drive

Madison, WI 53706

http://fti.neep.wisc.edu

September 1972

UWFDM-27


http://fti.neep.wisc.edu/

MATERIALS AND COST ANALYSIS OF
CONSTANT-TENSION MAGNET WINDINGS FOR TOKAMAK REACTORS
(Prescented at Fourth International Magnet
Conference, Brookhaven, September 1972)

by ' *

W. C. Young and R. W. Boom

[ 4

September 1972

FDM 27

University of Wisconsin

These FDM's are preliminary and informal and as such may con-
tain errors not yet eliminated. They are for private circula-
tion only and are not to be further transmitted without consent

of the authors and major professor.



MATERIALS AND COST ANALYSIS

CONSTANT-TEENSION MAGNET WINDINGS FOR TOKAMAK l’tl",/"\(f'l‘OI'lSl'l

W. C. Young and R. W. Hoom
Engincering Mcchanics and Nuclear ¥anpinecering Departments
. University of Wisconsin, Madison

Abstract

The successful design of a tokamak fusion
reactor for economie power peneration depends
to a groat extent on the costu assoclated with the
magnots roquived to develop the magnetic ficlds,
In this paper ewnphasis is placed on the design of
conatant-tension coils in which mechanical and
electrical stability are enhanced by keeping the
material stresses clastic, The numerical
analysis techniques used are described and the
deslgn cutves, cost analyses and material re-
quiremints are presented for a magnet design
for a 1000 MW electrical reactor, The toroidal
magnets require approximately 15, 000 tons of
steel and copper.

One of the key problems in eventually attain-
ing & commmercially feasible fusion reactor is to
design nn ceconomicnl Huperconducting contain-
mont moagnet,  The University of Wisconsin
foaribllity niudy has consldered the tokawmak
system in which the sauperconducting maguet s
a very large toroid, 12,9 m major rodius and
5 m minor radius,  The blasket, shield, walls
and gupports leave a free and clear region
approximately 2.5 m In radtus for the plasma,
If the central field 18 5,148 tesla then a self con-
siatent opmmﬂn&zpolm at 1000 MW electrical
seems ponnible, .

Two torofdal eross sections are possible:

(1) a circular cross-section with external re-
Inforcement rings to resist bending and (2) a
" " N

D" sheped magnet which provides a constant
tennion winding region without external rings.
Lubell® has designed a torotdal system based on
the circular eross-section and has presented
relations for extrapolation in size and field with-
In the operating field reglion of NbTH, Iite? has
suggested the use of constant tenalon toroids and
hag outlined some of the desipn considerations,
We at Wirtconsin are deslgning our first reactor
with "D'" uections in order to provide extra
space nbove and below the eirculur platina-
shield -blanhet region In which to place vacuum
pumps audl diverters for inwanted particles,
Frequent uie 18 made of denlgns introduced by
Purcell and Deaportes” for the NAL bubble
chamboer magnet. In this paper we consider the
magnet only, not the total system, and cmpha-
Alze the desym cholees and reagona for those

‘Thin work was supported by grants from
Northern States Power Co,, the Wisconsin
Electric Utllities Resncarch 1Foundation and the
U. 8. Atomic Energy Commission, ‘

cholees particulurly for streds levels, con-
ductor operation, and materials costs. We
resirlet our study to maximum fields below
8.6 tesla, the upper useable ficld for NbTL.

