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J. W, Lue and J. N. Luton

ABSTRACT

A refined design of the torotdal ficld (TF) coil
system for the Oak Ridse Tokamak Experimental Power
reactor (EPR) study Is presented. This design is
based on cable conducter cooled by force~flow super-
critical heliun. It uses superconducting multi-
filamentary KbsSn for a maximum design field of 11 T
at the coil windings, A hybrid system which uses NbT{
at low field repions is reconmended. The coil structure
consists of stainless steel sepments welded together to
form a continuous stiff honeycomb. Conductor optimiza~
tion and stability analysis specifically applicable to
the forced-flow cooled conductors are given,

I. INTRODUCTION

The scoping studies of the Oak Ridge EPR design
team have resulted in the reco:zmendation of a Reference
Design,' which embodies advanced desifn cencepts as
well as traditional methods with thwe air of obtaining a
system that neets the various requirements. The goal
has been achievement of a workable design rather than an
optimized one. This paper describes the evaluation of
the critical design features and the refining work on
the TF co1l system, Parametric studies, sensitivity
checks, and detailed calculations were made, ® and
attention has been raid to the self-consistency and
the extrapolatability of the system to larger demonstra-
tion and commercial power reactors. Special attenction
has also been given to the optimization and stability
analysis of the forced-flow conductors used in the
present design.

II. COIL SHAPE EVALUATION

After consideration of the factors of support
structure cost, fabrication difficalties, and out-of-
‘plane pulsed field loads, an oval shape was chosen
for the TF coil in the original ORNL EPR Reference
Design. A recent study by Moses and Young® hrs refined
the 1/R toroidal field variation and derived an
analytic expression for mapnetic forces which takes
into account the finite number of coils and the finite
coil crouss section. This expression is used to evaluate
the oval coil shape. 1t is found that with a small
curvature modification, the oval shape has a constant
tension over 75% of its circumference. By fixing the
maximum height and the outermost point, a constant
tension is found to bend invards short of the innermost
point. A smooth curve is drawn between the bending

.and innermost poiuts to complete the coil. This com-

pleted coil is shown in Fig. 1 together with a constant
tersion D-shape which has the same horizontal diameter.
The D-shape produzes 605 higher centering force and 28%
higher stored wagnetic energy than the oval shape.
Furthermore, the taller D-shaped coil will be subjected
te a larger flipping torque® by the out-of-plane

pulsed firld lpads. It will alsa increase the ampere~
turn requirements of the poloidal field coils., because
a taller ohmic heatiug solenoid is necded. Therefore,
the oval shape, which can be termed a modified D, is
still judged to be a viable concept.
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Fig. 1. Comparison of a constant tension D-shape to an
oval shape for the TF coils. The dashed line shows the
deviatiuvs of the oval shape from a constant tensior D-
shape. From this line out the oval shape has a constant
tension.

IITI. COIL WINDING

The coil design is based on a bundled-cable
conductor housed in a helium-tight jacket (aluminum
alloy or stainless steel conduit), and cooled by forced~
flow supercritical helium.“ Because of the concern
about possible strand motion inside the conduir, maxi-
mum cable size is set for a conductor current of 20 KA.
Significant advantages can be obtained by winding
several conductors im parallel. Aside from electrical
(lower discharge voltage) and cooling (shorter cecoling
pathlength) advantages, multiple conductors wound in
parallel reduce winding time and the amount of welding.
Winding four conductor conduits in parallel and enclos-
ing them in structural segments, as shown in Fig. 2,
can result in consfderable savings in time and cost.

As the conductors are laid into position, stainless
steel segments having an L-shaped cross section are
pressed over the conductors and laser-welded into rlace,
Additional welds are made across each sepment, joining
it to the previous segment. Grooves across the surface
of the L-shaped structural segment are provided for
auxiliary cooling and pre-cooling. Alterratively, the
conductor conduit corners can be rounded if this poses
no mechanical problems. .
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Fig. 2. Cross section of a partiaily wound TF coil.

It 1s desirable to grade the conductor in such a
way that less expensive NbTi can be used in low-field
reglons, a technique which will also lower the ac
losses (see Sect. VI). On the other hand, technology
requires that splices should be kept to a minimum in a
superconducting coil. These objectives can best be
obtained by layer winding. A sizadle saving in the
pumping power can also be realized in the layer-wound
scheme, as discussed in Sect. V. The mutual inductance
difference in the layer arrangement of the conductors
are small enough that the current imhaldance between the
conductor cables is negligible (<0.1%). Laser welding
1s chosen because the beam does not generate damaging
heat to the insulation, it can be transmitted and
focused from a distance, and it can be accurately aimed
at a target. A fabricating pressure wheel holds the
segments firmly in place while welding. Conductors must
be sufficiently snug after welding to prevent movement
when the coil is energized. The resulting honeycomb
cross section is structurally robust and only a thin
bobbin jacket is added to the completed coil as a
secondary enclosure.

