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FOREWORD

The capacitor development effort reported herein is supported by the
Air Force Aero Propulsion Laboratory at Wright-Patterson Air Force Base,
Ohio. The program is monitored by Mr. Michael P. Dougherty of the High
Power Branch.

All work was conducted by Hughes Aircraft Company at its Culver
City, California facility. Robert D. Gourlay designed the pulse test instru-
mentation, including load and waveshape control, and conducted many of the
pulse tests. Clarence Stroope and Watson Kilbourne assisted Mr. Gourlay.
Ronald V. DeLong designed and fabricated much of the corona test instru-
mentation, as well as the automatic sequencer for the pulse test equipment.
Ernest R. Haberland, assisted by Mr. Kilbourne, was responsible for the
winder development. Robert S. Buritz and Edward G. Wong fabricated the
capacitors and consulted on capacitor design. Thermal analyses were per-
formed by Peter F. Taylor and Herbert Rifkin. Donald C. Smith designed
the oil filtration and filling system, and consulted on contamination control.
Richard Holbrook and Norman Bilow consulted on material properties and
chemical compatibility. Joseph A. Zelik and Edward Frysinger provided
useful suggestions on all phases of the work. James J. Erickson performed
many of the failure analyses and operated the scanning electron microscope.

Many helpful suggestions were provided by Ed Bullwinkle and Ron
Anderson of the Peter J. Schweitzer Division of Kimberly-Clark. The advice
and consultation of Bobby Gray of the Air Force High Power Laboratory of
the Rome Air Development Center, James J. O'Loughlin of the Air Force

Weapons Laboratory, and Richard J. Verga of the Aero Propulsion

Laboratory were greatly appreciated.




SUMMARY

This report describes the initial phase of an on-going program
conducted by Hughes Aircraft Company to develop lightweight reliable pulse-
discharge capacitors for airborne application. Two types of capacitors — low
repetition rate and high repetition rate—were to be developed. The high repeti-
tion rate component was to be 4,4 uF at 15 kV, and was to achieve 200J/1b when
operated at 300 pps in a 1 minute on 2 hour off duty. The low repetition rate
component was to be 3.4 pF at 40 kV, and was to achieve 500 J/1b when
operated at 50 pps in a similar duty. Both capacitors were to be designed
for a 20 uS current pulse representative of pulse-forming-network (PFN)
operation,

The program divided logically into two phases. In the first phase,
the designs and details of fabrication would be worked out, and single
sections (capacitor elements) built and tested. In the second phase, full
sized capacitors composed of several sections would be built and tested.

This report describes the first phase.

A lengthy materials study selected polyvinylidene fluoride (PVF2)
film and kraft paper for the low repetition rate component, and polysulfone
and kraft for the other unit. The designs all employed liquid-impregnated
foil wound sections. A novel winding technique was used to eliminate many
of the failure-producing wrinkles and folds. Special drying and impregnating
procedures were developed to further reduce wrinkles and impurities. A
special highly-instrumented test bay simulated the PFN environment and
allowed detailed and accurate testing. The best high repetition rate sections
showed 250 J/1b at 105-106 shot life at 1 minute on, 1 hour off duty. The

best low repetition rate units showed a slightly higher value under the same




conditions. Two basic failure mechanisms were identified as candidates for
further study before proceeding to the second phase.

As a result of the work herein reported and supplementary work
performed at Hughes expense, four papers were given at conferences and
published in their proceedings, two papers were submitted to IEEE Trans-
actions, and one paper was written and is presently in the clearance process.

These papers are:

Density'', Proceedings of the Department of Defense Pulsed
Power Workshop, White Oak, 1976,

i
¥
1. Robert D. Parker, '""Energy Storage Capacitors of Very High '.
|

2. Robert D. Gourlay, ""A Compact Low Inductance Load for Pulse
Tests", Proceedings of the IEEE International Pulsed Power
Workshop, Lubbock, 1976.

3. Robert D. Parker, '"Pulse Discharge Capacitor Weight

Minimization by Peak Fail Edge Fields'", Proceedings of the
IEEE International Pulsed Power Conference, Lubbock, 1976.

4. Robert D. Parker, '"Energy Storage Capacitors of Very High
Energy Density", IEEE Transactions on Parts, Hybrids, and
Packaging, Vol. PHP-13, pp 156-165, June 1977.

5. Robert D. Parker, '"Effect of Foil Edge Modifications and
Configurational Changes on Energy Storage Capacitor Weight",
IEEE Transactions on Parts, Hybrids, and Packaging,
December 1977.

6. Ronald V. DeLong, Joseph A. Zelik, and Robert D. Parker,
" Accurate Corona Detector Calibrator for Use with High
Capacitance Test Specimens'' to be submitted to IEEE Trans-
actions on Instrumentation and Measurement following completion
of clearance.

7. Robert D. Parker, Robert D. Gourlay, and Ronald V. Del.ong,
" AC Corona Testing of Large-Valued High Voltage Capacitors"
Proceedings of the National Aerospace and Electronics
Conference, May 1977.

vi




1.0

2,0

3.0

CONTENTS

INTRODUCTION

®© ® o 0 @ 0 0 ° 0 0 0 0 0 0 0 o

DIELECTRIC MATERIALS SELECTION.

Introduction .« .. e oo o000

2.1 .
2.2 Dielectric Films , .. ¢ ¢ o
2.3 Foils ® o o & & & o 0 0 0 0 0 0 0
2.4 Dielectric Papers and Fluids .

Dielectric Papers ..
Dielectric Fluids . . .

Paper-Fluid Combinations

Films

3

Conclusion « « .o s s o osio o s o s s

Paper-0il Combinations

Foil

PADDESIGN ..ccoeoeoecosas
Energy Density .. ¢+«
Layer Design Concepts

Field Balance .. ¢« s«
Materials ¢ ¢ ¢ ¢ ¢ o 0 ¢ ¢«
Layer Designs, . ¢« s ¢ ¢ o0 ¢ o

WWwWwww
L]

G W N -
e o o o
e e e o
e o e o

WRINKLE-FREE PADS ., ..¢¢ 06

Winding Wrinkle-Free Pads .
Drying Capacitors Pads .. ..
Capacitor Impregnation .. ..
Pad Test Configuration
Pad Test Circuits

.