1I. §trvssz~Straln Problems

A basic consideration which entered into the
magnet desipn was that the stresses and strains
in the copper of a composite copper-NbTi con-
ductor must in no way ever compromise the
stability of the superconductive windings. This
consideration can be assured if a maximum
deslgn stress in the copper is taken as 12, 000
psi.6 Then copper will not yield or plastically
deform beyond ¢ = 0.001. In most large
magnets the magnetic load is shared between
the copper and interleaved stainless steel. A
low stress level in the copper will therefore
keep the stress level in the stainless steel quite
low aince both metals suffer the same clongation.
Such n sltuation results in very poor use of the
steel wiose stress level could never exceed
24, 000 psi. To avoid excessive amounts of
atecl these stress limlts meake it mandatory that
the copper be prestressed into compression
during assembly. 1f prestressing allows copper
to cxperience a stress change of 24, 000 psi and
steel 48, 000 psi during magnetic loading then
obvious reductions in material follow. Pre-
stresaing can be accomplished by using solid
steel forma which are held in tension during
winding.

A second styress problem of major concern {s
the radial besrin stress on the insulation used
between the cop o v and stainless steel. In the
inner portion o . "'D' shaped magnet, for
example, the conductors are straight and in-
sulation stresses hecome of prime importance
in choosing coe design over another. Solid
steel former @ with grooves for the copper con-
ductor avold pressure accumulation on the in-
sulation.

1. Superconductor Conslderations

The NbLTL superconductor in copper is sized
to carrey the total design current at 5. 2K, The
copper will be cooled so that no superconductor
filament temperature can ever exceed 5. 2K for
either of two cases: (1) all the current ig in the
copper or {2) one half the current is carrvied by
the superconductor while part inlly resistiva.
As Purcell® points out this second case corre-
sponds to maximum power penerated in the
filaments and determines the number of fila-



ments required 1o ensure smooth current shar-
ing wlth temperatures kept below a chosen
limlt. We nelect heve n 0,4 W/cm:f surface
heat transfer o 4. 2 Hquid helium with a
copper surface temperature 4.7 K, The copper
at the fitnment location will not exceed 4. 95K
{for cither cane), and the flinments will not
exceed H 2K, Under, these conditions

i * 1.5 %x10% AJcme can be used at 8,58 tesla.

tn Fijt. 1 we have estimated eritical currents
for NLTI at three different temperatures, The
curves are composite idealized desipn curves
using an alloy in each field reglon which has
the highest current density at 4. 2K, 7.8 The
higher temperature curves result from extra-
polations using Hampshire's?) mcasurcments of
j ve 14 and ‘T for the Nb-41 w/o Ti system.
The nmount of supcrconductor required is
minimized by using anly the cross-section re-
qulred necording to the 5. 2K curve in Fig. 1.
This fit 10 made to the maximum fields per
turn which arce assumed to decreane lincarly toi
2ero nway from the moxumum fleld at the cen-
tral median plane of a toroid.
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*ig. 1. Optimum design currents.

ldpe coolin, maly on one edie will be used
for the comporite copper: superconductor so
thit the conducter can be firmly epoxied into
the prooves in the ktainiess s cel disen.  This
procesure dictotes that the conductor grooves
should be fatrly shallow since copper too far
from the coollng surface will not be adequately
cooled and therefore of less value. For this
first exnmple we choosce a stainless steel disc
which 18 5 em in thickneas nnd grooved from
both sldes to form a double pancake. Superv-
conductor filaments will be poaitioned in the
copper matrix within 0.5 em {rom the cooled
surface and that locaticn will be held less than
4. 95 K as mentioned above. The two thermal
conditions which are satisficd are (1) the total
stabillty criteria which is set at 0.4 watts/em
when all the current is in the copper and (2) the
temperature profile within the copper shall be
guch that the superconductor filament location
is alwuysa colder than 4.95K. In establishing
these limits we use:

|

p = 1078 (1 +0.455 B .LCm o
K * 0.6 (rrEET) TR 2

for copper resistivity and thermal conductlivity
where T 18 ln deprees K and B in tesla.
Equation (1) appliea to high conductivity copper
which has been stress cycled several times®”
and Eq. (2) is obtained by assuming that k is
equal to 2.5 W/emK at 4. 2K in zero field and
by assuming that for small temperature excur-
sions kecT/p. WIth theae equations we get
the usual results

