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SUMMARY 

The Large Coil Program (LCP) is chartered to develop viable super­

conducting toroidal field (TF) coils for tokamak reactors. The Large 

Coil Test Facility (LCTF) portion of the LCP will include pulse coils 

designed to simulate the transient fields in future ignition tokamaks. 

The magnitude, distribution, pulse ramp rate, and duration of pulsed 

fields expected in a TF coil for an ignition reactor serve as criteria 

for the simulation. The LCP coil test stand is an arrangement of six 

tokamak TF coils in a compact toroidal geometry. The design of a pulse 

field coil tailored to this geometry and providing the proper simulation 

of time-variant fields is the subject of this report. 

Several pulse coil candidate concepts are evaluated, including (1) 

a pair of peloidal coils outside the LCTF torus, (2) a single peloidal 

coil threaded through the torus, and (3) a pair of vertical axis coil 

windings inside the bore of the toroidal test coils. 

The latter configuration was selected for use in the LCTF due to 

its versatility, ease of fabrication, and lower operating cost. 

v 



1. INTRODUCTION 

The pulse coils described in this paper ·-are resistive copper 

magnets driven by time-varying currents. They are included in the large 

coil program (LCP) 1 test stand to simulate the.pulsed field environment 

of the toroidal coils in a tokamak ignition reactor. Since TNS (a 
I 

150-sec, 5-MA igniting tokamak conceived in .:1976 at ORNL as "The Next 

Step") and EPR (the Oak Ridge Experimental Power Reactor) are represen­

tative of the first tokamaks to require the superconducting technology 

developed by LCf', the reference designs2 for these machines, especially 

TNS, were used to derive the magnetic criteria for the pulse coils. 

These criteria include the magnitude, distribution, and rate of change 

of pulsed fields in the toroidal coil windings. 

In addition to the magnetic requirements, ther·e are facility­

related considerations such as versatility of design, ease of fabrica­

tion, and cost of operation. Versatility of design includes the ability 

to pulse the test coils selectively, _modify the field distribution, and 

remove or replace the test coils easily. Ease of fabrication means that 

the pulse coils should not be more difficult or expensive to build than 

the toroidal coils and should require a minimum of field construction. 

Finally, the cost of operation, primarily the. refrigeration loads on the 

nitrogen and helium systems and the connect~d electrical power, should 

be as small as possible. 

2. PULSE FIELD CRITERIA AND REQUIREMENTS 

2.1 MAGNITUDE AND DISTRIBUTION OF PULSE FIELD 

Since pulse fields are provided in the LCP facility to simulate the 

transient magnetic field~ in future tokamaks, the characteristics of 

this environment must be predicted. The ORNL TNS and EPR reference 

designs were modeled for this purpose assuming time-dependent currents 

in the ohmic heating (OH) windings and plasma. It was soon concluded, 

after comparing the plasma histories (i.e., current vs time for all 

poloidal currents) and realizing that TNS may become the EPR or even the 

Demonstration (i.e., commercial prototype) reactnr,, that TNS would serve 

1 
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as a credible example of the pulsed fields in any foreseeable reactor 

design. The magnetic criteria, then, were established from TNS studies. 

Flgure 1 is the complete plasma history for TNS, 2 and Fig. 2 is an 

expanded plot of the first 10 sec. These diagrams show that the pulsed 

fields in the toroidal coil should be calculated at time equals 0, 1, 2, 

and 10 sec to determine the extreme magnitudes and rates of change in a 

reactor environment. Figures 3 through 6 include plots of·· (a) the 

plasma current density contours, (b) the component of the field (in the 

windings of the TF' coil caused hy 111 ... pulocd e.urrcuLs) Lhat l.s perpen­

dicular to the windings, an,d (c:) thP t:omponrnt of Llll.: fleld fl!at is 

tangential to the windings. Figures 3(a) through 3(c) are plots at 

t 0 sec; Figs. 4(a)-(c), S(a)-(c), and 6(a)-(c) are the plots at 

t 1, 2, and 10 sec, respectively. 

