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SOLENOID PRODUCING A MAGNETIC FIELD UP TO 30 kOe IN A VOLUME OF 5 LITERS

AND CONSUMING 500 kW

P. L. KAPITZA and S. I. FILIMONOV

Institute of Physics Problems, USSR Academy of Sciences

Usp. Fiz. Nauk 95, 35-43 (May, 1968)

1. GENERAL DESCRIPTION OF THE APPARATUS

I N an investigation of certain properties of plasma, we
constructed a solenoid having the parameters indicated
in the title to obtain a constant magnetic field. Inasmuch
as the solenoid operates well and reliably, and the design
of its winding and cooling system incorporates certain
original ideas, we present here a brief description of the
entire apparatus and of the construction of the solenoid,
and present the appropriate calculations.

The construction of the solenoid is shown in Fig. 1,
and the diagram of the entire setup is shown in Fig. 2.
The solenoid winding consists of wafer-type coils, ar-
ranged six on each side symmetrically with respect to
the central cross section, and in the center there is free
gap of 3 cm, which makes it possible to carry out the
observations in the transverse magnetic field. The
solenoid has an iron armature, which increases the
homogeneity and intensity of the magnetic field inside
the solenoid, and decreases the stray field on the out-
side. The solenoid is fed from a 500 V dc generator
rated 500 kW (Fig. 3). The current in the solenoid is
controlled by varying the excitation of the generator,
which is stabilized by the current itself.

The main design problem that had to be solved is
connected with the winding of the solenoid itself. As is
well known, the winding must satisfy the following re-
quirements : first, it must have a high copper filling
factor; second, it must be effectively cooled; third, it

must be strong enough to withstand, at the attained mag-
netic field, the forces arising in the winding as the re-
sult of the interaction between the current and the field.

We used a ribbon-type winding consisting of a num-
ber of series-connected wafers. A similar type of wind-
ing was already used in the construction of the solenoid
described by S. P. Kapitza[1]. The winding is cooled by
a liquid flowing radially between the wafers; instead of
oil we used distilled water, which in the case of turbu-
lent flow produces a much more effective cooling than
laminar flow of oil. The use of pure water for cooling
has now become much simpler and more reliable, owing
to the use of ion-exchange filters. As shown in Fig. 2,
part of the cooling water is diverted and passes through
the ion filter; it is thus continuously purified and its
electric conductivity is maintained at a very low level
(less than 10"7 Ohm-cm). In spite of the fact that the
outer edge of the ribbon in the wafer has no insulation
and is directly immersed in the water, the parasitic
current through the water is practically nil.

The entire cooling system, through which pure water
circulates, is made of copper or stainless steel. The
circulating pumps are also made of stainless steel. The
circulating cooling system is shown in Fig. 2. Attention
must be called to the fact that a very important factor
in the cooling system chosen by us is the absence of an
insulating layer on the outer surface of the wafers, for
this ensures effective transfer of heat from the copper

FIG. 1. Design diagram of the solenoid. 1 - wafer; 2 - jacket; 3 - current lead; 4 - tubes for inflow and outflow
of water; 5 - armature; 6 - partition separating the water streams; 7 - spacer with spirals guiding the water stream;
8 - hole for dumping the water.

299



300 P . L . K A P I T Z A and S. I . F ILIMONOV

to water. In such an insulation system, the winding
must be carefully protected against over-voltages that
arise when the power supply is too rapidly disconnected.
As a precaution, therefore, the winding is connected to
the generator without a switch, and to stop the current
flow it is necessary to stop the generator.

2. WINDING CALCULATIONS

We use the following notation: ribbon width 2b, inside
wafer radius Ro, outside radius Ri, number of wafers
2n, total length of solenoid L, power supply W, current
I, voltage V. It our solenoid Ro = 8.0 cm, Ri = 18.0 cm,
L = 40.6 cm, n = 6, W = 5 x 105 W, and I = 103 A.

The calculation formulas for the winding are readily
derived from Ohm's law and from geometrical condi-
tions, and we present them here only in final form.

