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Prelimina ign (or Steilarator Field Winding

1. Anumed Specifications

In studying the field winding for a Steilarator the followIngspscifications
have been assumed at a basis for the preliminary design.

A. Magnetic flux density, 2000 Gausses.

B. Vacuum chamber, 4 inches inside diameter, glass pipe appears to
be the material best suited for the vacuum chamber. This is avail-
able in several class with standard fittings. The 4 inch sins has an
overall outside diameter of 5 11/32 inches at the ends; 4 1/2 inches
outside diameter for body of pipe.

C. Inside diameter of field coils, 51/2 inches. This givss about 1/2
inch clearance between inside of field coils and main body of pipe

but only 1/16 inch clearance at ends of pipe where coil must be
placed on pipe.

D. Rectangular magnet wire, 1/8 inch thick by linch wide. The field
winding should be made in small coils which can be easily assembled
on the vacuum tube. These coils should be wound of rectangular wire
with a large cross section to reduce the labor of winding the colls.
This gives a high current low voltage field winding. The wire should
be thin enough to bend easily and wind tightly. Ths width should be
such that colls on the curved portion of the Steilarator will fit well.

Thick coils will increase the disturbance In the magnetic field due to
the connections between coils,

E. Insulation: 0,010 inches of flberglas or asbestos. Ths safe tempera-
ture limit of the field is determined primarily by the insulation.
Fiberglass will operate safely up to 250° C, This temperature is
higher than would be convenient for the personnel but it is very de-
sirable to avoid danger of damaging the insulation by over heating.
The thinner the insulation on the copper the lower the radial tem-
perature gradient through the coils, and the higher the space factor
of the winding. An 10 mil insulation thickness will be adequate for
mechanical strength of insulation.

2. Heat Dissipated from Exposed Coil Surfaces by Radiation and Free Con-
vection. "

Using data from articles by W. J. King (Mechanical Engineering, Vol. 34,
Page 190, 275, 347, 410, 492 ard 560) the watts, which can be dissipated per

inch of axfal tube length, have been calculated for several values of tempera-

ture rise above ambient. The results are given in Table 1
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Poway dissipated Irbro eurface of field windinf per lack of axial length*

* winding depth in inchee

t outeidc diameter of field coil*
In ineheo

g = watte per linear inch dissipated

from surface of field soils.

d
0

Surface emioslvity 0,65. See Mechanical Engineering, Vol. 54, Page 494,
Table 1. Thie value ie editable for a copper surface but ie high for bare alum-
inum. It may be poeeiblc to raise thie value a little by a tollable paint.

lemperalure a*i, d» d«2, D*” <1*3 Dalit d*4, Dalit d.5, Dalit d*6, Dal7\
rlee above am-
bient degreee S . S

¢ wattn/jn. watte fin, watte/in, mile/in. watttf/tn. watte/In.

50 7.3 8.9 10.5 12.1 33.7 15.4
100 17.9 22.0 26.0 30.0 35.8 37.7.
150 317 39.2 46.3 54.0 61.5 68.0
200 49.5 61.2 72.6 83.8 95.2 105.8
250 71.9 89.0 106.0 121. 3 139.5 155.6

3. Aluminum and Copper Field Winding*
Data for coil* of aluminum and copper ie given in Table* U and &

Table H
Data on Aluminum Field Coll*
51/2 inchee ineide diameter

Winding Steady State  Initial heat- Values per foot of tube length
depth surface tem- Ing rate de- Fjeld Power Wgt. offield Cost of Alum-

inchee  perature riee grees C per Kw/f winding in  inum for field
degreee C minute wiTt. Ib./ft. dollare/fit t

