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FOREWORD
Arthur H. Snell

Assistant Director
Oak Ridge National Laboratory

The demands of the varied thermonuclear experiments that are appearing around us have led to
the design of magnetie fields of novel configurations, often with carefully-controlled field contours
and conforming to exacting specifications. A classical realm of physics emerges today with new
importance and new intetest. On o wide scale, physics also today demands magnetic fields of
greater intensity and of longer duration than ever before, so that limiting problems of mechanieal
strength in windings and of heat dissipation insist upon solution. The importance of conferences
of this kind ranges beyond Project Sherwood alone; accelerator technology and cryogenics are only
two of the many allied branches of science that are directly interested in magnet development.
When one thinks of the wealth that is presently being invested in large magnets throughout the
world, an economic importance adds itself to the scientific in requiring examination and re-
examination of the fundamentals of magnet engineering. It is in this framework that this symposium
was conceived, and the papers that follow show that the ingenuity of physicists and engineers is
capable of rising to the occasion. Although this particular symposium has been organized at the
instance of the Oak Ridge National Laboratory, it is to be hoped that this will be only the first
of a series of meetings within the Sherwood Project devoted to a subject that we all hope will
develop swiftly until magnetic flelds of new intensities and configurations are within easy

technical grasp.

Chairman of Symposium: W, F. Gauster

Chairman of 1st Session: E. D. Shipley

Chairman of 2nd Session: R. Carruthers

Chairman of 3d Session: R. G. Mills

Chairman of 4th Session: P, R, Bell
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1. BRIEF REVIEW OF

HEAT TRANSFER PROBLEMS ENCOUNTERED IN THE

PRODUCTION OF MAGNETIC FIELDS'

The design of internally cooled
ptesents many new aspects and co
tomary methodology appears to be s
This methodology comprises the de
petformance of the various parts of
the limiting features of the system.

in turn provide guidance for develo

L. G. Alexander
QOak Ridge National Laboratory

ABSTRACT

electrical coils for the production of high-intensity magnetic fields

mbinations of the familiar modes of heat transfer. However, the cus-

ufficient for preliminary analysis and understanding of the problems.

rivation of a qualitative, approximate equation expressing the relative

a system, fallowed by an examination of this equation in order to locate
These features are then investigated by more tigorous methods, which

pment research in the laboratory.

. 6. Alexander, A Brief Re
ORNL CF-59.5.-87 (to be published

view of Heat Transfer Problems in the Production of Magnetic Fields,

2. SOME OF THE THERMAL PROBLEMS INVOLVED IN THE DESIGN OF THE
CONFINING FIELD COILS FOR THE C STELLARATOR

Proj

F. J. Arnaud

ect Matterhorn — Princeton University

INTRODUCTION

The model C-1 Stellarator will be a large thermonuclear experimental device to be built at the

James Forrestal Research Cent
as a race-track-shaped vacuum
confining coils. This race trac
confine the plasma to the centr

Confining Field Coils, -~ T

of coils known as confining fie

er for the Project Matterhorn. The device may be best described
vessel enclosing an ionized gas (plasma), which is surrounded by
k will be threaded by a large magnetic field whose purpose it is to
1l region of the vacuum vessel.

he axial field in the vacuum vessel will be produced by a number

d coils placed along the axis (472 in. in length) of the race track.

These coils are designed to produce a field of 55,000 gauss in the volume enclosed by the vacuum

vessel (approximately 24,000 in.*).

Energy Consideration. — The maintenance of a 55,000-gauss field through a length of 472 in.

requires 52 million ampere turn
one second, maintain the level

l/2 second. Generator capacity

approximately 200 million watts.

5. |t is also desired to bring the flux to this level in approximately
for one second, and then bring the current to zero in approximately

fo supply the energy for this field and for ohmic losses will be

COIL DESIGN

Obviously 200,000 kw in cdils as small as these will produce thermal problems. The hottest

spot temperature is one of the major elements that limit the capability and lifetime of any elec-

trical equipment. In working to optimize the coil design it is essential to be able to calculate



with reasonable speed and accuracy the hottest spot temperature in order to be able to evaluate
the desirability or practicality of various conductor sizes, shapes, and cooling means. For the

temperature ranges here considered water coolant has been selected. The conductor will have
a central longitudinal hole for a water circulatory path.