¢ o o o

nhﬂi:hnh-h
(€, N S

vii

® 6 © 0 0o 6 0 0 & 0 o v o 0

e o o o

e o o o

e o o o

e o o o o

12
13

14
34
48
48
48
49
51
51
53
54
55
55
57
57
64
65

69




CONTENTS (Continued)

EoB N AR IE R g i o e A e e D)
4,5.2 Pulse Test APParatus « o o oo s s s e o0 oeoasess ([0

4,6 Corona Test Activity wn sve v ssv snsassnscniossanssn 14
4. 7 Pulse TeSt Results L ) . . o L . L L] . e . . . o . . LN LI 3 . o e o 78

4. 7. 1 Summary ® % & 8 0 4 0 v 0 9 e 0 9 e e e 22 08 > LI g . o 78 :
4. 7. 2 Introduction ® 6 ¢ 8 0 4 6 o 6 0 s 06 s 0 0 0 0 0 s s s 0 s 79 1
4. 7. 3 Test Data © % 6 © 0 0 0 o 0 0 % 2 6 0 ® 0 0 8 0 0 0 o s 0 o 80
4, 7.4 Failure Mechanisms . « « « ¢ o « e e o6 6 o ¢ o0 0eess 84

L

5.0 THERMAL ANALYSES .. iuiacssssnssiaosnseneissnes 91

e M e et S P e SR S N i ) | !
2 R Nt O aLC E O I e e e ol e e el el e re 2 |
Sed R STlES S e e e ahe e oot s o e ol onis st allen aitelion sl le et e er ol DT i
B4 € oncHUSTON S Eia s el slie ellelo sk elle allatta et o e etk ol e e el ola o) la st el 11103 |
5e 5 Experimental e i o e s e e i e elae Ll e oo ot e O

G0 CONCEUBIONS ¢ 5 diiin @ v oid o b esins o b e Sadie 5 % we wion s 10T

APPENDIX A, STATEMENT OF WORK CAPACITORS FOR
ATRERAR T HIGHNPOWIERS e e locies o aiois o se s A=l

APPENDIX B. WINDERSBRAWIENGSE e i aie o b sis o siie s oe o Bl

APPENDIX C JPERATING INSTRUCTIONS
1L IMPREGNATION SYSTEM . 4 o e esseesssC-1

viii

B TR P et e e L




LIST OF ILLUSTRATIONS

Figure Page
1 Dissipation Factor Versus Temperature of Various
Filimas at 102 Cycles « «s « viais s noninssmosaoeeansess 6
Z Typical Test Device Used in Paper and Paper-Fluid
Evalua-tions ® © © 0 0 & @ 0 0 % 6 6 ¢ 0 3 O 0 5 0 v O 0 8 0 0 0" O 0 00 0 o0 16
3 Test Samples Used in PCB-Al Foil Reaction Tests ..... 25

Test Sample Used in Paper-Fluid Electrical Properties
Deterniknations .. c v s sves v s osss assasnbssssnasse 35

5 Split Mandrel ..c..ceavorasossnssansssesssssans 58
6 Typical Friction Brake « « ¢ v e v e et e e vesseaoneseess 59 j
T Single Web Servo Control «.eeeeececovssscscassee 60 E
8 Revised Winder Web Paths + e ceccooscosossosssssess 61 !
9 Rear of Modified Winder « o o « e « ¢ s s 6 e 6 s s s s s s aeeees 02
10 Operator Position-Modified Winder. .« . eeeeeeeeeeoas 63

ll(a) Wound" Flat StaCk ® © & ® 0 0 0 © 0 0 0 0 & O s 0 0 % v S 00 % e 0 s o 66
11(b) Wrinkled Dielectric StaCK o « « e e e e ¢ s s s e s o 0o 00 0seses 066
ll(c) special Drying ® 6 9 0 ® O 0 0 8 0 % 9 6 0 % & 0 0 0 T e 0 e e s s 0 66

12 Flild Process Cycle s ssesssssaissnsssssnsyvessw BT
13 Test Pad Assemnbly and Cafl, o o v s s s vesosvsnssesess 0B
14 Test Pad Detall sivosvsssssnsssssvssnsssssssss 69
15 PFN Capacitor Current Waveform ....cceecoeeossees 11
16 Discharge Current Waveform ....c.scceocecocscces (2
17 Pulse Tester Simplified Circuit . . . . v et e e o eeoveess 73 !
18 High Power Load Components «..sceoecesosoecsss (3 11
19 High Voltage Section of Pulse Test ¢ e v e coceveseensss 74
20 Pulse Test Load and Contractors .. .scecoeeooessees (5




Figure

21
22
23
24
25
26
27(a)
27(b)
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48

LIST OF ILLUSTRATIONS (Continued)

Pulse Test Controls o o« sis sl oo e is sis s sisisis o oosise s
Corona Test CITCUIt . ie o sscasnsasssonesnssssos
Corona Test ResoNator o « « s« o sis o o sis s o s sislsl oo ieiss e
Biased Corona Test Waveform . ... o vt v oo oo oeos oo
GaronarlestiSystem it diti n o e s laie e ol slisl oo i sl nie i
Eab Breakdown MechaniSmn . s . o o s s s s s o s s s oo sis s ae
Polysulfone Edge Damage . o oo o s 6 6 oo s 6o s 08 s asos
Polysulfone Edge Damage . s o o 6o 6 o060 050 60seosssos
Corena Damage Edge of Foil s . s« aieivie sis v saoens s
Polysulfone Capacitor — Schematic and Model . . . . .. ....
Kapton Capacitor — Schematic and Model ... ..o 00
Capacitor Study (Buth Runs, 1 Minute on 1 Hour Off) ... ..
Capacitor Study (1 Minute On — 1 Hour Off) « « ¢ « « o ¢ o o s o«
Capacitor Study (1 Minute On— 2 Hours Off) ¢ v ¢ 4 ¢ ¢ ¢ o o o &
Capacitor Study (1 Minute On— 1 Hour Off) .....4¢. .. ..
Capacitor Study (Last Four HOUrsS) v ¢ v e v e v e o o0 0 00 s s
Capacitor Study (1 Minute On — 2 Hours Off) o « ¢ v v 66 o s o

Capacitor Study (1 Minute On, 2 Hours Off With and
Without Beryllium Oxide Top and Bottom Plates .. .. ¢4 .

Prive disc-capacitor Winde€r . . . . . ot ue sie we e e e e
Controller - capacitor winder ... ... R e
Mounting Bracket - Torquer Brake, Capacitor Winder

Cabinet Assembly - Capacitor Winder . .............
Roller Assembly. « . ¢« v v ¢ v o 0 v o0 0 o v o v o v o

Torque Spring o W ¥ .. e . ¢ @ ¢ L L ¢ & ¢ . . ¥ . . . » % W W e e s

Bia) CIAMP o v s o sao o 6w o 6% vk s o 6n & G 6 8w s
Bdaptel o s e v b e v s e e s ey v e e
Shaft e A VE] Tt Tl 5, ot Ly, v i 5 B T
Bearing Shatt . v s s v v v e av oo s oo oo 5o 555 8 a5
Bolt R S ¥ Wi e s e R e