1 32. 4.79 20.S 13.65

2 8. '2.76 48.2 31.60

3 340. 3.6 2.10 82.3 53.90

4 280. 2.0 1.75 122.4 80.20

% 238. 1.3 1.54 160.0 110. 00

B 212, , i, 41 223, 145.50

jfAluminui<n at 66. 5 cte. per pound . .
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Data on CoppOr Field Coils

j Winding! Sttady State 1lnitial heat-I Values per foot of tube length
depth  surface tem- Lngrats de~| Field Power Wgtoffield Cost of coppsrt
inches perature rise grees Cper|  kw/ft winding in for fitld
degrees C minute Ibs/ft. dollars/ft.
1 15.2 3.06 69.0 31.00
2 340. 3.7 L 77 160. 72.00
3 250. 1.7 1. 33 271. 122.00
4 213. 0.9 1.12 405. 182.00
5 180. 0.6 0.98 556. 20C.CC
6 160. 0.4 0.90 733. 329.00

tCopper at .45 cts. per Ib.

From Tables Q and IS it is evident that the final surface temperature and
Initial heating rate are about equal for aluminum and copper coils if the wind-
ing depth for aluminum is 1. Stimes the depth of the corresponding copper
coils.
Table 1Y gives a comparison of aluminum and copper windings having approx-
imately equal heating rates and final surface temperatures.

Table IV

Comparison of Aluminum and Copper Field Windings
for Stellarator

51/2 inchee inside diameter

) _ . L e 1Y.mcq.
Material  d Final surface |Initial heating | Values pgr foot of tube length !
inches  temperature rate degrees Cl Field power ~ Weight Cost of materiall
rise gegrees per minuts kw/ft. Ibs /ft. dollars/ft. t
Aluminum 6 212. 0.9 141 223. 145. 50
Copper 4 213. 0.9 1.12 405. 182.00
Aluminum 4.5 256. 16 1.63 145. 97.00
Copper 3.0 257.°C 1.7 1.33 271. 122.00
Aluminum ' 3, 340. 3.6 2.10 82.3 53.90
Copper 2. 340. 3.7 177 160.0 72.00

W Aluminum 65.5 cts/lb; copper 45 cts/lb.



Cooling can bt Improved by forced circulation ol the air over the coil sur-
face. To estimate the improvement which might be attained in this way an
air velocity of *9.4 fee* per eecond (20 miles per hour) it assumed for com-
putation. The steady atatc surface temperature as computed with forced con-
vection it given in Table V, The fluvface temperature without forced convec-
tion ie alto included in Table V for comparison.

Table V.

Comparison of final surface temperature with and
without forced convection. Inside coil diameter
5.5 inches, air velocity 2.9.4 feet per eecond.

M aterial d Final Temperature ° C

inches Fret Convection Forced Circulation
Aluminum 4.5 256 242
Copper 3.0 257 239
Aluminum 3 340 315
Copper 2 340 J14

The temperature reduction with an air velocity of 29.4 feet per second it
trivial. High air velocity will require ehroude to direct the air flow. This

method for improving the heat transfer to the air is ineffective.

5. Temperature Gradient Through Coils

Most of the radial temperature difference through the field winding is due
to the layer of insulation between turns which bns bean aosumed to be 10
mils on each conductor or 20 mils betweeu turns.

Values of hsat conductivity for fiberglas insulation are not available. The
conductivity values for other electrical Insulating materials, given in Table
111, page 278, Volume 54, Mechanical Engineering, suggest a value of 2.

b.t.u. per hour, per aquare foot per degree F per inch, as reasonable. *
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Using *his assumed conductivity /or fioerglas insulation a

temperature difference between the outer end inner surface of s coil,
for steady state temperature conditions, has been computed. Values ob-

tained for coils with 51/2 inches inside diameter are given in Table VI.