In comparing Figs. 3 through 6, it becomes evident that t = 0 sec 

is the instant when the field magnitude is greatest. The major contri­

bution to the field, from Fig. 1, is seen to be the ohmic heating (OH) 

system. An assumption has been made that TNS and other reactors will 

require designs that minimize the stray field from the OH coils in the 

region of the IF coil. ThQreforc, a relevant design for pulse coils 

would be one which simulates the pulse effects from only the plasma 

and equilibrium coils and essentially ignores the OH field contriuuLlons. 

When the TF' coils nrr assumeJ Lo be comJJletely shielded from the 

OH coils, a new set of plots can be generated to show· the pulsed fields, 

as in Figs. 7, 8, 9, and 10. Additional plots rAn also be made assuming 

any intermediate percentage of OH field. F.ventually it i..11 po~~.Lble to 

construct Fig. 11, which is a pulsed field history nf ~NS using the 

maximum field which occurs in the TF coils at each point of time in the 

operatine cycle. 

AE;ouming thaL OH shielding is available, t = 2 sec is the instant 

when the magnitude of pulse field in the TNS toroidal coils is greatest. 

The criterion for the LClF, therefore, is to furnish a pulse coil system 

which produr.es a field in the LCP test coils with a magnitude and distri­

bution similar to that of TNS at t = 2 sec (Fig. 9). 

•. 
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2.2 PULSE FIELD CYCLE 

The pulse fields in the TNS design considered were produced by 

separate transient currents in 30 OH coils, 20 equilibrium field coils, 

and the plasma. Each contributes a varying percentage of the total 

field, depending on the given point in the operating cycle. This causes 

the distribution of field in the TF coils, as well as the magnitude, to 

shift with time. Even assuming no effect from OH windings, the locations 

of the maximum fields in the TF coils vary, so it is impossible to 

duplicate the TNS environment in LCTF with a single pulse coil regardless 

of its current cycle. It is possible, however. to devise a current 

cycle which, when coupled with a particular field distribution, will 

approximate the TNS environment. 

By choosing t = 2 sec in the TNS operating cycle as the criterion 

for the field distribution, it is left only to find an appropriate 

current cycle. Figure 11 indicates a 1-sec ramp to maximum current, a. 

dwell of 30 sec, a 5-sec decay to zero current, and a 114-sec dwell to 

complete the pulse. This cycle could be duplicated in LCTF, but the 

1-sec ramp to full current r.equires a large power supply because of the 

high inductive power demands of moderate current density coils. A 

slower ramp up time coupled with a fast decay or discharge requires a 

smaller power supply and yet provides a sufficiently fast magnetic flux 

change. 

To ensure that LCTF provides a pulsed field environment as severe 

as that which will be en<.;ountered in TNS but at the same time minimizes 

its own power supply requirements, the current programs for the pulse 

system in LCTF have been chosen as follows: 

(1) A 2-sec ramp to the magnitude and approximate distribution uf 

the pulsed field in TNS at t = 2 sec. 

(2) Hold at this current for 30 sec. 

(3) Ramp down to zero current in 1 sec. 

(4) Hold at zero current for 117 sec. 

The normal peak field magnitude perpendicular to the windings would be 

0.14 T, but a magnitude of 0.2 Twill also be provided by increasing the 

peak current. 
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3. LCTF PULSE COIL CONCEPTS 

3.1 DETERMINATION OF CANDIDATE DESIGNS AND GEOMETRY 

To provide a pulsed field environment for the LCP test coils that 

is consistent with the criteria derived from TNS, three different pulse 

coil concepts appear feasible. The first concept, as suggested by 

Komarek, 3 is a pair of peloidal coils outside the toroidal field coils. 

