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A LIQUID•NITROGEN COOLED SOLENUID MAGNET

I.

•

INTRODUCTION
The Physics Department, of the Rice Institute has been

carrying on work for the past several years in the field
of magnetic cooling.

To furnish a very strong magnetic

field for this w ork a liquid nitrogen cooled solenoid
magnet was designed.

This thesis is a report of the

design, construction, and testing of the solenoid magnet.
1.

Magnetic Cooling
Peter Debyeand Itf. F. Giauque^^ in 1926 predicted

that a paramagnetic salt could be cooled to temperatures
far below 1°K by the' use of a strong magnetic field.

The

electron spin system of certain paramagnetic salts at 1°K
and in zero magnetic field is almost completely disordered.
Therefore, the. electron spin entropy is large.

According

to the third law of thermodynamics the entropy of a system
will go to zero at 0°K.

If a salt such as KCr-alum is

put in thermal contact with a liquid helium bath at 1°K
and a strong magnetic field is applied for several minutes,
a constant temperature lowering of this high entropy will
occur as the electronic spin system gives up energy to the
bath.

At this point the sample is thermally isolated from

the helium bath and the magnetic field turned off.

An
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adiabatic demagnetization has thus been performed on the
salt and it is observed that the temperature has decreased.
This decrease in temperature can be understood from a
thermodynamic standpoint by observing Maxwell’s equation

which can be expressed as follows

The change in temperature with entropy at constant field is
equal to

T/CJJ

where

magnetic field.

is the specific heat in a constant

Therefore

IT]
_
J HJS ~

_ T
C*

Since for paramagnetic salts

/M\

(3)

UT/H .
less than zero,

cooling will result when H is decreased under isentropic
conditions.

However, it was pointed out by Langevin^

that at normal temperatures for these paramagnetic
salts is too small and Cy to large to give significant
cooling.

This is the reason for cooling the salt to as low

a temperature as possible in liquid helium before starting
the magnetic cooling cycle.

m

In this low temperature region

is large enough and Cg small enough to allow
significant temperature drop by an adiabatic demagnetization.
Soon after the idea of magnetic cooling by orientating
the electronic spin system of paramagnetic salts was
developed, Gorter, Simon, and Kurti^) independently
suggested that very low temperatures (i.e. below 10“^ °K)
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could be produced by isentropic demagnetization of polarized
nuclei.

A starting temperature of about 10“^ °K is needed

to begin the nuclear cooling cycle.

,Therefore, the natural

initial cooling mechanism is a paramagnetic salt which has
been cooled by an adiabatic demagnetization of its electron
spin system.

This salt must be connected to the nuclear

stage by a heat-conducting link.
The first step in nuclear cooling is to bring both the
electronic stage (paramagnetic salt) and the nuclear stage
to 1°K in a liquid
helium bath.
%

A strong magnetic field

is then applied to the electronic stage.

This is followed

by an adiabatic demagnetization which brings both stages to
about 10“^ °K.

Next the nuclear stage is magnetized

isothermally to lower the entropy of the nuclear spin system.
The heat is given up to the electronic stage,
the nuclear stage is demagnetized.

finally

By this process

Robinson, Simon, Spohr, and Kurti^) of the Clarendon
Laboratory obtained temperatures down to 20 microdegrees.
To continue the work in magnetic cooling at The Rice
Institute a solenoid magnetwas wanted to furnish a field
of about 50 kilogauss using the power supply available.
This power supply is a 270 kilowatt D.C. generator driven
by a diesel engine.

It was known that in order to use this

generator to reach this high field the resistivity of the
coil material would have to be reduced so that more turns
could be used.

In order to obtain this low resistance it

was decided to construct the magnet such that it would be
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cooled to about 7^°K by forcing liquid nitrogen through the
coils.

The copper that was used had a resistance at liquid

nitrogen temperature one-seventh of its room temperature
value.
At the present time the Physics Department has a water
cooled solenoid magnet which is used for magnetic cooling
purposes capable of fields up to 20 kilogauss.

With this

field and starting with a bath temperature of about 1°K
temperatures of 3X10"3OK have been obtained.

The new magnet

with its 50 kilogauss field and using liquid He3 to obtain
a starting temperature of about 0.3°K should make it possible
to reach temperatures of 10"^°K quite easily by demagnetiza¬
tion of the electronic spin system of paramagnetic salts.
According to Kurti^ the temperature which can be
obtained by the isentropic demagnetization of a nuclear
spin system is

T^ and

are the initial temperature and field.