Table VI

Temperature difference between inner and
outer coil surfacees due to insulation between
turns, for steady state conditions. Inside
coil d ametcr 31/2 inchto.

d Aluminum coil tem- Copper coil tem-
inches perature difference perature differ-
degree# C ence Degrees C
1

1 75. 49.2

2 77. 49.2

3 75. 47.6

4 73. 46.2

5 69.4 44.7

6 68.3 44.3

The temperature drep through a coil is appntimately independent of the
depth of the windii®. A corresponding effect is encountered in other elec-
trical machines. Hie “hot spotl tcmperatu»e ncrement for copper is only
2/3 the corresponding value for aluminum as even in Table V!. This Is
the result of a smaller power lose for copper.

The temperature drop through the metal whet.vr a'uminum or copper is

very small and hai been neglected. The ten p.raturt gradient due to insu-
lation between tufas is however, concidcrat* and some means for reducing
this should be employed if the field is to be deigned for coi.\inuou» opera-
tion. A reduction of this gradient through t’e coils would alao Se desirable

for intermittent operation as this would decrease the off time required for

cooling.



6. Copper fine for Reducing Surface Temperature and Temperature Gradient
Through Coil* due to Low Heat Conductivity of Insulation,

Copper fine extending beyond the surface of the coils may be uaed to reduce
the surface temperature by increasing the active surface for heat dissipation.
These fins will also reduce the temperature gradient through the coil by pro*

viding a radial path of high conductivity.

Fins may be installed conveniently at the center of eat i coil an shown in Fig-
ure 1, (Fins between coils would obstruct the conneclhn between coils.) i
the fins extend 1inch beyond the surface of the coil the*/ will more than double
the setive area for heat dissipation. Table VII gives study sttte surface
temperatures with and without copper cooling fins. A (» 1/8 inch thick ex-
tending 1inch beyond the coil surface has been assumed for computation.

Table VII

Steady State Surface Temperatures o: binding Witn and Vith—
out Fina

Inside coil diameter 5i'2 inches

d Alum num Coils Copper Coils
inches Without fins 1/8 in. Copper  Without fins 1/8 in. firs sur-

surface tem-fins surface surface tem- face temperature
perature”® temp. °C perature °C °C

I 343

2 283 345 217

3 340 216 250 166

4 280 179 213 133

4 1/2 161

255 !

The temperature difference radially acrcris the copper fins will not exceed

e

10 degreeo C. when the fin is conducting it* share of the heat to be dissipated

to the outsid* air.

SECURITY INFORMATION
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7. Concluciono Concerning Material. Winding Depth and Cooling Fina

It is evident from Table IV that, for equal Initial heating rates and final sur-
face temperatures an aluminum field winding is cheaper and lighter per foot
than a copper winding but the winding depth for aluminum must be 50 per cent
greater. This greater winding depth will increase the radius of curvature and

length of the Stellarator, which may over come the per foot advantage in weight

and cost for aluminum fields.

A copper field winding will have the following advantages;
Shorter stellarator tube.

1

2. Lower hot spot temperature rise inside the winding.
3. Lower power for field excitation.
4

Fewer turns and smaller outside diameter for same initial
heating rate and final surface temperature.

Copper therefore appears to be the best material for the field winding.

A copper winding, having a depth of only 2 inches, appears suitable for con-
tinuous operation if a surface temperature around 250 degrees C is permissi-
ble and fine are provided to improve cooling (see Table VC). This depth of
winding would also have an initial heating rate of abcut 4 degrees C per minute
(see Table 111). This would give several minutes of operation without reaching

an undesirable temperature if the coil were initially at room temperature.

Cooling fins should be installed even though continuous operation is not re-
quired. These will be very effective in reducing the "hot spot" temperature

inside the winding and in increasing the rate of cooling.

If continuous operation should be required water cooling should be provided
by water tubes installed on the cooling fins. These will not be considered for

the present because continuous operation seems unnecessary with the low

initial heating rate.

ran



8. Coilo for Straig r Field

The field winding should be formed of short unit coils which can be as-
sembled readily on the vacuum tube. Both start and finieh for a unit

coll should be on the outside to facilitate connecting the coils after they
are assembled on the vacuum tube. This is possible by winding double

coils one half coll wound clockwise the other counter clockwise.