Page

{5
76
i
7]
78
86
87
88
89
94
95
100
101
102
102
103
104




S o R A SN AP i i B SR M8 S S N S S e A M S 16520450 o b i AR O3 s

LIST OF ILLUSTRATIONS (Continued)
Figure Page

49 A G e T e el rellel s el e e R e 134
50 Mounting Plate ... .. O 0 OnD B DR 1 G B D O 05 - 0 o 135
51 L a e e e s e i e R e 136
52 SpringrDrum it e e e e e e e e 1535
53 Spindle ....... 5 5 aeG E 138
54 Support Shaft .. . . .. oo v ecme o .. 56D 008 5 A0 o a0 139
55 Brive Shaft i, oo @ e anlciaias oL e e e el 5 140
56 B el B s B g e e e 141
57 Spindle Drive Assembly ............c00.0..... 142
58 Adjusting Wheel ............... G5 GO o e G 143
59 Spacer . il e e e e L 144
60 Mounting Plate ......... 5O E 0 GG 56 G 6 145
61 Bl a e e e e e e e e 146
62 Tensioning Device, Capacitor Winder Electronic CKT . . 147
63 Flat Mandrel Drive . .............. 148
64 AL S oL 6 5 O 00 Che 00 O G B D O 0 O G o GG O ol 149
65 Wied gt R s e e e R e et e 150
66 Torque Motor Drive Spindle Assembly ............ i51
67 Tension Arm Assembly . .. ..o ot vt o v o v o esaas 5 152

xi




Table

10
11

12

13

14
15
16

LIST OF TABLES

Dielectric Properties of Candidate Films ... .4 e oo o

Dissipation Factors as a Function of Frequency for Four
Candidate Films at 250 and ISOOC ® 6 5 ® o s 6 0 0 9 0 0 00 o 0

Dielectric Constants as a Function of Frequency for
Four Candidate Films at 252 and 150°C 4 ¢ ¢ v e v s o0 0 o o &

Physical Properties of Candidate Capacitor Films .....
Maximum Energy Storage Densities of Dielectric Films .

Chemical Compatibilities of Candidate Dielectric Films
and Fluids . o ® ® @ & & & o ° 9 o ° 0 0 B O " e ° " e W e e s e 0 v o

Properties of Candidate Capacitors Foils. . . ¢ v e ¢ o 0 v o

Effects of Methanol Extraction on the Capacitance and
Dissipation of Capacitor Papers o o o« o o ¢ o s ¢ 6 56 s 0 o5 s

Dielectric Constant and Dissipation Factors as a Function
of Frequency for Candidate Papers — Measured at 23°C . .

Properties of Candidate Fluids .« . ¢ ¢ v o ¢ o v o o 0 s o 0 o o o

Aluminum Foil — PCB (Inerteen 100-42) Compatibility
‘Eest ResUltsl o ¢ o s v sisi o o ol oie s s s ishasiarin o o viiels o s

A Comparison of Column Length on the Purification of
DOP (Purified Grade) With A1203 @ & o 0 o o 0 & o 0 e s 0 e oo

Effects of Multiple Passes Through an Al03; Column
of the Purity of DOP iy 55 o o ais o v 6 66 5% 5 05 o6 80 606

Purification of Plasticizer Grade DOP Using Al 203 oisiw e
Electrical Properties of Candidate Fluids at 23°C ,.....

Electrical Measurements of DOP Impregnated Papers
at 230(: ® 8 6 8 & 0 8 8 4 & 8 s s s et ey s s e

xii

Page

10
11

i
13
18

19

22

26

29

30
31
32

57




T

Table

17

18

19

20

21

22

23

24

25
26
27
28
29
30
31
32
33
34
35
36

LIST OF TABLES (Continued)

Electrical Measurements of DOP Impregnated Papers
Measured at 1509%C , . . c s s s s s cns s sa s oe s

Electrical Measurements of Mineral Oil Impregnated

Papers Measured at 23°G

Electrical Measurements of Mineral Oil Impregnated

Papers Measured at 150°C ... ccccoocscesscssoe

Electrical Measurements of PCB Impregnated Papers
Meagured at 239€ o0 L i w i s s e s e e e

Electrical Measurements of PCB Impregnated Papers

Meashrad 26 L8096 o v vis ononsabseass sessss

Electrical Measurement of Silicone Oil Impregnated

Papers Measured at 230C . . ¢ . cccococeceoooscoce

Electrical Measurements of Silicone Oil Impregnated
Papers Measured at 150%C .. vecvosnviconcoinass

Effects of 168 Hour, 150°C Exposure on the
Properties of Paper-0Oil Combinations, . . .

Typical Energy Density. e ¢ « o ¢ ¢ o ¢ ¢ o ¢ ¢
Layer Designs ... .eeeo oo econcsocos
Pulse Test SUMMATY .+ 4 ¢ oo 0 ¢ 0 000 0o o
Capacitor Current Spectrum .. ... ¢ o
Initial Tests ¢ o oo oo v v oo s s oo osseos
High Density Layer Designs =« s e ¢ oo oo o
High Energy Density Tests .o ¢ oo e
Energy Density

Capacitor Configuration, Nodes, and Connectors

Electrical

Physical Constants ... e oo e e o000 eooeoaeos

Capacitor Hotspot Temperatures — First 16 Cases

sem~erature Rises for Modified Nodal Models . .

xiii

Page

38
39
40
41
42
43
44

47
53
56
56
70
81
82
83
85
93
96
98
99




1.0 INTRODUCTION

Present design concepts for a variety of space and airborne systems
depend upon the emission of electromagnetic energy in intermittent trains of
short pulses. One of the most feasible methods for storing power supply
energy over relatively long periods and transferring it to the tube or other
active element over relatively short periods is the pulse-forming network,
which is composed of capacitors and inductors. Unfortunately, the size and
weight of the capacitors so employed make the design of an appropriately
mobile energy delivery system extremely difficult.

Some effort has been devoted in the past to the development of small,
light-weight pulse-discharge capacitors. An energy density of 210 J/kg
(95 J/1b) at 2.5 kV was achieved by Rice, using a patented metallized elec-

trode configuration on a dielectric composed of polyethylene terephthalate

‘ coated with cellulose acetate. A pulse-service energy density of

i 310J/kg (141 J/1b) at 50 kV was produced by Hoffman and Ferrante, using an
| unspecified paper/plastic/mineral oil dielectric te sted at undisclosed dis-
charge width and repetition rates. In an effort to develop airborne com-
ponents, Hoffman was able to reach 480 J/kg (218 J/1b) at a few pulses per
second, and 264 J/kg (120 J/1b) at moderate repetition rates. These
capacitors which employed a variety of common capacitor materials were
tested in an undisclosed electrical environment. In a similar program,
capacitors that demonstrated 105 pulse life were made at 110 J/kg (50 J/1b)
and 167 J/kg (76 J/1b). The lower density components were tested at repeti-
tion rates up to 250 pps in 60 second bursts, while the higher density

components were run at rates up to 125 pps in 30 second bursts.




The intrinsic dielectric strengths of the films available for use in
capacitors range from 3.1 MV/cm (8 kV/mil) to 5.9 MV/cm (15 kV/mil), so
it appears that energy densities in the range 1100 J/kg (500 J/Ib) to
3850 J/kg (1750 J/1b) ought to be possible. Since these numbers are far in
excess of those reported in the literature, it is pertinent to ask the reason
for the large difference.