L ‘/;-;ﬂ-_‘ em/A (3)

c
and
Thy - 12+ 1.67x 108 52 p%2n_x-x%) (4)
where
w = cdpge cooled width, .cm
1 = current, A
q = 0.4 \\’/vmz, surface heat transfer
hc = copper depth, cm -
X = dlstance from copper surface, cm
T(x) = temperatureat x, K
T, = copper surface temperature, K
j = current density, A/cm2
Ifh_ = 2 cm then w/l in determined from

Eq.cﬁ below 7. 8 tesla and by Eq. 4 between

~7.8 and 8,6 tesla. A simple form for w/l



which watintles both ¥q, 3and 4 forh_ = 2 em
and T - To®0.25K at x = 0,5cm o ©

w/l e Lax 107 (i oaesmem/a (5)

Instend If wois to be conutant then we get for
w o ® 2, 46cm

hc/l 4.0x10 5(I+0.4G(in) em/fA (6)
which was the form chosen for detalled destgn
since 2 more shatlow conductor is better cooled
and usea lesn copper. Using elther 129, (8) or
(6) the copper will be minimized by the indicated
lHnear taper,

IV. Design-Mechanieal

The need for space for particle diverters

tnside the toroidal fleld magnet led to the choice |

of the constant tenston "D shaped toroidal mag-
net deserlbed {n this paper. 1t should be re-
called that Iir = constant for a torold, where
B (8 the local ficld and r 18 measured from the

~— COOLING PASSAGES

(A) (B

ig. 2. Pancoake designa,

)

ma jor sxiy and that the tenafon in a curved con-
ducior lu T BT, where B ois the applicd
fiadd, T ihe current sod B othe vadivg of cuvva-
ture.  Then the rationalis for the conotrnt tension
destpn Lo alinply to match the radiug of curva-
ture at any point along the conductor to the
magnetic {teld at the same polnt such that the
total tensile force {n the conductor remains a
constant, \While this implies a conatnat average
stress in the conductor, if the cross-section re-
maing constant, {t docs not fiply a constant
value of the maximum eitress Ina piven cross-
section. An examination of the formula for
maximum hoop stress in a thick-walled cylinder
under internal pressure p

a3+ 8y
Py
a2 74

(7N

13

h

shows the dependence of ‘hoop stress on the ratio
of the external radius a, to the internal radius

nl.

STAINLESS
STEEL



The thick-walled eviinder formuln, while
adequate to tndileate dependency on the ratio
a2/ap cannot be uned directly for the non-
lrotroplc and non-homoyencous ntructure being
dealgned,

Three bagic conductor deslpng were con-
sldered in detail all of whieh were based on
magnet cojln constructed by stacking {ndividual
pancaken.? The flrst dectin (sce Fig, 2a) used
interleaved stainless etecl bands and face cooled
copper banda such es the NAL conductor.® The
second {see Fig., 2b) conafdered interleaved
copper and stainlesa aleel with edpe coollng nnd
the third and ultimately choncen design conslsted
of a "D shaped forred atainless steel pancake
with upiral proovan ot constont width and vary-
Ing depth on cuch face tnto which the copper
conductor will bo tngerted and honded with
flborgluss reinforced epoxy as Insulation (see
Flg. 2¢), “

All the deslgnp were carried out ln the
following steps,

(r) A stmple finlte element analyats treated
the equitibrium and compatability of each
layer of copper, Insulation and stalnless
atoel tn a eylindrical geometiry, The alx
equations developed for each layer re-
lated the following,

. Faullibrium of a layer of copper
under the Internal and external radial
preagures from the stulnless steel
layers pressing throuph the inaula-
tlon, from the magnctic body forces
on the conductor and {rom the re-
sultingr hoop or circumferential
sitrensen {n the copper.

2. A stmiilor equilibrivm 'equntlon for a
layer of statnless steel.

3. Relationnhip hetween radial dis-
plncenent of a copper layer to the
radiel and clreumferential strenscs
In the copper. .