This introduces several independent variable parameters such as:

1. size and shape of central conductor hole,
2. the number and length of water paths,

3. the velocity and direction of flow.
These parameters will influence the temperature of the conductors as follows:

1. Increasing the size of the hole will reduce the net area of the conducter and thus increase the
resistance and therefore the |2R loss. This will increase the heat to be stored while reducing
the weight of copper in which this heat must be stored. Thus the size of the hole will doubly
influence the cyclical transient of stored heat.

2. The shape of the hole will influence the length of the heat conduction path between the most
distant part of the copper and the copper—water dividing surface and thus the temperature drop
between them,

3. The shape of the hole will also influence the area of the water~copper dividing surface and
thus the temperature drop through the thin film of stagnant water which adheres to the surface.

4. The velocity of the water will affect the thickness of the film of stagnant water and thus the
temperature drop through this film.

5. The velocity of the water and the cross-sectional area of the hole will determine the quantity
of water which will flow to the cooling path. A water velocity of 10 fps was selected to be
used in order to ensure turbulent nonlaminar flow to as great extent as possible and at the
same time to minimize the possibility of cavitation. This velocity was used throughout all
studies of temperature rises. The number and length of the water paths will determine the
heat to be removed when the water flows through each cooling path.

6. The direction of water flow will determine which copper is in contact with the coolest water
and which copper is in contact with the hottest water.

The complete problem can be stated as follows:

Given a conductor width W (maximum dimension) and net copper cross-sectional area A
having a central water hole with a width W, (in same directions as the W ), net area A, and
transverse perimeter P,. This conductor is worked at a current density which gives a watt loss
per pound of W/1b for a repetitive equivalent square wave pulse duration of ¢ seconds at duty
cycle D.C. Water circulates in the water path L ft long at a velocity of V ft/sec. What is the
hottest spot temperature?

This problem can be greatly reduced in complexity if the following assumptions are made:

1.: Assume that no heat is conducted along the length of the copper. A quick calculation of the
heat conducted along the copper due to the slight gradient along the length of the copper

shows this to be infinitesimal compared to the heat generated per unit length.



2.

If the problem is broken down into separate elements where the temperature drop in the copper
is calculated as one element and the temperature drop in the film of stagnant water at the
copper—water dividing surface another element, then two merely balancing interrelated as-
sumptions can be made. First, to calculate the internal temperature drop in the copper, as-
sume that the conductor is changed to annular cylinder of revolution with an ID equal to
the maximum diameter of the hole and an outer diameter equal to W_ . All copper is at

the same watts per pound as in the original conductor. This is the same as assuming that
the path of heat flow along the greatest length of copper path is radial to the center of the
copper. This is pessimistic and results in this temperature drop being too large. The second
assumption is that at the copper—water dividing plane the heat flow lines are perpendicular
to the dividing surface and equally spaced. This implies that each unit area of the copper—
water dividing surface carries the same heat and has the same temperature drop. By itself
this last statement is a trifle optimistic but the net resulting calculation of temperature drop
between the water and the most distant hottest-spot copper is very neatly accurate. In the
coils of the C Stellarator the value of these two elements of temperature rise were small;

therefore any error will be negligible.

In investigating the influence of varicus parameters on the temperature of the hottest-spot

copper it is convenient to divide the total temperature of the copper at any location into separate

elements as follows:

PPC=a®+b° +C+e~f°

where

a° = ambient temperature in °C (temperature of incoming water),

b° = water rise in °C from inlet to the location considered,

¢ = temperature rise in °C through the surface film at the copper—water dividing surface,
d° =rise in °C through the copper from the duct to the hottest point of the exterior surface

(in a plane normal to the conductor),
(All the above four elements are calculated on a time-average basis.)

e® = cyclical transient rise in °C due to heat stored during the pulse (this element is cal-
culated on a pulse basis), .
f° = decrement in °C by which the hottest copper is below the time-average at the beginning

of the pulse.

This last element compensates for the fact that the first four elements are computed on an average

basis.

The evaluation of each one of these elements separately is much easier than trying to evaluate

the whole problem at once and introduces less error than the errors that are beyond control—such,

for example, as the roughness of the interior surface of the copper or the wandering of the hole.




These elements can be evaluated as follows:

Ambient Temperature
a° = the temperature of the incoming water and is not influenced

by any of the parameters under consideration here.