Two problems faced in achieving higher energy densities are elec-
trical breakdown and thermal failure. Some capacitors used for pulsed-
energy storage fail because corona arising in manufacturing anomalies or
materials defects eventually punctures the insulation, resulting in a shorted
unit. The second failure results from dissipation of relatively large amounts
of power in a poorly-cooled volume. This can take the form of thermal
runaway, insulation failure because of very great local hot-spot tempera-
tures, or excessive thermal expansion. This last failure mode is sometimes
quite dramatic; the capacitor case suddenly ruptures from the internal
pressure.

" To develop small light pulse service capacitors, it is important to
understand the failure mechanisms of wound liquid-impregnated capacitors
and to design components which eliminate or control them. This was the
approach adopted for this program. As many known mechanisms as possible
were eliminated in the initial designs. Then, each design was tested to
failure and analyzed to determine the failure mechanisms. The next design
was made in such a way as to eliminate the newly discovered problem.

This report presents sections on each completed program task.
These were

® Dielectric Systems Selection

° Pad (Section) Design

® Wrinkle Free Capacitor Pads

e Thermal Analysis

A complete statement of work listing each of the nine tasks is found in

Appendix A.




2.0 DIELECTRIC MATERIALS SELECTION

2.1 INTRODUCTION

These studies and evaluations were undertaken for the purpose of
selecting the materials of construction for high energy density pulse dis-
charge capacitors. The basic objectives here were the selection of those
combinations of materials which yield the maximum energy storage per unit
mass, have minimal or low electrical loss, and would be compatible with
the operating environments known and anticipated for such devices. The
materials evaluated included films, foils, papers and fluids.

The film and foil selections for evaluation were made on the basis of
an analysis of those fundamental properties which would determine their
behavior within the device. Their compatibility with the other materials of
construction was established on the basis of known solubilities, chemical
reactivities and previous experimental evaluations. With the exception of
the aluminum-chlorinated biphenyl, no experimental work was performed on
the film and foil combinations.

| Unlike the films and foils, the papers and fluids investigation was

largely experimental. Experimentation and testing here was deemed neces-
sary because of several factors. First, there is not existent sufficient
fundamental property information on the candidate papers and fluids, either
singly or in combination. Secondly, the electrical losses in fluids, and also
in certain papers, are very dependent upon the processing and purification:
hence, the results reported by any investigator are of value only if the

sample preparation is given. The importance of processing will be seen in

gy

this work when comparing '"as-received'' and ''processed'' material




properties. Further, the paper-fluid combination is a complex dielectric
system whose properties can only be determined experimentally. Since
certain of the dielectric combinations investigated here were not found in
the literature, their properties needed to be determined. Finally, the
property measurements of all combinations, even where literature data
exists, under similar conditions provides a common and controlled base
from which the comparisons and final selections can be made. In addition
to these factors it was desired to establish the high temperature aging char-
acteristics of certain combinations, again requiring experimental
determinations.

The following sections summarize the material selection for each
material type and the results of the paper-fluid aging evaluation. The final
section provides recommendations for various material combinations includ-

ing the energy storage density and electrical loss characteristics.

2.2 DIELECTRIC FILMS

As stated previously, the primary objective of this program is to
develop a high energy density capacitor capable of operating in high PRFs
and severe duty cycles. In this regard, the dielectric film will play a major
role. The achievement of these goals will be primarily determined by the
properties of the dielectric films used.

The significant properties of a film which will determine its

behavior in the device include:

Critical field strength
Dielectric constant
Density

Dielectric loss

Temperature limits

Chemical reactivity

The first three properties establish the energy storage density (DE), as

given by the relationship

B S
E  Zp
m

4




where ¢' is the complex pe~mittivity, E the critical field strength, and Pm

is the density. From this relationship it is obvious that the maximum energy
storage density is achieved by materials having high dielectric constants
(permittivities), large critical field strengths and low densities. With these
as the only requirements the solution to the problem would be relatively
simple — tabulate the film properties, calculate the energy storage density,
and the film having the highest value is the preferred material.

The problem of selection becomes more complicated when the final
three properties are introduced. Consider the electrical loss, represented
by the dissipation factor, sho. in Figure 1 for several materials. Loss is
important in two aspects. It ., =ars as heat which, if not dissipated,
results in temperature increa s which, ifunchecked, will resultin catastrophic
failure. Even when controlled, temperature increases generally lower the
energy storage capacity. This results because increased temperatures
produce lower dielectric constants (in almost all cases), and lower critical
field strengths. With respect to energy density, the lower the operating
temperature, the higher is the density. Losses, if appreciable, could
require active cooling within the device or pose limitations on PRF and/or
duty cycle. Active cooling might actually reduce the energy storage density
since such additions do not contribute to energy storage, but do increase the
weight.

The second area of concern for electric loss is the overall efficiency
of the system. The energy requirements for the device, including the
losses, must be supplied by an external source. As the losses increase,
there is a corresponding increase on the external power requirements,
resulting in lower overall efficiency.

For the films the electrical loss at 300 Hz and 50 kHz was included
with the energy density in making the final selection. In the absence of a
clear relationship between the energy density and loss, selection was, in

part, a matter of judgment.
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Chemical reactivity and temperature limits are also criteria used in
the selection processes. The upper temperature limit for films in this
selection was placed at 150°C. To be a final candidate, the film must
(a) be capable of operating at this temperature while maintaining its designed
energy storage, (b) not experience excessive electrical loss and (c) be com-
patible with the other materials of constructions. Compatibility here refers

to the absence of chemical reactions which could adversely affect the operat-

ing characteristics of the device.
Seven candidate films were compared applying these general require-

: ments. These were:

° Polycarbonate
PY Poly(ethylene terephthalate)
® Polyimide
° Polypropylene
P @ Polysulfone
° Polyvinylfluoride
o

Polyvinylidene fluoride

The properties of these materials used in these evaluations are presented in
Tables 1 through 4.

Based on properties of these seven films and the requirements of the
capacitors to be constructed from them, three of the films were selected as
candidates for device fabrication — (1) polyvinylidene fluoride, (2) polyimide,
and (3) polysulfone.

When compared in terms of energy storage density the polyimide
and the polysulfone rank the highest having potential energy storage densities
of 1.08 and 0. 96 joules/gram. The energy storage capacity for each of the
candidates is given in Table 5. It should be noted that these values are
maximum values based on energy storage at the critical field strength of

films, at nominal thicknesses of 0.5 to 1 mil.

In terms of electrical loss at high frequency, the polyvinylidene
fluoride exhibits a larger change with temperature than any of the other films.
At 105 Hz, the room temperature dissipation factor is 12%, but this value

] falls to about 2% at 80°C. Properly exploited in design, this property can be
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TABLE 3.

