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TOROIDAL FIELD COIL SYSTEM OF THE OAK RIDGE EPR REFERENCE DESIGN

J. H. Lue and J. N. Luton+

ABSTRACT

A refined design of the toro1d.il field (TF) coil
system for the 0.1k Ridge Tokaaak Experimental Power
reactor (KPK) study is presented. Tliis design is
based on cable conductor cooled by force-flow super-
critical heliua. It uses superconducting multi-
tilamentary Nb33n for a laaxinum design field of 11 T
at the coil windings. A hybrid system which uses NbTi
at low field regions is reccrraended. Thu coil structure
consists of Malnlcsss steel segncnts 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 recommendation of a Reference
Iiesign,' which embodies advanced design concepts as
Well as traditional methods with the- ai.T of obtaining a
system that meets the various requirements. The goal
has been acbieve-ent of a vorkable desig;i rather than an
optimized one. This psper describes the evaluation of
the critical design features and the refining work on
the TF coil systca. Parametric studies, sensitivity
checks, and detailed calculations were made,1 and
attention has been paid to the self-consistency and
the extrapolatability of the system to larger demonstra-
tion and commercial power reactors. Special attention
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 difficulties, 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 Hoses and Young3 lips refined
the 1/R toroidal field variation and derived an
analytic expression for nafnetic forces which takes
into account the finite number of coils and the finite
coil cross section. This expression is used to evaluate
the oval coil shape. It is found that with a small
curvature modification, the oval shape has a constant
tension over 752 of its circumference. By fixing the
maximum height and the outermost point, a constant
tension is found to bond invards short of the innermost
point. A smooth curve is drawn between the bending
.and innermost points to complete the coil. This com-
pleted coil is shown in Fig. 1 together with a constant
torsion D-shape which has the same horizontal diameter.
The D-shape produces 60S higher centering force and 28Z
higher stored tiagnetic energy than the oval shape.
Furthermore, the taller D-shaped coil will be subjected
to a larger flipping torque* by the out-of-plane
pulsed Hold loads. It will alar, increase the ampore-
turn requirements of the poloidal field coils, because
• taller ohmic heating solenoid is needed. Therefore,
the oval shape, whicli ran be termed a modified D, is
Still Judged to be n viable concept.

Manuscript received August 17, 1976.

Research sponsored by the Energy Research and
Development Administration under contract with
Union Carbide Corporation.

Superconducting Magnet Development Program, Thermo-
nuclear Division, ORNI., Oak RlOgu, IN J7830.

V 'OWL"
VARIATION OF TENSION CONSTANT « U THE WAT CONSTANT FROM V . m OUT

AVERAGE TENSION »IX»*N TCX<0* N
CENTEXIhG FORCE SSOXtO* N / u i l 220X10* N /coil
CIRCUMrEOENCE Ma> 30m
TOTAL ENERGY STOREO 37X10* jouus i > X10* joult»

Fig 1. Comparison of a constant tension D-shape to an
oval shape for the TF coils. The dashed line shows rhe
deviation or the oval shape from a constant tensior. D-
shape. From this line out the oval shape has a constant
tension.

III. COIL WINDING

The coll 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 nation inside the conduit, maxi-
mum cable size is set for a conductor current of 20 kA.
Significant advantages can be obtained by winding
several conductors in parallel. Aside from electrical
(lower discharge voltage) and cooling (shorter cooling
pathlength) advantages, multiple conductors wound ia
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 considerable savings in time and cost.
As the conductors are laid into position, stainless
steel segments having an L-chaped cross section are
pressed over the conductors and lascr-weldod into place.
Additional welds aro made across each segment, joining
it to the previous segment. Grooves across the surface
o? the L-shapcd structural segment are provided for
auxiliary cooling and pre-coollng. Alternatively, the
conductor conduit corners can be rounded i£ this poses
no mechanical problems.
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Fig. 2. Cross section of a partially wound TF coil.

It is desirable to grade the conductor in such a
way that less expensive NbTi can be used in low-field
regions, 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 sizable 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 imbalance between the
conductor cables is negligible (<0.12). Laser welding
Is 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.

IV. CONDUCTOR DESIGN

It has been shown* that a cryostabilized conductor
with current density up to 6000 A/cm2 can be achieved
in a bundled-cable conductor cooled by forced-flow
supercritical helium. The large cooling surface areas
of the small-diaraeter strands, plus a sufficiently high
pressure drop to obtain moderate heat transfer
coefficients, allow high stability limits. Recently,
L. Dresner5 found that it is possible to optimize these
forced-flow cooled superconductors by varying the
copper-to-superconductor ratio and/or the metal-to-
helium ratio. Tjr a given stability level, the pres-
sure drop and pumping power may be substantially
reduced by optimization.