Water Rise
0'32] W/leLXACuXD.C.

(o}

T487 x 12x2.54%6.45 Vx A,

where

0.321 = density of copper in Ib/in.3,
4.187 = cal/joule,
12 x 2.54 = cm/#t,
6.45 = cm?/in.2,
W/Ib = I2R loss in watts/lb,
L = distance from water inlet in in.,
Ac, = net conductor area in in.%,
D.C. = duty cycle,

V = velocity of water in ft/sec,

and

A = area of water in hole in in.2.

This reduces to

W/lb x L x Ac, xD.C.
b°=3.90 x 1074 x

VXAH

Surface Film Rise

0.321 AcyxW/IbxD.C.

X '
8 p

CO

where

8 = thermal conductivity of the surface film in w/in.2/°C. This is a fairly conservative value
for the average range of velocities, Reynolds numbers, and Prandt] numbers for the condi-
tions existing in these cooling circuits.

P = the transverse perimeter of the cooling duct in in. ‘
This reduces to

Ac, X w/1b x D.C.
u

c®=4.01 x 1072
P




Internal Copper Rise
0.321
" 4.187 x 0.918 x 2.54

x W/lb x D.C. x l/16 (Wf{ -—W§+2W§ log_ W /W)

where

0.918 = thermal conductivity of copper in calvsec™ lvem=22C~ iem,
2.54 = em/in.,
W _ = maximum cross-section dimension of the copper in in.,
Wy, = dimension of the hole in in. in the same direction as W_, and all others as previously

defined.

This reduces to
& =2.05x 1073 W/Ib x D.C. (W3 - W2 +2w2 log, W /W) .
Cyclical Transient

1
© = (1-D.C) /bt

where

175.8 = thermal capacity of copper in w.sec.lb~1.°C~1,
t = equivalent square-wave pulse time in sec, and all others as defined before.

This reduces to
e°=5.688x 1073 (1-D.C.) W/lb x ¢

Decrement

Under continuous pulsing, each temperature involved in this problem will have a cyclical
transient which will consist of two exponenﬁal curves. During the pulse the temperature will
follow a rising exponential. Since the pulse is of a very short duration this portion of the tem-
perature curve will be essentially a straight line. The decreasing temperature curve will also
follow an exponential. Because of the greater cooling time this curve will depart much more
from a straight line. The magnitude of this transient will vary with the location within the céppér
or the water. Thus, the farther along in the path from the heat source to the heat sink the smaller
will be the transient due to the attenuation analogous to that of an electrical impulse wave trav-
eling through an RC network. Figure 1 shows the relation between average and final temperatures
vs the length of the cooling period expressed in time constants. The difference between the av-
erage and the final temperatures is also plotted against the time of the cooling period. Thus this
curve can be used to evaluate the approximate value of the decremental temperature item f°. Since
for most of these coils the system thermal time constant is of the order of 72 sec and the cooling
period .is 37 sec, the period is approximately one-half a time constant. Therefore, the decrement
is approximately 20 to 25% the sum 5° + c® + 4&°. This factor f° could have been used as a multi-

plier on the factors 5°, c° and d°, in which case it would have the value of T final/T average of
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Fig. 1. Relation of Average and Final Temperatures vs Cooling Time.

Fig. 1. However, from a practical angle it is simpler to calculate 5°, ¢ and 4°, ignoring f° and
later to apply f° as a correctional decrement; or if /°is small enough it may be ignored and taken
as a factor of safety ~ the procedure used in all preliminary design work when copper sizes and

shapes were being selected.

CONCLUSIONS

The applicability of this method to an accurate determination of hot-spot temperature requires
a semiaccurate determination of the thermal time constant of the coils. At first it was believed
that the use of lumped parameters in the determination of the time constant of the coils would so
poorly represent the distributed parameters as to cast serious doubt on the accuracy of the time
constant values and, therefore, on the final answers. However, when the coil designs. for certain
of the coils for the C-1 Stellarator were sufficiently established, computer studies of their tem-
peratures wére made. The computer studies did not lump the parameters but distributed them
exactly as they are distributed in the actual copper except for the assumptions outlined above
which circularized the copper cross section. A comparison of the computer study vs this short

method indicates approximately a 2% error.