This arrangement provides a vertical field over the entire torus of the 

test coils. Th~ second concept is a single peloidal coil, analogous to 

Lh~ p~asma current, thrp;:uiPd through the torold;-tl [ lt~ld coils. The 

th1rd concept is a pair of vertical axis coils inside the bore of one or 

more test coils that produce a localized vertical field. 

In order to evaluate and compare these three concepts, certain 

quantities (including the coil geometries~ ampere-turns, and current 

d~nsity) had to be determined. The coil geometries were found by 

iterating single current filament model magnetic field calculations 

several times to provide the best approximation to the field distribu­

tion shown in Fig. ?· A current density of 2250 A/cm2 in the conductor 

was chosen as a credible value for LN?-cooled copper, water-cooled 

copper, or even superconducting windings. 

Combining the current density and ampere-turns fixeJ Lh~ eross­

~e~Lluual area for each coil. The coil models were adjusted to account 

for this finite cross section and, 'after several more iterations, the 

final geometries shown in Fig. 12 were chosen. 

3.2 COMPARISON OF FEATURES 

3.2.1 Field Distribution 

The first comparison to be made between the three pulse coil con­

cepts regards the field distribution each produces in the TF coils. 

Figure 13 illustrates the contrast between these distributionR And the 

distribution of the TNS system at t = 2 sec. It is apparent that none 

of the concepts exactly duplicates the desired TNS conditions, but the 
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third design, i.e., a pair of vertical axis coils in the bore of a TF 

coil, provides the best match of the tangential field component and as 

good a match as any of the concepts for the perpendicular field compo­

nent. 

3.2.2 Versatility 

A second ~rea of comparison between the three pulse coil concepts 

regards the versatility of the design. This is a qualitative evaluation 

based on such factors as the capability to pulse the LCP test coils 

selectively, modify the field distribution, and remove or replace the 

test coils easily. 

The first concept, the pair of poloidal coils outside the toroidal 

coils, is fairly versatile. Although it cannot pulse a single test 

coil, it does allow some field modification by operating the windings of 

different currents~ where some tailoring of the perpendicular field is 

possible. Also, this concept presents no significant obstacle to 

removal or replacement of the test coils. 

The second concept, the single poloidal coil, is very limited in 

versatility. There is no way to pulse the test coils selectively, and 

since it is a single winding, it~ field distributi~n cannot be adjusted 

without altering its geometry. In addition, removing or replacing any 

of the test coils would require virtual dismantling and refabrication of 

the pulse coil. 

The third concept, the pair of vertical axis coils in the bore of 

one or more test coils, seems to offer the greatest versatility. Either 

the desired test coil only would be pulsed, or any combination depending 

on the number of pulse coils installed. The field distribution could 

he modified by operating the two windings at different currents, as in 

the first concept, or by pulsing only the top or bottom winding. Finally, 

this system would present no great difficulty during installation or 

removal of test coils because of its comparatively small size. 
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3.2.3 Fabrication 

The relative ease of fabrication is a third basis for comparison of 

the pulse coil concepts. Factors such as the quantity of materials 

needed (especially copper), the type of structure necessary, and the 

amount of field work vs shop work required are important to this eval­

uation. 

The pair of poloidal coils outside the torus would require approx­

imately 25,000 kG (28 tons) of copper and a large quantity of Rtructural 

material. The structure must not only .support the weight of the copper, 

but alsu t:he magnetic loads imposed hy r~ll. 5ix toot coils aru.l the pulse 

calls. The sheer dimensions of this concept would require a good deal 

of field construction, since installing the system as a unit in the LCTF 

would be difficult due to facility load handling limits. One redeeming 

feature i~ the fa~t that no demountable hardwar.e is necessary because 

once in place, this system would not be disturbed by changing out a test 

coil. The envelope for the LCTF vacuum vessel must also accommodate 

this design, however, so it is desirable to keep its diameter minimized 

for facility cost and construction reasons. 