AT 250 AND 150°C

DIELECTRIC CONSTANTS AS A FUNCTION OF
FREQUENCY FOR FOUR CANDIDATE FILMS

Dielectric Constant
25°C 150°C
Film 100 Hz | 1000 Hz | 100 kHz | 100 Hz | 1000 Hz | 100 kHz
Polyvinylidene 11 10.5 9.5 12.5 11 10
fluoride
Polyimide 3.5 3.5 3.5 3.0 3.0 3.0
Polysulfone 3.1 3.1 3.0 2.9 NA NA
Polyester 3.4 3.4 3.3 NA 3.8 SIa.
NA - data not available
9

rm__‘_ww TN s -
‘ T A;!!m_
TABLE 2. DISSIPATION FACTORS AS A FUNCTION OF
FREQUENCY FOR FOUR CANDIDATE FILMS
AT 25° AND 150°C
Dissipation Factor
25°C 150°C
Film 100 Hz | 1000 Hz | 100 kHz | 100 Hz | 1000 Hz | 100 kHz
Polyvinylidene | 0.01 0.01 0.1 »0.2% | 0.1 0.03
fluoride
Polyimide 0.0025 0.003 0.008 0.002 0.0015 0.002
Polysulfone 0.0008 0.001 0.0025 0.002 NA NA
Polyester 0.003 0.006 0.016 0.0075| 0.008 0.016
e extrapolated values
NA - data not available
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TABLE 5. MAXIMUM ENERGY STORAGE DENSITIES
OF DIELECTRIC FILMS

Energy Storage Density,
Film Maximum (joules/gm)
Polyvinylidene fluoride 0.84
Polyimide 1.08
Polysulfone 0.96

a built-in temperature limiter., The effect would prevent thermal runaway in
a component where the majority of the dissipation occurred in the film,

The chemical reactivity with the other likely materials of construc-
tion does not pose any problems with the possible exception of the sulfone
and the PCB fluid. This combination has not been evaluated however,
based on the solubility characteristics of the sulfone in chlorinated hydro-
carbons it is probable that this combination would not be compatible. The
chemical compatibilities of the three films and the candidate fluids is given

in Table 6. These determinations were made at 125°C.

TABLE 6. CHEMICAL COMPATIBILITIES OF CANDIDATE
DIELECTRIC FILMS AND FLUIDS

Film
Polyvinylidene
Fluid Polyimide Polysulfone Fluoride

DOP C C o
Mineral C C C

Oil

PCB C * *
Silicone C C C

Oil

* = Not evaluated

11




The three films selected exhibit the best overall combination of
properties — energy storage density, electrical loss and chemical com-
patibility — of the seven initial candidates. Each of the others demonstrated

at least one major limitation which would limit its use in this application.

2.3 FOILS

The foils in a high energy storage capacitor also play a role in the
final energy storage density of the device. Four basic requirements exist

for a foil:

Low resistivity
Low density

Low chemical reactivity

Capability of being electrically joined

The first two requirements, low resistivity and low density, are
needed to attain high energy storage density while the latter two are neces-
sary for performance and reliability within the device.

The requirements for a low resistivity and a low density are evident
if these terms are combined to define the conductance per unit mass (k),

using the following formula:

I

PePm

k =

where p__ is the density and Pe the resistivity. For the capacitor foil, the
highest possible value of k is desired.

Four foils were considered for use

Aluminum
Copper
Nickel

Tin

Their properties are summarized in Table 7.

12




TABLE 7. PROPERTIES OF CANDIDATE CAPACITORS FOILS

Volume
Resistivity Density at 20°C
Foil Metal (ohm-cm x 10-6) (g/cm>)
Al 2.8 at 20°C 2.70
3.9 at 100°C
Cu 1.8 at 20°C 8.89
3.0 at 200°C
Ni 6.8 at 20°C 8.90
10.3 at 100°C
Sn 11.5 at 20°C 7.30

20.3 at 200°C

After reviewing their properties, aluminum was selected as the
preferred foil material. Aluminum has the lowest mass resistance, it is
chemically nonreactive with the other candidate materials (PCB being a
possible exception), and can be either welded or mechanically joined to pro-
vide joints of low electrical resistance.

Copper, while having the lowest resistivity because of its relatively
high density, has a high mass. Of the four metals, Cu is probably the easiest
to electrically join and yields the lowest joint resistance. Nickel and tin
were rejected because of their high resistivities and densities and because
of their potential chemical reactivities. In addition, Sn salts, if formed,
can induce polymerization of silicone fluids or may aid in saponification of

esters such as dioctylphthalate if moisture is present.

2.4 DIELECTRIC PAPERS AND FLUIDS

The discussion of the evaluation of papers and fluids is combined
because in fact the two materials function together uniquely within the
capacitor. Even though the properties of a fluid-impregnated paper are
unique, these properties are dependent on the individual properties of the

paper and the fluid. Because of this dependence the properties of the papers
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and the fluids were studied separately as well as in combinations. It should

be noted that these property studies were limited to investigations of electric
loss and capacitance as a function of frequency and temperatures. No criti-

cal field strength or electrical breakdown determinations were performed in
these evaluations.

The following sections summarize the preliminary selection phases
and experimental studies for the papers and fluids as performed separately
and for various combinations. Also included are those results of thermal
aging tests conducted with selected combinations.

Before discussing the experimental results, a review of the general
requirements is in order. Like the films, the papers and fluids serve a
major role in the energy storage of the capacitor. The major function of the
paper-fluid combination is to eliminate gaseous regions between the films.
Furthermore, because of their properties, the combination also plays an
active role as a dielectric. The properties of the paper-fluid combinations
can affect the voltage distribution within the capacitor and hence the energy
density of the device. Because it is a charge-storing media with related
electrical losses, it can also contribute to heating within the device. Because
the paper-fluid is an active dielectric within the device, the combination has

requirements essentially the same as those of the films.

Dielectric Papers

A primary function of the paper in a capacitor is tc provide positive
separation between the film and foil. It is also used between multiple film
layers as a separator. This separation combined with the irregular nature
of paper aids in the elimination of trapped gases when the combination is
properly impregnated with a dielectric fluid. Since it is to function as an
active dielectric, certain properties of the paper become important in |

defining its behavior. These include:

F @ True (fiber) density

Dielectric constant

e Electrical loss characteristics




e

° Thermal stability
Fluid compatibility
Thickness

The general discussions given for similar properties of films can
also be applied here to the papers. Thickness is included as a property of
the paper because of the thickness limit frequently encountered in papers.
The general goal is to have the thinnest paper possible while not sacrificing
handling and manufacturing requirements. Thin paper having the appropriate
dielectric properties will result in the maximum energy storage density.

In this evaluation of papers, seven materials were initially

considered:

Kraft paper (capacitor grade)
Pure alpha-cellulose

Lens tissue

Ashless filter paper
Polyester paper

Aromatic polyamide

Microporous polypropylene

The first four papers are all cellulose materials. The basic difference lies
in the types of fiber binder materials and fillers which can affect the basic
properties. The final three are synthetic papers, so-called because the
basic films are man-made.

An initial review of the properties of the seven materials suggested

four materials for further consideration and experimentation. These were:

Kraft paper
Lens tissue

Aromatic polyamide

Polyester

Of the three synthetics, the polypropylene was eliminated because of
its temperature limitations. This paper has a melting point of 140-145°C
which is below the 150°C design requirement. The two synthetics selected
have operating temperatures in excess of 175°C. Both appear to be com-

patible with the candidate fluids.