JIV. CONDUCTOR DESIGN

It has been shown® that a cryostabilized conductor
with current density up to 6000 A/cm® can be achieved
in a bundled-cable conductor cooled by forced-flow
supereritical helium. The large cooling surface arcas
of the small-diameter strands, plus a sufiiciently high
pressure drop to obtain moderate heat transfer
coefficients, allow high stability limits. Recently,
L. Dresner® found that it is possible to optinize these
forced-flow cooled superconductors by varying the
copper~to-superconductor ratio and/or the metal-to-
helfum ratio. [or a given stability lcvel, the pres~
sute drop and pumping power may be substantially
reduced by optimization,

Whether or mot the superconductor van recover
after a sudden temperature tise depends on a compli-
cated competition between heat transfer from the metal
to the helium and production of Joule heat in the metal.
Each of these depends in turn on the cooled perimeter
of the metal, the heat transfer coefficient, the helium
inventory, the metal fraction, the normal conductor
fraction of the metal, the normal conductor vesistive
ity, and the current dersity, Furthermore, rec-wery
occurs when the temperature falls te the current-sharing
threshold, which depends on :he current, the bath
temperature, and tie magnetic fields. With a given set
of thcse parameter:, it is possible to calculate the
limiting heat {nput per unit volure of metal, Alt , which
can be deposited suddenly and uniforuly over the'entire

length of the conductor and still allow it to recover
the superconducting state. One way of optimizéng the
conductor is to vary the parameters to obtain a max-
imym AH_ with the minimum amount of required pumping
pover.

Figure 3 plots an exauple of the limit of sudden
heat input, AH_, from which the conductor can still
recover to fts superconducting state as a function of
the normai metal (Cu) fraction, ¥_, of the conductor,
Starting with circular strands arranged in concentric
layers in the conduit, the metal occupies about 767
(F_) of the cable space. One can change this percent=~
aggoby fluting grooves on the strands, as shown by the
different F__ values., For each F__, AHq goes throuzh
a maximum as a function of Fn. This mafimum first
increases as F__ decreases and then decreases. Therc-
fore, dependinﬁoon the temperature, field, current
density, and the operating heat transfer coefficient,
h, there are optimum choices for both F o and Fn.

Also shown in the fipure is a triplex sfrand coufigura-
tion case, i.e., a strand which consists of three wires
twisted together, which indicates a better margin of
stability than the fluted strands. We have therefore
chosen the triplex as the strand configuration. An
additional advantage of this configuration is that one
can make the triplex from two supereconducting compusite
wires plus a normal metal (Cu or Al) wire to easc the
manufacturing process. An aluminum wire would be a
better choice for the stabilizer because of its higher
conductivity at helium temperature and lower magneto-
resistance. Since the technical compatibility of
aluminum wire with superconducting wires has not been
determined, our analysis was based on copper stabilizer.
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Fig. 3. Sudden heat fnput stability limit for f{luted

and triplex strand configuratjons. Feo = conductor
(metal) fraction of the cable space, Fp = normal
metal {copper) fraction of the conducior.

V. STABILLITY AND PUMPING POWER

The stability of a forced-flow conducioy depends
not only on the configuration of the cable but also
largely on how {t is operated, particularly on the
velocity of the helium flow and thus the amount of
pumping power reoquived. Figure 4 shows the functional
deperndence of Aua on the pumping power, PP' at a given
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Fig. 4. Temperature variation of the sudden heat

inpur liuit dependence on the required pumping power.

ficld for different temperaturss. Fipure 5 chows the
sanc dependence at 3 given tesperature for differers
ficlds. A common feature of these curves §5 that
although Mg fncreases monotonically as ¥, inrreases,
it satarates fairly quickly. larpe varfaticn of o,
occurs only In a range of Py, less than an erdur of
magnitude, above that which corresponds 1o ralse the
copductor temperature to the supercunducting critical
temperature.  One can thus linft the pumping powver (and
the hetdum flow velocisy) to a value close to the top
of thir vapid variation rangc, witiout losfap the
stability capability of the conductor.
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Fig. 5. Ficld wvariation of the sudden heat fnpue limic

dependence on the required pumping power.  Locacdons of
some Reynold®s numbier, ke, and hel fun veloeities, v,
are indicated.

Flgure & also shows that lowvering che bath
temperature will generally increase the stabllity
Muit. However, this trend slove down below a eertadn
Jevel. Once the bath temperature is Jow enouih to
achicve a eritical currest corfortably (207) »*wo the
desfpn current, 1t s not BeCeSsITY LY operats - even
Jower tespermiures,  Floure 5 shows sinflar troeds as
the magnetfc ficld decreases,  Inside the mapaet wind=
ing, the (ledd decreases from Che Janer fayer to the
ouler Jayer. A reasonable operation fs te assume a Mg
valge nuear the top of stecp variation for the highest
ffeld and matutaln this A, throughout the coil. The
layer vound arraupement enables us to punp the helium
at lover velocities on successive Javers vith a sub-
stantial saving in pusping pover. As showm in Fip, §
for &H; = 40 ml/ew®, the pumping power required for
B X 9T in less than 2 si/n. This corresponds to a
Reynold's number slightly less than S000. In order to
assure a tutbulent flow and thus the correct heat
teansfer coefficlent wsed dn the analysts, It would be

-

vige to use & pumping power of at least 2.5 sti/n,
Stwilar analysis has been perforsed on the SLTI supor-
canductor ot 6.5 T and below. An average purping sower
of 6.3 g¥/o and an average helium flow velocity of

24 co/scc vore obtalucd and were used for Jater
caleulattons.