Heff is the

effective magnetic field which represents the interaction
of the spin with its surroundings.
of Heff = 27 gauss.

Kurti calculated a value

Using this value of He££«, the field

value of the new solenoid, and a heat sink temperature of
10”3og;

which

can be obtained by the demagnetization of an

electronic spin system, equation (4) gives a value of 5»4xlO"7
OK for the final temperature.
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2.

Previous Solenoids
Professor F. Bitter of the Massachusetts Institute

of Technology, who pioneered the development of solenoid
magnetsdesigned and constructed four water cooled, air
core,

coil magnets.

These produced fields from 40,000 to

100,000 gauss using a power supply rated at 1,700 kilowatts.
The operating temperature of these coils was about 100°C.
His fourth magnet, which was capable of a field of 47,000
gauss with 10,000 amperes current, was designed for low
temperature work.
James J. Fritz and Herrick L. Johnson of the Cryogenic
Laboratory and Department of Chemistry at The Ohio State
University have reported the construction of two liquid
nitrogen cooled solenoid magnets!7)

These magnets were

cooled by immersion in the liquid nitrogen.

Fields of 4,000

gauss were obtained with a power expenditure of 2.7 to 3.3
kilowatts.
Another magnet reported in the literature, by Hass and
Westerdijkj^ produced fields of 250,000 gauss for periods
of about 0.1 seconds.

This solenoid was cooled by immersion

in liquid hydrogen and in liquid helium.
Henry L. Laquer and Edward F. Hammel of The Los Alamos
Scientific Laboratory have reported the construction of
electromagnets for operation in liquid hydrogen!9) These
produced fields of 62,000 gauss with a power dissipation
of 15 kilowatts.

They used .010-inch thick 5-inch wide

copper to make a coil with 120 turns.

This gave a solenoid

with an inside diameter of 2.5 inches, an outside diameter
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of 7»5 inches, and a length of 5 inches.
All of the liquid cooled solenoid magnets reported
have been cooled either by forcing water through the coils
or by immersing the coils in a low boiling point liquid.
None has been cooled by forcing a liquified gas through
the turns of the coils.

The Rice Institute solenoid, which

has liquid nitrogen forced through it, is the first to be
cooled by this method.
3.

Magnetic Fields from Solenoids
The field along the axis of a spool containing a single

layer of turns is given by

8 =
where

■k' /to 11V/ (cos

e. -

cos e,)

is the permeability of free space,

(5)
t

is the

number of turns per unit length, I is the current through
the coils, and Qq and ©2 are the angles between the axis
and a line from the point where the field is to be calcu¬
lated to the top turn and bottom turn respectively!^) For
a point at the center of the turns on the axis

Sz. ** 18(0° — 0f

(6)

Therefore (1) becomes

B —

I N( CoS ,

(7)

The expression for the field at the center of the type
solenoid constructed here with a multilayer of turns will
require that cos©2 be an average of the cosine of the angle
between the axis and a line from the center to the first
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turn and the cosine of the angle between the axis and a
line from the center to the outside turn of the top coil.
Cockcroft(H) gives an expression for the field at the
center of a solenoid magnet which is
i

($)
(W) is the power dissipated in the coils.

( \ ) is the filling

factor - the ratio of the volume of copper to the total volume
of the solenoid.

(a) is the inside diameter of the coils.

(p ) is the resistivity of the copper.

The (G) is a function

of the physical dimensions of the solenoid and the distri¬
bution of the current in the coils.

Since the power

dissipated in the coils is I^R equation ($) becomes
(9)
where R is the total resistance of the coils and I is the
current.

II.
1.

CONSTRUCTION
Coils
The coils of the solenoid, one of which is pictured

in Fig. 2, are made from strips of copper 2 inches wide and
.020 inches thick.

The turns are insulated from each other

by wrapping every other one with .010 inch diameter nylon
cord.

By wrapping a turn with cord and rolling it on the

spool then rolling on another turn without nylon cord, the ~
continuous copper coil was wound.

One continuous string was

used with only one layer of cord between any two copper turns.
The apparatus used to wind the coils is shown in Fig. 1.
Two coils of copper were rolled in opposite directions
on brass cylinders 4i inches long by 2 inches in diameter.
These cylinders form the electrical connection between the
two coils.