Allowing for four layers of 10 mil insulation on two one inch wide copper
wires with a 1/8 inch cooling fin in the center gives a minimum coil-thickness
of 2.165 inches for a double or unit coil. If coil forma having an axial
length of 2 1/6 inches are used the coil forms would not extend beyond the
winding and the coilo could be in close contact when stacked on the Stella-
rator tube. This would give uniform ampere turns per unit length for the
straight oections of the stellarator tube. The coll forms probably should
be of brass tubing 5 1/2 inches inside diameter an<l 1/16 inch wall thickness.
A magnetic coil form might be desirable to reduce the field ripple due to
irregularities in the field winding. This magnetic shield would also tend

to reduce disturbances at the ports where there must be a gap in the field

winding.

Starting with a coil form the first half coil will be wound at shown in Figure
2. The starting end of the first half-coil which is next to the coil form is
displaced axially as shown by the dotted lines in Figure 2 to form the con-
nection to the second half coil. Whcnt the first half coil is completed the
wire must be cut and the free end fastened to prevent unwinding. The cool-
ing fin is then placed in the center of the coil fornr. adjacent to the first half

coil as shown in Figure 2. The wire for the second half coil is then brazed

to the start of the first half coil and the second half coil is wound in a direction



opposite to tha: of the first hah coil. The unahed toil will then have
both end* on the outside and unit coils ir.ay be conveniently connected

in series after the coile are instilled in the vacuum tube.

9. Tapered Coile for Curved Sections of Tube.

A tapered coil, which is thicker on one side, may be formed by spreading
one side of the coil as shown in Figure 3. On the thin tide the wire is
wound with s full over lap. The other side is made thicker by shifting
alternate turns right and left which gives less over lay of adjacent

turns. A minimum lap ot 1/4 inch is necessary to give mechanical strength

to the coil. This will result in a unit coil 11/2 inches thicker on the thick

side as shown in Figure 3.

10. Winding Depth for the Curved Section of Stcllarator
A series connection of aii unit field coils will permit the simplest power

supply for the field. This arrangement will be assumed lor the preliminary

design.

The winding depth should be increased on the curved section because the
tapered coile have a greater effective thickness than those for the straight
section. |If the field strength in the vacuum tube, for the longest flux path
is to be constant at 2000 gauss the winding depth must be increased in pro*
portion to the coil thickness at a distance 2 inches irom the axis toward the
thick side of the tapered coils. This requires a winding depth of 3 inches

on the tapered section of tin* Stcllarator n shown lo Figure 4.
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The winding depth musrvary by steps corresponding to the thickness of
one turn and this may make It desirable to use a separate power supply
for exciting the curved section. It will still be desirable to increase the
winding depth in the curved section in proportion to the effective axial

length of the tapered coils to maintain txie current density in the copper
approximately constant. This constant current density in the copper

gives a uniform initial rate of heating for the copper which is desirable

if the Stellsrator lo to be operated on an intermittent basis.

I nil
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coil axi*

Figure 1. Unit coil with cooling fin in center. Sectional
view. Uppjr half coil. Full scale.
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End of first Start of first
ha)/ coil half coil

First ha)J coil

Coil form

-—axis of coil

Cooling fin

Figure 2, Unit coil for straight section. First half coil
completed and cooling fin installed at center of unit coil.
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Start of first coil

axis of coil

Coil form

Finish of first
coil

Cooling fin

Figure 3. Unit coil fnr curved lection. First
half coil completed &d cooling fin installed at
center of unit coil.
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Figure 4.

cowen
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Outer coil surface

Inner coil surface

coil axis

Inner coil surface

Outer coil surface

Dimensions of Tapered Coils.
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Preliminary Design of Stellarator
11. Vacuum Chamber and Supporting Frame

Radiue of curvature, for Stellarator tube,

A preliminary design of the field winding for a 2000 gauss Stellarator
led to th' tentative conclusion that the winding depth, with copper field coils,
ohould be 2 inches on the straight section of the Stellarator tube or 3 inches
for coils on the curved section.