3. COMPUTATIONS OF MAGNETIC FIELDS FROM TABULATED DATA

C. E. Bettis
Oak Ridge National Laboratory

[t is well known that the magnetic field for circular loops can be expressed by means of el-

1.2 gre available from which such fields can

liptic functions of the first and second kind. Tables
be computed. The field of a cylindrical current sheet requires the integration of these elliptic
functions over the length of the sheet. Miller® and Foelsch? have shown that such fields can be
expressed in closed forms involving elliptic functions of the first and third kind. Foelsch pub-
lished formulas and tables® which simplify considerably the computation of the field of cylindrical
current sheets. This work was not available in the U.S.A.; however, it was possible to secure it
on microfilm from the Bavarian State Library.

From Foelsch's tables the field strengths for a semi-infinite current sheet were calculated and
the results put in graphical form. The graph consists of a family of curves showing axial field
strength vs normalized distance from the face of the semi-inifinite current sheet. Each curve of
the family represents the field strength at a given distance from the axis of the current sheet.

The application of the graph data to specific coil problems generally requires the plotting of
the axial field strength vs distance from the cylinder axis at a given distance from the face of the
coil in question. The field at the plane selected is the field resulting from a semi-infinite current
sheet whose face coincides with the nearer face of the given coil, minus the field resulting from a
semi-infinite current sheet whose face coincides with the farther face of the coil in question. The
value of the axial field strength in each case is normalized to the axial field at the center of the
face of the semi-infinite current sheet. Thus the two values for the two faces can be subtracted
directly.

A. C. Downing of the ORNL Mathematics Panel is using the Oracle (Oak Ridge Automatic Com-
puter and Logical Engine) to calculate from fundamental formulas the valuves of B, B, 4, and
rA for semi-infinite current sheets. This compilation of data will be published ds an ORNL report

and will, no doubt, extend the possible applications of the methods described above.

1), P. Blewett, J. Appl. Phys. 18, 96876 (1947).

2¢, L. Bartberger, J. Appl Phys. 21, 1108~14 (1950),

3K. P. Muller, Arch. Elektrotech. 17, 336 (1926).

4K. Foelsch, Arch. Elektrotech. 30, 139 (1936).

5k, Foelsch, Tabellen und Kurvern zur Berechnung des Magnetfeldes von kreiszylindrischen Spulen,
K. Triltsch, Wurzburg, 1936.



4. MAGNETIC COIL DESIGN FOR DCX-1
E. S. Bettis
Oak Ridge National Laboratory

The failure of previous attempts to solve the problem of cooling the DCX-1 mirror-field coils
(which were potted in an epoxy resin to form a monolithic unit) by rifle drilling to provide for
axial water flow led to the development of a new design. Figure 2 shows the new coil = 28 in.
OD x 18 in. IDx ]23/4 in. long — without its stainless steel case and leads.

The coil is made up of four layers, each consisting of 40 turns of edgewise-wound 1- x ]/4-in.
copper. The winding was preformed by a winding machine and the layers were accurately dimen-
sioned by being tightened around a machined mandrel. Glass tape was then wound between the
spaced turns, and the coil was compressed on the mandrel by a hydraulic press. The layer of
coil thus formed was vacuum-impregnated with class H varnish and baked. - The dipping and
baking were then repeated, and the interior and exterior were hand sanded. No machining was
donie to the coil layers after winding.

A separator pad was made by placing a 0.030-in. glass cloth in a die which was vacuum-filled
with an air-setting epoxy resin. The finished spacer provided a ribbed semiflexible sheet with
3/8- x ]/4-in. ribs connected by a glass resin-impregnated web approximately 0.030 in. thick joining
the center of all the ribs. When placed between ldyers of the coil these spacers proQided mechan-
ical separation and insulation between the layers with water coolant passages so that water could
be circulated across the inner and outer edge surfaces of the conductors.

The four layers with the spacers were then nested and electrically connected in series. On
the ends of each layer a hoop of Micarta was cemented, after one surface of the hdop had been
machined to conform to the helical end of the coil. These Micarta hoops or rings serve to square
the coil ends and to insulate the coils from the case. '

The cases for the coils were made of stainless steel with rubber-gasketed top plates which
carried two sets of diametrically opposed holes for water connections and electrical leads.
Ribbed inserts for the ends of the cans were arranged to direct the water flow so that four longi-
tudinal passes of the coil are made by the water.