Whether or r.ot the superconductor c.-.n recover
after a sudden temperature rise 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 motal fraction, the normal conductor
fraction of the mttal, the normal conductor icslstiv-
ity, and the current density. Furthermore, recovery
occurs when the temperature falls Co the current-sharing
threshold, which depends on Jie current, the bath
temperature, and tin; magnetic fields. With a given set
of these parameters, it is possible to calculate the
limiting heat input per unit VOIUTC of metal, AH , which
can be deposited suddenly and uniformly over thescntire

length of the conductor and still allow It to recover
the superconducting state. One way of optimizing the
conductor is to vary the parameters to obtain a max-
imum AH vith the minimum amount of required pumping
power.

Figure 3 plots an example of the Unit of sudden
heat input, AH , from which the conductor can stiJl
recover to its superconducting state as a function of
the normal metal (Cu) fraction, l'n, of the conductor.
Starting with circular strands arranged in concentric
layers in the conduit, the octal occupies about 762
(F ) of the cable space. One can change this percent-
age by fluting grooves on the strands, as shown by the
different t^o values. For each F , <1HS goes through
a maximum as a function of F . Tills na.xi.-num first
Increases as F decreases and then, decreases. There-
fore, depending°on the temperature, field, current,
density, and the operating heat transfer coefficient,
h, there are optimum choices for both F o and F .
Also shown in the figure is a triplex strand configura-
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 ttw triplex as the strand configuration. An
additional advantage of this configuration is that one
can make the triplex froa two superconducting composite
wires plus a normal metal (Cu or Al) wire to ease- 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 input stability limit for fluted
and triplex strand configurations. Fco » conductor
(metal) fraction of the cable space, Fn » normal
metal (copper) fraction of the conductor.

V. STABILITY AND PUMPING POWER

The stability of a forced-flow conducto» depends
not only on the configuration of the cable but also
largely on how it Is operated, particularly on the
velocity of the helium flow and thus the amount of
pumping power required. Figure 4 shows the function.il
dependence of Allg on the pumping power, Pp, at a given
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Fift. *. Temperature variation of the sudden heat
Input limit dependence on the required ptuapinr, power.

Held for different temperatures. Ht-.uro S chovs tlie
sa*e dependence at a given tccpcr.imre (or lUffcrcti
f ie lds . A comon feature of these curvets Jr. thnt
although AHS increases nanoionically an 5\, ltirre.is.es,
i t saturates fairly quickly, l.irfie vartaticn e! M,.
occurs only In a r.tnp.e cf P(, less than an or<l«r of
magnltutlc. nbove that which corresponds 10 raise the
conductor temperature to the suncrcont'tuctin;; cr i t i ca l
tenperaturc. One t a thus l i o i t the ptssplnc power (and
the hcliun flow velocity) to a value close to the top
of llilr. rapid variation r.w.c, without loKlnr. the
stabi l i ty capability of die conductor.

».«/«•

Fig. 5. Field variation of the sudden heat input Matt
dependence on the required pur.pinp, power, locations of
co»c Reynold's nunber, Ke, and liellua vclocitlcn, v,
are indicated.

Figure 4 also chows that lover Inf. Che bath
tcuperaturc will generally increase the stability
limit. However, this trend slows down below a certain
level. Once the bath tenperature is low <<rxitif.li to
achieve a critical current corfort.ibly (30") j*«ve the
iesly.n current. It is not nivi>«K.iry t;» cper.it. : even
louvr tfsipi-miur<-s. Fli-.ure 5 sh.»w:-. steit.ir tn.<d* ,IH
the nuv.net to fli-ld deor.Mse.*. Inside the n.ip.n.»t wind-
inp., the tlcld decreases t'rwt die inner layer to the
outer layer. A reasonable operation is to asmooc a AH»
value near the top of steep variation for the lilphent
field and mlntaJn this Alls lliroui-.liont the roil. The
layer wound arr.inr.c.-wnt en.ibli-s us to punp the h^liuot
at lower velocities on sm-cossive l.iyers vlth a Buh-
st.inri.il cavinp. in punpin*'. power. As shown in KIR. 5
for &Ht. » 40 B-l/cm', the ptinptnp. power roc.uircl for
B < 9 T in less than 2 mW/n. This correspond to a
Reynold's number slii>htly less than 5000. In order to
assure a turbulent flow and thus the ..-on.vt lu-.n
transfer rm-f fir lent used in the .ui.i'.y'tls, it would be

wine to use m nusptnr. pow« of at teaw 2.5 aW/».
Slnil«r «n.ily*l* las been performed on lh» sbTi »<ij»er-
conductor at 6.5 T and bclov. An *v*r«K« 5njtpl:-.7. ;«»wer
ot t.i B V / B and an average helium flow velocity of
24 csi/sec vsre obtained and were ui«d for l»trr
calculation*.