15
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Selection of two cellulosic papers permitted the investigation of the
effects of binder type on the characteristics of this class of papers. The
kraft paper was chosen as being representative of a high ash content material.
The lens tissue has an especially low ash content. The ash contents were
3.1 and 0. 6%, respectively. It should be noted that the lens tissue did not
have the lowest ash content, the ashless filter paper, Whatman's No. 44,
being the lowest at 0.02 percent. However, the lens tissue was available
in a form in which test devices could be made, whereas the filter paper was
not. In addition, if the tests with the lens tissue were successful, it would
be available in a 1 mil thickness as a standard item, while the ashless papers

were available only in 2 mil or greater thicknesses.

Paper Experiments

Two sets of experiments were conducted on the four papers. One set
involved a methanol extraction while the other was a characterization of the
dielectric constant and dissipation factor as a function of frequency.

The test device used in both evaluations consisted of a cylindrical
capacitor wound with the paper being studied. The device was wound on a
Teflon core and used aluminum foil electrodes with nickel attachment tabs.
The capacitance values for the test devices ranged from 1000 to 6000 pico-

farads. Figure 2 shows a typical test device.

Figure 2. Typical test device used
in paper and paper-fluid evaluations.




The methanol extractions were conducted to determine the effects
of the removal of polar, soluble materials on the electrical loss properties
of the papers. Such loss reductions, if resulting, could be significant in the
performance of the capacitor by reducing temperature rises due to such
losses.

In these experiments, the test devices were first dried for 72 hours
at 105°C. Next, the capacitance and loss was measured at room tempera-
ture and 1.0 kHz. It should be noted that the devices were maintained in a
desiccator until measured to assure their dryness. After measuring, the
devices were placed in a Soxhlet extractor containing spectrochemical grade
methanol and extracted. The number of extraction cycles and the cycling
rates varied for the different papers because different extractors were used
for each paper. The extraction information for each paper appears in
Table 8. After the extraction was complete, each device was vacuum
dried for 72 hours at 100°C and 0.1 torr. The devices were then retested.
All of the devices showed a reduction in loss as a result of extraction. In
no case was there a change in capacitance, hence, dielectric constant.

While these results suggest extraction for all papers, it should be
emphasized that these results apply only for 1.0 kHz values at room tem-
perature. It has been stated that such extractions can remove all of the
lignin from the kraft paper resulting in increased losses at elevated tem-
peratures and higher frequencies. This characteristic was not verified in
these experiments. If such were the case, it is also possible that the
extractables noted with the polyester and to a lesser degree with the
aromatic amide, could behave similarly. Again these possibilities were
not studied in this evaluation.

Until such studies are undertaken, it is felt that extraction should
not be introduced into the capacitor process.

The final paper experiments dealt with characterizing the dielectric
constants and dissipation factors as a function of frequency. The purpose

here was to develop data which could be used in designing devices and inter-

preting their performance.
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TABLE 8. EFFECTS OF METHANOL EXTRACTION ON THE
CAPACITANCE AND DISSIPATION OF CAPACITOR PAPERS

Change in
Device Capacitance Dissipation Factor Dissipation
Capacitor Serial at ] kHz and at | kHz and R, T., Factor Due to
Paper Number Conditioning R.T. (pF) x 104 Conditioning(!) %
Kraft 1 Vacuum dried at 105°C 6193 38
1.0 mil 2 for 72 hours 5863 35
3 5757 36
4 5891 36
14 5857 42
1 Methanol extrﬁgtion;(z) 6334 30 -2)
2 vacuum dried 6034 31 -11
3 5910 30 -17
4 6159 31 -14
14 31 -26
Kraft 1 Vacuum dried at 105°C 4997 36
0.5 mil 2 for 72 hours 5105 35
3 5023 36
14 4917 39
1 See notes (2) and (3) 5188 26 -28
2 5335 28 -20
3 5140 28 -19
14 5484 30 -23
1 Vacuum dried at 105°C 1968 22
Lense 2 for 72 hours 1957 22
Tissue
1.0 mil 1 Methanol extraﬁtion;“) 2100 17 -23
2 vacuum dried| 2014 17 -23
1 Vacuum dried at 105°C 2214 20
Polyester 2 for 72 hours 2151 19
L0/ mtl Methanol extracted;(4) 2271 14 -30
vacuum dried
1 Vacuum dried at 105°C 1069 31
2 for 72 hours 1083 32
3 1081 34
4 1070 32
Nomex
1 See notes (5) and (3) 1127 21 -13
2 1143 30 -6
3 1128 30 -13
4 1126 30 -6
“)%A _ DF (after extract) - DF (before extract) x 100

(before extract)
(2)240 extraction cycles of 1/2 hours per cycle.
)22 hours at 100°C and 0.1 Torr.
(4)'48 extraction cycles at 2-1/2 hours per cycle.

(5)192 extraction cycles at 1/2 hours per cycle.

18




The test devices used were capacitors like those described in the
extraction experiment. In these determinations, the devices were first
dried at 105°C for 24 hours. The devices were then returned to room tem-
perature, in a desiccator, and the capacitance and dissipation factors
measured. Measurements were made at 100, 1.0 kHz, 10.0 kHz and
100 kHz.

The dielectric constants and dissipation factors observed in these
tests are given in Table 9. No significant change in dielectric constant is
noted for any of the papers over the frequency range tested, while all showed
an increase in the dissipation factor. It should be noted that the lens tissue
has a lower dissipation factor over the frequency range than does the kraft
paper. Since the kraft was unextracted, hence containing liquid, and the
lens tissue is essentially liquid free, these results do not support the
postulated advantage previously stated for kraft paper. Further studies,
however, are required to definitely establish the lignin effect. It should be

noted that none of the papers used in these evaluations were extracted.

TABLE 9. DIELECTRIC CONSTANT AND DISSIPATION FACTORS AS
A FUNCTION OF FREQUENCY FOR CANDIDATE PAPERS —
MEASURED AT 23°C

Evaluation Frequency
100 Hz 1.0 kHz 10.0 kHz 100 kHz
Dielectric | Dissipation | Dielectric | Dissipation | Dielectric | Dissipation | Dielectric | Dissipation

Paper Constant Factor Constant Factor Constant Factor Constant Factor
Kraft 5648 0.0034 5616 0.0042 5580 0.0054 5543 0.0110
(1 mil)
Lense 1892 0.0016 1887 0.0019 1881 0.0026 1873 0.0052
Tissue
(I mil)
Nomex 1116 0.0024 1112 0.0032 1106 0.0036 1100 0.0045
(3 mils)
Polyester 2223 0.0008 2219 0.0020 2211 0.0040 2194 0.0073
(1 mil)
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Of the four papers, the kraft paper has the highest apparent dielectric
constant and the polyester the lowest.

Kraft paper has the highest dissipation factor with the lens tissue and
the polyester the lowest. The dissipation factor for the aromatic polyamide
is least affected by frequency over the test range.