Approximately 495 gpm flows through the coil, and the temperature rises 16°F in flowing
through the complete coil. The maximum copper temperature is calculated to be some 41°F above
the water temperature at the maximum hot spot. The film drop is calculated to be about 16°F.

These coils have given no trouble in operation for some months, and the design seems to have

been satisfactory for coils running at a current density of 24,000 amp/in. 2.
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Fig. 2. Coil for Establishing Magnetic-Mirror Field in DCX-1.




5. MAGNETIC SWITCHING DEVICES

R. Carruthers — AERE
INTRODUCTION
Magnetic switches in the form of saturable reactors have found considerable use as aids to
commutation in such applications as mechanical rectifiers and high-voltage mercury-pool rectifier
installations. There is little information on the design of such devices, and when an application
arose in connection with switching the main discharge circuit of Zeta we investigated these de-
sign problems. Some basic relationships were established which are of great help in making an

initial appraisal of the practicability of magnetic switching for a specific duty.

BASIC PROBLEM

Magnetic switches cannot be used alone in switching a d-c circuit since, given time, the core
flux will eventually reach a steady value. They are therefore used in conjunction with other
switches ~ mechanical or electronic.

In the case of Zeta a magnetic switch was used to limit the circuit current until the contacts
of a series mechanical switch were firmly closed. Another use is to control the rate of change of
current before the opening of a circuit and the rate of rise of inverse voltage immediately after
opening. ;

Such requirements can all be reduced to a specification of three quantities:

the impressed voltage,

2. the time for which the impressed voltage is to be withstood before saturation of the core

(““hold-off time'’), ;

3. the maximum value of incremental inductance which can be tolerated in the switch when

saturated.
DESIGN PROCEDURE
Let

E
t

It

impressed voltage,
hold-off time,

Il

Ls = the incremental inductance of the switch when saturated,
AB = flux swing in the core necessary to just saturate it,
AH = M.M.F. change required to produce AB,
I = current in the switch immediately prior to saturation.
Let us assume that the winding of » turns is uniformly distributed over a magnetic circuit of
area A and length /.

Then we may write;

dB
E:nAd_xlo“s ) (M
t
n2A
Ls =47T>< ]0-.9—['— . (2)

10




If the applied voltage is sensibly constant during the hold-off time we may write (1) as:

nA AB
E= - x 1078 ; (3)
Et
*. core area A = x 108 . 4)
n AB
From (2) we obtain
A 4rn2A? (5
CLsx 109 )
and, substituting for A2 from (4), the core volume
4nE22
IA = x 107 . (6)
AB2Ls

This clearly indicates that the core volume is not greatly dependent on the material used since
all suitable magnetic materials have much the same saturation flux density. Also, the volume is
not affected by the shape of the unit or the number of turns on the winding.

The cote material is of most importance in determining the value of current Ho’wing in the

switch immediately priot to saturation.

This current is obtained from the relation:

4anl
10

From (2) and (3),

LABI

Et

AH Et

AB Ls
This relation indicates where the magnetic characteristics of the core are of significance. For

a given AB, AH can vary over several orders of magnitude for different materials, small values

(0.1 ocersted) being obtainable only with very expensive alloys.

THE ZETA SWITCH
The mechanical switch used for closing the circuit had an arcing time of 300 usec at the peak
working voltage of 25 kv. In this time the current would rise to several kiloamperes and there
would be considerable contact erosion requiring maintenance after only a few hundred operations.

It was expected that arcing currents of up to 100 amp would not give any trouble.

11
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Fig. 3. Zeta Magnetic Switch.

A magnetic switch (see Fig. 3) was designed to meet this requirement; it comprises a core of
cold rolled steel — 38 toroids 12 in. ID and 25 in. OD of 2-in.-wide strip. A 19-turn winding ~
made from copper bar wound with Micanite tape and resin impregnated — is mounted very close to
the core after the manner of an alternator stator winding.

To obtain optimum performance the core is biassed by another 19-turn winding energized
through a suitable isolating choke.

This magnetic switch, which weighs over 2]/‘,‘3 tons, holds off 25 kv for 600 usec without the
current rising above about 50 amp, and when saturated its inductance is only 70 pth — of the order

of 10% of the total circuit inductance.