4. A stmilar expresslon for a ateel
layer,

5. A compotebillty expression relating
the radial d{splacementa of adjacent
stecl and copper to the thickness
changes from the center of n copper
layer, through the cooling lugs uscd
In the face cooled deuign, through the
Inrulation and to the center of the
next outer steel layer.

6. A slmilar expresston from the center
of a 6lecl layer to the center of the
next outer copper layer.

The output gave the hoop wtresses (n each Inyer
of copper und atecl, the radinl stress tn ench

Inyer of inculatton and the radial displacement
of ¢cach loyer.

Thia nieelvids waos enrrled out for a varlety of
pancnkes in which the followling vartables were
considercd,

\

1. Ratio of total conductor thickness to
inside radius.

2. Volume fraction of copper, stainless
steel and insulation,

3. Linear tapcrs in copper thickness.

4. Linear tapers in stalnless steel thick-
ness.

5. Varying sizes of cooling passages for
the face cooled conductors.

6. The addition of an outer reluforcing band
of stainleas steel.

With so mnny variables no purpose would be
gerved trylng to show all of the interrelated
effcetn but & few slgnlticant facts are worth
noting. All of the following comments assume
a constant field on the inglde of the cylinder and
a conntant product of current flow and number of
turns In a pancake.

1. The maximum copper stress varies
linearly with the ratlo a, /t wherce a, is
the inside radius and t i‘he coil
thickness, oyer the range of a, /t from
one upward.

2, If a given amount of stalnless steel is to
"be used, the mnxinium stress in the
copper {8 reduned {f the greater amount
- of s{eel {8 used near the inside where the
- flelds are the largeast.

3,  The maximum copper stresses are in-
creansed by the redial aoftness created hy

decnor o Yinge lups in the face coolerd
denig, Hicker thsulation or as aoted
n 2 ot « by pleelng the steel more to

the out: tde,

(b) From L« autyput of sectlon (a) just
degeyvh od, desirn eurves were fitted to
relate the maximum copper stress, maxi-
mum {naulation pressure, total circum-
ferential load and volume fractions of
meaterials to the varlablea in the several
destgns, A numerleal analysis then com-
putcd the precise shape and alze as well
ng the quantities of materials required
in order to produce '"'N'" shaped magnets
with the required clear space tnside to
accommodate the diverter and associated
pumping equipment.

The nuimerical annlysis started at the
outslde of the mapgnot with a given design
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atress in the copper, a glven vadius of
curvature of the inside surface of the
magnet, o piven thickness for a gingle
Pnncake, the required copper dimen-
3inne to assure proper cooling and a
zlven distribution of stainless steel in
the pancake. With this informatlon and
the desipn curves, a total pancake width
is determined as well as the total cir-
cumferemtial lond, With the circum-
ferentinl load and the total wldth now
held congtant, new radii of curvature are
calculated to match the changing magnetic
ficlds. The radil of curvature are of
course uned to determine the magnet
shape which permita the correct flelds
to he calculated, .

When this incrementnl procedure indi-
catcs that the inside dimension of the
torus had been reached, a straipht
vertical section lg added to complete

the desfpn, The printout glves the co-
ordinates of the discrete polnts calcu-
Iated for the magnet shape as well as the
maximum copper and ingulation stresscs.

The unbalanced radlally inward magnetle
londing on cach pancake {3 resisted hy
providing a thick-walled cylinder in-
terior to the tovoidnl windings. A final
choice of material for this cylinder will
depend upon factors involving the anay-
netle progeamming of the polotdal fields
80 that stainless steel was arvbitrarily
chosen and 60, 000 psi uxed as a maxi-
mum compresasive stress ln the design.