Irregularities in the magnetic firid will be minimized when the m.m.f.
of the field coils approaches a uniform current sheath as closely as possible.
On the curved section this condition requireo that the tapered coils should fill
the winding epace on both the insids and outside of the tube. The radius of
curvature of the Stellarator tube io therefore determined by the taper of the
field coilo to be used in the curved saction.

Table 8 gives the radius of curvature for Stellarator tubes of pyrex
glass pipe having standard diameters of 2 inches or more. The radius of
curvature is based on a tapered coil formed of wire linch wide as shown in

Figure * Section 9 of the ~climina**y Design for the Stellarator Field Winding*

Table 8

Radius of Curvature for Stellarator
tube6 of standard diameters.

Diameter of Winding depth Diameter of coil Radius of Curvature
Stellarator tube inches inches of vacuum chamber
inches 2iside Outside inches
2 3 3.0 9. 17.
3 3 4.0 10. 19.
4 3 5.5 11.5 22.5
6 3 3.0 14. 27.5

| rtio



12. Component parts for Stellatutor Tube

Thbs Stellar»itor tube should hsv t j<u Ir*Jmum number of joints for con-
venience of assembly eud tc reduce discontinuities in the field winding. The
pumping port* should be approxliru.’sly equidistant around the tube. Four
pumping stationis will probably bt needed, A stnmUrd ter fitting cl pyrex
glass may be used for j. pumping pert. If j station for pumping and experi-
mentation Ltc to be combined a "crDse*1fitting may be employed.

Two tube designs will be considered, cma having 10 jeintf Mid no straight
section of tube except that included In the fitting* and swing bends. This de-
sign, which is ohewt ir. Figure 3, Use a minimum length and requires pipe
btnde totaling 300 degrees of curved ‘teflon for tech end of the Stsllafxtor.
This will bt referred to t» the 300 degree, design.

Thu second design will require only 240 degrees of curved section for
each cud but will have a icctloo of »?r«dght tube on either ride between fhe
curved end auction*. Tliis dctlgn */hich will be described ao the 240 degree
design, is shown ”n Figure 6,

lho p&rtu required for i Stullsrator vacuum tube are given in Table ?.
It should be noted th*i both the 300 degree and the 240 degree design have a
number of parts in common.

Table <t

Parts for Steilarator Vacuum Tube

IUm Description Number of Parts
300 degree design j2««0U*gree design
a 180 degree bends, 10 inch 2 2
straight section at endn
b 60 degree bendo, 10 inch 4
straight section at ends
c 30 degree bends, 10 inch 4
straight section at ends
Straight sections 2
d » ~\

<l "7
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Table 9. (I
Parts for Stcllarator Vacuum Tube

Number of Parts

Item Description 300 degree design j 240 degree design
e Tees or crosses 4 4
f Teflon gaskets 10 12
8 | Metal flanges and asbestos inserts 20 24

13. Comparison of 240 and 300 degree designs.

A summary of data for the 240 and 300 degree designs having a

vacuum tube of 4 inch pyrex pipe is given in Table 10. The radius of curvature
for the curved section is 22. Sinches.
Table 10.

Data for 240 and 300 degree Stellarator with
4 inch vacuum tube and a 22. 5 inch radius of

curvature
ltem Description 300 degree design 240 degree design

a Length of curved portion of tube 20 16 ft.

b Length of straight parts of tube 15 24 ft.

c Total length 35 40 ft.

d Total weight of copper 7820 8180 Ibs.
. e Total dc power for exciting field 86.5 90.4 kw.

f Total voltage with aeries coils 302. 310. volts

g Resistance of field with series coils 1.06 111 ohms.

h Number of unit coils for curved section no [ 88.

i Number of unit coils for straight section 48 104.

j Total winding induction with series coils 0.107 118

Kk Time const, of field with series coils 01 0.1 *ecC.