CONCLUSIONS
For a given switching duty it is a straightforward matter to calculate the size of the magnetic
switch because of the small difference in peak flux swing available with suitable core materials.
The core is then constructed from the lowest grade ~ and cheapest — material that will have a
presaturation current within the capacity of the other circuit elements,
A magnetic switch designed for use with Zeta reduced the electrical Wear on ‘rhchon'racfs of
the associated mechanical switch to such a level that in the course of many tens of thousands of

operations the wear was largely due to mechanical rubbing.

12




6. AN ANALOG BOARD FOR TIME-VARYING AXIAL SYMMETRICAL FIELDS

U. Christensen
Project Matterhorn, Princeton University

ABSTRACT

An analog board has been contemplated that will simulate the electromagnetic response of any system con-
sisting of axial symmetrical conductors. These conductors can be either shorted, opened, or energized by a
timeevarying voltage. On such a board one can, with the proper equipment, measure any desired magnetic or
electrical quantity of the system.

There are two types of electrical networks that would be accurate analogs for any axial sym-
metrical fields, one a discretizing of the actual space elements and the other a simple transform of

the first one,1¢2

DISCRETIZING OF THE ACTUAL SPACE ELEMENTS
The space element considered in the axial symmetrical system is a ring concentric with the z
axis and with a rectangular cross section (Ar, Az).

The permeance of this element in the z direction is:

(72 u2ﬂrdr_lur 9 2 _u277
S My v e A L v

and the reluctance of the element in the r direction is:

r
AR =fr2 7 = ! In 2 ;
r ry w2 Az p2n Az r]

so the permeance in the 7 direction is then:

1 1 umr,, Az

AP = — =27 Az — ~ '
’ AR, In (rz/r]) Ar

We can now simulate the entire space by a two-dimensional network consisting of many inductors
with an inductance AL = |AP| where the mutual inductance between them must be zero.
When a space element is superimposed by an element of conducting material, the network must

be modified as shown in Fig. 4. With the notations in Fig. 4, we have:

AL, = IAPZI ,
ALZ= |APr| ,
and
p2mr,
AR = — ,
ArAz

W. T. J. Atkins, Proc. LE.E., 1958, p 151.
2y, 4. Karplus, Analog Simulation, McGraw-Hill, New York, 1958.

13
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Fig. 4, Network Used in Analog Board for Time-Varying Axial Symmetrical Ficlds.

The reversal of the indices is due to the fact that a flux flow is perpendicular to the current
flow. To simulate a circular conductor with a cross section that consists of many elements, all the
AR resistors must be connected to a common bus. This configuration will be the equivalent of a
solid ring that has been slotted to prevent current flowing in the ‘‘9"’ direction. The simulation of
a solid ring that has not been slotted is accomplished by connecting the bus to the axis. In simu-
lating a one-turn coil that is energized, a generator is connected between the bus and axis.

For a coil with more than one turn, each turn must have its own generator with the voltage so

adjusted as to deliver the identical current both in magnitude and phase.

TRANSFORM OF BOARD IMPEDANCES
In the network discussed the space permeance was simulated by a multitude of small inductors.
Since an analog board made up of such components would become very expensive and bulky, another
less expensive network would be preferred. In this network the inductors are replaced by resistors
and the resistors replaced by capacitors. This transform can best be demonstrated by the following

simple analogy of equations:
, di
e=Ri+L— ,
dt

and integrating this with respect to time we have:

Jedt=fRidt+Li,
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or
] . .
Vb=fE_Zdt+Rbl '
b

where index b indicates board values,

From this analogy it is evident that the generator voltage V, energizing the board must be the
time integral of the actual voltage, and likewise any voltage vs time recorded on the board must be
differentiated before obtaining the actual voltage.

This analog board without the feed-in capacitors would be identical to an analog board described

elsewhere, and would be capable of solving problems involving static magnetic fields.

3. E. Wakefield, A Resistance Analogue Device for Studying Axially Symmetric Magnetic Fields, Princeton
University, Project Matterhorn Report PM-$-23, 1958.

7. PULSED MAGNETIC FIELDS

. Simon Foner
Lincoln Laboratory,! M.1.T.

