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Synopsis

A hybrid magnet is a combined system of an outer superconducting
magnet and an inner high-power water-cooled magnet, generating con-
tinuous high magnetic fields. A small Bitter coil to be used for the
latter magnet has been designed, constructed and tested up to the DC
electric power of 3 MW and the deionized-water flow rate of 130 m3/h.
According to expectations, the field produced in a clear bore of 32 mm
diameter has reached 12.4 T without an excessive temperature rise of
the coil.

I. Introduction

Continuous high magnetic fields have been generated by either
high-power water-cooled magnets or superconducting magnets. The
former facilities were established in our institute in 1958, where a
3.5-MW DC electric source and a 60—m3/h deionized-water cooling system

1’2). The fields up to 10 T have been obtained by the
3)

were installed
so-called Bitter coils and used for various solid-state experiments.
Since 1960's, developments in high-field superconductors enable us to
generate 10 T fields much more easily. In order to produce higher

fields, however, it is advantageous to combine an outer superconduct-
ing coil and an inner high-power water-cooled coil, as was first sug-

4)

gested by Wood and Montgomery '. Such a system is usually called a
hybrid magnets).

The hybrid magnet project is also being pushed forward at our
institute. The Bitter coil with a smaller outer diameter is necessary
for this purpose. It has been planned, for example, that the outer

superconducting magnet has a room-temperature bore of 220 mm, giving

* The 1743th report of the Research Institute for Iron, Steel and
Other Metals.
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a field of 8 T, and the inner Bitter coil has an outer diameter of
182 mm and inner diameter of 37 mm, giving a field of 13 T by the use
of 3.5-MW power; the total field in a clear bore of 32 mm will exceed
20 T. The present report describes the design, construction and test
of the new Bitter coil. The test could be made up to 3-MW power and
130—m3/h flow rate, since the capacity of our deionized-water cooling
system had recently been doubly augmented.

II . Design

The Bitter coil consists of alternate disks of conductor and in-
sulator with a radial slit, which are partly overlapped to form a spi-
ral conducting path. As shown in Fig. 1, each disk has small cooling
holes with radius h which are distributed on concentric circles with
radii a; (i=1, 2, ———=- , n). The inner and outer radii of the disk
are denoted as a, and a

0 n+l’
circle, the total number being m x n. It is considered that the Bitter

respectively. There are m holes on each

disk is split into concentric annular segments, the inner and outer
radii of the i-th segment being a;_1 and ajs respectively. The den-

sity of circular electric current would be inversely proportional to

-th
segment

segment

Fig. 1. Distribution of cooling holes in a Bitter disk.
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the distance from the central axis if there were no cooling holes.

The effect of the cooling holes are treated as follows: the electric
resistance of the i-th segment is equivalent to that of a fictitious
annulus with the inner radius a;_l and the outer radius ai, as indi-
cated by a hatched region in Fig. 1. These values are given by Clem-

6)

ent's empirical equations ’:

Ina, = lna, + [1 - exp(-amh/ma.)] 1n(1 - h/a.) ,
i i i (1)

lnal = ]Jlai + [1 - exp(—amh/ﬂai)] In(l + h/ai) ’

where o is an adjustable constant. According to Clement, the best

value for o is 1.9. The electric current through the i-th segment is

al
V.t Vht a.
= — 0" = _0 i
Ii 2mpr dr 2Tp In a" 1 ! (2)
4i-1

where t is the thickness of the disk, p the resistivity and Vg the
electric potential difference of a round path.

The most efficient cooling is realized when the temperature rise
in the coil is uniform, so the Joule heating and the water cooling
must be balanced in each segment. The cooling surface for each seg-
ment is provided by semi-holes on the inner and outer circles, the
surface area being given by S = 2thtm. Since S is the same for all
segments, Ii must be the same for i = 2, 3, —-=-=- , n. Actually the

values of a; are determined so as to satisfy the condition that

ai/a;_l is nearly constant. The innermost (i = 1) and outermost
(i = n+ 1) segments have to be treated otherwise, since there are no
cooling holes on the inner circle of the former nor the outer circle

of the latter. It is reasonable to assume that as = ao and a6+l =

a1’ contrary to eq. (l1). The cooling surface can also be provided

by the inner and outer boundaries of the disk, I1 and In+1 being

determined to realize the same temperature rise. In the present de-
sign, only the inner boundary of the disk, with the surface area
s' = 2ﬂa0t, is water-cooled.