The end-surface area of the wafer is

the volume of the entire winding is

O = 4nbS;

the per-unit thermal load of the winding is

(1)

(2)

(3)

(in our solenoid w = 20.5 W/cm3); the ribbon cross sec-
tion area is

r w
where

(4)

(5)

is the resistivity of the ribbon, 77 is the coefficient of
filling the wafer with copper, and /10 is the resistivity
of the copper at the working temperature Ti. This tem-
perature is determined by the cooling conditions and will
be calculated in the next section (see formula (24)). In
our solenoid Ti = 40—50° and r\ = 0.9, so that we used
in the calculations ^ = 2 x 10~6 Ohm/cm. The thickness
of the ribbon with the insulating liner is
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FIG. 2. Diagram of setup

An advantage of the winding employed by us is that it
can be made of several layers of thin ribbons. A multi-
layer winding is not only easier to wind, but is also
much more reliable and it is simpler to add new pieces
of ribbon, since this can be done without noticeably dis-
turbing the cross section of the ribbon. The wafers
were wound on a frame in a special machine, which en-
sured even ribbon tension so that the coils obtained
were dense and with level end surfaces. Each wafer
was individually banded.

We chose two parallel ribbons, each with 25 x 0.6 mm
cross section; the insulation was a lavsan polyester
ribbon 0.14 mm thick and of the same width as the cop-
per ribbon. The number of turns in each wafer was

2.. (?)N=-

the length of the ribbon in each wafer was

(8)
in our solenoid N = 73 and L = 60 meters.

3. COOLING AND THERMAL CONDITIONS OF THE
WINDING

The cooling was by water flowing over the end sur-
faces of the wafers. The temperature gradient was the
sum of two temperature drops, ATi (temperature drop
in the copper) and AT2 (temperature drop between the
cooled water and the end surface of the wafers). The
temperature drop from the central cross section to the
ends is determined by the following expression:

(9)
Cu

where k c u is the thermal conductivity of the copper,
which we assumed to be 0.96 cal/cm-sec. In our solen-
oid, at the load w = 20.5 W/cm3 in the copper and at
2b = 2.5 cm, the temperature drop in the copper was
only 4°.

The main temperature drop was between the water
and the end surfaces of the wafers. Calculations show
that to realize this temperature drop it is necessary to
have an intense flow of liquid. The flow must be turbu-
lent and the rate of flow of the water should be suffi-
ciently large, since the heat transfer increases with the
velocity. In the case of radial flow of the water between
the wafers, the flow velocity must decrease on approach-
ing the periphery of the winding. To ensure uniform
heat exchange over the entire surface of the wafers, it

FIG. 3. Illustrating the calcula-
tion of the liner profile
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is necessary to maintain the rate of water flow over the
surface constant, this being effected with the aid of
spacers placed in the gap between the wafers and divert-
ing the stream of the water. This is done as follows:
a thin glass-bakelite disc is inserted in the center of
the gap between the wafers; on each side of the disc are
fastened narrow teflon strips bent into a spiral (see
Figs. 1 and 7); these strips not only direct the stream
of liquid in such a way as to cause it to flow over the end
surface with equal velocity, but also serve as spacers
that are compressed between the wafers and ensure
strength of the entire winding.

Let us calculate the curve into which the spacers
must be bent to ensure a constant velocity of water flow.
We denote the average water velocity in the gap by u0.
The coordinates R and ip determine the profile of the
spiral liner between the coils, along which u0 = const.
Figure 3 shows the profiles of the liners and the reso-
lution of the velocity intercomponents u r and u^.

To maintain constant water flow it is necessary that
the following relation be satisfied between the radial
and tangential components of the velocity:

= u0Ra, «0 = const,

from which we get

The equation of the profile of the spiral is

dtt - ur - (Hi-1) •

(10)

(11)

(12)

i n t e g r a t i n g t h i s e q u a t i o n u n d e r t h e c o n d i t i o n u ^ = 0

( R = Ro) , w e o b t a i n t h e e q u a t i o n of t h e s p i r a l c u r v e of

t h e s p a c e r s i n t h e f o r m

< p = ( — - l ) V £ - a r c c o s ^ ( 1 3 )