The results of these frequency studies combined with other property

data indicate that each of these papers is potentially suitable for use as a

capacitor dielectric. The determination, however, will be based on the
properties resulting when fluid impregnated and their compatibility with

those fluids.

% Dielectric Fluids

The dielectric fluid, like the paper, is an active element in the
capacitor. The fluid functions together with the paper to achieve a gas-free
condition between films and foil layers. Property considerations for fluids

used include:

Low density

High dielectric constant
Low electrical loss
Thermal stability

High specific heat

Low surface tension

Since the fluid will contribute to the energy storage density, it is
desirable to optimize those properties contributing to energy storage; i.e.,
the dielectric constant and the density. In addition, it is necessary to have
] a high critical field strength, although for most dielectric fluids the values
under comparable conditions are nearly equivalent. Of the materials of con-
struction, the electrical losses of the fluids are potentially the highest and
certainly the most dependent on processing and conditioning. As with the
other materials of construction, the fluids must be chemically compatible
with these other materials and must remain thermally stable under the con-
ditions of operation. For the fluids, particular attention must be given to

reactions or conditions which could lead to gas formation. Gassing would be

20




catastrophic to the device. Since the fluid is present as a major mass in ,

the device, a high specific heat could lower the temperature rise associated
with intermittent operation. Finally, the lower the surface tension, the 1 |
better the wetting and degree of impregnation. :

With these property considerations as the guide, ten dielectric

fluids were selected for initial consideration. |

Polychlorinated biphenyl (Inerteen 100-42)
Alkylated benzene (Chevron D.O 100)
Fluorinated polyether (Freon E-5)
Polyisobutylene (Chevron 32E)

Mineral oil, capacitor grade

Polyphenyl ether (OS-124)

Alkylphenyl siloxane (SF-1050)

Castor oil

Dioctylphthalate

Poly(dimethylsiloxane) [DC200]

AR i e

The properties of these fluids are given in Table 10. After
' reviewing the properties of these materials, four were selected for evalua-

tion with the papers. These were:

Mineral oil (capacitor grade)
Dioctyl phthalate
Polychlorinated biphenyl
Silicone fluid (SF-1050)

Mineral oil was selected because of its long record of successful use
in high voltage capacitors. This fluid in the absence of oxygen or oxidizing
agents is among the more inert and thermally stable materials. Dioctyl-
phthalate (DOP) was selected for its potentially high energy density storage
properties. DOP combines a relatively high (by comparison) dielectric con-

stant and a low density. In the absence of reactive metals and moisture DOP

is a high stable compound. One concern with DOP was electrical loss

characteristics. Any material synthesized from an organic acid has the

possibility of having high electrical loss. The polychlorinated biphenyl
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(PCB), sometimes referred to as an askarel, was chosen because of its high
dielectric constant. Unlike DOP, the energy storage density for PCB is not
expected to be high because the high dielectric constant is combined with high
density. Although the energy density may be low, the high dielectric con-
stant of the fluid could contribute the high capacity sought for the paper-

fluid combination. The limitation on the PCB is its regulation as an
environmentally controlled material. There was also some concern regard-
ing a possible reaction with aluminum. The latter was studied experimentally
and will be described in a following section.

The final fluid chosen was a pure silicone compound. This
material was selected for its chemical inertness and high thermal s*ability.
The silicones, having very low surface tensions, should be excellent impreg-
nants, as has been previously demonstrated. It was postulated that if any
problems were encountered with mineral oil, the silicone could be an adequate
substitute.

Reasons for nonselection of other materials included cost (fluorinated
esters and polyphenyl either), marginal chemical and thermal stability
(castor oil), and equivalent properties to a selected material (silicone oil
and alkylated benzene).

The four fluids selected for evaluation with the papers were believed
to be capable of providing a representative summary of the properties to be

expected from such combinations.

Fluid Experiments

Three experiments were conducted with the selected fluids. These

included:

PCB — aluminum foil compatibility tests
Studies of purification methods

Characterization of dielectric constants and dissipation factors
as a function of frequency.
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Following are summaries of these experiments:

PCB — Aluminum Foil Compatibility. These experiments were

undertaken to examine the possibility for this combination of materials to
result in a Friedel-Krafts reaction.

This reaction is initiated by the formation of AICI, which then could
serve as the catalyst for a dehydrohalogenation reaction. Such a series of
reactions, if they occurred, would completely degrade the fluid and result in
failure of the device. Thus, before further studies were made with the PCB,
this potential reactivity had to be characterized.

Friedel-Krafts reactions are reaction-catalyzed by Lewis acids and
A1C13 is one of the most active catalysts of this type. Its effectiveness is
attributed to its very strong affinity for a pair of electrons; thus, in a fluid
such as PCB, it would complex with halogen atoms of the fluid molecule and

thus induce cleavage. This may be illustrated as follows:

Cl Cl1 @ Cl Cl

AlC, +c1c1 ~ awcy, + OO))-«

The degraded fluid could then interact with other fluid molecules to yield
higher molecular weight products, eliminate a proton, or in the presence ‘

of moisture couple with the hydroxyl ion and generate a proton which ulti-

mately would end up as corrosive hydrogen chloride.

| To determine the reactivity of the PCB and Al the following tests
were conducted. In these tests Al foil was exposed to the PCB (Westinghouse
Inerteen 100-42) at 230, 520 and 100°C. In one set of conditions the foil
was formed into cylindrical electrodes which were positioned concentrically,
immersed in the PCB and electrified with a dc potential at the test tempera-
ture. In this test, the electrode spacing was normally 0.2 inches and the
applied voltage was 1000 Vdc. The purpose of this experiment was to
identify electrical effects as an initiator or accelerator for chemical reac-
tions between the foil and the PCB and if occurring characterize the electrode

polarity behavior. In the other condition evaluated, a sample of Al foil was
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simply immersed in the PCB and heated. The test samples are shown in
Figure 3. In both conditions the foil weights were recorded at the begin-
ning and end of the exposure periods. In addition the appearance was noted
for both foils and the fluid. The dc volume resistivity of the fluid was
measured at the beginning and end of the test period and the dc leakage cur-
rents were monitored throughout the exposure periods for the electrified

samples. It shoulu be noted that the PCB was used as received in these

A==

tests.

b, UNELECTRIFIED
SAMPLE

a. ELECTRIFIED
TEST SAMPLE

Figure 3. Test samples used in PCB-ALl foil reaction tests.

The results of the 192 hour exposure at 23°C, 532 hours exposure at
SZOC, and 355 hours at 100°C are given in Table 11. No detectable weight
changes were noted in either the electrified or unelectrified foils at the low
temperature exposures. After the 100°C exposure all of the foils showed a
slight increase in weight (less than 0.1 percent) but with no change in
appearance. Throughout the tests the fluid remained unchanged in appearance
and viscosity with no evidence of turbidity, precipitation or separation. It

should be noted that these experiments were run serially using the same
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foils and fluids. The slight increase in volume resistivity noted for the PCB
is probably the result of electrophoretic and electrolytic removal of trace
ionic contaminants. Such processes could account for the reduced conduc-
tance noted during each exposure.