Figure 2 shows a photograph of the Bitter disk, the cooling-hole
pattern being determined under the conditions that n = 15, m = 36,
h=1.1 (mm), ag = 18.5 (mm) and a1
holes for bolts to support a stack of the conductor and insulator

= 91 (mm). There are 12 larger

disks. The conductor disk has a sectorial opening of 10°. The
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Fig. 2. Bitter disk of 182-mm outer diameter.

Fig. 3. Bitter coil with potential leads. Fig. 4. Bitter magnet with water pipes.
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adjacent conductor disks are rotated by 30°, and the 20°-sector por-
tions are directly contacted without the insulator disk. The dis-~
turbance of the current density due to the larger holes is ignored
although it is not negligibly small. The contact resistance is also
neglected.

The Bitter coil consisting of N conductor disks has (11/12)N
turns. Its electric resistance is (8/9)NR, where R is the resistance
of a sheet of the disk without opening and overlapping. A small cor-
rection for the resistance at upper and lower ends of the coil is also
ignored. The current through the coil is (9/8)V/NR, where V is the
voltage applied to the coil. It is derived from eq. (1) that

n+l al
9 V t i
I =5 = 5= E : In (3)
8 N 27p =1 aj_q

The height of the coil is approximated by £ = N(t + t'), where t' is
the thickness of the insulator disk. The magnetic field (flux density)

B, at the center of the coil is also derived from eqg.(1l) as

u vt n+1l a!l 23, \ 2
b, = 21 .0t S, \/“( i)

0 32 amed oy i-1 g , (4)
with a, = (a; + a;_;)/2 and yg = 47 x 10-7 in SI units.
It is chosen here that N = 200, t = 0.6 (mm) and t' = 0.1 (mm).
The conductor used is pure copper. Since the temperature may reach
8

around 80 °C, p is assumed to be 2.1 x 10 ° Qm. For the coil with the
disk shown in Fig. 2, it is calculated with eq.(3) that I = 9.22 (kA)
at V = 300 (V), the total power amounting to W = 2.77 (MW). It is
also evaluated that 2 = 140 (mm) and B0= 12.4 (T), and then BO/I =
1.34 (T/kA). Since the total area of the cooling surface in the coil,
A = N(nS + S'), is calculated to be 0.46 m2, the rate of heat transfer

between conductor and water is expected as W/A = 6.0 (W/mmz).

II. Construction

Conductor disks were made of 1/4 H -copper plates of 0.6-mm thick-
ness,and insulator disks of glass-fiber-enforced polyimide sheets
('Imidalloy' of Toshiba Chemical Products Co.) of 0.l1-mm thickness.
Inner and outer boundaries and 12 holes of 10-mm diameter were firstly
punched with a 30-ton press, then 528 holes of 2.2-mm diameter were
punched in 12 instalments by using the 10-mm hole as a guide, and
finally a narrow sectorial opening was cut off. The surface of
copper disks was slightly polished with emery paper and cleaned with
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organic solvent. Neither an-

nealing nor silver plating

—-—
(@
1

was applied to the disks.
Two-hundred sheets of AP=53x1 O-I'F 2

conductor and insulator disks

(0o}
T

were stacked alternately, as
already mentioned. Upper and

(0 ))
T

lower ends of the coil were
heavy brass electrodes with

S
T

similar holes for cooling wa-

8 P ( kg/cm’)

ter and supporting bolts.

Several sheets of dummy con- 2
ductor disks were inserted

between the electrods and the

1 I

0 50 100 150
F (m7h)

smoothly. The supporting Fig. 5. Pressure difference AP vs flow rateF
of the Bitter coil.

effective conductor disks in
order to convert vertical

current into spiral current

bolts were made of stainless
steel covered with glass-
fiber-enforced epoxy tube of l-mm wall thickness. The stack of the
disks and electrodes were tightly fastened by nuts with insulating
washers, as shown in Fig. 3. There can be seen several potential
leads to measure the electric resistance, from which the average tem-
peratures of the conductors are estimated. Thermocouples were also
set for measuring water temperatures near the conductor.

The Bitter coil was placed inside a stainless-steel case with in-
let and outlet pipes for deionized water. Its external appearence is
shown in Fig. 4. Heavy electric leads were connected with the 3.5-MW
electric source. A stainless-steel tube of 34-mm outer diameter and
32-mm inner diameter was inserted along the central axis of the coil,
in which a Hall probe for measuring the magnetic field was placed.

An insulator sheet was wound outside the tube, leaving an annular
spacing of about 1 mm from the inner boundary of the coil. The water-
flow velocity in this spacing is estimated to be not so different from
that in the cooling holes. The water flow along the outer boundary of
the coil was almost inhibited.