F o r t h e c a l c u l a t i o n s i t i s c o n v e n i e n t t o e x p r e s s t h i s

e q u a t i o n i n p a r a m e t r i c f o r m , n a m e l y :

<p = tg; t— x. ( 1 4 )

T h e l e n g t h of t h e s t r e a m i s

- ^ ^ ' - - r b j — » ) • ( 1 5 )

F i g u r e 1 s h o w s t h e s e c t i o n o f t h e s o l e n o i d ; w e s e e

t h a t t h e n u m b e r of t h e g u i d i n g s p a c e r s i s l a r g e r a t t h e

o u t e r e d g e of t h e w a f e r . T h i s i s d u e t o s t r u c t u r a l c o n -

s i d e r a t i o n s : f i r s t , f o r i n c r e a s e d s t r e n g t h ; s e c o n d , t o

d e c r e a s e t h e d i s t a n c e b e t w e e n s p a c e r s , s o a s t o d i r e c t

t h e s t r e a m of w a t e r e f f e c t i v e l y a l o n g t h e s p i r a l . I t i s

a l s o s e e n f r o m F i g . 4 t h a t i n t h e t h r e e o u t e r m o s t w a f e r s

t h e w a t e r f l o w s f r o m t h e p e r i p h e r y t o t h e c e n t e r , a n d i n

t h e t h r e e o t h e r w a f e r s i n t h e o p p o s i t e d i r e c t i o n s . T h e s e

s t r e a m s a r e m a d e c o n t i n u o u s i n t h e g a p s b e t w e e n t h e

Winding

FIG. 4 . Armature of solenoid

o p e n i n g s i n t h e w a f e r s a n d t h e i n t e r n a l t u b e , o n w h i c h

t h e w i n d i n g i s p l a c e d . T h e g l a s s - b a k e l i t e d i s c s p a c e r s

a r e p l a c e d i n t h e g a p s b e t w e e n t h e w a f e r s a n d e x t e n d

b e y o n d t h e w i n d i n g ; t h i s i s d o n e i n o r d e r t o i n c r e a s e t h e

p o s s i b l e p a t h of s t r a y c u r r e n t s t h r o u g h t h e w a t e r i n

t h o s e p l a c e s w h e r e t h e r e i s a n a p p r e c i a b l e p o t e n t i a l

d i f f e r e n c e b e t w e e n n e i g h b o r i n g w a f e r s . T h e j a c k e t i s

c o a t e d w i t h e n a m e l t o p r e v e n t l e a k a g e of c u r r e n t t h r o u g h

t h e w a t e r t o t h e i n t e r n a l s u r f a c e o f t h e j a c k e t . *

T h e t e m p e r a t u r e d r o p A T 2 b e t w e e n t h e w a t e r a n d t h e

w a l l o f t h e w a f e r i s c a l c u l a t e d b y t h e u s u a l m e t h o d l 2 : .

W e n e e d t h e f o l l o w i n g c o n s t a n t s , w h i c h d e t e r m i n e t h e

p r o p e r t i e s of t h e w a t e r a t 2 0 ° C : v i s c o s i t y of w a t e r

ip = 0 . 0 1 p o i s e , s p e c i f i c h e a t Co = 1 c a l / g , d e n s i t y

= 1 g / c m 3 , t h e r m a l c o n d u c t i v i t y k 0 = 1.5

x 10~ 3 c a l - c m / s e c , k i n e m a t i c v i s c o s i t y v = ip/p = 0 . 0 1 ,

a n d P r a n d t l n u m b e r P r = upco/ko = 6 . 6 . T h e a v e r a g e

v e l o c i t y of t h e s t r e a m of w a t e r b e t w e e n t h e w a f e r s i s

Q ( 1 6 )

w h e r e Q i s t h e q u a n t i t y o f w a t e r f l o w i n g , n i s t h e h a l f

t h e n u m b e r of w a f e r s , a n d a i s t h e h e i g h t of t h e g a p b e -

t w e e n t h e w a f e r s , i n w h i c h t h e w a t e r f l o w s . T h e

R e y n o l d s n u m b e r i s e q u a l t o

Re = -

w h e r e

( 1 7 )

( 1 8 )

i s t h e e q u i v a l e n t d i a m e t e r f o r a g a p o f h e i g h t a . T h e n

( 1 9 )

t o e n s u r e t u r b u l e n t f l o w of t h e l i q u i d i t i s n e c e s s a r y t o

s a t i s f y t h e c o n d i t i o n R e > 2 5 0 0 ; t h i s d e t e r m i n e s t h e

l o w e r l i m i t f o r t h e w a t e r f l o w Q . Q d e t e r m i n e s t h e t e m -

p e r a t u r e d i f f e r e n c e A T 3 b e t w e e n t h e i n c o m i n g a n d o u t -

g o i n g d i s t i l l e d w a t e r , w h i c h i s u s e d t o c o o l t h e s o l e n o i d

w i n d i n g . F r o m t h e h e a t b a l a n c e w e h a v e

I n o u r s o l e n o i d , a t f u l l p o w e r a n d a t a f l o w Q = 1.2

x 1 0 4 c m 3 / s e c , t h e t e m p e r a t u r e d r o p A T 3 w a s 1 0 ° . T h i s

y i e l d e d R e = 8 0 0 0 , a n d e n s u r e d t u r b u l e n c e o f t h e s t r e a m .

T o d e t e r m i n e t h e d r o p T 2 , w e c a l c u l a t e t h e h e a t e x -

c h a n g e b e t w e e n t h e c o p p e r a n d t h e w a t e r . T o t h i s e n d ,

w e d e t e r m i n e d t h e h e a t - t r a n s f e r n u m b e r ( s e e [ 2 ; l ) , w h i c h

i s g i v e n b y

( 2 1 )

T h e h e a t t r a n s f e r c o e f f i c i e n t b e t w e e n t h e c o p p e r a n d

t h e l i q u i d i s

a = copATouo, (22)

F r o m w h i c h w e g e t t h e t e m p e r a t u r e d r o p b e t w e e n t h e

w a t e r a n d s u r f a c e of t h e w a f e r s i n t h e f o r m

*Since the jacket was made of stainless steel, it was impossible t o
coat it with enamel in the usual manner . We are grateful t o the Chemical
Machinery Research Institute in Kharkov and t o A. I. Matyash, the
Director of the Laboratory, for this work, which was performed
specially for us.
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bwbw
4.18a ~ 4,18c0ptf0u0

(23)

This temperature drop between the wafers and the
water makes very exact demands on the cooling system.
In practice, it is not desirable to make the drop AT2
larger than 20—30°. Therefore, given a ribbon width 2b
and a specific thermal load of the winding w, taking into
account the weak dependence of the heat-transfer num-
ber Ko on the velocity, the only way to decrease ATi is
to increase the flow velocity u0. In our case u0 lies in
the range 2.5—3 m/sec. We find thus that the average
copper temperature Ti in the solenoid winding exceeds
the temperature of the water entering the solenoid To,
and equals

- AJ.,. (24)

As already indicated, in our solenoid AT3 « 10°; the
temperature of the water coming from the heat exchan-
ger is 20—30°C, and the temperature of the copper Ti
reaches 45—55°C, in accordance with which we calcu-
late the average Ohmic resistance of the winding.

The pressure drop Ap necessary for the water cir-
culation is calculated in the usual manner (see t2]) and
equals

atm, (25)

where D, the length of the spirals, is determined by (15).
The value of Ap calculated in this manner is too low,
since it does not take into account the roughness of the
wall and the appreciable input and output resistances.
In our solenoid, the total pressure drop between the in-
put and the output of the liquid was Ap = 1.3 atm at
Q = 12 1/sec, a = 0.15 cm, and D = 16.3 cm.
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FIG 5. Dependence of the
field Ho at the center of the
solenoid on the current I.
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4. CALCULATION OF THE ARMATURE AND OF THE
FIELD AT THE CENTER OF THE SOLENOID

In the case of an ideally short-circuiting armature,
the field at the center of the solenoid, with allowance
for the apertures at the ends of the winding, is given by
the formula

ffo= 0.4*4 ( 1 - 2 $ ) . ,

where

A=2nNI

(26)

(27)

are the ampere-turns of the solenoid. In our solenoid
A = 9 x 105 and Ho = 29.5 x 103.

The shape of the armature is shown in Fig. 4. To
determine the dimensions of the armature it is neces-
sary to calculate the magnetic flux * in the armature.
It can be regarded as the sum of two fluxes:

0=00+01,. (28)

The flux 4>o is produced by the magnetic field flux
through the aperture of the solenoid. With an approxi-
mation sufficient for our purposes, we assume that

Q>0 = nRlHa. (29)

The flux *i is produced by the magnetic field linking
with the winding of the solenoid. To calculate the flux
*i we introduce the coordinates

x— R— Ro, XQ = Rl— Ro. (30)

The field H in the winding at Ro < R < Ri and the field
Ho on the boundary of the armature and the winding of
the solenoid is then given by

(31)

where j is the average current density in the winding.
We get

(D1= (32)

Substituting the field H from the preceding formula and
integrating, we get

(J) _ j[/̂  iff _L _L x 1 X (""/

From (28), (29), and (33) we obtain the total flux through
the armature:

<D = ^ / W , [ I + ^ - + ( | L ) 2 ] . (34)

The calculation of the armature reduces to the re-
quirement that its cross section must not offer a notice-
able magnetic reluctance when the external magnetic

ili/ffa, "A
zu
to
0

-10
-20
-so
-40
-50

4
J

i
\

l.omZB 15 11 5 0 5 10 15 20L, cm
FIG. 6. Distribution of the field along the axis of the solenoid at

Ho = 255 Oe. FIG. 7. Photograph of the solenoid winding.
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circuit is closed. This will be the case if the magnetic
induction B is much lower throughout the armature than
the iron-saturation induction. In our calculations we
assume that we should have B < 17 kG. As seen from
Fig. 4, the armature is made up of plates of thickness h;
they are cut of sheets of low-carbon steel. The thick-
ness h should be sufficient to prevent saturation of the
iron in the armature at the ends of the winding. To this
end, it is necessary to satisfy the two conditions

The plate width I is determined from the formula

/ - _ £ _ (36)
2hB •

I n o u r s o l e n o i d h = 9 c m a n d I = 5 5 c m . T h e w e i g h t o f

t h e a r m a t u r e t u r n e d o u t t o b e 8 0 0 k g a n d t h e w e i g h t o f

t h e w i n d i n g 2 1 0 k g , s o t h a t t h e t o t a l s o l e n o i d w e i g h e d

s o m e w h a t m o r e t h a n o n e t o n .

C O N C L U S I O N

T h e s o l e n o i d c a l c u l a t i o n s p r e s e n t e d h e r e a r e a p p r o x i -

m a t e b u t , a s d e m o n s t r a t e d b y i t s t e s t s , t h e s e c a l c u l a -

t i o n s g i v e r e s u l t s t h a t a r e s u f f i c i e n t l y c l o s e t o r e a l i t y

( w i t h i n 5 — 1 0 % ) . T h e f i n a l p a r a m e t e r s o f t h e s o l e n o i d s

should be determined experimentally.
The experimentally determined dependence of the

field Ho in the center of our solenoid on the current I is
shown in Fig. 5. The field distribution along the solen-
oid axis is shown in Fig. 6. These curves were obtained
with a magnetometer operating at nuclear resonance in
water. The thermal conditions were also in sufficiently
good agreement with the calculations.

On the basis of the presented calculation method it
can be shown that a solenoid of such a design can be
realized also for powers much higher than 500 kW.

The detailed designs of the solenoid and of the heat
exchangers were developed by designers A. I. Degal'tsev
and Yu. E. Saprykin, to whom we are grateful. The ap-
paratus was constructed at the machine shop at the
Institute of Physics Problems of the USSR Academy of
Sciences.

JS. P. Kapitza, in: Elektronika bol'shikh moshchnos-
tei (High-power Electronics), No. 2, AN SSSR, 1963,
p. 107.

2 P . L. Kapitza, Dokl. Akad. Nauk SSSR 55 (7), 595
(1947).

Translated by J. G. Adashko