The single poloidal coil threaded through the bure of the test 

coils would require only 6000 kG (6.5 tons) of copper but a rnuch more 

complex structure than that of·the first concept. This is because a 

single coil would be loaded with nearly the same magnetic forces as both 

coils of the first concept combined and would have less space available 

for supports. Another problem would be installing the pulse system with 

the toroidal coils in place. Readily breakable field joints as in the 

Princeton Large Torus (PLT) would pose a difficult design problem for a 

multiturn coil, as would the alternative of unwindine and rewinding the 

coil in place whenever a test coil was r.h~.n.ged. Iu any event, au unac­

ceptable amount of field work and tooling would be anticipated. 

The pair of vertical axis pulse coils in the bore of one or more 

test coils brings the amount of copper needed down to 3000 kG (3.33 

tons) and would require less supporting material than the other concepts 

since the external magnetic loads would be due almost entirely to a 

single test coil. In addition, both coil windings could be wound on a 
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common bobbin in the shop and installed as a single unit with a minimum 

of field work. 

3.2.4 Operation 

Operating parameters form· the final basis for comparison of the 

pulse coil concepts. Included here are requirements such as steady­

state and transient power~ cooldown, and in-use LN2 refrigeration and 

helium boiloff due to eddy currents induced in components at 4 K. 

These compari~ons are based on LN2-cooled copper coils, but the relative 

values would be similar for water-coolerl or even superconducting coils. 

Table 1 summarizes the operating parameters for each concept, 

assuming the pulse cycle, geometry, and current density discussed 

earlier. The listing illustrates a clear advantage of the third concept 

in every category. The large eddy current losses4 from the first two 

concepts are due to their inductive coupling with the bucking post and 

torque rings. Effective insulation of these structures to reduce the 

eddy current heating adequately would further increase the fabrication 

costs. The self-inductance of these two concepts is also high due to 

their size, causing proportionately high transient power requirements. 

It should be noted here, though, that only one pair of coils is 

assumed for the third concept, so only one test coil is pulsed. If 

there were a requirement for pulsing all six test coils simultaneously, 

then six pairs of pulse coils would be necessary. All of the operating 

parameters would then be multiplied by a factor. of six and the third 

concept would bec.nme less attractive, However, since there is presently 

no requirement to pulse all six test coils at once, there is no reason 

to pay for the extra costs incurred by doing so, as with the first two 

conf:'P.pts. In addition, if any of the toroidal coils cannot withstand 

the pulse field, the ability to pulse selectively become::; i'l.eecscnry to 

avoid impacting the test plan. 

3.3 SELECTION OF BEST CONCEPT 

Bnsed on the general criteria used in the foregoing comparisons, a 

pair of coils in the bore of a test coil 1~ L:he moot suit~hle concept: 



Table 1. EsttBated operati~g parameters based on 0.14-T p~ak field magnitude 

Current at peak field 

Average length per turn 

Area of copper 

Resistance/turns2 

Inductance/turns2 

Stored energy (Li2/2) 

Maximum resistiv.=: power 

LNz vaporized 

Circulation rate for 80 K 

Cooldo~ refrigeratior: (copper 
only, 300-80 K) 

Eddy current powe~ at 4.2 K 
(Ref. 4) 

Maximum inductive pcwer 

Maximum total power 

Average total power 

aNumbers are for 1 set of coi~s. 

2 >: 1 MAT 

30CC em 

a 
I 

2 X 450 cm2 

1.33 X l0- 6 /2rl 

2 :< 2.8. 5 :1H 

2 X 14.3 HJ 

2 >: l. 3~ MW 

2 x 332 liters/pulse 

2 x 8000 liters/hr 

2822 MJ 

325 ".J 

2 X lq. 25 !1W 

2 X :;_5.6(:· MW 

2 X 0. 54 MW 

0.8 MAT 

1841 em 

360 cm2 

1.02 x io--6/rr. 