The copper strips were rolled in opposite directions

so that the current in its travel to the center of the first
coil will move around the circular path in the same direction
as it will in going to the outside of the second coil.

There

are three brass cylinders with two coils of 145 turns each
for a total of six coils with 26$4 turns per meter of axial
length.

The adjoining coils that are not connected by the

brass cylinders are joined by short copper strips silver sol¬
dered to the end of each one.

The last coil is soldered to a

short strip of copper which is screwed to the base of the
solenoid.

Between each doll is a micarda spacer.

These spacers

are built with a single circular rim 12 inches in diameter and
with spokes going from this rim all the way to the center.
The rim and the spokes are slotted to allow free flow of the
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liquid to all turns.

Fig. 3 is the base of the solenoid

with the six coils in place.

2.

Case
The outer case of the solenoid is an aluminum cylinder

ll£ inches in diameter and 16 inches long.
thickness is 0.25 inches.

The wall

At each end there is a 3/4 inch by

3/4 inch rim which furnishes added strength to the case.

To

insulate this outer case from the turns of the solenoid
a special enamel coating has been baked on the inside wall;
this was done by Tube-Kote Inc. of Houston.
The case is bolted to a two inch thick aluminum base
which is the main support for the coils.

A thin aluminum

base pan is welded to the bottom of the base to furnish a re¬
servoir for the liquid nitrogen.

A picture of the solenoid

with the case and base in place is shown ih Fig. 4.

Fig. 5

is a picture of the case, the coil stack, and the large dewar.
3. Suspension
To support the solenoid four micarda rods are used.
These rods are ground such that each one has a square shank
about one inch from the bottom.

Four square notches are cut

in the upper rim of the case to hold the rods at their square
shank.

When these rods are in place the weight of the solenoid

rests on the shoulder of the rod just below the squared shank.
The micarda rods pass through a cross member of the
superstructure above the solenoid.

Just above the level of

this cross member a hole is drilled in each rod.

Steel rods

are put in these holes to support the weight of the magnet.
The supporting structure can be seen in Fig. 6-

Pig. 3

Fig. 4
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4. Leads
The leads carrying the current for the magnet are made
up of eight cables and two copper bus bars,
connect to each copper bar.

^our cables

Each of the cables, which are

1-1/0 inches in diameter, is capable of carrying 000 amperes
of current.

The copper bus bars are made from copper strips

three inches wide by 3/0 inch thick.

One bar is bolted directly

to the solenoid case which connects to the bottom coil.
The second bar bolts to a strip of .020 inch x 2 inch copper
which is soldered to the outside turn of the top coil.

There¬

fore, the current goes in one bar and travels in a clockwise
direction (looking down on the magnet) to the center of the
first coil.

It then goes to the second coil by way of the brass

cylinder and travels to the outside turn still going in the
clockwise direction.

The current follows this pattern to the

bottom coil where it then goes through the case and out
by way of the second bar.
5. ^2 Flow System
Initally the cooling system, most of which can be seen
in Fig. 6, was built so that the nitrogen flowed from the
tanker in a one inch aluminum line to a long stem valve.

This

valve was•connected to the manifold by a 1-1/0 inch brass
tube soldered in place.

The manifold was a 1-1/4 inch brass

tube which was closed at both ends.

A 1-1/0 inch tube from

the valve was soldered to one side of the manifold, and a row
of six 3/S inch copper tubes were soldered to the other side.
Thensolenoid has six 3/S inch aluminum tubes leading from the
bottom reservoir to the top.

These tubes were connected to

•the manifold by 3/S inch rubber hoses.

Fig. 5

Fig. 6
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The planned cooling system is shown in Fig. 11.

A one

inch aluminum line still will go from the tanker to the valve.,
However, instead of going from the valve through the manifold
to the bottom of the solenoid, the liquid will be dumped into
the vessel surrounding the magnet.

This vessel (see Fig. 5)

is a large stainless steel dewar 11+h inches in diameter and
28 inches high.