-

V. Deslen Details and Comparisens

Fipure 3 shows the ohape and dimensions of
the pancake chasen for the most economical
design consldered to date. In this design the
maximum stresscs calculated for magnetic
loading as well as the prestress values pro-
posed and the thermal stresses duc to cool
down from room temperature to 4.2 K are
shown below, For steel and copper the modull
of elastlcity used were 30 x 10Y and 15 x 10

psi and Poisson’s ratios were taken as 0.30

and 0. 35 reapectively.

TABLE I, Maximum Stresses

Loading Copper S.S.
psi psl
Prestress -12, 000 6, 000
Cool Down 3, 600 -1, 800
Magnetic 20, 400 40.‘800
Total 12,000 45, 000

The maximum insulation pressure was found to
he 611 psi.

A study of the stability of the individual steel
pancakes under loading necessary In produce the
prestress for copper winding shows a need for
clamplng the outer cdge while the inner cdge (8
loaded radially. Constderation of stability
also indlicates that the 0.46 meter wall thickness
of the inner core under an average external

DIVERTER, COLLEZTOR
AND PUMPING REGIGNM

MAGNET
PANCAKE WINDING

8.93m

3,

Toroldal magnet cross acctlon.




Mg, 4. Detailg or winding stabilized Nhi Superconductors into stainless steel pancake.

4
prefsure of 4, 260 put is not sufficlent to prevent
buckling g0 a vibbed degign will be required but
the added materials for the ribs will be compen-
sated for by a reduction in {he general wall
thickness,

A lsting of advantapges and disadvantages of
the three pancake deslgng shown in Fig, 2 In-
cludes the following more important factors,

1. Prestressing (a possible only with the
deslgn using the solid stalnless steel
pancake or disc,

2. No interpancake electrical conncctions
five necessary on the inside with the
solid pancake design and the exteraal
clectrical connections ape extremely
short and carily made, See Fipg, 4,

3. iInternal heating due to relative mution of
conductors and retnforcement should be
minimized in (he solld bancake design.

4. . Bolting theowth the pancakes to assemble
them into a mapnet iy pogsible only with
the solid pancake design,

8. Compressive stregsen in the insulation
are lowest (o the aolid pancake design,
Insulation stresses were found to be as
high as 8, 000 psi in design (b) and 24, 000
pel in design (a).

6.  While the best cooling is possible with
design (a) it must be noted that this
advantage is somewhat reduced when
the magnets are used in a vertical
position and the coolant channels become
horizontal,

7. Coolant channels between pancakes are

. more stable in size and shape for the
solid pancake design due to the bonding
of the conductors,

8.  Althouph winding techniques are well
documcated for designs (n) and (b) and
the fo. ging and/or muachining costs are
unknou . for the solid pancalke design,
the immense slze of this construction
makes accurate cost analyses of all of
the designs very difficult.

V1. Specifications

Twelve separate magnets will be arranged in
a torous. The total atored energy is approxi-
mately 1.3 x 1011, 17 connceted in series the
Inductance is approximately 2600 H at 9980 A,
A magnet consists of 42 diacs each § cm thick
separated from cach other Ly 0.635 cm micarta
apacers to allow for edge cooling. The stack is
compressed by aluminum alloy bolts which are
prestressed mechanically and by differential
thermal contraction so that magnetic forces
cannot completely relieve the tension. 2 Fach
disc has 32 turns on each side with the 64 turns



double wound from a sinpgle lengdh of conductor,
A single conductor for a double pancake is

3080 m long and tahers from 2,55 x 0.4 em at
cach end to 2,565 w2 ¢m at the center and weighs
#410 ke The NB filaoments will be twisted 1
turn per fiv in ovder 1o limit eirculating current
decay times 10 about | minute. ® The conductor
dissipates 1,02 W/em  with all the current {n
the copper and 0. 51 W/em with haif the current
Jin the copper and the other half in the NbhT.
Therefore there must he at least 41 filaments to
linit the ftlament temperature to 5, 2K and to
ensure currvent sharving. 1f the NbTi is ideally
tapered from 0 to 8, 677, for example 0.0147 em?2
nt N0, 0,0526cm? at 13 = 4°T and 0. 667 em?
at B 8.6°7, then we require 208 k{1 per con-
ductor of which 97 kyt {5 required to provide the
last fenln.  The stninlens steel diae will weiph
15,000 kg.