Cslculatfons*®® slso indicate that after a sudden
heat input of the amount up to the lizit discusscd
abave, the conductor can recover to its supercondneting
state in teas of atlliscconds. The sudden hest fxpuc
stabilfty limic discucsed so far applies to unprasicge
able heat sourcen such as chase due to flux Sungpie ang
conductor slippage. The slower heat inputs, such o3
those from ac losmes and neutron heatfor, silow tic
halium to reach thormal equilidriun with the couductor
arc subject to another stabiliey 1iait. This eradual
heat dnpur limie, 4li-, 1c the amount of hesy thar ¢
reguired to ralse the tenperature of che helius trlya
the cerducror) to the current-sharing thresield of the
superconductor, It 1s the asyaptotic value of L4, as
Pp approachea fnfinicy, shown in Fig. & and Fin, §.
rﬂn stability linit reflects the churacteriztics of
the Sndividuas conductor and douk ast depend on the
pumpling power. Howover, hecause of the long helisn
path leagth (390 & dn che present dosign), the total
heat vecesved by the belfun In dts transit thrensh the
conduit depends on the hellus flow velocity. It s
thus recorreaded that the mopaet be operated with 3
pusplag pover that pives near-maxfzun Mg at hdsk
ficlds and that acranges che cooling paths to £23¥
comfortably helow s.nn vhen subjected to the anticipated

cperstion power input,
VI. AC LOSSES

The ac losses In the superconducting Posite
wire include hystervais and coupling loss. Tuey depend
on the wire sirze, the superconductor filament flze, she
current densitics, the twise piich, snd the fiels FEH TR
Becaure the pulse ficlde have components both PeYPen-
dicular snd paralicl to the conduccor, it Is found
that an optimws chofee of fflazent tuisg pleeh oxizts.
Figure 6 chovs the contridbution of the twa cozponentr
as functfons of cho tuist pitch parazerer, y,. Ihe
loss due to poerpondicular pulse {icid decreascs with
eighter wwist,® ville that due to parallel pulse ficld
increases.” Thus, depending on the velative field
p:ll: valucs, one can find optimum values for the twfst
piteh.
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Fig. 6. Hysteresis and coupling losses in the super-
comduct tup wire. Bath the functional dependeuce on
the teist piteh parateter, y., and the 1inmiting

cquat ions arc shown on this graph,
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. The total ac losa 1n the suporcondusting wive 1o
calculated by sultiplyldng 3 Crannport curfent $hcresont
facrer, {1+ {8,209 to tho nus of hystervnis and
coupling losu, Ihis product plus Lhe &3y current
lIoases In the capper wire and in tha sluntows-altoy
conduit plves the total ac lozs in the conducter
condudt, With 3 pulae flcld companont of H, v 3“ .
0.05 Tleoe for § soconds cvery 150 wecunds, the
average ac fosnes da the condult are cutizated to W
0.6 ki fur the 22 colls. Betause of tho continuous
codl structure, the eddy currone loss &a hizh. The
cddy current loxs §n the stataless otoel structure is
averaptd to abeut 0.9 ki, sore than tulee that lo the
conductor conduil.

Vi1, SUMMARY OF THE TF COILS

The analysts discusscd above has led o a refine-
went of the 71 call dosign shunn o Fip, 7. Each of
the 20 3F coils Bas an owal stupe «ith a vertical bore
of 9.7 o and a barlzontal bore of 7.5 n, The coil
structure i% 3 dixseibutad stafaloss stoel hakoycord
conptructed by woldlng Lerhiapad secsints togetine.
Four conductar condutis are Jayer=wsand ta parallet to
form & 78 kN current path., There are 9) xteanda (2 2
cadle, arcanged in kix concentrds cbrsion, tvinted In
roverse directions on coanndeutive lavers, Pach stramd
connfate of 3 triplon of 1o guperconducIing caxpasite
virtes and one merrad metal (Cu or ALY wige. Tor an
averape helfun flev velocity af 2o cnfres and pusplng
power of 6,3 eifn, the sudden heat dapue lixlt a2 S K
1% adoot 300 nl/c® of the cable condurtar. §%w
pradual heat fagar Vimis is about 103 sdien’. The
total averane as lensek of the ¥ colls are abwut
1.3 ki, vhile tha total pumphog pever requived In aboug
1.6 &%, Table T suzmarizes the phynieal paranetors of
tha IF colls.
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