A brass liquid nitrogen pickup line is to be

mounted such that it reaches several inches into the dewar.
This line is to be connected to a liquid nitrogen pump;;the
first pump to be tested has been loaned by Air Products Inc.
A line will connect the pump to the manifold, which.as in the
initial setup will be attached to the 3/8 inch aluminum tubes
of the magnet.
All of the tubing in the flow system is thermally insu¬
lated by five inch diameter styrofoam cylinders.
give a two inch insulating wall.

These forms

Parts of the tubing that

could not be covered with the styrofoam are wrapped with black
tar and cork material supplied as a tape.

6.

Byhaus-t.
When 400 gallons of liquid nitrogen are vaporized per

hour in a relatively small room there is a problem of removing
the gas.

One gallon of liquid nitrogen produces 125 cubic

feet of gas at standard temperature and pressure.

Therefore,

vaporizing these.'400 gallons produces 50,000 cubic feet per
hour.

To remove this large volume of gas two LAU type L6-03

direct drive blowers (see Fig. 6) were set up.
Connected to onevwas a 12 inch diameter flexable hose and to
the other two sections of 8 inch diameter aluminum tubing.
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These were exhausted through a window high oh the wall of
the room.

Each blower at maximum speed is capable of removing

1150 cubic feet of gas per minute.

7.

Electrical Measurements
To measure the voltage drop across the magnet a

Westinghouse voltmeter is connected across the copper bus
bars.

This voltmeter measures voltages up to 300 volts

which is somewhat higher than is needed.

The current

through the solenoid is measured with a General Electric
ammet er -.

This meter indicates the current by measuring the

voltage drop across a shunt connected in series with the magnet.
Both instruments can be seen mounted to the left of the
solenoid in Fig, 6.

.
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Trailer and Tanker
One of the problems of operating a liquid nitrogen cooled

solenoid magnet is obtaining a large enough supply of the
liquid to run the magnet for a reasonable period of time.
This problem has been solved for Rice by a loan from the Air
Force of a unit capable of producing two tons (about 600
gallons) of liquid nitrogen per day.

This unit (Air Products,

Incorporated, Model LGE0N2T Generating and Charging Plant,
Oxygen or Nitrogen, Type MA-l) can produce liquid nitrogen or
gaseous nitrogen or liquid oxygen or gaseous oxygen.

A

van-type semi trailer is used to house the nitrogen producing
equipment.

Fig. 7 is a rear view of this trailer showing the

diesel engine compartment.
This unit is completely independent of any outside power
supply depending on a 3-phase 60 cycle 120 volt alternating
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current generator and a 24 volt direct current system for its
electrical needs.

The 24 volt system is made up of two gen¬

erators which are used alternatively, two voltage regulators
and a 24 volt battery bank.

The lighting system can be

operated from either the D.C. or A.C. generators.

The engines

are started with the 24 volt battery bank.
The power plant is composed of three 2-cycle, 6-cylinder,
radiator cooled, diesel engines.

These engines drive three

air compressors which are connected in series.

After leaving

each compressor the air passes through an aluminum heat
exchanger which is cooled by a stream of outside air.

From

this point the cool air is passed into a forward insulated
compartment which houses an expansion turbine and six
expansion valves.

The turbine which is designed for an

inlet pressure of about 97 psi and a discharge pressure
of about 6 psi operates at a speed of 24,000 rpm.

Of the six

expansion valves two are designated air expansion valves, two
are designated nitrogen expansion valves, and the remaining
two oxygen expansion valves.

These valves are the final cooling

stages of the system.
After the nitrogen is liquified it is tapped off and
piped to the tanker shown parked in position for unloading in
Fig. 8.

The nitrogen tank of the tanker, which yras built to

hold about 400 gallons of liquid nitrogen, is insulated by
a 16 inch wall of santocel.

A 3-ton farm wagon is used to

support the tanker because the tank must be filled while
parked next to the trailer and emptied while parked next to
the window of the solenoid room.

Fig.

7

Fig. S
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III.
1.

TESTING
First Test Run
The first test run with the solenoid was made on February-

13, 1959*

At this time the cooling system was not installed,

and it was necessary to cool the magnet by pouring the nitrogen
in from the top.

After cooling was accomplished one rubber

transfer tube was connected between a 50 liter dewar and the
solenoid.

This method of cooling was capable of keeping the

coils at hear liquid nitrogen temperature for relatively small
currents.

The field was measured on this first run for currents

up to 700 amperes.
Resistance measurements were taken at nitrogen temper¬
ature as well as at room temperature.