Estimates for the mapnet material follow,

TARI G, Magnet Materials Fstimates

Weipht Coxst Totals
100 1y, $/1b.  s$i10®
{. NbLTi 0,23 15,00 3.5
2. Copper 0.72 1.00 0.7
3. Fabrication : 1.50 1.4
ofl and 2 -
4. Copper 8.4 1.50 12.6
Stabilizer
5. (Conductor) (9. 35) (1.95) (18,2)
G, 304 8§ 16,7 2.00 33.4
Formers
7. Winding and 26.0 1,00 26,0
Assembly »
8. Central Core 3.5 2.00 7.0
. Total 20.5 (2.90) 84.6

The present NP cost for 2 inch rods is
ahout 27%/1b. Tor smudl production quantities, 7
A near tevm optimistic projection at 15$/1b. iy
taken, while Powel) predicts an eventual best
price of 6,505/ib. Hem 2 includes enough
copper to procesy a 2:1 Cu to Nb'Li conductor;
the copper cout at 1§/1b. is taken for a drilled
biNet, The fabrication cost for 109 1y, of
compnslte conductor at 1, 58/1h, includes all
extruslon, drawing, rolling and heat treatment
steps and is approximately 1/3 present day

costa.  The cont for asuembled copper stabtlizer

at 1,068/1h, scems realistic compared 1o recent
cauivalent costs for soldered conductors at
3/, and the bune cost tor copper, The ateel
cont for a large (orging 40 11, x 60 ft. with
grooves has not heen properly estimated; how-
ever 25/1b, must be w lower price lmit,

An analysis of the costs show that the struc-
ture cost {s dominant.  Replacing copper by
wluminum, for exanmple, will probably save

very little cost sinrte more cteel will be reguired
to absorb the stress. Alihough the ste el cost is
larpely unknown one contd expect that for

$33 x 10" an efficlent process could be developed.
The other costs arve based on firmer evidence and
experlence.

VII. Conclusions

—
.

Overly optimistic conclusions regarding the
cont of larpe superconducting mapnets for
tokamok fusion reactors should be examined
very carcfully from the standpoint of the
permirgihle stress in the system.

2.  Additional research tnto the physical and
electrical properties of the conductor
materiala under cyclic loading must be
undertaken to obtaln improved data.,

3. This paper rcports on a non-optimized
degign. According to Levy'“ the minimum
amount of structure required to hold to-
gother a 1.3 x 1011 J magnet is about
1.5 x 107 1b. while we bave uscd 2. 9x 107
Ib. Torolds are never efficient in this
repard but improvements could be expected
particularly if higher stress levels are
achieved. Further studies should be made
into such possibilities as tapering the con-
ductor on both width and thickness and
tapering the thickness of the groeved steel
pancake form to produce magnets with
trapezoldal cross scctions.

4. Conslderation mlght also be glven to replac-
Ing the stainless steel by an aluminum alloy.

5. An obvious long range poal i{s to develop
structural materials which can be pur-
chaged, formed, and asgembled for less
than 28/1b.

6. In comparison with Lubell's3 more complete
destpn ad cost analysis we note that the
ttema ipnoved in the Wisconsin design
account for 10 percent of Lubell's costs
and theretos o that our $85 x 106 + 10 per-
cent shoul! v compared vith his $70 x 107
for aimilav *orvoids,  Hig system stores only
4 x 1010 L at todny's superconductor
prices. -

7.  Finally the cost per kW seems to be toler-
able; the above costs account for 85%/kw
which {8 less than 200 $§/kW for present
gencrating plants.
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