The need for high magnetic fields in solid state research led to the development of pulsed-field
magnets at Lincoln Laboratory, The pulsed field technique is most useful when extremely high
fields are desired over small volumes, and when experimental observations can be made in a short
time, Under such conditions efficient coils can be employed with no provision for external cooling.
When continuous fields are desired, provisions for cooling require extensive modifications of coil
design (see Papers 4 and 13). The characteristics of two pulsed field coils are summarized below;
a helical design? useful for experiments in relatively small volumes, and a flux-concentrator, de-
signed by B. Howland,3 which may be applicable to high field generation over the large volumes
required by thermonuclear machines. Although these developments were not directed toward thermo-
nuclear research, some of the results may prove useful here., As an exqmple the possibilities of a

pulsed field Maser are described.

HELICAL PULSED FIELD COILS
Reproducible fields of as much as 750 kilogauss have been obtained with suitable helical
coils.? The coil (see Fig. 5) comprises a machined, hardened, beryllium-copper helix which is

insulated by a helical mica structure between turns, and which is mechanically supported by a

]0perated by Massachusetts Institute of Technology with the joint support of the U.S. Army, Navy, and

Air Force.

23, Foner and H. H. Kolm, Rev. Sci. Instr. 27, 547 (1956); 28, 799 (1957).
376 be published. A brief discussion of this design was presented by B. Lax at the Symposium on High
Magnetic Fields held during the Kammerlingh Onnes Conference on Low Temperature Physics at Leiden,

Netherlands, June 1958,
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\SLOTTED MICA WASHERS

INSERTED FROM ALTERNATE
SIDES OF HELIX

Fig. 5. Helical Pulsed-Field Coil. (1) Steel nut, (2) brass nut, (3) phosphor bronze stud, (4) cloth-bonded plastic
insulator, (5) brass face plate, (6) slotted mica insulating washers used to generate two spirals of mica, (7) magnet

coil = machined continuous spiral of beryllium-copper.

reinforced ceramic structure. Coils varying from 3/16 in, to 1in, ID, from 1 in, to 2 in, OD, and
with up to 40 turns have been used.- The highest field obtainable is at present limited by the high
temperatures and pressures produced in the helical conductor, The problem of machining probably
will limit usable field volumes to several cubic inches.

High efficiency is attained by discharging a high-voltage (3000 v), low-capacitance (2000 .f)
pulse circuit through the helical coil. By this means an oscillatory discharge is obtained through
the strong, high-resistance, beryllium-copper alloy coil which operates at room temperature, With
the above capacitor bank, a field of 750< kilogauss is produced over a useful volume of about 0,1
cm? with a half period of 120 psec , and a field of 150 kilogauss is produced over a useful volume
of about 20 cm? with a half period of 500 usec. Characteristics of various coils are given in ref 2.

Numerous experiments have been carried out with this pulsed field system over a wide range of

frequencies and temperatures. These include cyclotron resonance* and magnetoband effects at

4R, J. Keyes et al., Pbys. Rev. 104, 1804 (1956).
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infrared, > antiferromagnetic resonance,® ferromagnetic resonance, and paramagnetic resonance’ at
millimeter wavelengths., The flexibility and wide range of available pulsed fields has proved most

useful for surveys of many solid state systems which involve large internal fields.

FLUX-CONCENTRATOR PULSED FIELD COIL
B. Howland of our laboratory has developed a flux-concentrator type of pulsed field coil? of a

novel design (see Figs. 6 and 7). It is equivalent to a pulse transformer which has a multiturn

3s. Zwerdling et al., Pbys. Rev. 104, 1805 (1956).
65, Foner, Phys. Rev. 107, 683 (1957).

A summary of these various pulsed field magnetic resonance experiments at millimeter wavelengths and
applications was presented by S. Foner at the International Conference on Magnetism, Grenoble, France, 2-5
July 1958 and is to be published in the Journal de Physique January 1959. Additional references will be found

in this article.
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Fig. 6. High-Efficiency Flux Concentrator — End View.
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Fig. 7 High-Efficiency Flux Concentrator — Side View.