The results of these tests indicate that the PCB, Westinghouse
* Inerteen 100-42, would be non-reactive with a pure (99.5%) Al foil for
limited exposures at temperatures in excess of 100°C.

However, this non-reactivity may in part be due to the presence of
a monofunctional epoxide compound which is present in the fluid and which

if destroyed or consumed could greatly alter the observed reactivity. For

the Friedel-Krafts reaction to occur AlCl3 must be present. In the A1-PCB
system, A1C13 must be present. In the A1-PCB system, AICI3 would result
from the formation of HCL which could be generated by dehalogenation of

the PCB and the subsequent reaction with moisture. With the epoxide
present both the moisture content and HC1 are greatly reduced or eliminated.
Epoxides are ''getters'' for both HZO and HC1

/o\ H,O 2 C,OHC,OH
R—C—C TR
HCL -
OH
/

R-C-C-CL

Thus, it becomes apparent that conditions which could deplete or eliminate
the epoxide compounds could lead to the destructive Friedel-Krafts reaction
between the Al foil and the PCB.

Purification. The purity of the dielectric fluids will determine to a
significant extent their electrical loss properties. The losses in a dielectric
are derived from several sources. Among these are ionizable materials
and moisture. Their concentration will in part determine the conductance
of the fluid with their elimination resulting in lower electrical losses.

Following is a summary of the purification methods employed on three of




the selected fluids. It should be noted that the PCB in all evaluations was
used either '"as-received" or after filtering it through a 5 micron TFE
filter. Purification methods were not used because of concern for removing
or altering the epoxide compound.

The three fluids purified were

° Dioctyl phtahlate
@ Mineral oil (capacitor grade)
e Alkylaryl silicone fluid (GE SF-1050)

Two grades of DOP were compared in the purification study, a
purified material from Eastman Chemical and a plasticizer grade from
Sargeant- Welch. It should be noted that the two grades were compared
because of cost differences with the purified material costing approximately
20 times more than the plasticizer.

In these evaluations the effects of purification were determined by
measuring the dc resistivities and the dissipation factors. Both measure-
ments were made using a Balsbaugh G-350 test cell, The dc measure-
ments were made at 500 Vdc, while the ac measurements were made at
100, 1.0 K, 10.0 K and 100 kHz and a voltage of 10 Vdc. All measure-
ments were made at 23°C.

The DOP purifications were undertaken using anhydrous, neutral
alumina (A1203). The first experiments were performed using the purified
compound to establish the effectiveness of Al,O, as a purification media.

273

In these evaluations, two columns were prepared using 140 mesh A1203.

One column was approximately 100 grams of Al The other was approxi-

O .
273
mately 4 inches high and 2-1/2 inches in diameter and contained 200 grams
of A1203.

For the long column approximately 300 milliliters were purified and

for the short column, 800 milliliters. The results of these purifications are
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given in Table 12. The results show both columns to be of comparable
effectiveness as purifiers for the DOP. Both result in approximately

50 times increase in the volume resistivity putting this material in range

TABLE 12. A COMPARISON OF COLUMN LENGTH ON THE

E PURIFICATION OF DOP (PURIFIED GRADE)
: WITH A1,0
2 3
Dissipation Factor
Column Length and Volume E requency
(Amount of A1203) Resistivity 1.0 kHz 100 kHz
:’ None 7.4 x 1010 0.004 0.0001
i (As received)
18 inches 4.9 5 10-° 0.0005 0.0003
(100 grams)
2 inches Bigx M0 <0.00005 0.0004

(100 grams)

where it could function as a reasonable dielectric. With this improvement
observed after one pass the question was raised concerning the effects of a
multiple pass through the column. This was tried using a new long column
and fluid from the initial long column run. The results, given in Table 13,
show some further increase in volume resistivity (approximately 2 times
higher than single run) but a significant difference in dissipation factor. A
third pass through the long column resulted in no further change in the

electrical loss properties when compared with two passes.
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TABLE 13. EFFECTS OF MULTIPLE PASSES THROUGH AN
A1203 COLUMN OF THE PURITY OF DOP

Volume Dissipation Factor
Number of Passes Resistivity
Through Long Column at 500 Vdc 1 kHz 100 kHz
Nons (As recelveds 7.4 x 1010 0.004 0.0001
1 4.9 x 102 0.0005 0.0003
2 5.2 x 1012 0.0005 0.0003
3 5.0 x 1012 0.0006 0.0004

Although the DOP used in these evaluations was colorless in
appearance the columns after the initial pass both contained a light brown
color at the top and turned a light yellow throughout the lower lengths. The
multiple pass columns were both light yellow after processing. The extracted
materials were not analyzed so their contribution to the losses cannot be
assessed.

Having demonstrated that the electrical losses of DOP could be

TP e

lowered by A1203 purification, the purification of the plasticizer grade
material was undertaken. Because of the increased flow rate the short
column was used. As with the purified grade, approximately 800 milliliters

was purified using 200 grams of A1203. {

The results of the plasticizer grade DOP purification, given in
Table 14, show this material to have electrical loss properties compara-

ble to the purified grade after both have been A1203 treated.
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TABLE 14. PURIFICATION OF PLASTICIZER GRADE DOP

USING AI?-O3
Dissipation Factor
Frequency
Volume Resistivity
Conditioning at 500 Vdc (ohm-cm) 1.0 kHz 100 kHz
T 11
None 1.7 x 10 0.002 0.0006
Single pass 5 x 1012 <0. 00002 0.0005
through
A1203

The capacitor grade mineral oil was processed using the standard
hot evacuation process. In this method the oil is first evacuated to approxi-
mately 0.2 Torr and then heated to 105°C - 110°C. The basic effect of this
process is to remove moisture and dissolved air. The moisture is signifi-
cant with respect to losses while the dissolved air has a significant effect
on the critical field strength. The latter was not, however, relevant to
these tests.

In this evaluation 500 milliliters of oil was placed in a 1 liter beaker
and evacuated to 0.2 Torr. Next, the oil was heated wiile stirring to 105°C.
The oil was maintained under these conditions for 8 hours, then cooled
under vacuum. The chamber was filled with dry nitrogen and the oil trans-
ferred to a clean, dry, glass bottle. Measurements made on this oil were
those previously described for DOP.

The results of this processing are given in Table 15. Note that
the volume resistivity increased approximately 20 times. It is important
to note that in this case the electrical properties of the ''as received' oil
were very good. When a low loss fluid is initially available the hot evacua-

tion provides adequate purification., If, however, the starting material

.
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were of a low or even unacceptable quality, e.g., a volume resistivity of
1012 - 1013 ohm-centimeters, then, a hot clay treatment followed by hot
evacuation would be required.

SF-1050, an alkylaryl silicone fluid, was the final material purified.
It should be noted that the material used in this evaluation was of marginal

quality. Three purification methods were used with this s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>