18.6 J.IH 

6.0 MJ 

0.65 MW 

164 litersipnlse 

4000 lit en /hr 

693 MJ 

56 w 
9.30 MW 

9.86 MW 

0.26 MW 

2 x 1 MAT 

341 em 

2 x 445 cm2 

0.14 X 10-6 /2rl 

1. 2 J.IH 

2 X 0.5 MJ 

2 X 0.14 MW 

2 x 15 liters/pulse 

2 x 365 liters/hr 

295 MJ 

'V5 w 
2 X 0.54 MW 

2 X 0.60 MW 

2 x 0.03 MW 
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for the LCP. As indicated, this concept is advantageous because it (1) 

provides the best match to the desired field distribution, (2) has a 

versatile configuration that can be built in the shop as a unit, and (3) 

requires the least power and refrigeration. 

4. PRELIMINARY PULSE COIL DESIGN 

Following the selection of the pulse coil concept, a mar~ detailed 

conceptual design was undertaken. The effort was directed toward enhanc­

ing the versatility, simplifying the fabrication, and reducing the cost 

of operation. 

The resulting pulse coil design and its location in the test stand 5 

are shown in Fig. 14. Three pulse coils and three support segments are 

recommended so that three different test coil designs can be pulsed 

before rearranging the system. To'facilitate rearrangement, each pulse 

coil is contained in a module which occupies a 60° arc so that the 

support segments and pulse coil modules are interchangeable. While the 

three-coil concept triples the cost of fabrication over a single-coil 

unit, it pP.rmits selective pulsing of test coils without warming up and 

relocation of the pulse coil - an advantage estimated to save more than 

six months of testing time. 

The operating cost is highly dependent on the type of cooling 

supplied to the coils. The original concept called for cooling with 

forced flow liquid nitrogen~ but this resulted in a high nitrogen refrig­

eration load. To re~uce this load and thus lower the operating cost 7 a 

forced flow, water-cooled design was considered as an alternative.· A 

comparison of these two systems is listed in Table 2. It is evident 

that the fabrication costs and refrigeration load would be substantially 

r·educed using water as a coolant. Because the water is at room tempera­

ture, however, the coils must be shielded since only surfaces with 

temperature~ uf 80 K or lower are allowed to radiate tn the test coil. 

This 80 K temperature limit is derived from a consideration in LCP to 

simulate the thermal loads that will occur in a tokamak reactor having a 

vacuum space with a thermal barrier such as the ORNL TNS concept of 

1977. The final choice nf coolant was based on considerations of LN
2 



TabJe 2. Pulse coil coolant 

Conductor 

Winding 

Flor.v 

Steadly-state pc·wer 

Minimum ramp time 
(2 x 0.6 MW P .• S!) 

Estim:1ted direct .eost,.lc . . 'd 
1 . f .

1 
omponents outs1 e 

pa1r o co1 s nk vacuum ta 
. (less P.S.) 

r 
Con::ponents ir:.s ide 

vacuum tarik 

1.75-cm square 
0.93-cm hole 

624 turns 
4 in hand 
52 flow paths· 
12 turns/path 

18 liters LN2/sec 
Llp = 2 atm 

<60 kW/coil 

2.4 sec 

$750K 

$250K 

Water 

2.18-cm square 
0.93-cm hole 

504 turns 
2 in hand 
24 flow paths 
21 turns/path 

6.4 liters H20/sec 
Llp = 3 atm 

<250 kW/coil 

2.8 sec 

$55 0K 

$50K 

---------------------------------------------------------------------------
fetal $1000K $600K 
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demand, its concomitant connected piping capacity, and complex system 

design requirements vs the relatively inexpensive water cooling system 

with its straightforward design approach and thermal shield. When 

preliminary calculations showed the relative ease with which insulation 

could be placed to isolate the pulse coils thermally, water was selected 

as the base reference design coolant. 

Preliminary structural sizing has been performed to arrive at a 

welded plate construction for the coil module: In addition, a conceptual 

plan for the coil windings, coolant headers, and force cooled power 

leads has been devised. This design is illustrated in Fig. 15. 
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