primary winding and a secondary single-turn winding. Mechanical forces and leakage inductances
are minimized by embedding the primary winding in a deep helical slot which is machined on the
outside surface of a large cylindrical block. A radial slot to a central hole permits currents to
flow in the single-turn secondary. The conductor surrounding the central hole (where the high field
is generated) is rigidly supported by the massive conductor structure. The coil is readily machined,
and various simple windings are suitable for the primary winding. Because the intricate machining
is limited to the outside surface of the conductor, the design can readily be adapted to large field
volumes. Most of the currents flow within a skin-depth of the bounding surfaces, and external cool-
ing can be provided throughout the bulk of the structure if a high duty cycle is to be maintdined.
For very large co”s, high efficiency can be obtained with large pulse times, since the penetration
depth varies as the square root of the applied frequency. Use of noncontacting, threaded, inter-
changeable inserts permits the field configurations inside the coil to be modified easily., Leakage

inductance losses at the radial slot can also be reduced by careful corrugation of this region.
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Tests of such a flux-concentrator have been made with the 2000-uf, 3000-v surge supply. No
mechanical or electrical failure of the primary winding has been observed with the maximum energy
available, although sufficiently high fields (450'ki|ogauss) were generated in the concentrated region
to mechanically deform copper or brass inserts,

If small field volumes are required, this flux concentrator is less efficient than the correspond-
ing helical coil unless the pulse half-period is reduced. On the other hand, large field volumes will
permit high-efficiency operation of the concentrator even with long pulse times., It appears that the
internal structure of the concentrator is stronger than that of the helical coil, so that higher fields
should be possible, So far we have not been able to test this possibility with available energy. It

appears that this design will be very useful in large-volume, high-field devices of various kinds,

APPLICATION OF SOLID STATE INSTRUMENTATION TO THERMONUCLEAR RESEARCH

To date there has been only limited interchange of ideas in high-field thermonuclear research,
Many high-field investigations, in solid state for instance, may prove valuable to the art of thermo-
nuclear research,

As an example, high-temperature plasma diagnostics may require a source at millimeter wave-
lengths. We are at present examining the possibility of generating such high frequencies with a
pulsed field Maser.  If we produce an inverted spin population in a paramagnetic salt, and then
apply a pulsed field in a time short compared to the spin-lattice time, the electronic spin energy-
level separation, hv, will vary with the applied field. By placing the salt in a dual-mode cavity
with an inverting pump frequency, Ve much less than the output frequency, N (corresponding to the
higher cavity mode), the pulsed field can be used to tune the paramagnetic system so as fo emit
radiation at Vo >>'Vp. The system converts magnetic energy, puH, (where u is the Bohr magneton
of an electron) to radiation energy hv,. Estimates indicate that for 10’9 electron spins, and for a
peak pulsed field of 100 kilogauss, average powers of about 0.1 w should be obtained at 1 mm wave-
length with such a pulsed Maser. Suitable multiple spin systems will probably reduce the field re-

quirements. Tests of such a device are in progress,

8. BOILING BURNOUT WITH VORTEX COOLANT FLOW
W, R, Gambill
Oak Ridge National Laboratory
Motivations for vortexing a boiling coolant in a high-performance device include: (a) higher
velocity for equral flow rate, (b) inward radial vapor transport under the action of centrifugal accel-
eration, and (c) greater radial turbulent fluctuations. Burnout heat fluxes with vortex water flow as
large as 17,300 w/cm? have been reported in a paper giving full details of this study,! When com-

pared on a basis of equal superficial velocity, vortex burnout heat fluxes are much larger than for

'W. R. Gambill and N, D. Greene, Chem, Eng. Prog., p 68~76, October 1958.
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straight flow, Some of the advantage is retained when comparison is made on the basis of equal

pumping power,

A generalized correlation which has been prepared since the publication of ref 1 is shown as
Fig. 8, This plot follows the form used by Lowdermilk et al.,? for burnout with net boiling of water

in straight flow. The notation is as follows:
/A ), = burnout heat flux based on internal surface area, Btu/hr«ft?
7547y

D,

L/D

internal tube diameter, ft ,

i}

length-to-diameter ratio of heated tube ,

G, = superficial axial mass velocity, Ib/hreft2

2y, H. Lowdermilk, C. D. Lanzo, and B. L. Siegel, NACA-TN-4382, September 1958.
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Fig. 8. Boiling Burnout Heat-Flux Correlation. (q/A])b = burnout heat flux based on internal surface area,

Btu/hr-ffz, D, = internal tube diameter, ft, L/D = length-to~diameter ratio of heated tube, Gsa = superficial axi