The resistance measure¬

ments were made by putting through the solenoid approximately
one ampere current furnished by two 12 volt batteries.

To

measure the current for this resistance measurement the voltage
drop across a 0.1 ohm standard resistor was measured with a
type K-2 Leads and Northrup potentiometer.
The field was measured for this first run with a Dana
Lab Model D-79 gaussmeter capable of measuring fields to
30,000 gauss.

Field measurements only went to 5-9,000 gauss.

Since the gaussmeter is temperature sensitive the measuring
probe is placed in a dewar which fits into the solenoid when
the field measurement is being made.

A small 600 gauss

permanent magnet which fits over the end of the probe is
furnished with the gaussmeter for calibration.

15

2.

Second Test Run
Between the first and second test runs the cooling

system of the magnet was partially constructed.

The line

from the t anker was put in and a temporary manifold connected
to it.

This manifold attached to the six aluminum tubes which

went to the base of the magnet.

Therefore, the liquid nitrogen

could be forced directly from the tanker through the solenoid.
A small calibrated solenoid magnet capable of producing
a field of 100 gauss with about 5 amperes currentvas set up
to calibrate the

aussmeter.

12 volt batteries.

The current was supplied by three

This gave a much more dependable calibra¬

tion than the small permanent magnet furnished for the purpose.
To check the gaussmeter and because it would be needed above

30,000 gauss a snatch coil was built.

The snatch coil was

attached to an Aaron shunt which was connected to a galvanom¬
eter.

When the coil was pulled from the high field to zero

field the galvanometer was deflected a distance proportional
to the field.
One of the exhaust fans was installed for this second
test run.

It was found that this fan was not enough to r emove

all of the nitrogen gas produced when the magnet was run at
high currents.

Therefore, a second one was ordered.

Field measurements were taken with current values up
to 1100 amperes.

These measurements were lower than expected.

Also, the resistance was about one-third lower than it had
been for the first run.

Because of the above indications

field measurements were taken every inch along the axis while
10 amperes of current were put through the solenoid.

These
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measurements showed that the field was larger at the top of
the magnet than they were at the bottom.

It was believed and

later found that the bottom two coils were shorted out of the
circuit.
3.

Third Test Run
Before the third test run the magnet was disassembled

and the coils repaired.

This required removing one turn of

the bottom coil and wrapping the whole magnet with nylon cord
so that the outside turns were held in position.

After

reassembling the solenoid resistance measurements were found
to be the same as they were before the initial run.
Several other improvements were made in the apparatus
before this run.

The second exhaust fan was installed to double

the capacity of the exhaust system.
snatch coil was made.

Also, a new more sensitive

This one deflected the galvanometer

more in the small calibrating field and, therefore, was more
accurate in measuring the large fields than the first coil.
A new calibrating magnet was used which produced a
field of 600 gauss with a current of S amperes.

The small

physics shop generator was used to furnish the current to
this coil.

Since the calibration field was six times greater

than before, the field measurements for this third test run
were much more accurate.

The current through the calibration

coil was measured by an :a:in meter which was checked by comparing
its readings with the current calculated from potentiometer
measurements of the potential drop across a shunt.
The resistance measurements of the solenoid taken at
room temperature just before' the run were the same as the ones
taken previous to the first run.

Also, the nitrogen temperature
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resistance measurements checked with the ones from the first
run.
The field measurements in the first two test runs were
made by pulseing the current to the wanted value just long
enough to get the reading.

The current was then shut off.

For this third test it was decided to start with about 200
amperes and build up the current in 200 ampere steps.
measurements were taken at each step.
until the step to £00 amperes was made.

Field

This procedure worked
At this point burning

was noticed and the solenoid was shut down.

The remaining

measurements, up to 27,000 gauss at 1450 amperes, were taken
by pulseing the current to the value wanted.
After the solenoid was allowed to warm to room temper¬
ature it was disassembled to investigate the burning.

The

center turns on the middle four coils had burned away the in¬
sulating nylon cord and the micarda spacers.

It was also found

that in two places the outer few turns of two coils had been
burned.

The burning was the fault of the micarda spacers.

The spacers used in the first few runs had two g inch rims.
One was 12 inches and the other two inches in diameter.
two rims were connected by eight

\

inch spokes.