Calculations*** also Indicate th»t after a sudden
neat input of the atsount up to (he Halt discussed
above, the conductor can recover to ite «up*rccr.<i.tciins
•tace In tens of Billisecond*, the tudden heat Ir.rvt
stability iiait dincuencd so far applies to impf.slct-
able lieat, sources such as (hose due to flux Jo:.;-* .tn4
conductor slippage. The slower beat inputs, such as
those frca ae lossr* and neutron heating, ailo« the
helium to reach tncraal equilibrlua «ith the cosiiiictor
•re subject to another stability liait. this ?v«sJaa,l
beat input limit, 4«5, in the anounr of heat itm Js
required to raise the tesperature of the helium 'plu*
the conductor) to the current-sharing thres!.ol4 ai the
•bptrconductor. It is the asyaptotlc value of ;»:, ttt,
r» approaches infinity, shown in rig. 4 and tiv,. i.
thi* stability HrsiiL reflect* the characterifitics of
(he individua. conductor and d««s» nst deptaJ pa ;hc
pUKpJnj- pjwi-r. Kouev«r, becauze of she ienr. hf.'ŝ r;
path Icnr.th (390 a in she present design), the total
heat received by the hejiua in its m n s i t thrcti.ii the
conduit depend* on lite liollur. f Jov velocity. It J*
thtt* rccor.r.injerf tnat the racnet be operated with s
pimping pover tli.it p.iv^a siMr-s-ixleu;-. a«|s $,: t>l.-5i
field* and »h»i Brr.inpcs the coolinr. paths :o *s,iv
comfortably below S!l- when subjected to the anticipated
c p e m i o n power Input.

VI. AC LOSSES

the ac losses in the suecrcenduccSnj; composite
wire include hy*tert:«l« and coupling le*«. r«ey depeni
on the «irc slse, the superconductor ftlaseat si?r. :he
current densities, the twist ptleh, and the ficij ?«<*«.
Becaufse the pulse fields have cosponi-nt* bosh ?*??>•«-
dlcular and parallel to the conductor, it is iauni
that an optinus choice of fllaacnt tuinc pitch exists.
Fi(iire 6 shows the contribution of the two torpeneae*
a* function* of this tvi*t pitch parameter, tv. ihc
Iocs due to perpendicular pulse ficid decreases wish
tifihter twin,* vbtlc tint due to parallel palsse JieU
incr«a*cs. Thu*. dependins on tl» relative field
pulse value*. en» can find optiswtt values for the twl*t
pitch.
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M R . 6. Hysteresis and couplinR lessen in the nuper-
cm.Jn.Hnp. wire. Both the functional dependence en
the twist pitch iwratu'ter, K V , and tl«e
vqu.it lon« arc shown on this h
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Thf total ac lo»a in itw »u;>orcotwiu;U:ti: vire Is

calculated fey roll inlying a if^impori cuMcni iacrcsenl*
factor, {1 • <Jf'Jk-l'! f» the s « of hyutrrvais and
coupling losa. Itii* prosJiiCt piu« the s j jy current
!<>&*«• In the copper wir« an4 in the alu-sSnis-i-at Say
conduit fclvvs the total JC losn In the ceioftwter
conduit. VHh a pulse fleSd Ci<"->̂ M)l»t #f H* • 3it •
O.Oi T/**e for £ second* every !>£> Kcc»nj«, th# i !

«v.i.>i-i- ac fusses in the consult are catJ:v)Ci«J t e to
0.4 k&> fur the 29 co l l* . Because of the e«>ntinuou*
col l (structure, the e&ly eurren* loss In hi«;S. The
eddy current lea* In the «talal?t>s steel structure Is
averaged to alt«Mt 0.9 kit, core than cute* that In th«
conductor estaajuis.

VII. S&ttlUtY OF TltK Tf COILS

The ansSyct* dlicu*se<S a two Kn icJ to 4 refine-
ment of (He «f cal l dosls" shuun In r lc . 7. ticlt «f
il.t* 20 TF cai!* h»s J:I oval *!t»p* wfsb JI vertical
of 9.7 a ami a fc»ri?-?iit-)} Ki*re «»f ?.•< n. TW coi l
structure I*
conetrueted !
Four sesi!ufl»f cof,i;«$s* ate Iajfcr»>w*»4 4n
foro a 76 V..\ cvrsen: p
c*t»i«r, arrat>Rt4 in ms, e&nevnirie t i t t l e s , twisted
reverse dlttctior.ii on ccsiM'cutivc J.iyers. Sirh »traml
conxiiitk of a trtylisx ei i«-,i cupervonJtsc:i«it
wire* and cn« n^r;vil i * : s l (C-j or Al> « i fr . )<•? .m
•vcraf.e belSws SS*w vejecity oS i i cs/sse* sni
po»«fr o! 6.1 f-".'/n, tH« suif^a Wt« input l i^tt J ;
t* ftSxiut ICC nJ/c::1 e>{ tUt- tst>U- ff^iinJ-t^r. it<v
gradual heat fR;'Ji lir;i; i s ahxvi JC3 sf«l/«n*. the
total average .it SOS.«I»R <•? stitt tS* c«»il« «rc
l . J ktl, while xha IJSAI r^-pi:!,' jusver
1.6 fcV, t»t>le 1 sus»artxe* H
I hi- TF c o t l s .
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Fig. 7. Shape, winding, and conductor cantlf.ur.itIon
of a TF colt.
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