IV. Test

Figure 5 shows the pressure difference of flowing water between

the inlet and outlet pipes, AP in kg/cmz, plotted as a function of the
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flow rate, F in m3/h, exhibiting a parabolic relation. The pressure
difference for turbulent flow in a tube with entrance and exit losses

is given by a hydraulic equation7),

_ .3 1 2

AP = (-5- + £ ?T-) S uv ’ (5)

in SI units, where v is the flow velocity, p the density, d the diameter
and %' the length of the tube. The friction factor f depends on rela-
tive roughness € (the deviation in diameter over the tube diameter)

and Reynolds number Re =uvd/n (n: viscosity)sg if the tube is smooth

(¢ = 0), then £ = 0.184 Re °*%; if Re is sufficiently large, then

f = 0.24 60'4. For the present Bitter coil, d = 2h = 0.22 (cm),

2' = 2+ 4 =18 (cm), and v (m/s) = 0.13F (m3/h) since the cooling-
channel cross-section is 21 cmz. Comparing eq.(5) with the experimen-
tal result, we obtain f = 0.06. Since u = 103(kg/m3), n=7nxn3x 1()"4
(kg/m/s) at 30 &~ 100°C, and F = 46 (m>/h), so Re 2 1.8 x 10%. 1t is
thus derived, that € = 0.03, as expected from the rough surface of
cooling channel through conductor and insulater disks.

The relation between voltage and current is shown in Fig. 6. The
curves are concave upwards and depend on the flow rate of water, re-
sulting from an -appreciable temperature dependence of the conductor
resistance. The current amounted to 9.10 kA at the voltage of 300 V,
in good agreement with that estimated in section I, suggesting that
the contact resistance between the disks was sufficiently small.

300
* F=46m/h
EZOO" + 92
> o 130
100 |

0 2 4 6 8 10
I (kA)

Fig. 6. Current I vs voltage V of the Bitter coil
in the case of water-flow rate F.
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Fig. 7. Temperature distribution in the coil with current I, power W and water flow
Tate of 92 m3/h, estimated from the resistivity change between potential
leads Pj. Arrows indicate mid points of the adjacent leads.

The temperature of flowing water in the coil shows a linear increase
along the coil axis. In a steady state the temperature difference
between outlet and inlet, AT in °C, is simply derived from the heat

capacity of water as
AT = 860 W/F , (6)

where W is the total power in MW and F the flow rate in m3/h. This

relation could easily be verified by the present test because the sys-
tem reached a steady state fairly quickly. The temperature difference
between flowing water and surrounding conductor, 6T, is nearly constant

everywhere and related to the heat-transfer coefficient, H, as
HST = W/A , (7)
where A is the total area of the interface between water and conductor.

As already mentioned in section II , it was expected that W/A = 6.5
(W/mmz) at W= 3.0 (MW . 1In order to obtain the value of H in the
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present test, the temperature of the conductor was estimated from the
electric resistance measured by the use of potential leads.

As illustrated in Fig. 7, the potential leads were placed at 29th,
65th, 10lst, 137th and 173rd disks. The potential difference, ¢, be-
tween adjacent leads were measured as a function of the current, I,
through the coil. Since ¢/I is proportional to the resistance, the

temperature, T, is given by

_ 1 (¢/1)=(¢/1)
0 a (¢/1) !

(8)

where T0 is the initial temperature, a is the temperature coefficient
of the resistivity, and (¢/I)0 is the limiting value cf (¢/I) as the
current tends to zero. The temperature thus obtained is an average
temperature of the conductor in between the adjacent potential leads.
For the leads of 29th and 65th disks, for example, T corresponds to
the temperature of 47th disk. The temperature coefficient of the re-
sistivity of copper depends slightly on the initial temperature.
Since the resistivity at T °C is well expressed as p = (1.60 + 0.006T)
x 107° (am), it is obtained that a = 3.7 x 107> (°c™!) at T, = 6 (°C).
Measurements of the potential difference were made for various
flow rates of water. As an example, the results for F = 92 (m3/h) and
T, = 6 (°C) are shown in
Fig. 7. The larger the cur- 100

rent and the power, the

steeper becomes the tempera-

Tu-To

@
o
T

ture gradient in the coil.

The temperatures at upper

and lower ends of the coil, 11_.Tb
T, and Ty respectively, were

obtained by extrapolation.