These

The inner and

outer rims isolated the first few and last few turns on each
coil from the nitrogen flow thus the heating.

To prevent this

from happening again the new spacers were built as described
in part II section 1 of this thesis.
4.

Future Testing Plans
The next test run will be made after the cooling system

has been completed.

Since the liquid nitrogen pump will be
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installed, the solenoid will be able to run at maximum power
for the first time.

With the new spacers and the nitrogen

pump to recycle the liquid through the turns there should
be no heating problem at the current value of 1500 amperes.
Also, if it is necessary in order to reach the desired field
value, it is believed that currents up to 2,000 amperes can
be put through the solenoid.
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IV.
1.

CHARACTERISTICS
Field
Two theoretical curves for the field vs. current are

shown in Fig. 9.

One of the'curves (solid line) is calculated

from equation 7 and the other (broken line) from equation 9
of this thesis.

The x’s in Fig. 9 are the measured values

of the field at the current indicated.
For the curve from equation 7 it was necessary to
s

calculate a value for N^.

The average number of turns per

coil is 145 and the total axial length of the coils is 0.324
meters.

This gives a value of % “ 26©4 turns per meter.

The cos ©2 is an average of the cosine of two angles.

The

smaller of these angles, measured between the axis and a line
from the center to the inside turn of the top coil, is 6.6°.
The larger angle, measured between the axis and a line from
the center to the outside turn of the top coil, is 41.4°. The
average of their cosines is 0.©69.

Using these values the slope

of the solid line curve was calculated as 29.4 gauss per ampere.
To calculate the slope of the broken line curve from
equation 9 the values of R, \ , a, ^ , and G, had to be found.
The resistance R was measured to be 0.045 ohms.
diameter (a) is 2.54 cm.

The inside

The value of the resistivity

that was used was one-seventh the value of the room tempera¬
ture resistivity of copper.

This was 0.253 x 10“^ ohm-cm.

In order to find the filling factor

A

the volume of the copper in the magnet.

it was necessary to know
The length of the 2 inch

by 0.015© inch copper strip is 1,330 feet.
of 505.6 cubic inches.

This gives a volume

The total volume is 772 cubic inches.

AMPS )
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Using these values gives a filling factor of O.656.
this solenoid is taken from a table by Cockcroft.^11^

G for
With

the above values equation 9 gives the slope of the line as
33.4 gauss per ampere.
As can be seen from Fig. 9 the measured values of the
field fall along the theoretical curves for low current.
However, as the current is increased the points fall further
below these curves.

It is believed that the reason for the

low field values at the high current is due to the shorting
J

out of the turns which had the insulating nylon burned away.
At the high fields the forces pushed the copper together
thus decreasing the effective number of turns and lowering
the field for a particular current setting.
The low current field measurements show that the magnet
will produce close to the desired 33 *3 gauss per ampere slope
which is necessary to obtain the 50,000 gauss field with 1500
amperes.

It is only necessary to construct the solenoid such

that the insulation will not burn away and allow the turns
to short out at high fields.

The new spacers will take care
y

of this problem.
2.

Resistance
The resistance of the solenoid at room temperature is

O.369 ohms.

At nitrogen temperature with one ampere current

it is 0.045 ohms.

In test run number 3 the resistance was

observed to increase to 0.052 ohms at 600 amperes due to
heating.

These measurements were calculated from the values

of the current and voltage as measured by the instruments
mounted with the magnet.
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There are 412,000 square centimeters of cooling area
in the turns of the solenoid.

At 1500 amperes current this

is 0.24 watts per square centimeter.

Therefore, if the

liquid nitrogen is circulated properly and reaches every
coil as it should the increase in resistance due to heating
should be very much less than what was observed.

It is

believed that the large increase in the resistance was due to
the heating of the inner and outer turns which were isolated
from the nitrogen flow by the micarda spacers.
3.

N2 Consumption
The capacity of the nitrogen storage tanker is 400

gallons.

This supply will be used up at different rates

depending on the power dissipated in the coils of the magnet.
Fig. 10 shows the length of time the 400 gallons will last
in cooling the solenoid plotted as a function of the current.
At the desired maximum operating current for the magnet (1500
amperes) the supply will last about 40 minutes.

This should

be long enough to perform the necessary magnetization in a
magnetic cooling experiment.

TIME

( MIN)
( 100 AMPS)

FIG.

t
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