1 Distance between pumping ports around 106. 102. inches

ends
m Distancs between pumping ports along 106 136 inches

center section



The 240 degree deoign requikHYJ very little more material but in-
clu”u two 58 inch straight sections of pipe. This may be desirable for ex-
perimental purposes. Thu 240 degree design is therefore preferred. If£
longer straight section is required this may be accommodated by replacing the
4-30 degree bends by sections having a shorter arc.

14. Support for Stellarator vacuum chamber.

The Stellarator vacuum tube must be supported inside the field coils
In a position concentric with these coils. This may be accomplished by using
spacers, of a suitable thickness, to separate the pyrex tube from the coil
forms. This arrangement is shown in Figure 7. The spacers which should be
curved to fit the wall of the pyrex pipe, should be 1/2 inch thicU for the 4 Inch
tube. These spacers may be made of any non»magnetlc material which will
resist an operating temperature of 250 degrees C. The spacers would be
placed beneath the vacuum tube at intervals of about one foot. Where the tube
slopes the spacers should be fattened to the coil forme to keep them in place.
If the space between the coil forms and the pyrex pipe is used for a winding
to produce cm accelerating elnctric field, this winding may also serve as the

spacer between the pyrex pipe and the coll forms.
15. Support for field coi lb.

The field coils, which support the vacuum chamber, must them-
selves, be supported to conform with the shape of the Stellarator tube. The
field coil support* must be adjustable in three dimensions to permit the coils
to be accurately centered on the axis of the vacuum tube and mounted close to-
gether. It is also Accessary, in supporting the field coils, that they be electri-
cally isolated to avoid concentrating the electrical stress on two layers of in-

sulation. Insulating supports of micalex will give the necessary insulation and

permit a high operating temperature.



A possible structure for supporting the fiild coils. ‘which provides
the necessary insulation and freedom of adjustment, is shown in Figure 8.
This figure shows the micalcx blocks for supporting and Insulating the coils.
Thcoc blocks may be in contact v/ith the cooling fine of the coiis as shown.
Figure 9 gives a detail of a clamping arrangement for holding the micalcx
blocks.

The fame shown in Figure 8, for supporting and adjusting the coils,
may be made of angle iron. It will pro\ably be desirable to build this frame
in four sections. Or.c section at each end will support the 180 degree bends
and another section to support each of the horizontal portions of the Stcllara»or.
Figure 10 shows a detail of adjusting screws for leveling and aligning the sec-
tions of the supporting frame so.the vacuum chamber could be aligned for seal-
ing by clamps.

Pumping ports would come at the junctions between the supporting
frames. The several sections of the supporting frames may be constructed at
any convenient location in the laboratory ani after the vacuum tube is installed
and the field coils assembled, the sections may be moved on lift trucks to the

place where the four sections are to be joined to form a Stcll&rator.



Pumping
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Figure 5%
300 degree otellarator
One end with two pump-
ing ports eho h. Total
length for w tube, 35
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s*  Pumping
Port
Figure. 6.

240 degree Stellarator
One end with two pump-
ing port! sno*n. Total
length for 4" tube, 40

feet.
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Figure 7.

SpiCtf for Supporting vacuum tube
inside coil form,

" ¥p S

Coil form

Spicir for support
ing pyrex pipe



. Micalex support

Coil (in

Miealex
support

Angle iron frame

Figure 8.

Frame (or insulated support
of (icli coils.



Figure 10. Leveling screw for angle

in nframe
Micalex support:
\ - Clamps for hold- An*le iron fram*
ing micalex oup-
porte

Figure 9. Detail of Clamps for Micalex Supports

nor:



