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I. ABSTRACT

The principal effort in the dielectric program during this reporting
period, March 1 - June 20, has been to install the 700 kV series resonant
transformer so that high voltage ac testing can be accomplished during
the coming year. Provisions were made that this unit will share a test
stand with the Haefely 600 kv dc power supply. Design and fabrication
of a helium dewar with a 1000 kV bushing for use in this test stand has
continued. The design of a cryostat for experiments with intermediate
voltages was completed, and the assembling of this cryostat 1s underway.
A small laboratory for exploratory experiments with voltages up to 130
kV de and 80 kV ac has been set up. A Biddle partial discharge detector
has been ordered. A Faraday cage has been located which can provide a
low interference laboratory for low level discharge measurements.
Auxiliary investigations have been continued which are necessary for the
design, construction, and operation of our test equipment.

The superconducting materials study has continued with werk in three
main areas: 1) Niobium-rare earth dispersion studies, 2) measurement of
critical current density, JC, and surface shielding parameter, AH, in the
dispersions, and 3) construction of ac loss measuring equipment.

The dispersion hardening of aluminum activity has concentrated on
a study of the residual resistivity ratio of the high purity zone-refined
aluminum from Cominco Products since the material barely reached 80% of
the specified value of 13,000 + 1000. Sensitivity of the residual
resistivity of the material to handling and thermal history was explored

and compared with previous materials cbtained from Cominco which met the



same specification. The results which indicate a high sensitivity and
a possibility of a maximum in the residual resistivity ratioc as a function
of annealing temperature do not clearly show why the two lots of material
should differ. A set of alloy ingots was prepared to make specimens to
study hardening characteristics vs electrical resistivity.

Punding for the two materials studies has not been included in the
FY 197% budget so they will be placed in a standby status. Since both
pregrams now have candidate materials at least partially characterized,
they can be reinitiated on relatively short notice should funding become

available in the near future.



II. PROGRAM ELEMENTS







A, CRYOCEILECTRIC PROGRAM

Introduction

As indicated in the Semiannual Report - March 1, 1973, we acquired
from Simplex Wire and Cable Company a cascaded test set for 700 kV ac
manufactured by Hipotronics, Inc. consisting of two series resonant trans-
formers rated 350 kV and 525 kVA each, with asscciate exciters, reactors,
and a dual control console. We received the mentioned items at the end
of March, and the installation in our laboratory was essentially completed
by June 30. A safety fence has been erected in accordance with the safety
rules for high voltage equipment. The fence also encloses the test stand
which is arranged in such a way that either 700 kV ac or 600 kV dc power
can be conveniently transmitted to the test object. A preliminary report
on operation tests with the 700 kV cascaded resonance transformer et is
given.

Progress has been made in the design and fabrication of the high
voltage cryostat. The design of its wvacuum bushing considers the peak
voltage of the 700 kV ac test set, i.e., of about 1000 kV. The design
of the bushing and the dewar of a cryostat for intermediate voltages was
completed, its assembling is underway, and a precision device for spacing
the electrodes was successfully tested.

A small laboratory for experiments with voltages up to 130 kV de
and 80 XV ac has been put into operaticn. Exploratory dielectric break-
down tests with liguid nitrogen have been performed there. Several
"auxiliary investigations' which are necessary for the design, construction,

and operation of our test eguipment were made. We used a newly designed



"three-sphere clamp' for investigating the withstand voltage of cylindrical
insulation layers. Another auxiliary activity was the approximate determina-
tion cf the equipctential lines for the design of the high voltage cryostat
by means of our conductive paper field plotting device. More accurate
field calculations were made employing the finiteelement method.

Since partial discharges are cf interest both for testing high voltage
apparatus and for investigating pre-discharge phenomena in cryogenic
insulation systems, we ordersd a partial discharge detector from J. G.
3iddle Company. Operation of this eguipment may require low external
noise level, and we were able to locate in the laboratory a well shielded,
commercially built room (Faraday cage) of sufficient dimensions for

verforming tests with intermediate voltage.

1. Fxperimental Bguipment

a) 70C kV ac Power Supply and Test Area

The 700 KV ac 1050 kVA power supply manufactured by Hipotronics,
Ine. and acguired from Simplex Wire and Cable Company was receilved at
the end of March. The specifications and general features of this series
resonant power source were described in Appendix D of the previous report
(ORNL-IM-4187). The essentials of the theory of operation of the supply
are described in Appendix D of this report.

During this report period, the power supply has been installed -
in accordance with safelfy requirements, wiring and grounding have been
completed, and a few preliminary tests have been run. The equipment is
shown in place in ¥ig. A-1. The experimental area contains a test stand

for mounting large bushings, dewars, and other pieces of experimental



PHOTO 1581-73

Figure A-1. 700 kV series resonant ac power supply.



equipment. Tt is placed to provide convenient access to both the 600 kv
de and 700 kV ac power supplies. The stand is 14 £t long and 11 £t wide,
so that several experiments may be mounted at once if necessary.
The heavy transformers and reactors were placed with due regard
for floor loading. Positioning of the units was also made with the idea
of conserving space, maximizing experimental functions, and at the same
time maintaining the required least stand-off distances of 8 ft from all
surfaces that might reach 350 kV and 15 ft from possible 700 kV surfaces.
The supply consists of two systems each consisting of a regulator
which supplies 60 Hz power to an exciter transformer, which in turn feeds
into a 350 kV high voltage transformer that may be tuned with an associlated
variable inductor (or reactor). FEach of the two systems may be operated
independently as a 350 XV source. For 700 kV operations, the second system
is floated as the output voltage of the first. For convenience, the

three modes of operation are designated as follows:

A mode -~ grounded system as 350 kV supply
B mode -~ floated system as 350 kV supply
C mode - both systems in cascade as 700 kV supply.

In order to comply with the variocus safety codes, several
provisions had to be made in the high voltage area, a rectangular space
roughly 25 ft x 45 ft with 40 ft head room. A 15 in. high concrete
retaining wall was constructed around the area to contain the whole
5550 gallons of transformer oil in all of the units in case of ruptures.
A drain will conduct any oil spillage to the exterior of the building.
In case of fire, two fog nozzles were installed at positions adjacent

to the high voltage area.



Most of the safety features, of course, are concerned with
electrical hazards. An 8 ft high expanded metal fence was constructed
around the retalning wall. A simplified floor plan of the layout is
shown in ¥ig. A-2. A photograph of the high voltage area is shown in
Fig. A-1. The fence 1s equipped with flashing red lights that are
energized when the high voliage equipment is in operation. The gate into
the high voltage area is equipped with an interlock such that anyone
entering the area automatically shuts down the high voltage equipment.
Ten portable grounding hooks have been fabricated, and a ten-step procedure
for grounding the nigh voltage units has been established as part of the
standard operating procedures.

Initial operation of the high voltage system on June 29 was
only successful in the A mode. One of the digital voltmeters in the
B mode control console was not operating correctly and has been returned
for repairs. In addition, there seem to be some inconsistenciles in the
electronics system of the control units and these are presently under
investigation. It is expected that these problems will be solved in the

near future.

b) 130 kV de and 80 kV ac Test Facility

Since it was necessary for the 700 kV test area to overlap part
of the original fenced-in test area, the 130 kV test set had to be moved.
A new 130 kV test facility was set up in a small room adjoining the main
bay of the building. Figure A-3 shows a floor plan. The dimensions of
the enclosed area are 9 1/2 ft by 7 ft, nearly identical to those of a
shielded room which is awvailable for high precision partial discharge

measurements. This enclosure is described more fully in Sect. IT.Al-e below.
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In this way, we expect that most of the problems which might arise from
working in such a confined space will be solved before the shielded room
is actually used.

After the Beta Electric Company 130 kV, 50 mA supply was set
up in this room, we observed that the supply was suffering internal break-
downs at sustained voltages above 100 kV. This was eventually traced to
a set of high voltage filter capacitors which had been installed by a
previous user. New capacitors and rectifier tubes were installed, and
the high voltage tank drained, cleaned, and refilled with clean insulating
0il. The supply is now operating perfectly at the full rated voltage.
The peak-to-peak ripple of the supply was measured to be 2.6% at 50 kV

and 2.9% at 120 kv, with a frequency of 120 Hz.

c) Intermediate and High Voltage Cryostats

Two cryostats are under construction for intermediate voltage
and high voltage ranges. The intermediate voltage version is designed
to fit into an existing 5 1/2 in. glass helium dewar. The high voltage
vacuum bushing for use with the 600 kV de and 700 kV ac supplies is 41 in.
in diameter and requires construction of its own large stainless steel
dewar with observation ports.

Figure A-4 is an assembly drawing of an intermediate voltage
cryostat constructed according to the ccncepts ocutlined in our previous
report for service with the 130 kV power supply. The maximum gradient
sustalinable in a vacuum gap, 10C kV/cm, will not be exceeded on the high
voltage lead A until it reaches 200 kV with respect to the ground tube B,
and the apparatus may be useful with one of the units of the 700 kV

test set.
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The two tubes of the bushing are joined at the bottom in a
vacuum~tight seal to an insulating disc C of (-10 fiberglass. As long
ag the liquid level is above this insulatcr, the vapor rising inside A
and outside B will not be electrically stressed, and discharges in the
low breakdown strength vapor will be avoided. The high voltage electrode
¥ is mounted on tube D, which slides freely up and down inside A.

A screw mechanism for accurately positioning the electrode has
been constructed and is shown in Fig. A-5. A precision of better than
0.0005 in. is possible with this device. It is shielded by a corona-
free enclosure and insulated from ground by the 6 in. diameter, 12 in.
high Pyrex pipe G. Tubes B and D are provided with heat exchange fins
which intercept part of the conductive heat leak into the liquid and
shunt it into the rising vapor. ‘These fins also shield thermal radiation
down the inside of A and down the space between B and the dewar wall.

No provision was made for radiation shielding in the vacuum space between
A and B because of the small estimated size of the resulting heat leak.
The heat leak calculated for this apparatus by the procedures ocutlined in
Appendix E is about 100 mW. All the parts of this apparatus have been
received from the shops and are in the process of assembly.

The proposed design for the high veoltage cryostat is shown in
Fig. A-6. Items A through T are analogous to thelr counterparts in
Fig. A-L. However, the scale of this cryostat is much larger to accom-
modate the high voltages to be applied from the 600 kV dec and 700 kV ac
supplies. The high voltage tube A is 8 in. and the ground tube B is 40 in.
in diameter. Because of the large diameter, radiliation through the vacuum

is appreciable, of the order of 15 W. The radiation baffles F intercept
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PHOTO 1583-73

Figure A-5 Electrode positioning mechanism.
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Figure A-6. High voltage cryostat.
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this heat leak. 1In order to prevent high field gradients at their edges,
thege baffles are terminated by large torolds. These torolds were chosen
from the several sizes available with the help of preliminary field plots
(see Fig. A-10) and electrostatic field calculations described in Appendix G,
Sect. III. The apparatus is designed to reach the peak voltage of the

700 XV ac test set cn the high voltage tube A before the field anywhere

in the bushing reaches the critical value of 100 kv/cm. The high voltage
termination and electrode positioning mechanism will rest on a stack of
large porcelain stand-off tubes which were obtained from a previous high
voltage accelerator experiment.

Visual observations will be made through windows H, manufactured
by the Ceramaseal Company. The 4 in. inner window on the helium chamber
is quartz to minimize thermal contraction, while the 6 in. ocuter window
is regular optical glass. Three windows will be installed at 90 degree
intervals, with provision for a fourth i1f required.

The helium chamber will be further shielded by a copper shell 8
suspended In the vacuum space between the inner and outer tanks from the
liquid nitrogen bath N. Superinsulation will also be attached to this
shield.

It is the object of the program to carry out breakdown measure-
ments in liguid helium at pressures up te 10 atm. The pressure withstand
calculations for the internal parts of the bushing are given in Appendix I'.
Design of the low temperature insulator C presents a difficult problem,
since this piece must withstand the combined forces of thermal contraction
and the 10 atm pressure of the helium beneath it. The design under con-

gideration is an inverted spherical dish laid up with fiberglass cloth
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and epoxy. ©Some preliminary discussions have taken place with other
groups at the labceratory with experience in construction of fiberglass
reinforced epoxy structures.

The total heat leak into the helium is expected to be of the
order of 3 or 4 W on the basis of caleculations in Appendix E. This cor-
responds to a helium boil-off rate of about 5 cr 6 liters per hour. Since
the total capacity of the helium space is about 250 liters, there should
be no difficulty in keeping the dewar cold for long periods of time without
helium retransfer. PFurthermore, if the liguid is overpressured slightly
to suppress boiling, its large heat capacity will keep the temperature
from rising appreciably while measurements are being performed.

Design drawings are complete for the inner and outer vacuum
tanks and for the copper nitrogen shield, and construction of these items
is in progress. Fabrication of the vacuum bushing will begin as soon as
the design of the low temperature insulator is finalized. The drawings
and calculations have been submitted to the CRNL Pressure Vessel Review

Committee for approval.

d)  Rogowski Electrodes

It is desirable to perform breakdown measurements between
infinite plane electrodes bacause the electric fleld is then uniform and
caleulated simply by the ratio of voltage to gap. However, the electrodes
must be finite, and if the edges are curved too sharply, the resulting
field enhancement will make breakdowns more likely at the edges than in
the central uniform field region. Maxwell originally showed that a
contour of the form X/S = xo/s + 2/m n(¥/3) as depicted in Fig. A- 7

will give the maximum field strength in the flat region inside the XO,
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Figure A-7. Rogowskil electrode contour.
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as long as the gap is less than 2S5. LElectrodes with such a contour were
first used by Rogowski. The size of the electrode i1s determined by the
value of 28 needed to stand off the maximum volitage tc be used. Three
sete of Rogowski electrodes have been constructed using tape-controlled
machines for maximum voltages of 250 kV, 500 kV, and 1000 kV. The 1000 kv
electrodes are roughly 14 in. in diameter, while the 500 kV and 25C kV
sets are one-half and one-fourth this size. The finished electrodes are
shown in kFig. A-3. One question to be considered is the influence of

the grounded dewar wall on the field between the electrodes. In the

1000 kV cryostat, the radius of the inpner wall is 23 in., giving a 16-in.
clearance to the edges of the electrodes. Preliminary analog field plots
indicate very little effect, and more exact finite element computer calcula-

tions which take account of the cylindrical geometry are underway.

e) Partial Discharge Detection

At some applied electric field below its ultimate breakdown
strength, an insulation system usually exhibits small discharges which do
not bridge the entire dielectric. These partial discharges can cccur in
small cavities or gas bubbles in the dielectric, near conductor-dielectric
junetions, around small sclid inc:iusions in the dielectric, or at surface
asperities on conductors which cause local field enhancement. Since these
discharges can be destructive to the insulation and are in any case a
source of electrical loss, measurements of their magnitude and frequency
are of ygreat interest. We have purchased a balanced partial discharge
detector from the J. G. Biddle Company. This instrument has the greatest
sensitivity of any commercially available partial discharge detector and

is capable of detecting discharges as small as 0.03 pC. Its design also



Figure A-8.
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Rogowski electrodes for 250 kv, 500 kV, and 1000 kV.
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gimplifies discharge detection in the presence of electrical interference.
Turther details are given in Appendix ¢. Since the circuit 1s essentially
a high voltage capacitance bridge, it reguires two identical samples. We
expect to provide these by cutting the low voltage electrode into two
equal halves. If the halves are well matched, charge should not build
up preferentially on either side, and 1little field distortion should occur.
The detector will also be used for checking the partial discharge level
of our power supplies, high voltage coannections, and bushings.

A feature of all partial discharge detectors is that they operate
in a limited frequency band to reduce external noise. Hence, the pulse
shape of a discharge is greatly distorted at the detector ocutput. We
plan to cobserve partial discharge pulses directly using a fast oscilloscope
in order to cbtain information about the rise time, amplitude, and duration
of the discharges. We have selected a Tektronix 7904 mainframe with
0.8 nsec rise time preamplifiers and 0.5 nsec/div time base. This scope
will also be useful in future impulse tests.

We may find that high-sensitivity partial discharge measurements

will require that the apparatus be set up in a shielded Faraday cage.
An existing enclosure is available for our use. It was manufactured in
1969 by Erik A. Lindgren and Associates, Tnc. Tt has inside dimensions
of 9 ft 9 in. square x 7 £t 7 in. high and is double-isolated with steel
and copper shields. The guaranteed attenuation of this enclosure is
120 dB for 15 klz - 10,000 MHz electric fields and 15 kHz magnetic fields,
and 30-36 dB for 60 Hz magnetic fields. All electrical inputs and ventila-

tion channels are thoroughly filtered.
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. Auxiliary Tnvestigations

Turing this report pericd we realized that it 1s convenient to
distinguish between our main experimental program and "auxiliary investiga-
tions." These auxiliary investigations are expected to provide numerical
values for the design, Tabrication, and operation of equipment for our
main experimentsl program. Such investigations may concern the dielectric
and the mechanical strength of design material, flashover performance in
ailr and in vacuum, electric noilse production outside the actual test
gpecimen, casting of epoxy, the mechanical performance of variocus kinds
of s0lid dielectrics under thermal stresses, and methods of achieving
vacuum-tight cryogenic connections between assemblies. These investiga-
tions may be quite extensive and must at times be the principal focus of
the activity. The air flashover experiments mentioned in ocur previous semi-
annual report fall into this category.

During this report period a simple apparatus was constructed to perform
auxiliary tests on insulation in concentric geometries (Fig. A-9). The
three spheres formed the ground électrode and could be adjusted to fit
tightly around the insulation. 7The whole apparatus was mounted in the
flashover test stand and immersed in a 4 liter beaker of transformer oil.

A short 3 in. sample insulated with seven layers of shrinkable PVC tubing
successfully withstood the full 130 kV available with the supply, although
above 100 kV surface flashovers often cccurred between the high voltage
electrode and grounded spheres. The sample was also immerséd in liquid
nitrogen repeatedly with no fracturing.

Further auxiliary investigations involved preliminary analog field

plots for the high voltage cryostat. A photograph of a finished plot is



Figure A-9.

Three-sphere concentric geometry assembly.
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shown in Fig. A-10. Conbours corresponding to the cross-secticnal
structure of the cryostat (cf. ¥Fig. A-6 ) were painted on semiconducting
paper with highly cbnductive silver paint, and the equipotential lines
determined as discussed in Appendix G. The lines are labeled with their
respective percentages of the total potential difference. These investiga-
tions allowed us to establish roﬁgh dimensions of the apparatus before
going to more accurate finite element computer caleulations as also

discussed in Appendix G.

3. Ixploratory Experiments

Tn our main experimental program we also include "exploratory
experiments' which are related to the ultimate objectives of our program
but which do not incorporate all‘the features which may eventually be
desirable. The object of these experiments is to identify problems and
establish experimental techniques rather than to provide final data.

The first exploratory tests attempted were breakdown measurements
in liquid nitrogen.  The air flaéhover test stand was modified for these
experiments by replacing the 8-in. disc electrodes with a 2-in. diameter
spherical steel high voltage electrode and a Y-in. diameter stainless
steel ground plane. A foam-insulated box was built around the electrodes
to hold liguid nitrogen. The high voltage electrode was positioned by
means of a screw mechanism and monitored by a dial gauge similar to ghe
one shown in Figs. A-5 and A-11. After cooling the electrodes to nitrogen
temperature, the zero position was determined by measuring the resistance
between the electrodes with an ohmmeter. The high voltage electrode was
then backed off fto the desired gap. Ten to 20 breakdowns were made at

gaps of 0.010 in., 0.020 in., and 0.030 in. Owing to the large amount



26

elds for vacuum bushing.

ome.

shi

adiation

g plot of r
Rogowski electrode

Analo

Figure A-10

G

1.

s at bot



27

PHOTO 1592-73

Figure A-11. Exploratory helium cryostat sphere-plane electrode assembly.
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of frozen air and moisture contamination in this arrangement, the breakdown
fields showed wide scatter, ranging from about 525 kv/cm to 600 kV/cm.
Published values of ac breakdcwn at similar spacings for liguid nitrogen

at 1 atm are 452 kv/em (50 Hz ac peak)l and 696 kv/em (60 1z ac peak),2
bracketing our values.

We believe that the wide scatter in ocur results was due to an
insulating contamination layer which built up on the electrodes within
a few hours. This was indicated by the large resistance measured between
the touching electrodes after this time. Hence, the field in the gap was
affected by these additional dielectric layers in an unpredictable way.

To prevent the entrance of contaminants, we decided to construct a
sealed bushing which could be mounted in a glass dewar. Information
cbtained in the previously mentioned auxiliary tests was used in the design
of this bushing. The first version tested was insulated with six layers
of PVC shrinksble tubing on a 3/8 in. center electrode, to give a total
diameter of 3/4 in. and a length of 48 in. Figures A-11 and 12 show the com-
vlete cryostat. The insulation was covered with a grounded single layer of
0.002 in. thick aluminum tape wound between the two stress cones. Hence,
as long as the liguid level is kept above the lower cone, no breakdown
can occur in the unstressed vapor. The dial gsuge directly measures the
travel of the high vcltage electrode. Higure A-5 shows a close-up of
the screw mechanism which positions the electrode, as described in Sect.
II.A2~cC.

One trial run has at present been made with this apparatus. In
spite of the successful electrical and cryogenic auxiliary tests on a

short insulation sample, the 4-ft bushing cracked during ccoldown. More
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PHOTO 1591-73

Figure A-12. Exploratory helium cryostat with dewars.
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auxiliary investigations are underway on other types of insulation. At
present Stycast 2850 FT (blue) epoxy is the most attractive candidate,
having a thermal expansion coefficlent comparable with most metals. How-
ever, the PVC bushing remained vacuum-tight during cooldown, which
demonstrates that the design of the top plate of this cryostat was
satisfactory. We expect that it should soon be possible to obtain
exploratory breakdown data in cryogenic ligulds under conditions of low

contamination.

L.  Future Activity

The change in funding level between FY 1973 and FY 1974 will require
a reduction in our planned activity during ¥Y 197h. Accordingly, we have
chosen to defer consideration of impulse testing until a later date.
Should the results of the ac and dc breakdown tests and the partial dis-
charge investigations indicate that impulse tests at relatively low
voltage levels should be undertaken, then we could build a one-stage
600 kV impulse generator using the capacitors which we have on hand and
the Haefely power supply.

During FY 1974 appreciable additional work on equipment, auxiliary
investigations, and exploratory experiments will be necessary. However,
we expect that the focus of activity should shift over o main program
experiments with intermediate and high dc and ac voltages as the year
progresses. Specific tasks to be accomplished in the various areas are

the following:
Equipment

1. Construct an improved preliminary bushing.



2. Complete assembly of intermediate volbage cryostat.

3. Final

checkout of 700 kV ac test set operation.

L. Temperature and pressure measurement and control equipment.

N

4.

Recelve and set up partial discharge detection equipment.

6. Activate shielded room.

7. Const

Auxiliary

ruct high veltage cryostat.

Tnvestigations

1. Find

2. Make

sultable insulation material for preliminary bushing.

high voltage flashover and partial discharge tests on room

bemperature bushings and insulator columns for high voltage
cryostat.

3. Develop a low temperature insulator for high volbage cryosihat.

Ixploratory hxperiments

1. [iguid helium and Liguld nitrogen breskdown experiments using

preliminary bushing

2. Confirm Gerhold and Meats' measurements usiog intermediate
voltage cryostat.

3 Exploratory tests with high voltage cryostat.

Main Program Hxperiments
o b

1. Breakdown of cryogenic liguids; breakdown and flashover of
cryogenic s0lid insulators--intermediate voltazes,

2. Breakdown of

Cryog

cryogenic ligquids; breakdown and flashover of
enic s0lid insulators--high voltage.
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B. SUPERCONDUCTING MATERTALS

We report a continuation of the work discussed in the March 1
semiannual report on the study of the influence of material varisbles on
ac losses in superconductors. This work may be classified into three
main areas: 1) niobium-rare earth dispersion studies, 2) measurement of

critical current density, Jc’ and surface shielding parameter, AH, in

the dispersions, and 3) construction of ac loss measuring equipment.

1. Wicbium-Rare Farth Dispersion Studies

In the March 1 report we showed that additions of insocluble yttrium
particles to heavily cold-worked (92% reduction in area) nicbium markedly
increased the hysteresis of de magunetization curves. As a measure of this

hysteresis (and "fluxoid pinning"), we chose to use B_, the remanent

R’
magnetization in zero applied fileld. We found that Y increased the BR

of pure Wb from about 2.0 kG to a maximum of 3.15 kG for the Nb-1.0 a/c Y
alloy. We now report the results of annealing treatments on these Nb-Y
alloys. The cold-worked samples were annealed for one hour at 600, 800,
1000, and lSOOOC respectively. The samples annealed at 600 and 800°¢

T

were sealed into quartz capsules at a pressure of 107 ' torr and heated

in muffle furnaces. The samples annealed at 1000 and 150000 were heated

in tantalum element resistance vacuum furnaces in dynamic vacuum of better
than 5 x 10_6 torr at temperature. Superconducting-normal transition
temperatures (TC) were measured on all samples by the inductive method.
After an initial decrease in TC for the cold-worked Nb-Y alloys on annealing

at 600°C (from 9.37 + 0.08 K to 9.29 + 0.02 K), the T_'s remained constant

with amnnealing temperature. The pure niboium, however, showed a steady
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decrease with annealing temperature from 9.27 + 0.08 X for the as-cold
worked sample to 9.19 + 0.01 K for the sample annealed at lSOOOC. The
drop in TC for the Wb-Y alloys on annealing at 600°C and higher tempera-
tures must be related to the decrease in dislocation density, i.e.,
resistivity. The continued decrease in Tc in pure Nb is presumably due
to pick-up of oxygen. Therefore, the use of ¥ in Nb serves as a 'getter"
for oxygen and allows the Nb matrix to remain pure even after annealing
at 1500°C in moderately good vacua ("hard" vacuum < 10—8 torr in required
to eliminate oxygen contamination in Nb). This also implies that Y

in Nb.

dispersions will help to maintain a high Hcl

The results of dc¢ magnetization measurements, as values of B are

R’
presented versus atomic percent Y for the various annealing temperatures

in Fig. B~l. The BR values for the samples annealed at 600 and 8OOOC
follow the same general pattern as the cold-worked results with some
dependence on Y content and a maximum in BR at 1.0 a/o Y. The pure Nb
actually shows a higher BR for these heat treated samples than the as-cold
worked condition. This i1s consistent with previous work of othersl and
reflect the '"sharpening" of the dislocation cell walls, with a decreased
dislocation density in the cell centers and an increased dislocation
density in the cell walls, which has been found to increase fluxoid pinning.
After the allcoys have been heated to sufficiently high temperatures for
recrystallization to occur (between 800°C and 1000°C for Wb and the Nb-Y

dispersions), the values of B, show very little dependence on Y content.

R

That is, the data for 1000°C anneals and, more pronounced, the data for

1500°C anneals show little change in B_ from the 0.1 a/o to the 2.0 afo Y

R

samples after a dramatic increase from pure Nb. This point is also
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illustrated by plotting BR versus annealing temperature for pure Nb and
the various Nb-Y dispersions in Fig. B-2. 1In the following paragraphs
we shall present a tentative explanation of this behavior aided by the
results of optical metallography and transmission electron microscopy.
Transmission electron microscopy was carried out on 1/8 in. diameter
discs spark-machined from the specimen rods, jet-polished, and electro-
lytically thinned. The thin foils were cbserved in a Hitachi electron
microscope at an operating voltage of 200 kVv. With the exception of the
presence of Y particles, the microstructures of the cold-worked samples
of pure Nb and the Nb-Y dispersions appeared identical. The structures,
illustrated in Figs. B-3a and B-3b for pure Nb and Nb-0.1 a/o Y, respec-
tively, consisted of the "cell structure’ with dense dislocation walls
surrounding volumes with a lower dislocation density. Measurement of
the average cell diameter was carried out for pure Nb, Nb-0.1 a/o Y, and
Wb-2.0 a/o Y. The results are listed in the Table below. The error was
taken as + twice the standard deviation. Thus, with experimental error,
the cell size for pure Wb and the dispersions is the same. It was dif-
ficult to retain the Y particles in the foils during polishing for the
higher Y-content alloys but particles were retained in the Nb-0.1 a/o Y
dispersion. These roughly spherical particles had an average diameter
of 0.50 + 0.10 pm. For the Nb-0.1 afo Y alloy, with 0.5 pm particles,
one can calculate the average distance between particles knowing the
volume fraction and volume per particle. Tt comes to 3.3 pm so that on
average we have 1/2 pm particles 3-4 um apart. This is consistent with
the optical metallography. Since the dislocation structures are similar,

one must conclude that the increases in BR due to Y additions are due to
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Figure B-3a. Transmission electron micrograph of pure Nb cold-worked
92% reduction in area. Magnification 30,000x.

Figure B-3b. Transmission electron micrograph of Nb-0.l at. % Y cold-
worked 92% reduction in area. Magnification 30,000x.




fluxold pinning by the Y particles themselves., Ploning in the samples
. R SN o ST C . - . , -
annealed below 10007°C 1z then dus to both the dislocation structure and

the Y particles.

Table

Alloy Average Cell Size

Pure Nb 041 + 0.1 pm
Nb-C.1 a/o ¥ 0.39 + 0.18 un

Wo-2.0 a/fo v G.45 40,08 um

We find optical metallograephy provides the best ald in understandin

o
22

i . Ta . e o O ] .
the BR results for the 10007C and 15007C heat treatments. The most cobvicus

. : N v A . O, .
difference between pure Nb and NWb-Y dispersions annealed at 15007C, aside

from the presence of ¥ particles, is the difference in recrystallized

The average grain diameter for purs Nb annealsd at 15007C
was 210 + 60 um (+ 20) while for Nb-0.1 a/o ¥ and Wb-2.0 a/o ¥ it was

] ~

38 + 9 pm oand 40 -+ 4 um respectively. These microstructures are illustrated

1))

in the micrographs in Fig. B-ba and B-Ub. Thus, the grain sizes of the V-

£l

containing samples ars avbout five Limes smaller than for pure Nb annealed

2t 15007°C. (rain size dif

Terence slone cannot account Ffor the difference

o ; ; O
the pure Wb samples amnealsd at 100070 nad

/e

a5 seen 11
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Figure B-lha. Optical micrograph of pure Nb annealed one hour at 150000.
Magnification 500x.

Figure B-4b. Optical micrograph of Nb-2.0 at. % Y annealed one hour at
1500°C. Magnification 500x.
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most clearly in Fig. B-l. Our tentative conclusion i1s that the high
angle grain boundaries are chiefly responsible for flux pinning and
the Y particles not only inhibit grain growth, thus providing a fine
grain slze, but increase the pinning effectiveness of the grain boundaries
by coating them with a "film" of Y.

In summary, yttrium additions increase the magnetic hysteresis of
b and maintain its high Tc on annealing by acting as a getter for oxygen.
The insensitivity to Y content of BR of recrystallized samples wculd
simplify production for any large-scale application of these materials.

We have prepared Nb-Gd dispersions with 0.1 a/o Gd, 0.5 a/o 0d, and
1.0 a/o Gd. As our previous work predicted,2 we found no advantage in
the ferromagnetic Gd particles as flux pinning sites over paramagnetic Y.
We have carried out dc magnetization on Nb~Gd samples as cold-worked and
annealed at 600°C with values for BR similar, bubt slightly lower, than the

corresponding Nb-Y dispersions.

2. Measurement of J and AH by ac Susceptibility

The two material parameters which determine ac losses in superconductors

above Hc are Jc’ the critical current density, and NI, the surface shielding

3

1

parameter. We have included AH in a recent re—examinationhr of the Bean
harmonic analysis method5 for extracting JC from ac susceptibility measure-
ments. Qur technique provides a check on whether the assumptions of the
model are met in a given experiment. We have applied this technigue to

the Nb and Nb-Y samples and have found agreement with the model, so that

we have obtained values of Jc and AH. JC results vs applied field for

the pure Nb and Nb-2.0 a/o Y samples annealed at lSOOOC are presented in

Fig. B~5. The much higher I values for the WNb-2.0 a/o Y sample are
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consistent with the above differences in B_. values. A peak effect is

7y

noted in the pure Nb. As expected from the B_ results, Jc vs H curves

R
Tor the other Nb-Y alloys were similar to that for Wb-2.0 a/o ¥ but have

not been plotted in Fig. B-5 for clarity. M values for the above samples
are plotted vs applied field in Fig. B-6. Here we see the pure Nb has a
larger M than the Nb-2.0 a/o Y sample. Again, the other Wb~Y samples

had AH values which superlmpose on those of Wb-2.0 a/o ¥ within experimental

error.

ative

D
!-.l

We now have the ability to measure and therefore separate the r
importance of Jo and A on ac losses. We can then compare the ac losses
calculated from these measurements by theoretical models with the ac losses

we shall measure directly with our wattmeter technigue.

3. Construction of ac Loss Measuring Equipment

All of the reguired equipment for measuring ac losses by the electronic
wattmeter technique has now been assembled. This includes: the wattmeter
which was obtained from the electronics group at Brookhaven National
Laboratory, an ac power supply consisting of a transformer and variac to
enable us to apply up to 50 A to our ac magnet, the superconducting solenoid
(coil constant = 135 Oe/A) to provide the ac magnetic field, and the sup-
port assembly. A photograph of this equipment is gilven in Fig. B-7.
Preliminary calibration checks on the wattmeter have been run, and the

ac loss apparatus should soon be coperational.

k. Concluding Remarks

At present, the program on superconducting materials for power

transmizsion will not be funded in FY 1974. Should funding become
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Figure B-7a. Superconducting

Solenoid ang Support assembly for ac lossg
neasurement apparatus.,
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Figure B-Tb. Wattmeter and ac magnet power supply for ac loss measure-
ment apparatus.
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avallable we are now in a position to make an important contribution to

5
)

1B

&

understanding the relative importance of material variables on ac lo
)

e

in superconductors at fields above H We will have a rather unique set

.1 °

-

L

of experimental tools available for studying bulk flux pinning, surface
efTects, and thelr influence on ac losses, particularly at fields above

H l—~the field region of interest for high To materials. The Wh-Y alloys
C >

studied these last 8 months as "model" materials may be practical materials

if a conductor based on Mb 1s desired.
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C. DISPERSION HARDENING OF ALUMINUM

Introduction

Work during this reporting period has been in two areas:
1) characterizing the residual resistivity ratioc (RRR) of two batches of
Cominco zone-refined aluminum and 2) producing zone leveled alloys of
gold in aluminum. The results of the first activity shows very greab
sensitivity of the RRR to supplier's quality control since two batches
supplied to identical specifications have RRR's differing by a factor of
three. This work has also suggested a possible maximum in RRR dependent
upon annealing conditions. The second activity has resulted in a stock
of alloys from which samples can be made to study the precipitation
hardening behavior of minute quantities of gold added to very high purity
aluminum manipulation of the impurity dispersions by means of heat treat-
ment. The objective to "map ocut" the yield strength/RRR relationships
for various dispersion states in the aluminum gold alloy system will,

nowever, await further funding.

1. Residual Resistivity Ratio of Cominco Zone-Refined Aluminum

Zone-refined aluminum, specified to have a residual resistivity ratio

(RRR = P equal to 13,000 + 1000, was purchased from Cominco

3OOK/ Pux)
Products, Inc., and used to prepare the alloys discussed below in Sect. 2.
Our RRR measurements, obtalined by means of a four point de probe ftechnique,
on this aluminum, henceforth known as batch II material, are summarized

in the following Teble. At best the RRR is about 30% lower than that

specified by Cominco. The Table also illustrates how sensitive the RRR

is to handling and thermal history of the aluminum.
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Table. Residual Resistivity Ratio of Batch II Cominco Aluminum

Condition or Heat Treatment

RRR
Temperature Time Remarks

(90) (hr)
610 1 Turnace Coocled 9772 + 5%
610 72 Turnace Cooled 10,450 + 5%
525 1 “urnace Cocled 16,300 + 5%
610 1 guenched into Ice- 2800 + 1.5%

Brine Sclution

As-Received 6165 + 3%

All specimens were
machined by centerless
grinding from the as-
received Conminco ingot
section.

We had previcusly [(in 1971) made a similar purchase cf zone-refined
aluminum (RRR = 13,00C) from Cominco for another program. Reserve
specimens from that lot of aluminum, now identified as batch I stock,
were tested and compared with batch I material. The as-received, as-
machined sample from batch T had a RRR of 13,400~~2bout twice that of
batch II. TFurthermore, heat Lreated specimens frow bath I reached a
KRR of 30,000--about three times higher than batch II. We conclude that
our handling and testing procedures are not the source of the low RRR of
batch LI material. These resulbs may suggest, however, the need for
better quality control cn the part of the supplier.

Recently, Carapella, Bess, and Leseurl reported that high purity
copper exhibited a RRR maximum as a function of increasing annealing

temperature. We sought Lo establish whether similar behavior was followed



in aluminum. Bateh I Comince aluminum was melted, cast, and swaged to

0.1 in. dlameter rod. Resistivity specimens were prepared from the swaged

rod. One hour anneals were carried out on these specimens in alr at
temperatures between 40C and 61@00. The results are plotted in the
following Tigure and do suggest the possivility of a RRR maximum in
aluminum. We interpret the increase in RER in the range 400 4o 52500 as

the

T

due to recrystallization and grain growth, processes which caus
elimination of Alslocations (introduced during swaging) and grain boundary
arez. The cause of the decrease in RRR at higher temperabtures ig not

e

ce - , e , -
definitely known yet. An annealing temperature of 525 ¢ appears to produce

the highest RRR for swaged, zone-refined aluminum.

=3

2 Alloy Preparation

During this reporting period, three alloys containing nominally 0.2,

0.1,and 0.05 wt 7, gold in zone~refined aluminum were prepared. Suitable

/
D

guantities of the 1.1 wH % master alloy made previously,” were mixed with

zone~refined Cominco alvminum by induction melting in ultrahigh purity
grapnite boats under a vacuum of better than ZLO'5 torr. After zone-
leveling, the alloys were directicnally solidified and diffusion annealed
in the solid state at 610°C for two weeks. Two finger-shaped ingots,
approximately 5 in. long and 1 in. in diameter, of each composition

were produced.  These ingots are the starting stock for a study of the

dispersion hardening characteristics and electrical resistivity of high

purity precipitable aluminum base alloys.

Future

2 ey o £vm A2 ¥ 3 .}
Since Tundin For the comi
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time that funds are available to continue toward the goal of discovering
methods for improving the mechanical yield strength of very high conductivity
aluminum while preserving the high residual resistance ratio needed for its
use as a normal metal component in a superconductor composite. Additional
tasks of interest which should be explored are the RRR maximum and the
quality control needed to ensure reproducible production of very high

purity aluminum and the alloys made from it.
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TRAVEL REPORT - AUSTRIA AND GERMANY

From February 8 through March 23, 1973, I made a trip to Austria
because of my activities as an Honorary Professor of Cryoelectric Power
Engineering at the University of Technology in Vienna and ag a member of
the Austrian Academy of Sciences. I used this opporbunity to visit the
Universities of Technology in Graz and Munich in order to discuss matters
of interest for the Cryogenic Dielectrics and Superconducting snd Cryogenic

Materials Technology for Power Transmission program of ORNL.

I. GRAZ, UNIVERSITY OF TBECHNOLOGY

A. HICGH VOLTAGE INSTITUTE (Versuchs-und Forschungsanstalt fur
Hochspannungstechnik, Graz, "VAH") (February 20-23, 1973)

I had discussions with Alfred Ieschanz, Professor at the University
of Technology and Director, VAH, and with two of his co-workers,
Gerhard Praxl and Werner Horak. The Austrian Institute of Electrical
Engineers (ééterreichischer Verband der Elektrotechnik) has a very
active section for high voltage engineering which keeps in close contact
with similar organizations in the world.l There are three large high
voltage laboratories in Austria: the VAH,2 the Flektrotechnische Versuchs-
Anstalt in Vienna, and the high voltage laboratory of the Elin-Union, Litd.
in Weilz.

In the following, I present a short description of the VAH. Located

in the main bay of that laboratory is the high voltage transformer cascade.



Tt consists of three transformers which can produce either 1.2 MV in
single-phase, series connection or 0.4 MV in three-phase connection.
The cascade is energized by a three-machine set (one dc motor with 2

three-phase synchrcnous generator for 16 2/3 up to 60 Mz and a single-

3

phase synchronous generator for 16 2/3 up to 150 Iz). At 50 Hz, 5-minute
operation with 1235 kVA is possible.

The dc high voltage source is a six-step Greinacher-cascade which
is operated with 500 Hz and produces 1500 kv, 10 mA de with a ripple of
less than 19 at full load. This voltage source can be used for energizing
a single circuit impulse generatcr. Another 2.25 MV impulse generator
is movable and can be used for cutdcor tests.

Corona-free connections can be made to a central electrode, To a
compensated voliage divider (system Zaengl), to a sphere gap with a
sphere diameter ¢f 2 m, and to a vacuum-tight tank with a high voltage
bushing for tests in oil, in compressed gases, and in vacuum.

Much care has been taken in screening the high voltage bay. Seventy-
five decibels can be reached with frequencies from 0.1 MHz up to the
frequencies of television bands. This is achieved by providing a Faraday
cage made of welded iron sheets, 1 mm thick. Special contact bands are
arranged around the metal gate wings. Below the bottom of the Faraday
cage, a network of copper bands (5.5 m mesh width) has been provided.
These measures are necessary to protect the outside from electromagnetic
disturbances and, vice versa, the inside from outside disturbances which
is especially important when pre-breakdown experiments are being made.

In another bay a current impulse facility is located. The total

stored energy of four capacitor vanks is 100 ki. With para’lel connection
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of the four banks, the current impulse is 170 kKA, with a crest voltage
of 50 kV; with seriesz-parallel connecticn, 140 kA/lOO kv and with series
connection, 95 kA/200 kv.

The research and test program of VAH is very comprehensive. Resldes
the facilities for usual high veltage and high ourrent teste and for
various types of pre-breakdown tests, the mentioned special test facility
for high voltage tests in oil, compressed gases, and vecuum ig available.
Dspecially dmportant for the development of high wvoltage dc power trans-
mission are test facilities for similating unusual environmental conditions

<

(temperabure, humidity, rain, and various types of contamination). Finally,
special movable de isolation test equipment is available for testing the

stator windings ol large generatorz on site. Tor this purpose, ac teshs

N
—

with 50 to 60 Hz are rot convenient because of the very high capacities

agalnst ground. Loss angle Tests can be made with low freguencies.
Other tests can be performed with special corona detectors.

The University of Technology, Graz, has a comprehnensive study program
for high voltage engineering. A curriculum of three courses is offered:
High Voltage Engineering T: Test and experimental techniques for

high voltage ac, dc, impulse voltages and currents, and switching
voltages.

High Voltage Fngineering [I: Demand upon insulating systems in
normal operation and under special clrcumstances; electrostatic and
dynamic field calculations; theories of electric strength; and the
most important insulating materials and insulating systems.

High Voltage Engineering III: Crigin and means of withstanding
external and internal over-volfages in electrical energy distribution
systems.

. ip to the present, detasilled lecture notes have been izsued only for
the firet course in high volbage engineering, and I bought one copy of
pls

50 pages) .
<

thisz detailed pamphlet (typewritten,
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B. TNSTITUTE FOR LOW TEMPERATURE RESEARCH (Anstalt fUr Tieftemperatur-
forschung, "ATF'")

Furthermore, I visited with my old friend Dr. Peter Klaudy, Professor
of Electrical Engineering at the University of Technology, Graz, and
Director of the Institute for [ow Temperature Research (which is only
in loose connection with the University of Technology and is sponsored
partly by various governmental agencles and partly by industry). For
many years, Klaudy has been working on homopolar machines3 and on super-
conducting power flines,i‘L and he can rightly be called a "pioneer' in
these two fields.

Cecneerning homopolar machines, a recent invention of Prof. Klaudy
is his "liquid metal roll contact” which, in his opinion, will solve the
brush problem. Klaudy showed me a working model and explained it to me
in great detail. During a visit by Eric Forsyth of Brookhaven National
Laboratory (which Klaudy greatly enjoyed), the same model was demonstrated

5

and is mentioned in Forsyth's travel report. Recently, Klaudy published
a detailed paper on this Subject.6
For superconducting cables, Klaudy employes flexible corrugated
metal tubes developed by the Cerman cable company ''Kabelmetall, Hannover.'
He tries to get sufficient means for testing in regular power operation
a superconducting single-phase cable for 60 kV, 50 m long (manufactured
in cooperation with ARG, Austria; Kabelmetall, Hannover; and Linde, Munich)
at the electric power plant in Veitsberg, Styria.7
Concerning his idea to use an arrangement with a hard superconductor
(preferably NbBSn) as a very fast acting circuit breakezg(switching time

a Tew milliseconds, 1.e. almost one order of magnitude smaller than one

period of 50 or 60 cycles), Prof. Klaudy thinks that such a switch (which
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reacts when a large dI/dt occurs and which does not have to "wait" until
a large current is reached) could be successfully operated with cables
for large transmission power; however, he feels that such a design would
be too expensive.

I was mostly interested in the work of Klaudy's co-worker Jiurg Gerhold,
who finished his Ph.D. thesis on the dielectric breakdown strength of
liquid helium in 1972. I bought a copy of that thesis (329 pages, 91
figures), and when T started to study it carefully, I was impressed by
this expertly performed work. This thesis contains many interesting details
which are not mentioned in Gerhold's publication in Cryogenics.9 Further-
more, I noticed that CGerhold's experimental equipment and methods are
in many respects similar to those of R. J. Meats of Central Electricity

Research Laboratories, Leatherhead, Surrey, England,lo and it is interesting

to compare Gerhold's and Meat's results (see Appendix B).

17. MUNTCH, TECHNICAL UNIVERSITY

On March 21-23, 1973, I visited the High Voltage Institute of the
Technical University in Munich. Director of thisg institute is Professor
of Electrical Engineering Hans Prinz. His institute is internationally
well known and several of his former students and co-workers are holding
leading positions in various high voltage institutes}l Prof. Prinz was
chairman of the International Symposium on High Voltage Technology, the
Technical University, Munich, March 9-14, 1972. This conference was
sponsored by the Verband Deutscher Elektrotechniker ("VDR") with the

cooperation of the IEEE Power Engineering Sccieby, and Prof. Prinz was

kind enough to present our laboratory a copy of the proceedings.




Prof. Prinz also presented me the yearly reports of his institute for
197C, 1971, and 1972; a description of the high voltage experiments which
are part of the curriculum of the Technical University, Munich, in that
field (employing prefabricated, standardized modules manufactured by
Messwandler-Bau, Bamberg); and a collection of his recent papers12 which
deal in a most interesting way with the history of high voltage engineering,
starting with very early experiments with "friction electricity," leading
up to the most recent developments (e.g., laser triggered high voltage
sparks) .

Prof. Prinz introduced me to the Deputy Director of his institute,
Dr. J. Wiesinger, who is well known for his extensive investigations on
lightning protection. Three of his co-workers presented me copies of
thelr doctors theses and discussed their work with me.
A.  HANS STRINBIGLER: "Anfangsfeldstérken und Ausnitzungsfactoren

rotationssymmetrischer Tlektroden Anordnungen in Iuft" ("Onset

I"ield Strength and rfficiency Factors of Rotational Symmetrical
Electrode Arrangements in Air')

The efficiency factor 7 (after SchwaigerlS) is the reciprocal value
of the gradient factor g, as mainly used in the USA literature. Tt is
determined by the electrostatic field configuration without considering
space charge. Various méthematical methods for finding field configura~
tions are discussed, and the author claims that the method of image point
and line charges is most coavenient. He presents an ALGOL program for
this method of successive approximations. Numerical results are shown
for various electrode arrangements (rod and sphere gaps, conical electrodes
and tori). In order to predict the onset field strength of a certain

electrode arrangement, it is necessary to introduce a criterion for the
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electrical breakdowmn in air which considers the field configuration in
the space between the electrodes. Bteinbigler used the Schumann integral
caea 1k . . .
condition. An extensive series of carefully performed experiments shows
a very good agreement between theory and experiment.

B. PAUL WEISS: "Rotaticnssymmetrische Zweistoffdielektrika”
"Rotational Symmetrical Two-Dielectrics Systems”
g ¥

A paper covering the main rezults of the thesis has been presented

- . . . e o i L. 15

at the International Symposium on High Voltage Technology, 1972.
The mathematical method used for the determination of the electric

field configuration 1z similar to that employed by Steinbigler and

becomes--of course -~ more complicated when two-dielectric systems are

w

consldered. Various electrode and dielectric arrangements have been
invegtigated and show a good agreement between Theory and experiment.

' work is the observation and

The most interesting result of Weiss
clear description of the '"Binbettungs-ptffekt” ("Embedding fffect').
When an electrode is embedded in dielectrics and the angle o between the
electrode and the dielectric boundary is greater than 900, the electric
field strength at the boundary becomes infinite. In a similar way, when
o < 900, the field strength at the boundary is zero and, finally, for an
angle o = 900 the field strength at the boundary has a finite value.

Various experiments verify clearly the existence of the "embedding

«
effect."”

* . . . 4
Concerning the theses by Steinbigler and by Weiss, Compare Appendix ¢,

Sect. II.
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C. FRIEDRICH HEILBRCONNER: 'Durchzindverhalten und Spannungsaufbau

11—

mehrstufiger Stossgeneratoren' ('Firing Performance and Voltage
Shape of Multistege Impulse Generators')

To analyze the firing performance and Lo find the voltage-time
functions of the various stages of large impulse generators is a very
difficult task. Until a few years ago, it was belleved that a good
agreement between theory and experiment could not be expected.l6 However,
very recently, sufficient information about the sparking process hecame
available and, presently, a refined image converter techuique allows
determination of the exact firing moments without disturbing the firing
process. Heilbronner succeeded in simplifying the extremely complicated
system of equivalent circuits to such an extent that he could write
tractable computer programs. Ie investigated the performance of a five-
stage impulse generator for 1 MV and of a 12-stage generator for 3 MV,
and it seems to be the first time that a very good agreement between
theoretical prediction and experimental verification has been achieved.17

During my visit, Dr. Heilbronner informed me also about an international
cooperation in the field of the physics of spark discharges with very high
voltages.l8 At the TLes Renadiéres laboratory of the Electricité de France,

a working group with the following participants has been organized: CEGB
(United Xingdom), CESI (TItaly), EdF (France), and the Universities of
Braunschweig (Germeny), Munich (Germany), Padova (Ttaly), and Stuttgart
(Germany). Breakdown phenomena of 5 m and 10 m rod-plane gaps in air
with positive switching pulses have been investigated. Voltage, current,
and field (at 13 points) at the plane and the current through the rod
were measured. Two single converter cameras, one image intensifier

camera, two still cameras, and twe photomultipliers were simultanecously
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employed to measure the light output from the gap. It was possible to

determine the leader length and veloclty of the discharge, the charge

injected into the gap, and the time dependence of the field at the plane.’

Finally, I discussed with Prof. Prinz various special problems in
comection with our working program at CRNIL. Prof. Prinz gave me a copy
. . ; Vo . 20
of a paper which deals with a movable SF6 insulated impulse generator
and another paper on the subject of high voltage discharges in high
21 . . . .
Tacuum. Both publications are not easily available here.

I am very grateful to Messrs. Leschanz, Klaudy, and Prinz and their

co~workers who did theilr best to convey to me so much information.

\IQ
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A NOTE ON J. GBRHOLD'S AND ON R. J. MEATS' INVESTIGATIONS
JF THE DIEIECTRIC BREAKDOWN OF HELIUM
ATl VERY LOW TEMPERATURES

W. F. Gauster

At the ERC Conference on Dielectric Properties at Cryogenic Tempsratures

1,2 ) 3
" and on R. J. Meats"

(April 13, 1973), I presented 2 report on J. Gerhold's
recent investigations on the dielectric breakdown of helium at very low
temperatures. Due to the limitation of the available time, the report
was very short, and it was not possible to compare in detall the goals,
the methods, and the results of these investigations. Alsoco, this appendix
does by no means try to present a systematic and thorough study, but I
will mention in a scomewhat more comprehensive way a few highlights of
Gerhold's and Meats' dnvestigations, and T will point cut several details
which seem to be of special interest for further investigations with
similar goalg. J. Gerhold ("G") and also R. J. Meatg ("M") mention the
ranges of thelr investigations by Indicating limits for the pressure p
and the temperature T. This is shown in Fig. 1. Both authors cover
practically important ranges for gaseous and liquid low temperature helium,
however, ( extends the range with respect to T, whereas M's investigations
include a higher pressure range.

Table 1 compares the G and M experimental programs with respect to
a few Important points. G uses one mebsl cryostat with 5 in. working
diameter:; M uses for lower pressures a 10 in., for higher pressures a
5 1/2 in. dewzar. G designed an electrode control mechanism for adjusting

the upper high voltage electHrode to the desired gap distance d without
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TABIE 1

Gerhold

Meats

Voltage (kv) <

Electrode Shapes

Blectrode Surfaces

Electrode Material

Helium

Lo

de and ac

Spherical (VDE, r = 2

f
M

Point-plane

Cylinder-~plane

Technically clean
Rough

Oxide layer

Nb
Stalnless steel

Cu leaded and unleaded

Technically clean

Contaminated

.5 cm)

65
de

Rogowski (d

Technically

b
Brass

Technically

= 6 cm)

clean

clean
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Flgure 1. Ranges of investigations on the dielectric strength of gaseous
and ligquid helium.
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the necessity of removing the electrodes from the interior of the cryocstat.
¢ claime that d could be measured with an accuracy of 0.01 mm. In M's
dewars, the electrodes were supported in Perspex mountings with brass tie-
rods without a mechanism for changing the electrode distance from outside
the dewar. The change of a fixed gap distance during cooling from room
temperature to 4.2 K was about 0.5% and was supposed to be less than the
estimated maximum error of 1% in setting the gap (which were subsequently
checked optically in a glass-wall cryostat).

Both, ¢ and M, applied the test voltage at a rate of rise of a few
100 V/sec, which seems not to be critical. Furthermcre, both authors
used series resistances at the high voltage side. M employed a 10 M
current limiting resistor; & compared teste with L MO and with 50 kQ

series resistances and found after breakdowns minor differences in the
electrode pittings.

M's 10 in. dewar designed for lower pressure was used for measuring the
breakdown strength of cold gasecus helium with the electrodes arranged just
above the liquid helium level. In order to achieve uniform temperature
distribution, the electrodes were surrcunded by a copper-mesh cylinder. A
copper leg attached to the mesh made contact with the liquid helium. The
temperature was measured with calibrated carbon-resistance thermometers.
With this arrangement, the temperature of the gas between the electrodes
was easily brought to the desired value by pumping, and during a series of
measurements the typical change of temperature was only about 15 mK.

M's cother cryostat contained a stainless steel pressure vessel of
14 em internal diametcr which was in contact with the helium of the

cryostat by means of a copper leg. furthermore, a tube was leading
- - bl )



from the pressure vessel to a high pressure helium gasg system. In order
to achileve uniform temperature distribution around the electrodes, the
inner wall of the pressure vessel wag lined with a copper sleeve around
the Rogowskil electrodes.

. . : L . ! ;
+ used a special continucus flow cryostat (built by leybold-Heraus

e

with a spiral soldered copper pipe surrounding the electrode arrangement.

With this design, the temperature could be kept constant with a tolerance

of less than + 1% at any value between 4 and 30 XK. The helium temperature
was measured by calibrated carbon resistors and (for temperatures above

7 K) with calibrated platinum wire thermometers.

Carefully made electric breakdown experiments with gaseous low
temperature helium by both experimenters show very little scattering and
are well reprcducible. M gives a very clear description of the break-~
down phencmena in cold helium gas. The results obtained with gaps of
0.5, 1.0, and 2.5 mm and temperatures of 5.2, 5.8, 6.0, and 7.1 K are
1llustrated by Fig. 5 of Ref. 3. M distinguishes three distinct modes

of electric breakdown:

obeyed and Townsend mechanisms 1s obvicusly decisive;

2
1. with helium densities up to about 15 kg/m“, Pagchen's law is

2. between 15 and about 60 kg/mg, deviation from Paschen's law
and behavior similar to that of other compressed gasges can be
obgerved;

3. for densities above the critical density of 67 kg/m3, the
increase of the dielectric strength is unexpectedly strong
with an even more rapid rise for densities beyond 100 kg/m

3.

Tigure 6 of Ref. 3 represents a Paschen plot for gap widths of 0.5,

1.0, 1.5, 2.5, and 3 mm. Tn this way, M shows very nicely that with

increasing gap widths the deviations from the common Paschen curve occur
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at higher breakdown voltages (i.e., corresponding to larger values of
the product of density and gap width). G's results with cold gaseous
helium are similar to that of M.

M and also G emphasize that the breakdown phenomena in boiling (i.e.,
saturated) liquid helium are similar to those in the corresponding gas
states (since the breakdown of gas bubbles is dominant). M points out
that the frequently used expression for saturated liquid helium VS - xad"
with 0.9 <n < 1.0 seems to have no theoretical backing. Of practical
importance is that the value of n = 0.5 which has been derived from
Fallou et al.5 experiments with d = 10 mm ("square law') is not in agree-
ment with these and other experiments.

Furthermore, M investigated carefully the high density liquid helium
breakdown with 50 mm diameter Rogowski electrodes (made of brass), with
d = 1 mm and temperatures of 4.3, 4.5, 4.6, L.73, and 5.02 K (see Ref. 3,
7ig. 9). Based partly on Krasucki's6 reasonings, M develops a diagram
presenting the breakdown voltage as a function of the square root of the
"total bubble pressure." He obtains in very good agreement with his
experimental data two straight line segments, one for the regime below,

the other above the critical pressure P> the slope of the first segment
being twice that of the second segment. G too 18 interested in the
physics of the breakdown phenomena of noan-saturated liquid helium, and
he devotes a detailed section of his paper to a newly developed breakdown
! . 7
hypothesis.
;
In his thesis,” G discusses in detail the statistical evaluation of

his experiments. Like several other cbservers, he found skewed distribu-

tions and used for plotting the assumptions of gaussian distribution of
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the logarithm of the breakdown voltage values. TFigure 2 (identical to

Fig. 55 of Ref. 1) shows an example for breakdown in non—boiling helium at
L.2 K and 1 atm, with technically clean stainless steel spherical electrodes
with gap widths of 0.1, 0.2, 0.5 mm. Besides the mean value, the upper

and lower field strength values for cummulative frequencies of 95 and 5%,
respectively, can be easily determined. The resulting curves are shown

in Ref. 2, Fig. 4. This kind of statistical evaluation can be simplified
by using tables for plotting the cﬁmmulative probability values for
gaussian distributions8 (see Table 2 of this appendix for the evaluation
of up to 15 test values).

Of appreciable practical interest are G's observations on the influence
of the material and the condition of the surface of the electrodes. In
addition to results reported in Ref. 2, G's dissertation (Ref. 1) contains
several interesting observations of that kind, and I would like to show
in the following a few highlights. The first example concerns the dif-
ference of the electrical breakdown performance of the "technically clean"
and of very carefully polished electrodes. The previously mentiocned
Fig. 4 of Ref. 2 applies to technically clean stainless steel surfaces.
Figure 3 of this appendix (Fig. 61 of Ref. 1) represents the breakdown
field strength as a function of the gap width for carefully polished
stainless steel electrodes. The latter values are much smaller, for
instance the 5% probability value 1s around one-third(!) of the cor-
responding value obtained with technically clean surfaces. Furthermore,
the statistical scattering is appreciably reduced.

Another example is G's observations with copper electrodes. He

compares technically clean surfaces with surfaces with oxide layers
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k
H 2 3 4 5 o 7 8 g 10 11 12 13 14

1 50.0 28.6 19.9 15.2 12.3 10.2 8.85 7.78 6.81  6.18  5.59  5.15  L.uys L .09
2 71.4 50.0 3%.2 30.8 26.1 22.4  19.6 17.6  15.9 14.5  13.1 i2.3 11.3 .0
3 80.1 61.8 50.0 L2.1 36.3 31.9 28.4 25.5 23.3 2i.5 19.8 8.4 7.1
L 8h.0 69.2 57.9 50.0 4h.0  39.4  35.2  32.3  29.5 27.4 25.5 3.9
5 87.7 73.9 63.7 56.0 50.0 k5.2 41.3  37.8 34.8  32.3 .2
6 89.8 77.6 68.1 60.6 54.8 50.0 h6.0 bo,5  3G.4 .7
7 91.15 80.2 71.6 64.8 58,7 sh.o 0 50.0  Lo.h .3
8 go.p2 82.b  7h.s  67.7  62.2  57.5  53.6 .0
9 93.1¢ 84.1  76.7 T70.5 65.2  60.6 .7
10 93.82 85.5 78.5 72.6 67.7 3.3
11 ok.h1 86.9 B0.2 Th.5 .8
12 oh.85 87.7 81.6 .1
13 95.25 88.7 -9
14 95.54 b

8L

NO
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Figure 2. Breakdown voltages in liquid helium a2t 4.2 K and 1 atm with
technically clean stainless steel electrodes.
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Figure 3. Breakdown voltages in liquid helium at 4.2 XK and 1 atm with

polished stainless steel electrodes.
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produced by exposing the electrodes for a few days to humid alr. TFigures
4 and 5 of this appendix (corresponding to Figs. 65 and 66 of Ref. 1) are
self-explanatory.

Furthermore, G investigated the influence of various types of
contaminations of the liquid helium. He found contamination by frozen
oil vapor (e.g., due to diffusion from vacuum pumps or oil-sealed
gasometers) especially dangerous. It is interesting to observe the change
in the scattering patterns (Fig. 6 of this appendix, corresponding to
Fig. 75 of Ref. 1). In contrast to uncontaminated helium, the cum-
milative probabllity plot of the individual test points shows clearly
"jumps'" between the observed breakilown voltages.

In conclusion, it can be stated that Gerhold's and Meats' publications
are valuable contributions to the experimental work on the dielectric
breakdown of helium at very low temperatures. They are expertly and
carefully performed, and several resulbs are of general importance. How-
ever, the range of test voltages and, therefore, that of the gap distances
is relatively small. Meats restricts himself to dc tests; Gerhold presents,
begldes dec measurements, only a few results obtained with ac. Neither of
the two authors published cbservations with impulse voltage. These few
remarks might be sufficient to show that it is very desirable to extend
the work of Gerhold and of Meats to more extended regimes and to various

other experimental conditicons of practical importance.

The author acknowledges wvaluable discussions with H. M. Long.
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Figure 4  Breakdown voltsges in liquid helium at 4.2 X and 1 atm with
technically clean copper electrodes.
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REPORT ON BIDDIE TECHNICAL SCHOOTL PARTIAT, DISCHARCGE DETECTION CCURSE

S. W. Schwenterly

During the week of March 19-23, I attended a course at James G. Biddle
Company in Plymouth Meeting, Pennsylvania, on the theory and practice of
partial discharge measurement. Biddle designs and manufactures a large
line of high voltage test equipment, and its technical staff contains
individuals who are qualified in all areas of high voltage measurement.

The main lecturer was E. B. Curdts, retired Director of Engineering of
the company and Head of the Biddle Technical School. Moest of the 16
varticipants in the course represented various electrical equipment
manufacturing companies and were interested in routine partial discharge
tests of insulation in production items such as cables, connectors, and
transformers. An extra benefit of the course was the opportunity for
discussions with these individuals.

The course consisted of four all-day and one half-day lecture sessiong,
with the final afterncon being left free for participants to gain experience
in operating the equipment themselves. Topics covered included mechanisms
of partial discharge, technigues of partial discharge measurement, factors
governing system sensitivity and system calibration, methods of cver-
coming external electrical interference, identification of characteristic
partial discharge signals, and design consideraticns in controlling partial
discharge. After returning, I presented a seminar on this material for
the Cryoelectric Group.

A major motivation for taking this course was to consider the variocus

methods of partial discharge detection in order to choose the proper
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instrumentation for our program. As a result of these considerations,

we have cheosen a balanced partial discharge detector manufactured by
Riddle. A photograph of the front panel of this instrument is shown on
the following page. The wiring diagram printed on the panel shows that
it is basically a high voltage capacitance bridge. Whern the two arms are
properly balanced, partial discharge pulses cccurring in either specimen
are amplified by the detector and displayed on the external oscilloscope
and panel meter. However, external electrical interference or partial
digcharges affect both arms equally and are rejected. This system was

1

chosen because of the following advantages:

1. It has the highest sensitivity of any commercially avalleable
partial discharge detector. The minimum detectable discharge
is Jdess than 0.03 pC for sample capacitances below 10-3 pr.

2. It inherently rejects external nolse. Rejection ratios of 10,000
to 1 are possible with small samples.

3. Expensive corona-free high voltage coupling capacitors are not
required.

L. Measurements at test voltage frequencies different from normal

power frequency may be made.
The following disadvantages exist:
1. Specimens which must be grounded on one side cannoct be tested
=)

in the balanced mode.

2. Two matched specimens are required.

If grounded specimens must be tested, a coupling capacitor must be cbtained,
and the system is operated as a standard "straight" partial discharge
detector by grounding cne leg of the bridge. Since this results in a

drop in sensitivity and the less of external noise rejectlion, we shall
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try to avold grounded specimens. We expect to deal with Ttem 2 by the
use of a split ground electrode as previously discussed.
An order has been placed for this equipment, and delivery is expected

in early August.
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OPERATION OF AC SERTIES RESONANT TEST SETS

W. . Gauster

The information we received from Hipotronics included two drawings,
"Simplified Schematics for 7350/700/525/105 SR," (reproduced as Figs. 3
and 5 of this appendix), without any explanation concerning the operation
of this test equipment. In the following, T will discuss the basic

principles.

1. Figure 1 shows a series resonant circuit driven by the excitation

voltage Ve. With the usual designations,

N
~ v,
I = = . (1)
T ~‘/ ._}_:S
I{"’,‘]&w]""wc/
The resonance condition is
oL = (2)
wC
and, therefore,
‘v--ﬁ
Imax R (3)
The "output voltage' is
Poe T4, (1)
wC

Imax e wl.
= ol paeg = V2 '—:‘ =
Vmax wC Rw( Je R (b>
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Figure 1. Seriles resonant circuit with variable inductor.



With the usual designation

wl
"f{_ = Q , (6)
the relation
Vmax - QVe (7
is obtained.
2. Hipotronics indicates that one ac series rescnant test unit can be
tuned in the range
0.0006 pF < ¢ < 0.0114 pF . (8)

From Eq. (2) follows for the inductance at resonance (with w = 2 1f = 120 1
= 377)

11,700 H > L > 615 H . (9)

The values are extremely high and, therefore, it is not possible to use
a test arrangement as shown in Fig. 1. Tt is necessary to arrange the
variable inductor on the low voltage side of a transformer which is

shown in Fig. 2.

3. The turn ratio of the transformer is n:l. Since we assume an ideal

transformer (for designations see Fig. 2),

v and I = nI . (10)

For the secondary circuit, the relation

<5
i

(Ry + JOL) T, (1)

is valid.
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Combining Egs. (10) and (11), we obtain

) ~ iy
= n (R +JwL ) I = (R'+jwL') I 12
. (B, +dwr) 1 = (B! +Jelt) I (

<>

NS
~—

with

R' + jwl' = n

N
2o
&)

+ ,ijs) . (13)

That means the variable inductor at the secondary side of the high voltage
o . . - . . I . 2
transformer acts like an impedance on the primary side which is n~ as
large. By assuming an spprcpriate value of n, we can find a convenient
range of values for the impedance of the inductor at the secondary side

of the transformer which satisfies the tuning condition.

W, Figure 3 (reproduced from a Hipotronics drawing) represents a simplified
schematic for one ac series rescnant uvnit. It shows the high volbage trans-
former and the variable inductor as described in the previcus section. The
exciter voltage can be regulated by means of the 4O kVA regulator which is
arranged at the secondary side of the exciter transformer. In order to
measure the current, a calibrated resistor is provided between the low
voltage terminal of that transformer and ground. The high volbage output

of the entire unit 1s measured by means of a capacitive voltage divider.

The connections to the "real’ ground and to the somewhat higher potential

of the low voltage terminal of the exciter transformer are shown in ¥Fig. 3.

5. When two ac resonant serles units are switched in series, voltages

and currents can be calculated using an equivalent circuit shown in

s

Fig. 4. The equivalent impedances (R' + jwL') are n® times the actual
impedances (R +jwL) as explained by Bg. (13). Similar to Sect. 1, we

obtain
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Pigure 3. Simplified schematic units operated separately.
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Figure 4. ERquivalent circuit for series resonant units operated in cascade.
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I = - (1)

oR' o+ jl2wl! R

\ (L)C/

v
e
L = TE (15)
with the resonance condition
Swr = (16)
) wC * T

Therefore, for series connections of two equal units with the previously
considered value of L', the range of capacities for which the resonant

transformer can be tuned is determined by
0.0003 pF < ¢ < 0.0057 pF (17)

instead of Eq. (8). TFurthermore,

Imax e wl'
- = ——— (18)

3 3
v Qv

i.e., the @ factor is the same as that of one single unit and the maximum
voltage ocutput Vmax is again the input voltage Ve times the @ factor.
Therefore, in order to produce an output voltage of 700 kv instead of

the output voltage of 350 kV of a single unit, it is necessary to provide
a maximum exciter volbtage twice as high as for a single unit. If the two
high voltage transformers are each designed for 350 kV, no damage will
occur when the ftwo units are switched in cascade, i.e., when one trans-~
former tank is connected to the high voltage terminal of the other ftank

and appropriate insulation to grouand is provided. This operation of
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resonant series test sets with two units in series is in contrast to the
peratlon of a test transformer with the winding ratic 2n.
G Figure 5 (reproduced from 2 Hipotronics drawing) represents a
simplified schematic of two 350 kV units coperated in cascade Instead
-~ as shown in Fig. 3, a 80 kVA exciter
from the master control unit, the two

of a 40 ®kVA exciter and regulator a
connected

c-~-meter 13

be provided.
e of the first high voltage

mist
athed.

An ampere

roltag

and regulator
can be oper

ariable inductors
he output
divider.

5
(V8%

calibrated current resistor;

transformer is measured by means of a capacitive volt

shown on Fig. 5) is provided for
aclity of

volbage divider (not
cs reports that the cap

Hipobroni
to provide the minimum capacity

AP
Y

separate (00

the toftal voltage.

neasuring
roltage divider

18

sufffic

this
for resonance ftuning
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Figure 5. Series resonant units in cascade.
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HEAT TRANSFER DOWN VAPOR~COOIED STRUCTURES INTO CRYOGENIC LIGQUIDS
S. W. Schwenterly

If the ends of a conductor with area A, length H, and thermal

conductivity K(T) are maintained at temperaturez T and TW’ with no
O i

additional heat exchange, the heat flow is gilven by the usgual relation,

: A [t
9@ = 5 | k(1) 4ar . (1)
Yo

However, if the cold end is in

)

L cryogenic 1ligquid bath, the heat flow o
the liquid may be reduced considerably by allowing rising vapor to exchange
heat wibh the upper warm portions of the conductor. A caleulation of this
reductlon was made several years ago by Sydoriak and Sommersl for glass
helium dewars. We have carried out similar calculations for stainless
steel vessels,

Sydoriak and Sommers begin by letting éo e the heat flux reaching
the liquid due to conduction, Q be heat flux from all cother sources, and
d(h) be the heat flux through the conductor at level h. Then with complete

levels h. Hence the total heat flux absorbed by the vapor in riging to

level h 13

. Th

Q CLQ e «(ﬁ o s . Y

—— c(m) dr = a(h) - 1 2 (2)
T
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where L is the latent heat of the liquid [(Q + @O)/L is then the mass of
ligquid vapcorized per second] and C(T) is the vapor specific heat. For
helium, C{T) is nearly temperature independent. ILetting Q + éO =D QO,
we have

Dq , aT
. 5 . / O\ { . N\ -~ ( > h /
a(n) = G+ C 5=, \I - Ty ) = KA\Ty A -F - (3)

D is just the ratio of the fotal heat leak to the conduction heat leak.

Rearranging and integrating from h = 0 to I, we have

With no heat exchange, the specific heat term is absent and (4) reduces
to (1). From the form of (4) it is apparent that for perfect heat exchange
the total heat leaijdO is nearly independent of D, since the L/D term

in the denominator is negligible compared to C(T_ - TO) except for small

h
values of Th which contribute 1little to the integral. Hence éO is
approximately inversely proportional to D. What this means is that
inecreasing the nonconductive heat leak Q decreases the conductive heat

leak so as to keep the total heat flux equal to what the conductive heat

leak would be for D = 1. If we let

o= WA (5)

where o is some constant, then
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~
(6
~—r

and

D _ oA/ 1)

.

(eA/H) - Q

When Q equals aA/H, D becomes infinite, the conductive heat leak becomes
insignificant, and the total heat leak equals Q. On the other hand, with
a given value of Q we see that the minimum total heat leak for a given
type of econductor is obtained if A/H can be chosen so that aA/H = Q.
Smaller values of A/H cannot decrease the heat leak below Q, and larger
values will give a total heat leak of aA/H > Q. 0f course, mechanical,
electrical, or other experimental considerations may make it impossible
to choose such a low value of A/H. Sydoriak and Sommers evaluated the
integral (4) numerically using thermal conductivity vs temperature data
for Pyrex glass. For liquid helium at T, = L K, the values L = 20.62 j/gm
and C = 5.23 j/gm-deg were used. The results of their calculations are
shown in Fig. 1, which shows plots of HﬁAD@OVS TH for variocus values of
the parameter D. Note the large reduction below the values calculated
for no heat exchange.

Since the large dewar required for the cryocelectric program will be
constructed of stainless steel, similar calculations for this material
are of interest. Using published K(T) data2 for stainless steels, we
have evaluated (4) numerically for D values of 1, 2, and 5. The results
of these calculations are shown graphically in Fig. 2, which gives the

total heat leakiDqO H/A as a function of Ty
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Figure 1. Effect of heat exchange between helium vapor and the walls
of a Pyrex liquid helium conbainer on the heat reaching
the liquid surface (from Sydoriak and Sommers).
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Filgure 2. Total heat leak into liquid helium vs temperature, 304 stainless

steel,
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Referring to rig. A-6 of this repcrt, the heat leaks of interest are
those down the ground plane tube and dewar inner vacuum tank for liquid
nitrogen temperature and down the high voliage tube for room temperature.
Due to the careful use of radiation shielding, all radiative heat Ileaks
should occur from surfaces at or below liguid nitrogen temperature and
can be shown to be negligible. Hrom Fig. 2 assuming that D = 1, the

conductive heat leaks are given by

I

g

8 mw = 300 K
200 A/H (958 mW/em) for TH 300 K ,

I

A/H (315 mW/em) for T = 77 K .

< 54

'l

The ground tube and Inner dewar wall have inside diameters of 4o in.
and 45 5/8 in., and thicknesses of 3/8 in. and 3/16 in., respectively.
The minimum distance from the nitrogen reservolr to the helium level

will be about 24 in. Hence

m [(40 in.)(3/8 in.) + (45 5/8 in.) (3/16 in.) ] (2.54)

Q77 - ShAn. (315 mW/cm)

2.9 W .

The high veoltage tube has an inside diameter of 7 B/M in. and a wall
thickness of 1/8 in. and reaches room temperature approximately L8 in.

above the helium surface. Thus

m (7 3/% in.)(1/8 in.) (2.54)

300 = BT (958 mW/cm) = 0.15 W .

Since the rising vapor columns of the two heat leaks are isocolated from
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each other by a large vacuum space, it is proper to sum the heat leaks
fto cbtain a total of 2.7 W. TImperfect heat exchange might raise this to
3 or 4w

Similar calculations for the intermediate voltage cryostat shown in
Fig. A-U of this report yield a heat leak of 0.106 W, which is again

almost entirely conductive.



114

REFERENCES TO APPENDIX ®

S. G. Sydoriak and H. S. Sommers, Rev. Sci. Instr. 22, 915 (1951).
R. L. Powell and W. A. Blanpied, "Thermal Conductivity of Metals

and Alloys at Low Temperatures,' NBS Circ. 556 (1954).



f—X
bt
\n

APPENDIX T






117

PRESSURE WITHSTAND CALCULATIONS

5. W. Schwenterly

Superconducting cable designs under current consideration require

helium pressures as high as 10 atm, and it is the object of this program

to obtain dielectric strength data in liquid helium up to these pressures.

Hence, the low temperature end of the large vacuum bushing shown in Fig. A-

will have to withstand an external pressure difference of 10 atm on its
outer perimeter without buckling. The dewar and high voltage tube must
withstand e similar internal pressure. AL the same time all tubes must

be thin enocugh to keep heat leaks down to acceptable values.

I. INTERNALLY-PRESSURIZED COMPONENTS

The cryostat parts having internal pressure are the 46 in. diameter
inner dewar jacket and its quartz windows, the 8 in. diameter high volbage
tube, and the torispherical heads which form the dewar bottom and low
temperature insulator.

Sectilon VIIT of the ASME Boiler Code (Unfired Pressure Vessels)

gives several useful relations for designing vacuum and pressure equip-

ment. For cylindrical shells, par. UA-1l gives a thickness

PR
b= SE + 0.4 D (1)

where P is the design pressure, R ic the outside radius, S is the maximum

allowable stress in the material, and E 1s the joint efficiency. ASME

6



standards usually set S at cne-fourth the minimum tensile strength.
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How~

ever, to keep down thermal leaks and tctal vessel weight, 1t was decided

dewar using a

safety Tactor cf Threc

rating of cne-third the tensile strength.

should be adequate comsidering that

all perscnnel will be excluded from the area by an interlocked fence while
the vessel 1g being subjected fo high voliage and pressure.
1
. - ~ . o~ N o e . -
Taking P = 150 psi, & = 29,0C0 psi” for 30k stainless, and ¥
ylelds
t = .19 in. Tor the inner dewar jacket,
b 5.024 in. for the high voltage tube.
Jensequently the inner dewar jacket was chosen to be 3/16 in.

the high vollage

5

strengtn.

The artz windows will Dbe

e

at 1/8 in. thickness

4 in. in diameter and 5/8

in.

thick, while

for mechanical

thick,

in par. UG-3Z

™

giving a theoretical breaking pressure of 570 psi and a safety factor cf

.2
..

The required thickness of a torispherical head 1s given
of the Beiler Code by
t eny ,
waers ‘e vthe crown radiug of the head. 7Taking T = <0 in..
vpel, T o= 100 psi, and Co= 1, we have
. [, ol r Ta (" PN

PN
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The proposed low temperature insulator will be a fiberlgass tori-
spherical head with a crown radius of 40 in. Taking one-third the tensile
stress value for a similar material such as G-10 gives 3 = 10,000 psi,

(2) then yields

ot
I

0.532 in. for the insulator.

IT. EXTERNALLY~PRESSURIZED COMPONENTS

The only part having external pressure is the 40 in. ground tube of
the vacuum insulator. Externally pressurized tubes must be thicker than
those under the same internal pressure due to the possibility of errors

in tube roundness initiatiag collapse into a nunber of lobes. This may

shell.

Cases of this type are treated using the charts in Sect. VIII,
Appendix V of the Boller Code. From these curves, one cbtains the
maximum working pressure for various values of t/D and L'/D, vhere L'
is bthe distance between stiffening rings. Assume that stiffening rings
are placed to give L'/D = 0.5 and let t = 3/8 in. and D = 4o 3/4 in.

Then Tig. UHA-23.1 for 304 stainless steel gives a value
B = %9 = 13,000 psi .

Hence, p = 119 psi.
However, these plots are also constructed to incorporate a safety
factor of four. If this is dropped to three in conformity with the

rest of the design, multiplying this pressure by M/B gives 159 psi.
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Further studies are underway to determine whether a composite wall

will support the pressure load with a lower heat leak.
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COMPUTATIONAL AND EXPERIMENTAL FIELD ANALYSIS
FOR HIGH VOLTAGE ENGINEERING

W. ¥. Gauster, W. J. 3chill, and W. ¢. T. Stoddart

I. INTRODUCTION

solutions of electrostatic and electrodynamic Tield problems with
various boundary conditions are of great practical importance as an
essential part of the physics background for the design and operation of
high voltage equipment. The mathematical formulation of these physics

1

problems uses the "laplacian," which can be expressed in rectangular

coordinates as

{1

8%
VIS
T

2 5]
Vo g - g . (1)

%}
& 1%
Q
N

Electrostatic field problems in regions with uniform dielectric constant

and without space charge lead to "laplace's equation"
2
Ve = 0. (2)

When space charge must be considered, "Poisson's equation”

is required. Tor transient fields, the "wave equation”

2
2 L o
v = "—-"2 2 (Ll')
C ot

~

and, finally, the "diffusion equation"
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oy . L 00 (
Ve = 3 5t (5)
h

are needed for special cases.
There is a tremendous wealth of books and papers dealing with field
. . . o1 .
analysis from the engineering standpoint. For our purposes, we will

list the following grcoups of field analysis:

1. Fields of simpie geometries (e.g., fields produced by point
and line charges, with more advanced field analysis metheds,
such as the "method of electric images™).

2. Analytic solutions. OCne classical way is to use appropriate

coordinate systems in order to separate the variables and to

satisfy special boundary conditions. A systematic treatment

of these ccordinate systems 1s based on first and second

degree surfaces and deals with 11 coordinate systems (rectangular:

cirenlar-, elliptic-, and parabolic-cylindrical ccordinates;

different kinds of spherical coordinates; etc.).ﬁ Many two-
dimensional problems can be sclved oy applying the theory of
complex varigbles (ag especially powerful methoed is the use

of confcrmal mapping?).

3. Computaticnal methods. Due to the modern development of computer
technigues, the computational methods are becoming increasingly
important. They are replacing in many cases analytical soluticns
which were partly developed during the time when "higher functions”
were already tabulated, however, electronic computers were not
yet available.

4. Experimental field analysis.

The following Sects. II and ITT deal with Topics 3 and 4 listed zbove.

TI. CCMPUTATIONAL METHODS

Py

In the apsence of 2icsad form or series analyble soluticns to tne

prllicab’e A1 Perential squations and boundary conditicns, numerical
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The finite difference method 1s & numerical technique Tor solution
to differential eguations. The method is based on approximating the
governing differential equations with ordinary algebraic equations. A
simple example of application to the two-dimensional, Cartesian coordinate,

differential equations follows. Given

NS
no

o
ol <
-+

Y o
o=

i
o
=~
~—

o/
><:~
l
Q/
<

Consider a point identified by indices 1,j in Fig. 1 with nearest neighbors
on grid lines i-1, i+1, j-1, and j+l. The distance between points h is
also indicated in the Tigure. One approximation to the differential

equation may be written,

oV v, v V. oo
5 52 5 SR S R U N 5, J 2
L £y by S
C v V. .- V. .
' 1,941 1,3 .3 1,3"1—) 2 .
L b, hy, 4 b,

Thus the potential at five adjacent points is interrelated algebraiclly,
Upon the imposition of known boundary condltion, the problem mey be solved
numerically. Fxamples of the application of the finite difference method
for high voltage equipment are contained in Refs. 4 and 5. These
references consider the problem of multiple dielectrics, irregular
geometry, and variable boundary conditions in detall and present results
for several high voltage devices. By considering the analogy between
heat transfer and dielechric fields, computer codes may be used that have

been developed for heat transfer. The finite difference computer code,
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Figure 1. Finite difference grid.
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HEATTNG IV,6 for solving problems in one, two, and three dimensions in
Cartesian or cylindrical coordinabes may be readily used for calculation
of potential field problems.

For highly irregular boundaries and geometries not readily represented
by combinations of small rectangles or right triangles, an alternate to
the finite difference procedure is the finite element method. The finite
element method transforms the problem in physics from one of finding the
sclution to a differential equation to that of finding the solution to an

integral equaticn. As an example, consider Eq. (6). Define a functional

X as
! 4»'&-—>lfdxdy. (8)

The solution which minimizes X is equivalent to the solution of (6)
subject to the same region and boundary conditions. The finite element
method proceeds by assuming an interrelationship between adjacent points
surrounding a cell called an element. The potential V within the element
is dependent only on the potential of the corner points or nodes. Since
the elements adjacent to each other share nodes on their boundary, a
coupling develops between nodes through the region. Mathematical details
of the finite element method applied to potential field problems may be
found in Ref. 7. At ORNL several programs are available for the solution
of potential field problems by the finite element method. To date a
program called FEATS8 hag been used to determine several axisymmetric
potential field distributions.

In the design of the 1000 kv dewar,9 consideration must be glven

to the heat leaks by radiation to the reglon of the test section. TFor
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this reason, thermal radiation baffles are incorporated within the annulus
between the outer 20 in. radius cylinder ground plane and the inner 4 ip.
radius cylinder at the test voltage pobtential. One criteria for the
acceptance of a design is that the potential field gradient not exceed

100 kf/cm. Figures 2-6 present a typical computation mesh of finite
elements used in analysis and results of eguipotential contours and field
gradients Tor four conceptual designs.

One of the classical analytical methods of potential field calculation
is called the image method. In this method a certain space charge distribu-
tion may be replaced by a point or line charge with egual charge at an
appropriate point in spaee.lo With the availability of digital ccmputers,
the foundation of the image method has been used to develop computer codes
for axisymmetric and plane geometries for potential field calculation.ll’12
The image method reduces the amount of data required for input to solve
a potential field problem as compared to the finite difference and finite
element methods. It should thus prove to be an excellent tool for design

purposes. A digital computer code based on the image method for axisymmetric

geometries is being developed.

I1T. EXPERIMENTAL FTELD ANALYSIS

There is very extended literature con experimental field analysis
which can be applied teo the special reguirements of high voltage
enginecering. One group of these publications describes field measure-
- . " s . i3
ments on full-size or on models of actual high voltage equipment. ™ The

other group concerns methods for sclving such potential vroblems by means

of analog computers. Tn contrast to solutions by digital computer methods,

[



131

18,6 ORNL-DWG 73 -9421¢

2.0

i

10.0

2.0

AW

) A SO SN S sumr Svews 4

LN

LW W W, W R R O VO
\_\\\‘\ X
o

.0

0.0

-
28 l"“‘n ar s 714 LRy LAY oYY Y oY 13005 ™y b
CREE R - 6 DICH AND 3 INCH TOR] WRY 9, 1973 CEQMETAT WCS

Figure 2. Finite element mesh for & in. and 3 in. tori.
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Figure 3. Results for fabricated baffles.
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Figure 5. Results for 4 1/2 in. and 2 1/2 in. tori.
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analog computer methods can be considered as a special kind of experimental
field analysis. Of course, the analcg computers can be used not only for
the analysis of electrostatic field distributions but also for investiga-
tions on electrical and on hydrodynamic flow patterns, on magnetic fields,
on heat flow, and for various other problems which can be reduced to the
solutions of boundary problems of Laplace's equation. Ernst We’berlbr makes
the following summarizing statement: "Any solution for one of the field
types can readily be translated into a solution for the other field types.
In the experimental investigation, this permits welcome substitutions in
instances where the original field is difficult, if not impossible, to
explore.”

For general three-dimensional potential problems with unsymmetrical
arrangements of the electrodes, the electrolytic tank is the only practical
version of an analog computer.15 Very early, the ldea was conceived to
apply the electrolytic tank also to fields with more than one dielectric.l

For axially symmetric fields, wedge-shaped electroltyic tanks can

17

be used. For exact measurements, a tank with hyperbolic profile must
be employed.l8 However, in some cases it 1s more convenient to use a
"three-dimensional" electrolytic tank and to insert half of the axi-
symmetrical test object in such a way into the electrolyte so that the
plane cut of the test specimen is flush with the electrolyte surface.

AU the Thermonuclear Division of ORNL, such an electrolytic tank has been
built for determining the electrostatic potential distribution around

the model of an ion Source.l9

Another type of analog computer 1s represented by resistor networks.

Selected carbon-deposited resistors with high accuracy (better than 1%)
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can be employed, and hetween resistance steps, sufficiently accurate
interpolation resistance dividers can be used so that very accurate
measurement results are obtained. Another advantage of resistor networks
is that boundary conditions can be changed with great ease; this is
important when specified field configurations have to bhe achieved so
that the configuration of the boundaries must be changed by trial and
error.

Very extensive work on such axially symmetrical resigtance network
analog computers has been done by K. E. Wakefield of '"Project Matterhorn,"

. ) . 20 .-
now Princeton Plasma Physics Laboratory (PPPL). A carefully designed
axially symmetrical resistance network has been built at the Thermonuclear
Division of ORNL.

For cases where high accuracy is not very essential and simple and
fast work is more important, the 'Conductive Sheet Analog field Plotter”
(AFP) is a very convenient tocl. The idea of an AFP was first conceived

- . .22
by G. Kirchhoff in 18L5. He consgidered the flow of electricity through
a2 thin metal sheet of relatively high resistance, with the current
intrcduced by thin metal electrodes of appropriate shape. The potential
of any point at the surface of the thin metal sheet can be determined by
touching it with the tip of a "tracer stylus." REquipotential lines can
be easily drawn in this way. Various dielectrics with different dielectric
constants ek can be represented by using for the variocus areas of the
thin sheet different metals with corresponding resistivity ratios. An
example of the field distribution in a two-conductor cable with two dif-
ferent dielectrics is shown in Ref. 1, p. 184. Such arrangements with

thin metal sheets are, however, expengive and not convenlently handled;
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and, therefore, metal sheet AFP are only used for permanent models for
field plotting for educational purposes.23

Presently, the preferred sheet material for A¥P is graphitized paper,
"Teledeltos, Grade L," as being used for recording instruments and for
facsimile telegraphing purposes. This conductive field plctiing paper
is gbout C.004 in. thick and has a resistance of about 2000 Q per square.
Flectrodes of the desired shapes are painted with a conductive silver
paint. These electrode areas have a resistance of 1 to L Q per square
and represent the boundaries with V = const. The boundaries with dV/on
= 0 can be represented by cutting the rim of the field plotting paper in
an appropriate shape. By using a tracer stylus, equipotential lines can
be easily determined.

There is very extended literature on "conductive paper AFP." For
instance, on pp. 203 and 204 of Ref. 23, 16 references are indicated.
In our laboratory, we use a 'conductive paper AFP" manufactured by the
Sunshine Scientific Instrument Company (SSI) in Philadelphia, Pennsylvania.
Details of the design of that AFP, Model 241, and instructions concerning
the use of this apparatus can be found in its instruction manual.gu

Our extended and careful work with this type of AFP showed that for
two-dimensional potential problems, we can prepare the conducting plotting
paper with great accuracy (drawing electrodes with conducting silver paint,
cutting the rim of the paper). Furthermore, we can trace equipotential
and flow lines using the tracing stylus and the potentiometer with similar
great accuracy (about + 1/2%). Finally, no drift of the voltage source
and no polarity effects of the measured voltages can be observed. However,

these statements do not answer the most important question: How well

"
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dees the solutlen obtalned with our analog computer spproximate the
. strict mathematical solution of the potential distribution problem
concerned? As we willl discuss in the following, the answer depends

£
G

mainly on the isotropy of the plotting paper used. Concerning the
isotropy of the "Type I Teledeltos Paper,” p. 10 of Instruction Manual
TMPU-1 contains the following statement : "Manufacturing tolerances to
which the conducting paper appears to be held result in a uniformity of
registance ordinarily adequate to the needs of the field vlotter. In
certain cases where extreme accuracy i1s required, small corrections for
such anisotropie variations in resistance as occur in perpendicular
directions in the paper may be determined and made. Tn sample tested
to date, the uniformity of resistance of sample areas has been found to
run within from + 3% to + 8% maximum deviation from a mean value, with
the paper showing the low resistance values when measured 'lengthwise

“ of the roll' as compared with the higher values obtained when measured

'crosswise.' This anisometric [sic] property appears to be a permanent

property introduced in the processing of the paper, and is always found

to be oriented sc that the lower resistance value occurs 'with' the length

of the roll, and in gquadrature to the higher value assoclated with 'cross-

wise' measurement. It can be corrected for where necessary by the use

of different scale factors in perpendicular directions.”

In order to test the anisotrcpy of the paper, the following measurements

were made. From one piece of plotting paper, a sample (shown in Fig. 7)

was cut. Tt consists of 16 "arms," Wos. O to 15, each 10 in. long and

1 in. wide. The direction 0-8 is "lengthwise" to the paper. Tn the

center one electrode with about a 4 in. diameter was painted with good
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Figure 7. Arrangement for testing the isotropy of Teledeltos Paper.
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conducting silver paint and a thin metal wire was arranged inside near
the circumference of that electrode in corder to decrease the resistance
of the center part. On the outside end of each arm, 1 in. x 1 in.
electrodes were painted.

First we measured the resistance of "pairs of arms,” i.e., two
opposite arms were switched in series. The results of these measurements

are shown in Table 1.

Table 1

Deviation (%) from
Pair No. Angle () Average Resistance
0 -8 0 - 6.5
L -9 £2.5 - bl
2 - 10 k5. - 1.3
3 - 11 67.5 + 3.1
L~ 12 0. + 5.3
5 - 13 112.5 5.3
6 ~ 1k 135. + 1.8
T - 15 157.5 - 3.3
6 -0 180. - 6.5

Pair 0-8 is "lengthwise," and pair 4-12 is "ecrosswise' on the paper roll.
From the comments of the instruction manual, it can be expected that pair
0~8 has the smallest resistance, which is actually the case. However,

we notice that pair 4-12 does not have the highest resistance, since

the resistance of pair 5-13 has the same value. The deviation of the
resistances of the palrs from the mean value is somewhat smaller than

the maximum tolerance of + 8% mentioned in the instruction manual.
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Unfortunately, the results become even worse 1f we consider each
resistance strip separately (see Table 2, next page).

The smallesgt resistance of any strip is 6.5% below the average
resistance; the largest resistance is 9.3% above the average resistance,
i.e., larger than the + 8% mentioned in the instruction manual. The
strips with angles larger than 180° have appreciably higher resistance
than the corresponding strips with angles smaller than 180°. The higher
resistance values are the right half of the plotting paper (sce last
column of Table 2). From these measurement results 1t follows that the
statement of the instruction manual, "It (the anisotropic property) can
be corrected for where necessary by the use of different scale factors
in perpendicular directions,” does not hold at least for that roll of
paper which has been used for our measurements. The high degree of

EAL
i

anisotropy of the plotting paper is regretvtable, especilally since the
tracing accuracy is very good. TIn the following we will discuss an
example of finding the egquipotentials of a potential fleld, comparing
calculated values with the results of field plotting. This example will

show that the practical results of Tield vlcotting are more satisfying

o
: . - . . i . ' . o~
than tc be expected considering the anisctropy of the plotting paper. ~

Tigure I shows the cresz sectlon of vwo eccentrical eylindrical

clectredes. The inner slectrcde (center o, radius r; 1is supposed to be

. e e PRI < BT N S E N ) . e 7 R P
-n the potential vV, the cuvsr slectrcde with the diameter (Z2r +a + b
C
iz on osreund petential.  The vrebiem is to find the eculpotential lines
LI b (S - -7 . A = ~ - .
wita V., = S, . . .2 V.. Analytical zcluticons ¥
. 6

- Ll 2. TTomeans o LnTerslen, Re E L. ANOWnh. (Uh4
Tald ol used ~he Tollownng numerinal




Table 2

Deviation (%) from

N\
i

Deviation (%) from

"180° -

Strip No. Angle{”)  Average Resistance | Strip No. Angle( Average Resistance | Difference"{)
0 0 - 6.5 3 i8c. - 6.5 0
1 22.5 - 5.2 9 202.5 - 3.6 1.6
2 by, - 2.7 1c 225 + 0.1 2.8
3 67.5 -.0.4 11 2h7.5 + 6.6 7.0
b 0. + 1.3 12 270. + 9.3 8.0
5 112.5 + 1.3 13 292.5 + 9.3 8.0
6 135. - 1.k 14 315. + 5.0 6.4
7 157.5 - 5.3 15 337.5 - 1.3 k.o

S
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Figure 8. Example for comparison of analytical potential calculation
with result of field plotting.
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r = 61/ in.; a = 2 1/2 4in.; b = 12 7/16 in.

Table 3 shows the calculated values %, and the values X; (see Pig. 8)
cbtained by means of conductive sheet field plotting. As shown in
Table 3, the difference between calculated and measured valueg is

smaller than 4.

Table 3
Calculated (in.) Measured (in.) Error (%)

x, = 0. 4Lk xi = 28/6h = 0.4375 - 1.5
x, = 0.916 x) = 59/6h = 0.922 + 0.7
Xy = 1.417 x% = 1 29/64 = 1.453 + 2.5
x), = 1.946 X, =2 1/6h = 2.016 + 3.5
Xy = 1.4h28 xé =1 30/64 = 1.469 + 2.9

= 3.2 ' = 3 20/6h = 3.3125 - 3.2
xg = 3.210 x! =3 20/6h = 3.3125 + 3.2
X, = 5.480 x% =5 Lho/eh = 5,656 + 3.2
Xg = 8,411 x§ =8 38/6h = 8.59% + 2.0

)

Despite the fact that the AFP field plotting system does not yield
as accurate results as, say, the resistor networks, it is widely and
successfully used for the following reasons: It is very simple, and it
is an excellent method to obtain fast and, with little effort at least,
semi-quantitative information on complicated high voltage field distribu-~
tions. For instance, the designs of our high voltage helium dewars are

basgsed on preliminary field studies made with our "SSI conductive paper
P Y
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27

field plotter.” Then, exact-quantitative results have been obtained

by means of digital computer calculations (see Sect. IT of this appendix) .
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