These are plotted against Th-Tl
the power in Fig. 8, togeth- /‘//,/‘(’

er with the temperature rise -7

of flowing water, AT of eq. - AT(calc)

(6), which should be equal
to T, - Ty although the dis-

Temperature difference (°C )

Crepancy is not so small.

The temperature difference
between water and conductor, W(MW)

6T, may be given by T, - Ty- Fig. 8. Temperatures of upper (T,) and lower

Strictly speaking, however, (Ty) ends of the coil with power W.
AT is the temperature rise of 92-m3/h water.
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the average temperature of the conduc-

x10°

tor is different from the cooling-sur-

N

face temperature because the thermal obs

conductivity of cooper is not infinite.
The temperature distribution in

—
T

the conductor is roughly estimated as calc.

follows: if an annular plate, with the

H(W/m?2/°C)

outer radius b, inner radius h and

thickness t, is uniformly heated by the 0 - SIO 10%

F(m3/h)

the outer and inner boundaries in a Fig. 9. Heat-transfer coefficient H
vs flow rate F.

power P and cooled by the inner bounda-

ry, the temperature difference between

steady state is

2
§T' = P 2b ln-%} - l} ’ (9)

4TAt

whwre A is the thermal conductivity. It can be approximated for the
Bitter disk that b is an half of the distance between the nearest holes
and P is the total power in the disk divided by the number of holes.
Numerical values are: h = 1.1 (mm), b =3 v 6 (mm), t = 0.6 (mm),
A = 3.8 (W/cm/°C), and P = 28 (W) for the 3-MW power of the coil, so
§T' = 13 ~ 25 (°C) and the average temperature rise inside the conduc-
tor is estimated as S8T' = 14 (°C). The temperature difference between
conductor and water, T, - T0 in Fig. 8, is equal to 8T' + 6T, and we
can obtain the heat-transfer coefficient H in eq. (7). The results for
various values of F are summarized in Fig. 9.

Theoretically the heat-transfer coefficient for turbulent flow in
2/3 - £/8, with
Stanton number St = H/cuv (c: specific heat) and Prandtl number

a tube with the friction factor f is given by8) St.Pr

Pr = nc/k (k: thermal conductivity). It was already mentioned that
f=0.06, u= 103(kg/m3) and n = 6 X 10_4(kg/m/s). Since c = 4.2 x l&
(3/kg/°C) and k = 0.63 (W/m/°C), we obtain H = 1.25 x 10% v = 1.6 x 10°
F, where H is in W/m2/°c, v in m/s and F in m3/h. The calculated
values are also shown in Fig. 9, being somewhat smaller than those
observed. This suggests that the cooling-surface area A is effectively
larger than N(nS + S'). It is worth-while to mention that the equation
for H in Montgomery's book7) is only applicable to a smooth tube

(where £ = 0.184 Re_o'z, so Hcrv0'8),giving about one-third of the

above-mentioned wvalues.

Magnetic fields (flux density), BO’ measured with a Hall probe at
the center of the coil were strictly proportional to the current, I;
the relation is expressed as By(T) = 1.31 I(kA), in fair agreement
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o F=130mh
+ 92
. 46

0 1 2 3
W (MW)

Fig. 10. Magnetic field (flux density) By vs power W
at flow rate F.

with that estimated in section II .
If B0 is plotted as a function of 1 4

the power, the curves depend on F-1k\\\\\\
the flow rate of water, as shown
in Fig. 10. The field amounted to

12.4 T at 2.99 MW and 130 m>/h.
The uniformity of the field in the

B/Bo
o
17e]

coil was also measured, the results

being shown in Fig. 11l. It is to 08

be noted that the ratio of height 1 1 L

0 2 4 6
Z

3.78, being larger than the optimum (cm)

value of 2.0°) to produce the larg- Fig. 11. Field distribution along the
Z- axis of the Bitter coil.

T

to inner diameter of this coil is

est field with a given power.

V. Conclusions

The tests of the Bitter coil showed satisfactory results. The
electric resistance and the water-flow resistance were in good agree-
ment with those estimated. Also the magnetic field reached the expect-
ed value, while the temperature rise of the coil was rather smaller
than the calculated value. If both 3.5-MW power and 150—m3/h flow
rate could be supplied, the field would easily exceed 13 T without
dangerous heating of the coil. 1In order to utilize this coil for
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a hybrid magnet, however, further considerations on the mechanical
strength are indispensable. Full-hard copper or silver-copper alloys
will be used to withstand the strong electromagnetic force exerted in
the field of 20 T. Optimization calculations for the coil shape and
current distribution, dealing with both thermal and mechanical limita-

tions, have been reported elsewhereg).
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